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Abstract

A theoretical investigation is carried out by usarganalytical expression
for paraxial trajectory of an electron in a magnééns to estimate the
optimum properties of the magnetic lens.

The aberration coefficients of the magnetic leres studied, such as the
spherical, chromatic, radial distortion and spidistortion aberration
coefficients. The Glaser's bell-shaped model igpsEibto represent the
axial field distribution of magnetic lens. The ialt momentum of the
electrons is taken into account, where the calcmatare made for two
cases: when the electrons have zero and non-zéral imomentum
values .

The optimization role is achieved by changemes of the effective
parameters at the range of the half-width at hakimum @ = 2.01,
2.02, 2.03 and 2.04 mm), the maximum magnetic flexsity B, =
0.001, 0.002, 0.003 and 0.004 Té¢slad the electron emission anghe<
0.2, 0.4, 0.5 and 0.6 rad).

In the present results the optimum valuesbfith cases of the initial
momentum is found at the half-width at half maximequal to 2.04 mm,
and the values of the spherical, chromatic andakgdistortion aberration
coefficients decreased as the half-width at halkimam @) increased,
while the minimum values of the spherical and ridistortion aberration
coefficients are found &,, = 0.004 Tesla in the first case.

However the best angle is found Gat= 0.2 rad which is directly
proportional which chromatic and spiral distortaperration coefficients.

On the other hand the calculations appearattlie negative values
for both spherical and radial distortion aberratiopefficients are
estimated and these coefficients can be used asctar in the optical

systems.
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Chapter Three

Results and Discussion

3-1 Introduction

In the present work the analytical method is usestiidy the optical properties of

the magnetic lens which give rise to the minimuraeredtion coefficients.

The calculations are achieved by writing a paotar program using
MATHCAD 14. The calculations are divided into twarts: the first, when the
initial momentum of electrons is equal to zero, tle electrons start from the
object displaced outside the magnetic field. Theosd, when the Iinitial

momentum of electrons doesn't equal to zero.

The optimization is made by changing some mpatars as the maximum
magnetic flux density and the half-width at halfxmaum of the magnetic lenses.
Also the effect of change the electron emissioneamsytaken into account in the

study of the optical properties when the initialmentum doesn't equal to zero.
3-2 Magnetic Flux Density Distribution

The axial flux density distribution of lens B(z)gemputed by using Eq. (2-1) for
many values of the maximum magnetic flux dendgy= 0.001, 0.002, 0.003 and
0.006 Tesla) and the results are shown in fig8y#)(
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Figure (3-1): Axial flux density distribution ¢fie magnetic lens for
B= 0.001, 0.002, 0.003 and 0.006 Tesla.

3-3Zero Initial Momentum

Different values of the half-width at half maximu@a such asa=1, 1.5, 2, 2.5
and 3 mm are tested and the calculations showttieatalue of the half-width at
half maximum ata = 2 mm gives the best results for all aberratioefftcients
acceptable. Also, it was found that the calculatsownery sensitivity to the slightly
changing in values of the half-width at half maxmmuTherefore, different values
of the half-width at half maximum around these eal@ = 2.01, 2.02, 2.03 and
2.04 mm) are taken into account to find the besilts.

3-3-1 The effects of changing the half-width at half maximum

The aberration coefficients are computed for défeervalues of the half-width at
half maximum & = 2.01, 2.02, 2.03 and 2.04 mm) at constant maxirmagnetic
flux density 8,,= 0.001 Tesla) and the results are shown as faligwi
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3-3-1-1 electron beam trajectory

The analytical solution was found fayr, for equation (2-9) with the Glaser field,
electron trajectories (basic trajectories) startmal to the specimen with different
values of the half-width at half maximum. The elentbeam trajectory along the
magnetic field has been computed using Eq. (2-d,the effects of changing the
half-width at half maximum has been investigated canstant values of the
maximum magnetic flux densityB{= 0.001 Tesla) and excitation parameter

(\/l\%)=11.068(Amp.turn/ (Voltf®), and the results are shown in figure (3-2).

rbhfro

0.35 7

a=2.01 mm

———-a=2.02 mm
......... a=2.03 mm

— —- - a=2.04 mm

Figure (3-2): Electron beam trajectory for thegmetic lens at excitation
paramete%) =11.068 andB,= 0.001 Tesla for different values
of the half-width at halfasamum @).

The computations appear that when the values oalfevidth at half maximum
(a) increase from 2.01 to 2.04 mm the electron beajadtory becomes smoother,

l.e. the fluctuation between the upper and lowdues of the displacement from
the optical axis is reduced.
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The variation in the upper and lower valuesrgf, of the trajectory for whole
range of the relative optical patfa is small when the values of the half-width at

half maximum &) are high.

In general the results of the present work illustlan figure (3-2) have the same

behavior as the results of in the work of Melnikemd Potapkin [2].

3-3-1-2 spherical aberration coefficients

The relative spherical aberration coefficients@mputed by using Eqg. (2-20) and
the effects of variation of the half-width at haleximum @) are studied, as shown
in figure (3-3).
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Figure (3-3): Relative spherical aberration coedhts as a function of
the excitation param#%)for different values of the half-width

at half maximum.

From this figure one can observed that atdhevalues of excitation parameter
(%) the values of the relative spherical aberratioeffecients are closed to each
other for different values of the half-width at hahaximum, and the relative

30



Chapter Three Results and Discussion

spherical aberration coefficients values is dieeafj the range of high excitation

paramete <\/1%)

Also in figure (3-3), the values of the relatspherical aberration coefficients
CJ/fo are decreased when the half-width at half maxmg) increases and at the
half-width at half maximuma = 2.04 mm) one can find the lowest values. This
behavior is shown clearly in figure (3-4), where ttelative spherical aberration

coefficients are plotted as a function of the haldth at half maximum for

constant value of the excitation param t\;’%}&) = 11.068 (Amp.turn/(Volt\?).

The results show that the values of the spakem@berration coefficients are
negative and this results can be used to desigm#gmnetic lens which can be
achieved the role of the corrector in the electoptical system, where the
researches in the last 10 years interest by thefiberof the negative spherical
aberration coefficients in the design of high rasoh electron microscopy [see in
44, 45, 46, 25, 1, 43, 27, 28, 42, 29 and 31].
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Figure (3-4): Variation of the relative spicat aberration coefficients
@o as a function of the half-width at half maximum
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3-3-1-3 chromatic aberration coefficients

The relative chromatic aberration coefficients are ghted by using Eq. (2-23),

as shown in figure (3-5).
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Figure (3-5): Relative chromatic aberration cméghts as a function of
the excitation paramx{t%le)for different values of the half-width
at half maximum.

From this figure one can found that the valwé the relative chromatic

. .. . . . NI | .
aberration coefficients Zfo increase as the excitation parame(?‘u%) increases.
r

Also, the results show that the values of the irsdaichromatic aberration
coefficients G/fo increase when the values of the half-width af maximum &)

decrease and at the range of the half-width atrhakimum & = 2.01, 2.02, 2.03
and 2.04 mm) the best values of the relative chtenadoerration coefficients are
found at the half-width at half maximum equal td6&2mm. This behavior is shown
clearly in figure (3-6), where the relative chromaaberration coefficients are

plotted as a function of the half-width at half nmaMm for constant value of the

excitation paramet ) = 11.068 (Amp.turn/(Voltf-).

rNI
e
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Figure (3-6): Variation of the relative chromadigerration coefficients o
as a function of the hal@ at half maximum.

3-3-1-4 spiral distortion aberration coefficients

The relative spiral aberration coefficients are pated by using Eq. (2-29), as

shown in figure (3-7).
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Figure (3-7): Relative spiral aberration coeffit®eas a function of the
excitation parame(%é)for different values of the half-width at

half maximum
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It is noticed from figure (3-7) that the vatuof the relative spiral aberration

coefficients Ryfo increase as the excitation parame@%) increases. Also, the

results are shown that the values of the relapwelsaberration coefficients Qo
increase when the half-width at half maximua) decrease. The minimum values
of the relative spiral aberration coefficients dond at half-width at half
maximum equal to 2.04 mm. This behavior is illusdain figure (3-8), where the

relative spiral aberration coefficients are ploteeda function of the half-width at

NI

A

half maximum for constant value of the excitatioarzpneter( )=11.068

(Amp.turn/(Voltf).
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Figure (3-8): Variation of the relative spirddearation coefficients
[Yfo as a function of the half-width at half maximum

3-3-1-5radial distortion aberration coefficients

The relative radial aberration coefficients are patad by using Eq. (2-26) which
the effects of variation of the half-width at hatximum @) are studied. and the

results are shown in figure (3-9).
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Figure (3-9): Relative radial aberration coe#itis as a function of the
excitation parame(e}\l\l;z)for different values of the half-width at

half maximum

From this figure it is noticed that the vaduef the relative radial distortion
coefficients R /fo decrease as the excitation parame{%%) increases. Also, the
results show that the values of the relative radiatortion coefficients R4fo
increase when the half-width at half maximuaihiicreases and at the range of the
half-width at half maximumg= 2.01, 2.02, 2.03 and 2.04 mm) the best values of
the relative radial distortion coefficients are rduat the half-width at half

maximum equal to 2.01 mm. figure (3-10) illustratbd relative radial aberration

coefficients as a function of the half-width atfhalaximum for constant value of

the excitation parameté%) = 11.068 (Amp.turn/(Voltf).
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Figure (3-10): Variation of the relative radialeaation coefficients R4fo
as a function of the halfith at half maximum.

3-3-2 The effects of changing the maximum magnetic flux density

The aberration coefficients are investigated fdfedent values of the maximum
magnetic flux densityR,= 0.001, 0.002, 0.003 and 0.004 Tesla) at the aahst
value of the half-width at half maximuma € 2.04 mm), and the results are shown

as following:
3-3-2-1 spherical aberration coefficients

The relative spherical aberration coefficients@mputed by using Eq. (2-20) and
the effects of variation of the maximum magneticxfldensity B,) are

investigated, and the results are shown in figBf&1().
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Figure (3-11): Relative spherical aberration @iorts as a function of
the excitation param({r\%é) for different values of the
maximum magnetic fllendity.

From this figure one can see that the vatidbe relative spherical aberration

coefficients fo decrease as the excitation paramq%f&) increases.

Also, the results show that at the low valakexcitation paramete{%), the

values of relative spherical aberration coeffitseare closed to each other for
different values of the maximum magnetic flux dgngB,= 0.001, 0.002 and
0.003 Tesla) and the values of the relative sphkaberration coefficients values

are diverge at the range of high excitation paran(veVLL).

In figure (3-11), the values of the relatsgherical aberration coefficientg/fo
are decreased when the maximum magnetic flux def&}) is increasing, and at
the maximum magnetic flux densityg= 0.004 Tesla) one can find the best
results. This behavior is shown clearly in figu®&12), where the relative

spherical aberration coefficients are plotted adumaction of the maximum
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magnetic flux density for constant value of the i@ton paramete( Al

JV_> B
11.068 (Amp.turn/(Voltf).
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Figure (3-12): Variation of the relative spheria@krration coefficients
gfo as a function of the maximum magnetic flux dgns
3-3-2-2 chromatic aberration coefficients

The relative chromatic aberration coefficients are ghted by using Eq. (2-23)
and the effects of variation of the maximum magnédhix density B,) are

investigated, as shown in figure (3-13).
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Figure (3-13): Relative chromatic aberration coéfhts as a function of the
. . NI . .
excitation parame@\a/&)for different values of the maximum

magnetic flux density.

From this figure it is founded that the vala¢she relative chromatic aberration

.. . . . NI | .
coefficients @fo increase as the excitation parame(?avb) increases. However,
r

the values of the relative chromatic aberratiorffaments CG/fo increase when the
maximum magnetic flux densityB() increase, and at the range of the maximum
magnetic flux densityB,= 0.001, 0.002, 0.003 and 0.004 Tesla) the bestegal
are found at the maximum magnetic flux density équ®.001 Tesla. And this
behavior is shown clearly in figure (3-14), whehe telative chromatic aberration

coefficients are plotted as a function of the maximmagnetic flux density for

constant value of the excitation param %é) = 11.068 (Amp.turn/(Voltf).
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Figure (3-14): Variation of the relative chromadigerration coefficients fo
as a function of the manimmagnetidlux density.

3-3-2-3 spiral distortion aberration coefficients

The relative spiral aberration coefficients are pated by using Eg. (2-29) and the
effects of variation of the maximum magnetic fluendity B,,) are investigated,

and the results are shown in figure (3-15).

G5 00E-05% 1 BEm=0.001T
——— Bm=0.002T
C.O0E-0% - -
e Em=0.003T
e HTET L — — - Bm=0.004T
= -
T 3.00E-05 - -
s
2.00E-05 -+ / e
1.00E-05% < f_"_r_.,__,-
- —_— e
O.00E+00D T r r ; = .
u 2 4 G H 10 1z
NI (Amp.turn/ (Valt) )

Figure (3-15): Relative spiral aberration coeéfis as a function of the
. . NI . .
excitation parame(ei\llz) for different values of the maximum

magnetic flux density.
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It is noticed from this figure that the valuetthe relative spiral aberration

coefficients R/fo increase as the excitation parame([%é) increases. The values

of the relative spiral aberration coefficientg/fd increase when the maximum
magnetic flux densityR,) increase and the minimum values are found at the
maximum magnetic flux density equal to 0.001 TeSlais behavior is shown
clearly in figure (3-16), where the relative spiadlerration coefficients are plotted

as a function of the maximum magnetic flux denddy constant value of the

excitation paramete(%) = 11.068 (Amp.turn/(Voltf-9).
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Figure (3-16): Variation of the relative spiral atation coefficients , /fo
as a function of the maximmagnetic flux density.

3-3-2-4 radial distortion aberration coefficients

The relative radial aberration coefficients are estadaby using Eg. (2-26), and
the effects of variation of the maximum magnetuxftiensity B, are investigated

and the results are shown in figure (3-17).
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Figure (3-17): Relative radial aberration cagéfnts as a function of the
excitation parame(t%lz) for different values of the maximum
magnetic flux density.

It is founded from figure (3-17) that the veduof the relative radial aberration
coefficients ,4/fo decrease as the excitation parame\%lre) increases. However,
the results show that the values of the relatideataberration coefficients fyfo
decrease when the maximum magnetic flux den8ity (hcrease and at the range
of the maximum magnetic flux densitg,= 0.001, 0.002, 0.003 and 0.004 Tesla)
the best values are found at the maximum magnketcdensity equal to 0.004

Tesla. This behavior is shown clearly in figurel@®, where the relative radial

aberration coefficients are plotted as a functicaximum magnetic flux density

for constant value of the excitation param(é%k) = 11.068 (Amp.turn/(Voltf-9).
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Figure (3-18): Variation of the relative radialeaiation coefficients [q/fo
as a function of the mastimmagnetic flux density.

The best values of the aberration coefficientsshavn in table (1and 2):

Table1l: The minimum aberration coefficients for differealues of the half
width at half maximum (a = 2.0102.2.03 and 2.04 mm).

Aberration coefficients| Half width at half maximu(ao)
C.=-9.271 2.04 mm
C.=0.215 2.04 mm
Dsp = 8.99% 10 2.04 mm
Diag=-1.152 2.01 mm
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Table2: The minimum aberration coefficients for differeaiues of the
maximum magnetic flux density,(8 0.001, 0.002, 0.003 and

0.004 Tesla).
Aberration coefficients| Maximum magnetic flux dingBm,
C,=-3.136 0.004 Tesla
C.=0.215 0.001 Tesla
Dsp = 8.9% 107 0.001 Tesla
Drag=-13.889 0.004 Tesla

3-4 Non-Zero Initial Momentum
3-4-1 The effects of changing the electron emission angle

The aberration coefficients are computed for ddfervalues of the electron
emission angled= 0.2, 0.4, 0.5 and 0.6 rad) at constant maximuagmatic flux
density B,= 0.006 Tesla) and constant value of the half-walthalf maximumg

= 2.01 mm), and the results are as following:
3-4-1-1 electron beam trajectory

The analytical solution can be obtained far, for equation (2-5) with Glaser's
field, since the adjacent trajectories with diffgrealues of the angular component
of the momentum ghas been taken into account. The electron begectoay

along the magnetic field has been computed using(Z42), and the effects of

changing the electron emission angle has beentigaésn at constant value of

the excitation paramet%) =11.068(Amp.turn/(Voltf> ), and the results are

shown in figure (3-19).
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Figure (3-19): Electron beam trajectory for the metge lens at excitation
paramet@j}é)z 11.068(Amp.turr(Molt)®) for different values of the
electron emission angles.

The computations appear that when the valuéiseoglectron emission angi@ (
decrease the electron beam trajectory becomes snooeth , i.e. the fluctuation
between the upper and lower values of the displaoerfrom the optical axis
reduce.

The variation between the upper and lower values/rgfof the trajectory for
whole range of the relative optical patfa is increasing when the electron

emission angled) increase.

3-4-1-2 spherical aberration coefficients

The relative spherical aberration coefficients eakeulated for different values of

the electron emission angle, and the results arersim figure (3-20).
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Figure (3-20): Relative spherical aberration Gorits as a function of the
excitation parame(t%) for different values of the electron
r
emission angle.

From this figure one can observed that atdhevalues of excitation parameter

(ﬂll) the values of the relative spherical aberratiogffoments are closed to each
other for different values of the electron emissamgles, and the relative spherical

aberration coefficients values diverge at the raafybigh excitation parameter

(ﬁ).The values of the relative spherical aberrationffments C/fo decrease

when the electron emission angt§ (ncrease and at the electron emission angle
equal to 0.6 rad one can find the lowest valuethefrelative spherical aberration
coefficients. This behavior is shown clearly inuiig (3-21), where the relative

spherical aberration coefficients are plotted &gnation of the electron emission
angle at constant value of the excitation parame(n%) = 11.068

(Amp.turn/(Voltf).
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Figure (3-21): Variation of the relative sphatiaberration coefficients JIo
as a function of thectlen emission angle.

3-4-1-3 chromatic aberration coefficients

The relative chromatic aberration coefficients eateulated for different values of

the electron emission angle, and the results awersim figure (3-22).
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Figure (3-22):Relative chromatic aberration coefficients as afiom of
the excitation parame{%;&)for different values of the electron

emission angle.
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From this figure one can find that the valuEsthe relative chromatic

. .. . o - NI | .
aberration coefficients Zo increase as the excitation parame(?{/&) increases.
r

The relative chromatic aberration coefficientgf@ has minimum value at the
electron emission angle equal to 0.2 rad. Fromethesults one can be observed
that the increasing of the electron emission amggels to increase the relative
chromatic aberration coefficients. In figure (3-23he relative chromatic

aberration coefficients are plotted as a functibrthe electron emission angle at

constant value of the excitation parame{%) = 11.068 (Amp.turn/(Voltf-).
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Figure (3-23): Variation of the relative chromadigerration coefficients
fo as a function of the electron emission angle.

3-4-1-4 spiral distortion aberration coefficients

The relative spiral aberration coefficients arecakdted for different values of the

electron emission angle, and the results are shofgure (3-24).

48



Chapter Three Results and Discussion

9.00E-05 - — 6=02rad
8.00E-05 - ———-8=04rad
7.00E-05 - :
6.00E-05 -
5.00E-05 -
4.00E-05 1

F.00E-05 4

Dspffo

2.00E-05 +
1.00E-05% 1

Q.00E+00 T T T T T 1

NIfyrod {.ﬁ.r'r'p.-turnf{'-."alt}j' 3)

Figure (3-24): Relative spiral aberration cogénts as a function of the
excitation parame(t%) for different values of the electron
r
emission angle.

From this figure one can find that the valoégshe relative spiral aberration

coefficients G/fo increase as the excitation parame(%) increases. Also the

relative spiral aberration coefficients/fdo has best value at the electron emission
angle equal to 0.2 rad. From these results oneobaearved that the increasing of
the electron emission angle leads to increase #tative spiral aberration
coefficients. This behavior is shown clearly inuiig (3-25), where the relative

spiral aberration coefficients are plotted as acfiam of the electron emission
angle at constant value of the excitation parame(n%) = 11.068

(Amp.turn/(Voltf).
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Figure (3-25): Variation of the relative spiraleatation coefficients [3/fo as
a function of the electrmission angle.

3-4-1-5radial distortion aberration coefficients

The relative radial aberration coefficients arenfduor different values of the

electron emission angles, and the results are shofigure (3-26).

NI/VEYE {Amp.tuenf (Valt)?5)

. 5 4 & a 10 12
o -4 1
=
o6
i N ——6=0.2 rad
—— =04 rad
101
......... B8=0.5 rad
1 — — - B=0.6 rad
-14

Figure (3-26): Relative radial aberration coe#fitis as a function of the
excitation parame(%) for different values of the electron
r
emission angle.
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Figure (3-26) shows that the relative radibkraation coefficients Ryfo

. . NI . . .
decrease as the excitation parame(vevb) increases. Also the relative radial
r

aberration coefficients Zo at the range of the electron emission angle 0.2,

0.4, 0.5 and 0.6 rad) has optimum value at therele@mission angle equal to 0.6
rad. From these results one can observed thatntreasing of the electron
emission angle leads to decrease the relativelratexration coefficients. This
behavior is shown clearly in figure (3-27), whehe trelative radial aberration
coefficients are plotted as a function of the et@ttemission angle at constant

value of the excitation parame(%) = 11.068 (Amp.turn/(Voltf>).

ang {rad)

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Drad/ffo
(]

Figure (3-27): Variation of the relative radial ata¢ion coefficients Rq/fo
as a function of the elentemission angle.
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The best values of the aberration coefficientssaavn in tables (3, 4 and 5):

Table3: The minimum aberration coefficients for differeaues of the
electron emission anglés=0.2, 0.4, 0.5 and 0.6 rad ).

Aberration coefficients| Electron emission angle (
Cs=-4.918 0.6 rad

C.=0.346 0.2 rad

Dsp= 4.83 10° 0.2 rad

Diag=-12.265 0.6 rad

3-4-2 The effects of changing the half-width at half maximum

The aberration coefficients are computed for défeervalues of the half-width at
half maximum & = 2.01, 2.02, 2.03 and 2.04 mm) at constant maxirmagnetic

flux density B, = 0.006 Tesla) and constant value of the eleatrarssion angle

(0 = 0.2 rad), and the results are shown as following
3-4-2-1 spherical aberration coefficients

The relative spherical aberration coefficients eakeulated for different values of

the half-width at half maximum, and the resultsstrewn in figure (3-28).
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1 - a=2.01lmm
———-a=2.02mm
--------- a=2.03 mm

— ——a=2.04 mm

Csffo
.

NISVEEE  (Amp.turnf (Valt)?F)

Figure (3-28): Relative spherical aberrationfioents as a function of the
excitation parameé%) for different values of the half-width at
half maximum.

From this figure one can observed that at lthe values of excitation

parameter(%) the values of the relative spherical aberratioeffaments are

closed to each other for different values of thié-Wwadth at half maximum, and the

relative spherical aberration coefficients take tlegative values up to excitation

NI

A

paramete( ) equal to 8.5.

Also, the values of the relative sphericagrastion coefficients gfo decrease
when the half-width at half maximuna)(increase, and at the half-width at half

maximum equal to 2.04 mm one can find the lowettes but this behavior is
true up to excitation paramet(ejl\%) equal to 8.5, and the opposite behavior occurs

for high values of the excitation parameter.
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3-4-2-2 chromatic aberration coefficients

The relative chromatic aberration coefficientg/f@ have been computed for
different values of the half-width at half maximwand the results are shown in
figure (3-29).

04 - a=2.01 mm
0.35 + ———-3=2.02 mm
oz 4 T a=2.03 mm

— — —a=2.4 mm

Ceffo
_.'I
1

NIVEYS  {Amp.turnf{Volt)?3)

Figure (3-29): Relative chromatic aberration caedints as a function of the

excitation parame(%) for different values of the half-width at

half maximum.

This figure appears that the values of theatined chromatic aberration
coefficients G/fo increase as the excitation parame(%é) increases. Also, the
results show that the values of the relative chtanaberration coefficients o
decrease when the values of the half-width at im@lkimum &) increase, and at
the range of the half-width at half maximum=% 2.01, 2.02, 2.03 and 2.04 mm)

the lowest values of the relative chromatic abematoefficients are found at the

half-width at half maximum equal to 2.04 mm
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3-4-2-3 spiral distortion aberration coefficients

The relative spiral aberration coefficients haverbeomputed for different values

of the half-width at half maximum and the results shown in figure (3-30).

a=2.01 mm
G.O0E-05% 7
———-a=2.02 mm
SO0E05 4 e a=2.03 mm
— —-—-a=204 mm
4.00E-05
2
S,
B S O0E-05 4
]
2.00E-05% +
1.00E-05 -
OO0E+00 T T T T T 1

NI (Amp.turnf(Volt) )

Figure (3-30): Relative spiral aberration caedints as a function of the
excitation parame(t%lz)for different values of the half-width at
half maximum.

From this figure one can find that the valoéghe relative spiral aberration

coefficients Ryfo increase as the excitation parame@%) increases. Also, the

results show that the values of the relative spafadrration coefficients JJfo
decrease when the half-width at half maximwhicrease. The lowest values of
the relative spiral aberration coefficients arenfdwat half-width at half maximum

equal to 2.04 mm

3-4-2-4 radial distortion aberration coefficients

The relative radial aberration coefficients haverbeomputed for different values

of the half-width at half maximum and the results shown in figure (3-31).
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NIV (Amp.turnfi{Volt)* )
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Figure (3-31): Relative radial aberration coeffit®as a function of the

excitation parame(%) for different values of the half-width at

half maximum.

From this figure one can find that the valoéghe relative radial distortion

coefficients ,/fo decrease as the excitation param@%&) increases. Also, the

results show that the values of the relative radiatortion coefficients Ryfo
increase when the half-width at half maximuahiGcreases and at the range of the
half-width at half maximumg = 2.01, 2.02, 2.03 and 2.04 mm) the best values of
the relative radial distortion coefficients are fduat the half-width at half

maximum equal to 2.01 mm.

Table4: The minimum aberration coefficients for differaaues of the
half width at half maximum (a 92, 2.02, 2.03 and 2.04 mm)

Aberration coefficients| Half width at half maximu(an)

C,=-0.087 2.04 mm

C.=0.095 2.04 mm
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Dep = 3.44% 10° 2.04 mm

Drad= -1.747 2.01 mm

3-4-3 The effects of changing the maximum magnetic flux density

The aberration coefficients are computed for o#feervalues of the maximum
magnetic flux densityR,= 0.002, 0.003, 0.004 and 0.006 Tesla) at constne
of the half-width at half maximuma(= 2.01 mm) and constant value of the

electron emission anglé € 0.2 rad) and the results are shown as following:

3-4-3-1 spherical aberration coefficients

The relative spherical aberration coefficients eakeulated for different values of
the maximum magnetic flux density, and the resarésshown in figure (3-32).

1 Bm=0.002T
!
0.5 1 ; ———-Bm=0.003T
£
0.& s T Bm=0.004T
£ o
0.4 / — = =Bm=0.00aT

Csffo
i
e

NI/VEE {Amp.turnf (Volt)?3)

Figure (3-32): Relative spherical aberration coefhts as a function of the
. . NI . .
excitation parame@\a/&)for different values of the maximum

magnetic flux density.
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From this figure one can find that the valagéthe relative spherical aberration

. . . T NI . -
coefficients Gfo increase as the excitation paraméfﬁ/r:) increases. The results
r

show that the values of the spherical aberraticifiorents are negative and these
results can be used to design the magnetic lenshwdan be achieved the role of
the corrector in the electron optical system.

In figure (3-32), the values of the relatsgherical aberration coefficientg/fo
increase when the maximum magnetic flux dendsty) (is increasing, and at the

maximum magnetic flux density equalBg= 0.002 one can find the best results.

3-4-3-2 chromatic aberration coefficients

The relative chromatic aberration coefficientdf@ are calculated for different

values of the maximum magnetic flux density, theutes are show in figure (3-33).

0.4 A Bm=0.002 T
- —— —-Bm=0.003T
.35 1 P
. e Bm=0.004 T
0.3 &
< — — -Bm=0.006 T
.25 4 J’./
-
o 0.2 - . -
2 015 - 7
01 - . - ’,
- - ‘____,.-r"- _'__'__,_.-'-
005 4 - ____...-a-"" - e
T Tl e T T e
u T - T T T T 1
il 2 4 5] b 10 12
NIV {Amp.turnf{Valt)?5)

Figure (3-33): Relative chromatic aberration coéfhts as a function of the
. . NI . .
excitation parame(ejlvt)for different values of the maximum
magnetic flux density.

From this figure one can find that the valoéthe relative chromatic aberration

coefficients @fo increase as the excitation paramce%}e) increases. Also, the
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results show that the values of relative chromaberration coefficients &o
increase when the maximum magnetic flux den$sty {ncrease, and at the range
of the maximum magnetic flux densitg= 0.002, 0.003, 0.004 and 0.006 Tesla)
the best values are found at the maximum magnketxcdensity equal to 0.002

Tesla.

3-4-3-3 spiral distortion aberration coefficients

The relative spiral aberration coefficients are pated for different values of the

maximum magnetic flux density and the results amw in fig (3-34).

S 10E-05 A~
1 &NE-0S 4

4.50E-05 P -~ —— — - BEm-0.0037
4 10E-05 - -

S . Bmi=0.004T
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3.60E-05 - p
3.10E-05 - P — — -BmM=0.006T
2.60E-05 A .

2.10E-05
LEOE-05 A
1.10E-05 1
""" — =TT

LO0E-0& T T T T T 1

Dspffo

0 2 4 & 8 10 12
NIAVERS  (Amp.turn/ (Valt'®5)

Figure (3-34): Relative spiral aberration coefficeas a function of the
excitation parame(%é)for different values of the maximum
r

magnetic flux density.

From this figure one can find that the valoégshe relative spiral aberration

coefficients R/fo increase as the excitation parame@%‘&) increases. Also, the

results show that the values of the relative spiraberration coefficients {Jfo
increase when the maximum magnetic flux dend®fy (ncrease and the minimum

values are found at the maximum magnetic flux dgrgjual to 0.002 Tesla.
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3-4-3-4 radial distortion aberration coefficients

The relative radial aberration coefficients haverbeomputed for different values

of the maximum magnetic flux density, and the rssaie shown in figure (3-35).

NIVESS  (Amp.turnf{(Volt)®F)
0 2 4 & 8 10 12
] T |
-1 4
e ]
] -
= -3 A
=
[ 4 4
-5 4 )
s Bm=0.002 T
6 .
M ———-Bm=0.003T
7 4
R Bm=0.004 T
-8 1
— — -Bm=0.006 T
oy

Figure (3-35): Relative radial aberration coe#fitis as a function of the
excitation parame(«%é)for different values of the maximum
magnetic flux density.

From this figure one can find that the vale¢ghe relative radial aberration
coefficients [,4/fo decrease as the excitation parame(t%&) increases. Also, the
results show that the values of the relative radtarration coefficients Ryfo

decrease when the maximum magnetic flux dendf) (ncrease and the best

values are found at the maximum magnetic flux dgrgjual to 0.006 Tesla.

Table5: The minimum aberration coefficients for differeaues of the
Maximum magnetic flux density,{B0.002, 0.003, 0.004 and

0.006 Tesla).

Aberration coefficients| Maximum magnetic flux dengB,)

C,=-0.317 0.002 Tesla
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C.=0.034 0.002 Tesla
Dep = 1.58% 10° 0.002 Tesla
Diag=-7.747 0.006 Tesla
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Chapter Two

Theoretical Considerations

2-1 Introduction

A charge particle beam is a group of particles tieate about the same kinetic
energy and move in about the same direction. Tlyh Hinetic energy and

directionality of charge particles in beams malanttuseful for application [32].

Charged particle beams have continually expandipglications in many
branches of research and technology recent actieasainclude flat-screen
cathode-ray tubes, and beam lithography for miccads, scanning electron

microscopy SEM and transmission electron microscdpy! [32].
2-2 Flux Density Distribution Models of Magnetic L enses:

The equation of the paraxial ray equations revéads there is no way for
determining electron beam trajectory without knothie axial magnetic field
distribution B(z). Different mathematical models are used to exptha axial

flux density distribution of the magnetic lensesl am the following the some of
these modelf9]:

1- Glaser's bell-shaped model:
In this model, the axial distribution of magneteld B(z) is given by [33]:

___ B, -
B(2) vzl (2-1)

whereB,, is the maximum magnetic flux densityjs the optical axis of system

anda is the half-width at half maximum.
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2- Related bell-shaped curves:
In particular to the case = 3/2, the field of a single turm =2 andn = «

for which the distribution becomes Gaussian withiaklle weighting and given
by [33].
B

B@) =z 2y (2-2)

3- Grivet- lens model:
In this model B(z) is given by :

B(z) =B, sed (z/a) (2-3)
4- The exponential model:

B(z) =B, exp(-z/a) (2-4)

2-3 Paraxial - Ray Equation in Magnetic Field

The paraxial ray equation in axially symmetric metgnfields can be written as
[34, 39:

2

P = -

r(z)+8

wheree andm are the charge and mass of electron respectikghg, the initial

canonical angular momentum which is given by:

-eB(z,) r,’
2m

P, = (2-6)

andr(z) is the radial displacement of the beam from thicapaxisz, r (z) the
second derivative of(z) with respect toz, r, is the object planey; is the
relativistically corrected accelerating voltage g¥his given by [9]:
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V, =V, (1+0.978x10°V,) 2-7)

whereV, is the accelerating voltage.

If P, =0, i.e. electron start from the object displacedside the magnetic
field, equation (2-5) becomes linear using the Suwl®n, u = r, exp(ia),

whereq is the additional angle of rotation of meridiamampd which is given by

[2]:
e Z
a(Z) = 2m—\/r ZJ;)B(Z) dZ (2-8)

anda(z,) =0,
one can express the trajectory adjacent to it @ha ¢near equation:

e
8mV

r

r+ B*(2) r=0 (2-9)

It can be easily realized from equation (2t@at the force driving the
electrons towards the axis which is directly pmbpoal to the radial distanae
This is the principle of a focusing field. Futhemapthis force is proportional to
the square of the magnetic flux density which mehas if the direction of the
magnetic field is reversed by reversing the curréme direction of the force

towards the axis should not change, i.e. therebeilho change in the focus [8].

If u; and u, are the linearly independent solutions of thedmequation with
the initial conditions.

u,(z,)=0 ui(z,)=1

. (2-10)
u,(z,)=1 uz2(z,)=0
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The paraxial equations which describe electi@ectories in the axial
magnetic lens which are given by equation (2-5) @makation (2-9) can be solved

by considering the initial conditions forandd is given by [2]:

r(z,)=r, r(z,)=6,

. (2-11)
9(2,)=0 ¢ (2,)=0

Then the solution of equation (2-5) can be wridisn

1/2
r(z)=\U\=r{(9‘; = +u2)2+1/8% B*(z,) uzl} (2-12)

SmLV ? B(z) dz+ arg(u) (2-13)

r %

@(2) =

And the basic trajectory is described by:

1/2
r,(2)=r, {uzz + /ﬁ B(zo)2 ulz} (2)14

Sincer, is the object point an€, is the initial angle. Let the trajectory of an
electron starting from the specimen go throughrtfagnetic lens described by
Glaser's bell-shaped field distribution [33]:

B(2)= B

_ﬁ (2-15)

This lens has field strength with maximum eaBy, at the origin of the

coordinate system, aradis the half-width at half maximunw is the full width at

half maximum of the field. Them, andu, have the following form:
-a . . .
u, == sinjw(g-g)]sin(@)sin(g) -18)
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, = Sin(%)sin[w(g - )]

. . sin[w(g- @) (2-17)
sing

Z=cotg Z, =cotg, (2-18)

2-4 Aberration of an Axially Symmetric Magnetic Lens

The theory of aberrations is the most extensivilgied area in both light optics
and electron optics. Intensive investigations dcfreditions in axially symmetric
magnetic lenses were carried out since in the 193@nnection with studies of
the electron transmission microscope problem. Theplementation provides
the creation of an ideal lens that forms stigmatind similar images, these

assumptions:

1- Rigorous axial symmetry.

2- Paraxial trajectory approximation.

3- Energy homogeneity, including the absence oé tilependent process.
4- Negligible space-charge fields and small efééatlectron diffraction.

Violation of at least one of these conditideads to aberrations that are
responsible for blurred or distorted images and mmate beams transport

problems [36].

The importance of a particular aberration aelgeon the function of the
magnetic lens. For an objective lens, only the spalkeand chromatic aberrations
are important, since the electron-optical limitre$olution is set by the combined
effects of electron wavelength and the sphericatralion. For intermediate and
projector lenses, the radial and spiral distortians the most important; they
cause a shift of the image point with no blurrittence, in the present work

computation will be made for these important def¢86].
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2-4-1 Spherical aberration

The origin of this defect can be described withaidiagram shown in figure (2-
1), which reveals two different sorts of electroags interring a thin lens parallel
to the optical axis, but converges to differentahyioints. From figure (2-1) one
may see that electrons traveling close to the ab#kis (so-called paraxial rays
r ~ 0) are brought to a focus F (a distafideom the centre of the lens) at the
Gaussian image plane, whereas electrons whicheamiith a non-zeror-
coordinate are focused closer to the lens (at g§ird distance;ffrom the centre

of the lens) resulting the spherical aberratioredef37].

disk of least Gaussian
confusion plane

Af
f‘l

Figure (2-1): The diagram of spherical aberrafin]j.

When these non paraxial electrons arrive at@Gaussian image plane, they
will be displaced radically from the optic axis &y amount given by [37]:
r.=C.a® (2-19)

whereC; is known as the coefficient of spherical aberraid the lens and is
acceptable half angle. Note that sinc€in radian) is dimensionles§s must

have the dimensions of length.
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Thereby, all of the electrons confined withimedial distance are arrived at
the Gaussian image plane within a disk of radiwssually named by disk of
confusion. The spherical aberration defect is Hraesfor all of the points in the
image and is the only geometrical aberration tleasdnot disappear on the axis
[38].

The spherical aberration coefficienfs of an axially symmetric magnetic

field is given by [36]:

C.=(e/128mV,) [r*[3e/mV,) B2(2)+8B%(2) -8B2(2) (r/1)?] dz  (2-20)
Z

wherer is the solution of the paraxial ray equation wath initial condition
depending of the operation mode. The integratiore®the whole interval from

object plane, to image plane.
2-4-2 Chromatic aberration

In light optics, chromatic aberration arises frone tspread of wavelengths of
light passing through a lens, coupled with a depand of refractive index with
wavelength which known as dispersion. In electrptics, electron wavelength
depends on the momentum or kinetic energy of eacticle, so if the electrons
have a spread in kinetic energy, one might expe@retion in focusing power

of a magnetic lens [1].

Actually, Spread in kinetic energy may be due t

1- Variation of kinetic energy of the electrons #ed from the electron source.
For example, electrons emitted by a heated-filarmeuatce have a thermal spread
(~KkT, where T is the temperature of the emittingate) due to statistics of the

thermionic emission process.
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2- Fluctuations in the potential applied to acckethe electrons. Although high-
voltage supplies are stabilized as well as possitilere is always some

remaining drift (slow variation) and ripple (ac copoment) in the voltage.

3- Energy losses due to inelastic scattering in gpecimen, in the case of
imaging lenses which follow the specimen in a TEMumn. This is also a

statistical process: not all electrons lose theesamount of energy, resulting in
an energy spread. Chromatic aberration would re@swatlditional image blurring

which can be characterized in terms of disk cowfusin away similar to that of
spherical aberration. Its radius can be estimatéul tiwe aid of the lens equation
and simple geometric optics. Consider an axial ppeiurce of electrons (object
distance u) which is imaged to a point (image dista) for electrons of energy

E, as is shown in figure (2-2).

A
c
<
Y

Figure (2-2)The diagram of chromatic aberration [1].

Resulting from chromatic aberration. With tefgject points, the image disks

overlap [37].
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Electron of energf,- A E, will have in image distance- A v and arrive at
the image plane a radial distangefrom the optic axis. If the anglé of the

arriving electrons is small [37].
Ar,=Avtanf= [ Av (2-21)
The loss of spatial resolution due to chromabkierration is therefore [37].
Ar.=aC_(AE,/E,) (2-22)

The chromatic aberration coefficier@s of an axially symmetric magnetic

optical element is given by [1]:

C.=(e/8mV.) f B%(2)h*(2)dz (2-23)
Z

Thus, h(z) is given by [20]:

h(z)=fr(z) (2-24)
wheref is the focal length. The integration covers thelhnterval from object
planez, to image plane.
2-4-3 Radial distortion

The problem of aberration in the projector lensdiferent from that in the
objective, since the aperture angle of imaging p@&mtering the projector lens is
very small. However, the spherical and chromatieraion which have been
shown to be proportional to the aperture angle dbin practice affect the
reliable resolving power (i.e., the sharpness & timal image) because the
magnification required by the projector is onlytbé order of 300X [39]. While
the presence of spherical aberration in the projeténs doesn’'t cause a
significant spread of each image point, anothemgedcal aberration called
radial distortion produces a variation in magnifica across the image as a

whole. Since the outer parts of the magnetic fiélthe lens are relatively strong,
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pencils of rays which pass this region are refdhct®re sharply than paraxial
pencils. This results in the off-axial pencils @iog the axis earlier and thus
striking the image plane at a greater distance ftbenaxis than expected for

ideal lens, as shown in figure (2-3a).

(@) (b)

Figure (2-3): (a) Square mesh (dashed limaaped with pincushion
distortion (solid curves); magnification Mhgyher at point Q than at point
P. (b) Image showing barrel distortion, witha¥iQ lower than at P[1].

As a result, the peripheral region of the imag more magnified than the
paraxial region. When this is the case the resulthstortion is known as

pincushion distortion which is observable espegialthen the power of the
projector lens is high [39]. It has been shown thatradial distortiofAp/ ),
Is given by (see figure 2-4) [13]:

A2 =c, (L (2-25)
Yo, R

whereC, is the radial distortion constant aRds the bore radius of the projector
lens. For the pincushion distortion the value Qfis positive. WhenC, is

negative the radial distortion is called barreltaligson. This is illustrated in
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figure (2.3b). This sort of radial distortion ocsuwhen the lens is used as a DE
magnifying lens [40]. In order to compare differgmbjector lenses, the radial
distortion has been expressed in terms of a diroalesis quantity called radial

guality factorQ;, [41], as follows:

2Py =q? Py (2-26)
yo, b

p

||><—'°

»
'

A
o

Screen

Figure (2-4): The diagram illustrates theseffof radial
digton [40].

The quality factor is given b9,= (Dyaq)"* f,, whereD,¢= C, /R is the radial
distortion coefficient and}, is the projector focal length.
In the present work the radial distortion feiceent D,,q has been calculated
using the following integral equation [8]:
D4 =(e/128mV,)
[[(3eB*(2)/mV, +8B?(2))r, 1,° = 4B*(2) (1,1, 1, +1,1,°r 4)] dz

2

(2-27)
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wherer, andr, are the two linearly independent solutions ofgheaxial-ray
equation (2-10). The limits of integration are thwe terminals points, andz of

the magnetic field.
2-4-4 Spiral distortion

This sort of geometrical aberration has more thaa mame, such as anisotropic
distortion and rotational distortion. It occursnragnetic lenses only as shown in
figure (2-5).

i x
A Ap
p P
- w

Figure (2-5): The diagram of spirgtdrtion [13].

The broken lines represent the Gaussian imdugje the spiral solid lines
show the distorted image from which the name isvddr When the lens current
is reversed the direction of the fidR{z) is reversed and the sense of rotation of
the electron is also reversed. As a consequenedanthge had shown in figure
(2-5a) changes to that of figure (2-5b).

It has been shown that the spiral distorfiap / p),, is given by [13]:

A .,
(f) sp = Csp (E) (2_28)
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whereCs, is the spiral distortion constant. In a mannerilsinto that of radial
distortion, spiral distortion can be expressedeimt of the spiral quality factor
Qs as follows [41]:

PPy, =2 (P (2-29)
yo, b

The quality factor is given B9 (D<), WhereDg= C4/R is the spiral
distortion coefficient which is determined in thigork by means of the

following formula [16]:

21 . 3
D =[[—=(e/mV.)Y?r.? B(2) +——(e/mV.)¥?r.? B(2)]dz 2-30
s Zfo[l6( )7r, B(2) 128( )7, B(2)] ( )

2-5 Aberration Correction

The correction of aberration coefficients of theotlon microscope was started
at 1936 by Scherzer. Aberration correction is threglstory of many seemingly
fruitless efforts to improve the resolution of dfea microscopes by

compensating for the unavoidable resolution-lingtimberrations of round

electron lenses over a period of 50 years. Theesstal breakthrough, in 1997,
can be considered as a quantum step in electromsompy because it provides
genuine atomic resolution approaching the sizehef radius of the hydrogen
atom [42].

From analysis of the basic properties of teleand magnetic field. The
German Scientist Otto Scherzer showed that a coioveh electron lens must
suffer from spherical and chromatic aberrationhvaberration coefficients that
are always positive, therefore one cannot eliminats aberrations by careful
shaping of the lens polepieces, where a sphegoal ¢an be fabricated with zero
Cs [1].

25



Chapter two Theoretical Considerations

With the realization of the Rose corrector tthe dream of electron optics to
be able to construct spherical aberration-corretdad systems has come true.
Today, a new generation of commercial transmissientron microscopes is on
the market making aberration-corrected high-regmutmaging available to a
growing group of researchers, in particular anchaterials science [43].

Aberration-corrected transmission electronrascopy allows us to image the
structure of matter at genuine atomic resolution.pddminent role for the
imaging of crystalline samples is played by the atieg spherical aberration
imaging (NCSI) technique. The especially high casitrobserved under these
conditions owes its origin to an enhancing combamabf amplitude contrast due
to electron diffraction channeling and phase cattf28]. With the extraordinary
results presented therein, this study has demaadtthe potential of the new
technology. On the other hand, it has also showanhttie techniques which have
to be applied to obtain optimum results are quitd@ate and are by far not
routine. Interesting, also from a science-sociaabpoint of view, is the fact that
the general scientific community appears not tpiepared for the new qualities
offered by aberration-corrected transmission ebdectmicroscopy [44, 45, and
46]. The benefit of the negative-spherical-aberratioagimg technique is used to
correct the aberration transmission electron mawps to reach a high-resolution
transmission electron microscope (HRTEM). Where dpkerical aberratios
was be tuned to negative values, resulting in @&hiovaging technique, which is
called the negative spherical aberration coefftsi€imaging (NCSI) technique
[29].
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Chapter One

Introduction

Electron optics has much in common with light opti®We can imagine
individual electrons leaving an object and beinguked into an image,
analogous to visible-light photons. As a resultlo$ analogy, each electron
trajectory is often referred to as a ray path.

At the end of nineteenth century, it was fodinat an axially symmetric
magnetic field has a focusing effect on an electtseam in a cathode ray
oscillograph, it acts as a lens. The effect is lainto that of a glass lens on
light. This effect was first investigated by Busni1926 [1].

The theory of electron movement through magnéelds attracted
scientists' attention before electron optics wdaldished as a discipline, it
may be noted that in 1922 the Russian physicistuBlagvski considered
non-uniform magnetic fields where the angular fotatmomentum is

conserved [2].

Electron optics, in fact is based on two fundatal discoveries presented
by De Broglie in 1925 and Busch in 1927. De Broglgstulated on ground
of theoretical considerations that one must attellzuwave with each moving
particle. Two years later, Busch discovered tha thagnetic field of
solenoid acts upon an electron in a way exactlylairto that of a glass lens
on the light rays [3].

That lead Ruska and Knoll to invent the traigsian electron microscope
(TEM) in 1932, were the first to recognize the impace of the
concentration of the field distribution by an irgake and applied it to the
production of lenses. The concentration of the me#ignfield made it

possible to produce an electron microscope withmfi@gtion higher than
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the optical microscope. Their idea of the magnktics is still the basis of
lenses at present [4, 5].

In 1943, Grunberg developed a general thebmpe focusing action of
electrostatic and magnetic fields by describinggath of the main trajectory
and knowing the potential distribution along theirmaaths of adjacent
trajectories in the field of arbitrary form [6].

In many electron beam instruments, such asnngtg electron
microscopes and scanning electron beam lithograpstems are usually use
a magnetic lens to focus electron beam, and magmsiflection coils
mounted within the lens [7].

According to that, electron optics becomeshaoty and practice of
production, controlling and utilization of charg@drticle beam. In other
word, one may say that the branch of physics thalsdwith the properties of
charged particle beams motion throughout electromeig field is known as

electron optics [8].

With the analogy between light and electrotiospthere are fundamental
limitations that should be taken into account. Sahé¢hese limitations are

listed as followq8]:

1- In light optics, refractive index of light lees changes abruptly between
materials of different indices of refractiolm electron optics, the
changes are continuous.

2- Both the energy and momentum of the electrercantinuously
variable and can be changed arbitrarily. T$hisot the case in light
optics.

3- A good vacuum must be satisfied for travelihgltarged particle beams
due to the rapid absorption and scatteringadtigdes by gases, while light
rays are free.

4- Almost all lenses in electron optics are coneatgwhile in light optics
2
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convergent as well as divergent lenses carséd.

1-2 Electron Lenses

Electron lens can be defined as an instrument wtodlects a moving beam
of charged particles or focuses them to the sanrg.picherefore, the action
of electron lenses on an electron (or any chargeticke) beam is a close
analog to that of convex glass lenses or eye orofaysible light passing
through it. The essential difference between tleetedn lens and the glass
lens is that the electron lenses are concerned eatttinuously varying
index of refraction that always changes abruf8]y

Electron lenses can be categorized into thmeen types namely,

Electrostatic Lenses, Permanent Magnetic Lensedagmetic Lensefd].

1-2-1 Magnetic lenses

Magnetic lens can be defined as an axially rotatiaymmetrical magnetic
field that acts upon a charged particle beam pgsirough it, in a way
similar to that of a converging lens when it deaith light passing through
it. Hence, any rotationally symmetric magneticdidlas imaging properties.
The simplest magnetic lens is an axially symmetac-free coil. Whereas in
the modified lenses this coil will be counterpagarbn circuit [10].

There are two effects of a magnetic electron lenghe moving electron
beams, the first one, is a deflection towards thtecal axis identically to the
focusing effect of a converging lens in light opticThe second is an

additional rotation around the optical axis [11].
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1-2-2 Types of magnetic lenses

Magnetic lenses can be classified from many varipoisits of view, for
example:

1- One can talk about bounded lenses whetherahedaries of the lens
can or cannot found.

2- Strong or weak lenses depending on whether fibeal points are
situated inside or outside the field.

3- Thick or thin lenses.

4- Symmetrical or asymmetrical lenses dependiranwghether their exist
middle plane perpendicular to the opticababtout which the
geometrical arrangement of the lens is symaoattor not [10 and 9].

5- Magnetic electron lenses can be classifiedralatg to the number of
their polepiece in to three types: singleepice lens, double pole
piece lens and triple polepiece lens, also-free lenses are one of
magnetic lenses types. So these types wifidplained as the
following [9]:

a- Single pole piece magnetic lens

In 1972 Mulvey introduced a new design of negnlens named
‘Snorkel’ lens. When the double polepiece magnems is divided into two
halves from the middle a single polepiece magriehs can be obtained by
removing one half. The single polepiece magnetis leas been taken a great
interest in the electron optical instruments. Theeace of the bore in the
single polepiece lens makes fabrication of the leasier. The single
polepiece lens has the advantage that the entire ¢an be physically
situated outside the vacuum chamber as shown urdfigl-1). The axial
magnetic flux density distribution of the singlelgmmece lens can be pushed
away from the lens profile itself making the optipeoperties of the lens less

4
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dependent on the impertions in the iron circuit and the energizing [12,
4].

-__.._..
Fd
»\"

-

7

Polepiece <« N

red

Coil =

Optical axis Z

flux lines

Iron «—§- / i

Figure (1-): Cros«-section of single polepiece magndeaqs [4]

b- Double pole piece magnetic ¢

This type of magnetic lenses consists of insd wire or tape winding
made ofconducting material (usually copper) surroundec bgrromagneti
material core of high magnetic permeability whicasnesigned by Ruska
1933. The core has coaxial circular bore of di@m“d” along the optics
axis to allow the electrons beam tcss through an air gap of wid“S”
formed in the iron circuit betwn the two polepieceas shown inigure (1-
2). The properties of these lenses are expressednts tef the rati«(S/d)
[13].
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axial magnetic field
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Figure (1-2): Cross-section of double polepiece meéig lens [
13]
Symmetrical double polepiece magnetic lendccba achieved when the
axial bores between the two polepieces are iddntidale asymmetrical lens

be held when the axial bores are not identical.

c- Triple pole piece magnetic lens

Doublet lens consists of two magnetic electemses of two air gaps and
it is also called triple polepiece magnetic ler4][T'he two magnetic lenses
of the triple lens may be symmetrical or asymmatridepending on the

design of each lens as in figure (1-3).

polepiece

Figure (1-3): Cross-section of triple polepiece metg lens [14].

6
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d- Iron-free lens

This lens is tb simplest prok-forming device;it consists of coils mac
from metallic conductor wire or tape windings wousrd nor-magnetic cor
as in figure (1-4).

2R,
————————————————————————— > Z Optical axis

Figure (1-4): Crossections of Iron-free rectangular [15].

One advantage of the ir-free coils is their sizeeduction with resect to
the iron circuit lenseslt is therefore desirable to describe some re
investigations of irorfree objective lenses that offer the possibility
developing electron optical instruments, both watid without the use «

superonducting windings15].
1-3 Advantages of a Magnetic Lens

Magnetic lenses are gener: preferred for electron microsco| because it
has higher acceleratingoltages this permitbetter image resolutic.

Magnetic lenses also prov the loweraberrations, for the same focal ler

by comparison with electrostatic l¢, further improving the imaq

resolution, éns aberrations are a reduced by making the focal length

the objective lens small, implying magnetic immersion lens with tl

specimen present within the lens fi [1].

7
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1-4 Comparison between Numerical and Analytical Method

A part from the measurement procedure, lens pr@gsemay be determined
by means of two entirely different approaches ngmalnalytical and
numerical approach. The numerical approach is usetbe a powerful
technique for determination of the electron lenspprties. However, in
practice numerical approach still considered tahaebest, but its results are
less accurate than the analytical approach, becapssvides a large degree
of freedom to handling the considered problem. dimaytical solutions have
very definite advantages over numerical approadmerd are numerous
reasons for this [9]:

1- Numerical solutions always give a more or lessieate approximation
while analytical is exact.

2- Analytical solutions provide insight and alloVassification according to
the influence of different parameters on thletson.

3- They can be verified by inversion.

4- They extend the frontiers of tractability.

5- They provide simple means for comparing différmerical techniques.

The disadvantages of the analytical approagh be given by the
following [9]:

1- The axial field distribution of practical eleatie and polepiece

configurations can very seldom be expressed inyacal functions.
2- Even if we know the exact form of rays, it idikely that we will be able

to deduce analytical expressions for the alhemnr coefficients. The

analytical approach was the taken choice.
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1-5 Literatures Survey

Theoretical and experimental studies of the magneins have been

attempted by many researchers as:

Tsuno and Harada in 1981 studied the mininunabf radial and spiral
distortion in electron microscopy through the usiri@ triple polepiece lens
[16].

Mulvey studied the use of a single pole electronetigniens and showed
that it had good electron optical properties [10].

Preikzas and Rose in 1995 introduced a proeeckiled time dependent
perturbation formalism which enables the aberrati@f any arbitrary

electron optical systems to be calculdted.

In 1996 Crewe and Kielpinski found that tleedl length, spherical and
chromatic aberration coefficients of dipoles magndenses could be

expressed simply by normalized the dipole momeSit [1

Subsequently, Crewe extended the study ointwibipole magnetic lenses
through numerical and digital methods and obtas®@ue interesting result
on the electron optical properties of monopolepiand quadrapole lenses
[19].

Hawkes in 2002 used the properties of Besswition to predict the most
of the results which were found by Crewe for thensamagnetic lenses,
where the analytical method was included to obtha optical properties

which were found by Crewe [20].

In 2003 the optical properties of monopolepotk and quadrupole
magnetic lenses had been demonstrated by Liu. Theremtial algebraic

(DA) method and analytical expression were adoptedis study [21].
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Cheng et al. had applied the differential afgemethod to analyze and
calculate arbitrary order curvilinear-axis combingeometric-chromatic
aberrations of electron optical systems [22]. Aldee spiral distortion of

projector magnetic lenses had been studied by AIg3].

In 2004 Crewe studied the focusing propertiesnagnetic fields of the
form B(z)a Z' for all integer n except the cases whers —1andn = 0. The
calculations in this study were achieved by usingmerical ray tracing

which were carried out for first and second indestethe zero only [24].

In 2004 Chun-Lin et al. studied the high reioh transmission electron
microscopy using a negative spherical aberrafidre novel imaging mode
for high-resolution transmission electron microscopas described. The
novel imaging mode was based on the adjustmenteigative value of the
spherical aberration of the objective lens of angmaission electron

microscopy equipped with a multi pole aberratiorrector system [25].

In 2005 the spherical and chromatic abematwefficients for the
objective and projector magnetic lenses with treddfidistribution in the
forms of inverse power law were calculated by Alano express the
magnitude analytically. The results of this studgrevpresented in a Tretenr's

form to determine the optimum performance of magrenses [26].

The novel aberration correction concepts wartewn by Berend and
Harald in 2008. An alternate concept for improvsygatial resolution for
some experiments in TEM mode was studied with ibdeo&the spherical
aberration correction and monochromatization; irs tbase the loss in
resolution caused by a wide-gap objective lens w@spensated by a

smaller energy width of the electron beam [27].

10
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Also, an analytical expression for the paabxtrajectory of magnetic
lenses was derived by using the analytical approAcdd the comparison
was made with the results of the numerical apprgakch

One year later, aberration-corrected of trassion electron microscopy
was made to allow imaging the structure of mattergenuine atomic
resolution. A prominent role for the imaging of siglline samples was
achieved by using the negative spherical aberratoaging (NCSI)
technique [28].

The benefit of the negative spherical abeymaimaging technique for
quantitative HRTEM (High resolution transmissioeaton microscopy) had
been studied by Jia, et al. in 2010. They found tt@image contrast which
Is obtained with the (NCSI) technique was compapeantitavialy with the
image contrast formed with the traditional positi@ imaging (PCSI)
technique [29].

In 2012 Clemens and Peter studied the temhpitstortion in magnetic
lenses. They studied the temporal aberration otdsetond electron pulses

in magnetic lens system [30].

The theoretical and experimental investigatieas made to correct the
spherical and chromatic aberration by Funio eaaR013. The asymmetric
spherical aberration correctors were designed d$erin the prop and image
forming systems at 300 kV to diminish undesiredapdic aberrations. Also
the chromatic aberration corrector was investigatesing a 30 kV

transmission electron microscope [31].

11
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1-6 Aim of work

The aim of present work is to study and determimathe optimum optical
properties of magnetic lens using analytical methddis aim can be
achieved via reduction the values of aberrationffimbents or reach to
negative values of these aberration coefficienthjcw can be used as

corrector in the optical systems.

The analytical expression is used to find taepial trajectory of electron
beam in a magnetic lens and this trajectory willused to study the optical
properties of magnetic lens; the axial flux densiistribution is represented
by Glaser's bell-shaped model which gives riseht hinimum spherical,

chromatic, spiral and radial distortion aberratioefficients.

12
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Chapter Four

Conclusions and Recommendations for Future Works

4-1 Conclusions

From the results one can conclude that:-

1- The analytical method can be used to give good description to the electron
beam trgjectory, and this trajectory can be used to find the best optica
properties of the magnetic lens.

2- The optimization role can be achieved via changing some effective
parameters as the half width at half maximum (@), the maximum magnetic
flux density (B, and the electron emission angle (0). Also, the calculations
appear that the values of the aberration coefficients are very sensitive to the

changing of the effective parameter.

3- One can reach to the negative values of the spherical and spiral distortion
aberration coefficients by using the solution electron beam trajectory which
due to the analytical solution of the paraxial ray equation, and these negative
values can be used as a corrector in the optical system.

4- One can notice that for:
a The case of zero initia angular momentum

1- The results of calculations show that the relative spherical, chromatic and
gpiral aberration coefficients decrease as the haf-width at half maximum
increase and the lowest results are found at the half-width at half maximum
equal to 2.04 mm.

2- The best values of the relative spherical and radial aberration coefficients
are occurred at the maximum magnetic flux density equa to 0.004 Tesla
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One can notice that the relative chromatic and spiral aberration coefficients
increase when the maximum magnetic flux density (B,,) increase, and the
optimum results occurred at the maximum magnetic flux density equal to
0.001 Teda.

b- The case of non-zero initia angular momentum

1- From the results one can notice that the relative spherical and radia
aberration coefficients decrease as the electron emission angle is increasing
and the chromatic and spiral aberration coefficients increase as the electron
emission angle increase and the best results are found at the electron

emission angle equal to 0.2 rad.

2- The lowest results of the relative spherical, chromatic and spiral distortion
aberration coefficients can be obtained at the half width at half maximum
equal to 2.04 mm, One can notice that the relative spherical, chromatic and
spira distortion aberration coefficients decrease when the half-width at half
maximum increase, and the best values of the radial aberration coefficients
can be obtained at the half-width at half maximum equal to 2.01 mm.

3- The results of caculations indicate that the relative spherical, chromatic
and spiral aberrations coefficients increase at the maximum magnetic flux
density (B, increase and the best values at maximum magnetic flux density
equal to 0.002 Teda. But the lowest values of the radial distortion aberration
coefficients at the maximum magnetic flux density equal to 0.006 Teda.
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4-2 Recommendations for Future Works

The following topics are put forward as future investigations:
1- One can suggest different methods such as differential algebraic method
(DA) method to study the optical properties of the magnetic lenses in order

to compare this procedure with the cal cul ated results.

2- One can use the analytical method to find the solution of the paraxial ray
equation for different models as the Grivet-Lens model, to reach to the

optimum optical properties which give the minimum aberration coefficients.

3- The time dependent magnetic field method can be use to find the optimum
optical properties for the magnetic lens.
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List of Symbols

a The half-width at half maximum (mm).

B The axial distribution of Magnetic field of lensg3la).
B(m) Maximum magnetic flux density (Tesla).

C. Chromatic aberration coefficient (mm).

C Radial distortion constant.

Cs Spherical aberration coefficient (mm).

Csp Spiral distortion constant.

D Diameter of axial bore (mm).

Diag Radial distortion coefficient (mm).

Dsp Spiral distortion coefficient (mm).

e The charge of the electron (e =1.6 X"10D).

E, Energy of electron beam (Joule).

fo The projector focal length (mm).

fo The objective focal length (mm).

h(z) The independent solutions of the paraxialaqyation.

Electric current (Amper).




k Boltzmann constant (k=1.38xT&/degree Kelvin).

m The mass of the electron (m= 9.1 x°1Ky).

n Order of multipole or the power of the multipole.

NI Magnetic lens excitation (Amp.turn).

(£ Magnetic lens excitation parameter (Amp.turn/(\Volx)

A

Initial angular momentum (Kg.ns").

Qr Radial quality factor.

Qs Spiral quality factor.

RiR, Inner and outer radii of coil respectively (mm).

r(z) Trajectory radial high along axis outside the maigrfe=ld
(mm).

ro(z) Trajectory radial high along axis inside the magnigld (mm).

o The object plane.

r The second derivative of r(z).

s The radius of confusion disk (mm).

Mo Ty Special solutions of paraxial ray equation.

S Width of air gap of polepiece (mm).

T Temperature of the emitting surface (Kelvin).

U, W The two linearly independent solutions of the linequation.




Va The accelerating voltage (Volt).

V, Relativistically corrected accelerating voltage ity.o
w The full width at half maximum of the field (mm).
z The optical axis of system (mm).

Z Object plane position (mm).

Z; Image plane position (mm).

0 Electron emission angle (rad).

0o Initial electron emission angle (rad).

o Additional angle of rotation meridian plane (rad).
D(z,) Initial conditions at the image plane.

AE, Fluctuation in the electron beam energy (Joule).
AT Fluctuation in the electron beam focus at the inrgde (mm).
p Total charge density.

(Mol p), | Radial distortion amount.

(Ap! p)g | Spiral distortion amount.

First and second derivative with respect to z-daisdz) and
(d¥d2), respectively.




List of Abbreviations

DA Differential algebraic.

HRTEM High resolution transmission electron micize.
NCSI Negative spherical aberration imaging techaiqu
SEM Scanning electron microscope.

TEM Transmission electron microscope.

Vi




[1] Egerton, R.F. (2005)
Physical Principle of Electron Microscopy.
Springer: ISBN.

[2] Melnikov, A.A. and Potapkin O.D. (2008)
On Electron Movement through Magnetic Electron Lens
Physics Procedid, 207-215.

[3] Harald, H.R. (2008)
Geometrical Charged-Particle Optics.

Springer-Verlag, Berlin.

[4] Mulvey, T. and Newman ,C.D. (1974)

New Experimental Lens Designs for High Voltage tetecMicroscopes.
High voltage electron microscopy, ed.P.R.Swan, Hiuhbherys and
M.J.Goringe, pp.98-102. Academic: London.

[5] Ruska, E. (1980)
The Early Development of Electron Lenses and Ededulicroscopy.
Hirzel Verlag, Stuttgart.

[6] Grunberg, G.A. (1948)

Selected Problems of Mathematical Theory of Heand Magnetic
Phenomena.

A.N. USSS in Russian.

[7] Lencova B. (2001)

Recent Development in Methods for Electron Opti€amputation
Microscopy.

Barcelon&3, 432-4309.

65



[8] El-Kareh, A. B. and El-Kareh, J. C. J. (1970)
Electron Beams Lenses and Optics.

Vol. 1 and2, Academic Press: New York and London.

[9] Szilagyi, M., (1988)
Electron and lon Optics.

Plenum Press: New York and London.

[10] Hawkes, P. W. (1982)
Magnetic Electron Lenses.

Springer-Verlag, Berlin.

[11] Labar, J. L. (2002)

Introduction to Electron and Microscope: Electrompti@s, Interactions
and Signals.

EMAS-2002, Szsyrk (Poland).

[12] Mulvey ,T. and Newman, C.D. (1973)

New Electron Optical System for SEM and STEM.

Scanning Electron Microscopy: system and appliogtidl973, ed.
W.C.Nixon,

Inst.phys.Conf.Ser, N©8, 16-21.

[13] Libmann, G. and Grad, E. M. (1952)
Image Properties of a Series of Magnetic Electrendes.
Proc. Phys. Soc. LondoB;1 1951-1956.

66



[14] Tsuno, K. and Harada, Y. (1981)

Elimination of Spiral Distortion in Electron Micraspe Using an A
Symmetrical Triple Polepiece Lens.

J. Phys. E: Sci. Instrumi4 955-960.

[15] Alamir, A.S.A. (2000)
High Voltage and High Current Density Objective £en
Chinese J.Phy38, No.2-1, 139-145.

[16] Tsuno, K. and Harada, Y. (1981a)

Minimization of Radial and Spiral Distortion in Eleon Microscopy
Through the Use of a Triple-PolePiece Lens.

J. Phys. E: Sci. Instl4, 313-3109.

[17] Preikszas D. and Rose H., (1995)

Procedures for Minimizing the Aberrations of Eleciragnetic
Compound Lenses

Optik, 100, 4, pp. 179-187.

[18] Crewe, A.V. and Kielpinski, D. (1996)
Electron Focusing Using Dipole Lenses.

Optik 103, 167-170.

[19] Crewe, A.V. (2001)
On the Peculiarities of Monopole and Multipole Feing.
Optik 112, No. 4, 181-183.

67



[20] Hawkes, P.W. (2002)

On the Optical Properties of Magnetic Lenses witblds of the Form
B(z Z2"n=2,3,4 .

Optik 113, No. 6, 273-275.

[21] Liu,Z.X. (2003)

Differential Algebra Analysis of Optical Propertie§ Monopole, Dipole,
and Quadrapole Lenses.

Optik 114, No. 11, 518-520.

[22] Cheng, Tang, Lu and Yao. (2003)

Differential Algebraic Method for Arbitrary Order @vilinear- Axis
Combined Geometric- Chromatic Aberration Analysis

Division of Communication Engineering, Nanyang Tealogy
University, J. Phys. D: Appl. Phy36, 924-928.

[23] Alamir, A.S.A. (2003b)

Spiral Distortion of Magnetic Lenses with Fieldstbé Form B(z) Z",
n=2,3,and 4.

Optik 114, No. 12, 525-528.

[24] Crewe, A.V. (2004)
Electron Focusing in Magnetic Fields of the Forin z
Optik 115, No. 1, 31-35.

[25] Jia, C.L. Lentzen, M. and Urban, K. (2004)
High-Resolution Transmission Electron MicroscopyngsNegative
Spherical Aberration Microscopy.

Microanall0, 174-184.

68



[26] Alamir ; A.S.A. (2005)
On the Optical Properties of Monopole, Multipoleadhetic Lenses.
Optik 116, 429-432.

[27] Kabius, B. and Rose, H. (2008)
Advances in Imaging and Electron Physics.
Vol 153.

[28] Knut,W. Urban, Jia, C.L. Houben, L. Lentzen, M, Sh. and
Tillmann, K. (2009)

Negative Spherical Aberration Ultrahigh-Resolutiolmaging in
Corrected Transmission Electron Microscopy.

Phil. Trans. R. So&67, 3735-3753

[29] Jia, C.L. Houben, L.Thust, A. and Barthel(2D10)

On the Benefit of the Negative —Spherical —Abesratiimaging
Teghnique for Quantitative HRTEM.

Ultramicroscopyl10, 500-505.

[30] Weninger, C. and Baum, P. (2012)
Temporal Distortion in Magnetic Lenses.
Ultramicroscopyl13, 145-151.

[31] Fumio Hosokawa, Hidetaka Sawada, Yukinito Kaoo Kunio
Takayangi and Kazutomo Suenagaz. (2013)

Development of Cs and Cc Correctors for Transmissklectron
Microscopy.

Microscopy, doi: 10.

69



[32] Humphries, S.Jr. (2002)
Charged Particle Beams.
Wiley: New York.

[33] Hawkes, P.W. and Kasper, E. (1989)
Principle of Electron Optics.

Vol.1 and2, Academic press: London.

[34] Martin Reiser. (2008)
Theory and Design of Charged Particle Beams.

Second update and second edition, Wiley -VCH.

[35] Tzukkerman, I.I., Gosenergoizdat M. (1958)
Electron Optics in Television.

Pergamon press:New York.

[36] Tsimring, S.E. (2007)
Electron Beams and Microwave Vacuum Electronic.

Wiley: Canada.

[37] Egerton, R.f. (2007)

Physical Principles of Electron Microscopy an Irduetion to TEM,
SEM and AEM.

Wiely : Canada

[38] Hall, P. C. E. (1966)
Introduction to Electron Microscopy.
2nd Ed., Mc Graw-Hill.

70



[39] Wischnitzer, S. (1981)
Introduction to Electron Microscopy

3rd ed., Pergamon Press.

[40] Glauert, A. M. (1974)
Practical Methods in Electron Microscopy.

North Holland.

[41] Maral, F. Z., and Mulvey, T. (1977)

Scherzer's Formula and the Correction of Spiral tBigon in the
Electron Microscope.

Ultramicroscopi, 178-192.

[42] Rose, H. (2009)
Historical Aspects of Aberration Correction EleatriMicroscopy.
Vol 58, 77-85.

[43] Urban, K. W. (2008)

Studying Atomic Structures by Aberration-Correctédansmission
Electron Microscopy.

Science321, 506-510.

[44] Rose, H. (1990)

Outline of a Spherically Corrected Semiaplanatic dilen-Voltage
Transmission Electron Microscope.

Optik 85, 19-24.

[45] Haider, M., Uhlemann, S., Schwan, E., Rose, Khabius, B. and
Urban, K. (1998)

Electron Microscopy Image Enhanced.

Nature392, 768—769.

71



[46] Uhlemann, S. and Haider, M. (1998)

Residual Wave Aberrations in the First Sphericaéation Corrected
Transmission Electron Microscope.

Ultramicroscopy72, 109-119.

72



LNNAANNRRAANANAANNNNNAAANNNNAN

LOPLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLSSSL

Republic of Iraq

Ministry of Higher Education

and Scientific Research ' o G

Al-Nahrain University % 4 /_4‘;
%. YRag i W :

College of Science
Department of Physics

Magnetic Lens Aberration Coefficients
Estimation by Using the Analytical
Solution for the Paraxial Ray Equation

A Thesis
Submitted to the College of Science/ Al-Nahrain University asa

Partial Fulfillment of the Requirements for the Degree of Master of
Sciencein Physics

By
Rasha Yousif Hamad

(B.Sc.in Physics-2011)

Supervised by
Dr.Oday A.Hussein Dr.Khalid A.Yahya
(Assist. Professor) (Assist. Professor)
November Muharram
2013 A.D. 1435A.H

2720 %0 20 o Mo P Ho P Ra M R Vi 20 S Vo Mo R W R Ha T R Ve R 0 20 R M P R P R Ha e R Y R U 2 R He R R Ve R R ¥

PLLPLLPLLLPLLLLLLLLLLLPLLLL LSS



LNNAANNRNRAANAAAANNNANAAAAANNAN

(s

Gl 4y ) sgan

E' (E lad) Gl g Al anlatl) 3 ) )
S gl drala
A R

Rag t
RISFIIN

aladiuly Luudalital) dusad] £ 35 clalaa (el
o5l Cpa Al Jlecall sataad et Sal)

Al

Ol el fo slall 2IS )} deie
Sl asle 3 il o Jii e (e 5 3

& (e

J.AALJ’MHL&J

(Y1) - omsy )
) i)

e oebs Al 2 ) O (A8 g8 )

o Yo F A \¢Yo

LOPLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLSS LS
ANANNNNANANAANANNANAANNANAANANNANANNANANANANNANAANA

PLLPLLLLLPLLLLLLLLLLLLLLL LS LS



{’)‘jbé;:ﬁ/uﬁjﬁub /Jﬁ/
. bﬁ/(?"}&[&wu@'}”d’ﬁ
| "*‘ il sl 0 (1) 5351 5
e - (2) Tl e o )

.ha

=)
§l)
dl\
i)
- 'h
5
'.'I
7|\
)
)
)
b
..I !"
2|/
¥
-.
.E"
([
71l
/
1l
tal|/
I




LDl

Gl o5 S g ) saall 4nd Hlsall Alibeal Llilall dzpall alascinly 45 k0 4 j0 Cy el
Arcalaliag) Anaall 4y jeadl yal &) Jiadl paadl

sl (gl 4y gl ca W Gy 5 KU £ 5 3l BlalaeS £ s 3 CBlalaa Agd 2 o
Luaall 5y saall Jlaall a8 Jitall JudIS) s Ul JSAN 23 gadl Canill 18 8 aic)
ae sl easas cliluall 8 1Y) a0 calla i) ki M) 8y duabliaal)

Ol (8 0dsa

Caai Jia 5 fisall Clbaall (mny 53 JYA e el 38 gl Jiel L)) Jsead) o)
S aally ((a= 2.01, 2.02, 2.03 and 2.04 mm) i)l Caal vie (2 )
4535 (Bm= 0.001, 0.002, 0.003 and 0.004 Tesdla) ublinall (adll 48l

.(0=0.2,0.4,0.5 and 0.6 rad) ¢;s<Y! eyl

ad il dgagaxe sl asagalla 82,04 MM s @ af Juadl () Gas il A (e
Ja b sl g gl 35l (g5 )SH gl il (g IS () Ll am g 35 il 3 JaiyY)
s By i 1 4l 8 (sl 4101 (55,0 30 o8 1 Lais e 50
.0.004 Tesa

ol lelae aa o pha i a5 (0= 0.2 radl) ¢S Ll 31 Juadl o Lagl aa g
(sl 4y gl g sl

(Sae 0Ll 038 5 4allus 2 Al (g ykadll 4y 5l 5 55 S a3l ) Gas AT A (g
el il slaidl 3 e Lealadt



	Microsoft Word - ------.pdf
	Microsoft Word - abstract.pdf
	Microsoft Word - ch.3 - Copy.pdf
	Microsoft Word - chapter  2..pdf
	Microsoft Word - chapter 1.pdf
	Microsoft Word - chapter 4.pdf
	Microsoft Word - Contents.pdf
	Microsoft Word - list of symbols.pdf
	Microsoft Word - Refrencess.pdf
	Microsoft Word - title.pdf
	Microsoft Word - الايه.pdf
	Microsoft Word - الخلاصه.pdf



