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Abstract

A computational investigation has been carried out to describe synthesis optimization
procedure of magnetic lenses. The research is concentrated on the determination of the inverse
design of the symmetrical double polepiece magnetic lenses whose magnetic field distribution is
already defined. M agnetic lenses field model well known in electron optics have been used as the
axial magnetic field distribution. This field has been studied when the halfwidth is variable and
the maximum magnetic flux density is kept constant. The importance of this research lies in the
possibility of using the present synthesis optimization procedure for finding the polepieces design
of symmetrical double polepiece magnetic lenses which have the best projector focal propetties.
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Introduction

In electron optics, the synthesis procedure of electron lenses op timization is based on the
fact that, the first-order properties and aberrations of any imaging magnetic field can be
calculated by using mathematical functions to approximate the magnetic field several good
mathematical functions exist for assigning the magnetic field distribution such as Gaussian
model, Exponential model, Cosine model ....... etc. It is important to note that, the values of
optical properties, aberrations and polepiece shape depend on the mathematical distribution of
field function i.e. the optimum design of magnetic lenses depend on the optimization parameters
of proposed formula to represent the optimum axial magnetic field distribution [1].

The Mathematical Model

Depending on the similarity between the curve shapes of the axial magnetic scalar
potential distribution and the hyperbolic tangent function, this following function can be used for
approximating the axial magnetic scalar potential distribution V, given by [2].

V/z)=a tanh(Z/p) (1)
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Zs < Z < Zgalong the axial length of the lens, where Zg and Zg are the terminals of the axial
coordinate, here (0=W.B,.. / 2,,) and (B=W / 2). Where L, is the space permeability and equal
47x10”7 H.m'™! , W is the halfwidth of the field distribution, By, 1s the maximum magnetic flux
density. W and B, represent two optimization parameters.

For symmetrical charged particle lens, the magnetic field and its axial potential
distribution would be symmetric about the mid plane. Therefore, the following constraints can be
studied:

1. B(z)=B(-z), V(z)=V(-2)

2.|Zs|=Zg
accordingly the lens length can be expressed as L=2Zg or L=2Zs.

In the synthesis technique, symmetric conditions depend on the procedure taken under
considerations for a electron lens design. However, these conditions depend on the target function
to be analysized. For more details see [3,4,5,6].

For iron-free region the axial magnetic flux density distribution along the optical axis can
be determined with the aid of the following eq. [2] :

dv,
B,(2) = —u, = 2)

Therefore, in the present work the axial magnetic field of the lens can be approximated by the
followingeq. :

B,(z)=B naxsech’(2.270(Z/W)) (3)

It can be seen that the target function represented in eq. 3 has three main control parameters
Bimax, the maximum magnetic flux density, the halfwidth of the field distribution W, and the lens
length L(=Zg - Zs). The present investigation concerns with the more effective design parameter
which is the halfwidth, while the other two parameters B,,,x and L are kept constant at 1T and
40mm.

Polepiece Reconstruction

To determine the lens potential, the region of its axial extension is divided into (n-1)
subintervals where n represents the points of the field alongthe z-axis. By numerical analysis the
axial magnetic flux density distribution B, is represented by a cubic spline function in each
subinterval [3]. By using the eq. 2 and with the aid of the cubic spline technique, the axial
magnetic scalar potential may be given by:

VZ(k+1) =Va -Gy 4)
where:
2 30 4 3
-l /| hk /1 hk | | Bk+l || hk
Gk~ Mo |Bkhk "Bk| 5, | "Bk 3 > (5)

Here h=z,4- zy; it represents the width of each subinterval. When the lens is sy mmetrical Vz(n)=
-VZ(1)=0.5 NI.
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Consider the magnetic field model given in eq. 3. The magnetic field distribution is
determined under symmetric conditions along the lens optical axis. Since the lens is symmetric,
then the absolute value of the potential at the lens terminals are equal in magnitude (see fig. 1).
This indicates that the area under the condenser and objective fields are equal. At the plane
where z=0 the potential is zero as shown in fig (1). The symmetrical lens is achieved by
maintaining this plane and keeping the condenser field on its left-hand side equivalent to the
objective field on the right-hand side.

By using the analytical solution of Laplace’s equation, the shape of the polepiece that
would produce the desired field can be determined. For axially symmetric systems the
electrostatic or magnetic scalar potential V(r,z) can be calculated from the axial distribution of
the same potential V(z) by the following power series expansion [7]:

S (1) (R )2“ d*V(2)

VR p,2) = kZO DA ©)

where Rp is the radial height of the polepiece. Taking the first two terms of equation 6 under
consideration, the equipotential surfaces (polepiece shapes) are given by the following formula:

Vz - VP
\ — (7)

z

R,(2) =2

where Vp is the value of the potential at the iron base of the polepeice. Eq. 7 has been applied on
the two equivalent parts of the symmetrical field.

Results and Discussion

The effect of halfwidth W on the field distribution and its focal properties can be
investigated by keeping the remaining two parameters constant at the following values B, ,,=1T
and L=40mm. The axial flux density B, and the corresponding axial magnetic scalar potential V,
for each value of W are shown in fig. 2 and 3. It is clear that the area under the curve increases as
long as W increases, i.e. the refractive power NI increases with the increase of the value of W.
Since the excitation parameter NI/V,"*=25 is kept constant the acceleration voltage V, increases
with respect to the increase of NI.

Fig. 4 shows the electron beam trajectory inside the magnetic field distribution for
different values of the halfwidth (W=I1, 2, 3, 4, 5 mm) when B,,=1T and L=40mm at
NI/Vr'?>=20 under zero magnification condition. It should be noted that the electron beam enters
the magnetic field in the same height. Since the present investigation deals with determined the
projector properties, the electron beam trajectory calculated with aid of the paraxial ray equation
along the total length of the magnetic electron lens. From the figure, one can see that when the
halfwidith w increases the refractive power of the magnetic field decreases for the electron
beams, this means that when the halfwidth increases the lens excitation increases. Therefore,

electron beam needed more acceleration voltage to penetrate field distribution for large halfwidth

[6].

Fig. 5 shows the reconstruction procedure of the magnetic lens polepieces for different
values of the halfwidth (W=1, 2, 3, 4, 5 mm) when B,,,,=1T and L=40mm. It should be noted
that the polepiece diameter D and the air gap width S are increased with the increase of the
value of W. For high values of the halfwidth, the polepiece shape are very complex in design
field, therefore, in order to neglect the manufacturing difficulties. Designer should be considered
the lower values of the parameter W as possible as [1].

Fig. 6 represents the relationship between the projector focal length Fp with the excitation
parameter NI/V,"2 1t is seen that the value of the projector focal length decreases with the
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increase of the excitation parameter until reach the minimum value ((Fp)min =0.440808,
0.88117, 1.321719, 1.762284, 2.202852 mm) for the mentioned W values taken under
consideration. So, we seen that the values of the minimum projector focal length (Fp)mi, for all
the values of halfwidth produce at the same of excitation parameter NI/ V,'?=142. Also, we saw
that when the values of halfwidth increases the values of focal length increases, that’s meaning
when the values of halfwidth increases the area under the curve of field distribution increases
[6].

Fig. 7 reg)/rzesents the relationship between the radial distortion coefficient and excitation
parameter NI/Vr . It is seen that for each curve of the radial distortion coefficient has constant
value at minimum excitation parameter and increases tell reaches maximum value, then decreases
until reaches zero approximately at excitation parameter NI/V,"*~15 and continue toward
negative value with the increae of the excitation parameter. One can see that from the figure,
when the halfwidth of the field increases the radial distortion coefficient D, has small values. This
means that the field distributions of small halfwidth have large values of the radial distortions [6].
It should be that the magnetic projector lenses in present work have no radial distortion at the
excitation parameter in which the minimum projector focal length occurs for all W values. This
means that these lenses have no radial distortion at the excitation parameter in which the
maximum magnification occurs.

The radial distortion parameter Q, as a function of the excitation parameter NI/Vr”2 for
various values of the halfwidth is shown in fig. 8.

Fig. 9 represents the variation of the spiral distortion coefficient with the excitation
parameter NI/Vr'2. 1t is seen that the values of spiral distortion coefficient increase rapidly at
small values of the halfwidth with the increase of the excitation parameter. It should be
mentioned that for the large values of the halfwidth of the field distribution the magnetic
projector lens has small distortion. This behavior can be explained as the halfwidth increases the
bore radius and, the air gap region of the reconstructed projector magnetic lenses are increasing.

Fig. 10 shows the variation of the spiral distortion parameter Qg with the excitation
parameter NI/V,". The curves in the figure 10 have one minimum value equal (Qg)ni, =0.893 at
excitation parameter extend from (NI/Vr”Z=9.1) to (NI/Vr]/2=9.7), this value less than unity
((Qg)min =1) 1s well known at symmetrical projector lenses [8].

The low value of spiral distortion parameter Qg gives possible reduce the projector
distance for the electron microscope and then get on the large projector angle, this leads to
reduce the length tube of the electron microscope.

Fig. 11 represents the minimum value of focal length, radial distortion parameter and
spiral distortion parameter, lens excitation NI and acceleration voltage V, as a function of the
halfwidth at constant maximum value of the flux density. The relationship between (Fp)ni, and
NI with W are linear. But, Q, and Qs are not effected by values of W because the value of

maximum flux density is constant. The value of (Q,= 0.13) at ( NI/V”=15) and (Q,=0.893) at

(NI/Vrl/2 =9.1 t0 9.7). The variation of the accelerated voltage V, with halfwidth W) is shown in
the same figure (11). It indicates that in order to increase the halfwidth W one should increase
the acceleration voltage, but not linearly because the area under the curve increases with
halfwidth increase.
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Fig.(1): The axial magnetic scalar potential distribution of symmetrical double polepiece
magnetic lens.
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Fig. (4): Flectron beam trajectory inside
the magnetic field for different values of
(w4, 2,3,4, 5 mm) when B,,,,=1T and
L=40mm at NI/Vr'*=20.

-1000

-1500 A

-2000

VOL.24 (1) 2011

2000

1500 -

1000 -

500 -

0 -

Vz(At)

-500 A

-20 -10 0 10 20
Fig.(3): The axial Zmmagnetic scalar
potential distribution for the field plotted
in fig. 2.
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Fig. (5): Profile of polepieces for
different values of (W=1, 2, 3, 4, §
mm) when B,,,,=1T and [=40mm.
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Fig. (8): Variation of the radial distortion
parameter with the excitation parameter for
different values of (W=1, 2, 3, 4, 5 mm)

when B,,,=1T and L=40mm.

Dr(mm )2
a

—
-
e
e
7
>
-~
Py

NIvrin

Fig. (7): The radial distortion coefficient
excitation parameter for different values
of (W=1, 2, 3, 4, 5 mm) when B,,,=1T and
L=40mm.
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Fig. (9): The spiral distortion coefficient as
a function of the excitation parameter for
various values of (W=1,2,3,4,5 mm) when
B..=1T and L=40mm.



IBN AL- HAITHAM J. FOR PURE & APPL. SCI.

15

10 A

0 5 10 15 20 25
NIV, "2

Fig. (10): Variation of the spiral
distortion parameter Q, with NI/Vr
different value of W at B,,,=1T and
L=40mm.
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Fig. (11): The minimum projector focal length,
spiral distortion parameter, radial distortion
parameter, lens excitation NI and accelerated
voltage V, as a function of the halfwidth of the
magnetic field at constant exditation
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