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ABSTRACT: The magnetic lens (magnetic field lens) uses a magnetic field rather
than an equipotential plane. This work presents a modelling of the design of a focused
magnetic lens. Its main purpose is to reveal the possibility of this lens to eliminate
aberrations and to determine the extent of its potential to be included in the design of
electron microscopes and electron beam melting systems. This work was accomplished
by using COMSOL Multiphysics simulation software. The magnetic lens was tested to
determine the possibility of its inclusion in electron microscopes by changing the bore
radius from 1 to 4 step by step. The proposed mathematical model was proven as an
excellent tool in electron optics.
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1. INTRODUCTION

Electron optics is a branch of charged particle optics science. The trajectories
of charged particles are easily understood and directed through this science in
accordance with the requirements of different applications, such as electron
beam melting (EBM), ion beam deposition and electron microscopy.'™
Optical systems are mostly used to guide these energetic particles. The origin
charged particle optics dates back to the first quarter of the 20th century
when it was discovered that magnetic and electric fields can be used as
lenses for electron imaging. The principal idea of electron optics is based
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on two major revelations made in 1925 by de Broglie and in 1927 by Busch.*
The Lorentz force (F) equal to g(v B + E) is the force acting on a single
particle.’ One of the most distinguishing characteristics of Lorentz force
magnetic component is that it is perpendicular to the electrons’ velocity and the
magnetic field. The aberration conditions in electron optics are not as easily
quantifiable or descriptive of the device through which the electrons have
passed as they are in conventional optics.® In electron optics, a cylindrical
lens formed from a solenoid looped around the optical axis is known as a
magnetic focus lens.” The electrons curve in a circular motion towards the
optical axis when the field is aligned with the optical axis to eliminate these
aberrations.® The coil produces a magnetic field that curves outwards from the
coil centre but is parallel to the optical axis within the coil.” When an electron
enters the coil at a velocity that is not totally parallel to the magnetic field, it
is deflected back towards the optical axis.!” This criterion is easily satisfied
because the magnetic field changes direction along the optical axis.!" Only
electrons travelling along and totally parallel to the optical axis are not subjected
to a focusing force.'? Magnetic lenses are used in a variety of scientific and
commercial applications, including optics, transmission electron microscopy
(TEM), scanning electron microscopy, accelerators and a variety of electron
beams emitted focusing devices.* A pole piece, electromagnetic coil, and
magnetic yoke formed the traditional TEM apparatus.'® As shown in Figure 1,
the magnetic field created around the electromagnetic coils is directed to
concentrate in an area near the pole piece.” The effect of current density and
lens size on the design of iron-free magnetic lenses was investigated in a few
previous studies. A magnetic field was observed for varying current density
values.!” Other investigations explored the single and double pole magnetic
lens objective features at different pole shapes.'! Patil et al. introduced
a concept of the magnetic lens, which was composed of high permeability
ceramic ferrites to enhance the output performance of magneto-mechano-
electric (MME) energy generator.”’ The magnetic lens was found to enhance
the output voltage of MME generator by concentrating the weak magnetic
flux originating from the magnetic field sources on the magnetic constituents
in MME structure. The feasibility of using a magnetic lens as a magnetic flux
condenser was first evaluated using finite element analysis. The simulation results
were then experimentally verified by harvesting the weak fields originating
from the Helmholtz coil. The MME generator with a magnetic lens composed
of four ferrites exhibited enhancement of 288% and 125% over that of MME
generator without a lens and with a lens composed of one ferrite, respectively.
The main purpose of this work is to reveal the possibility of this lens to eliminate
aberrations and to determine the extent of its potential to be included in the
design of electron microscopes and electron beam melting systems.
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Figure 1: Schematic of the forming equipment of a magnetic focusing lens.

2. MATERIALS AND METHODS

2.1  Lens Design

The model is defined in a vacuum cylinder that limits the level of the magnetic
field and the trajectory of the particle.’! The cylinder has a height of 1 m and a
radius of 10 cm, which corresponds to the standards commonly used in EBM
systems. The cylindrical boundary is designed as a perfect magnetic insulator,
which indicates that no magnetic field is found in the normal direction to the
boundary surface. Electrons are initiated at the bottom centre of the vacuum
cylinder with a velocity corresponding to a kinetic energy of 60 keV in the
positive z direction. The electrons then pass through a magnetic lens that
focuses, deflects and corrects the electron beam. Electrons continue to bypass
the magnetic lens to the top of the vacuum cylinder. The repulsion of the
space charge is the dominant force on the electrons in this region because the
magnitude of the magnetic field decreases when the electrons move away from
the magnetic coil.” Figure 2 shows the magnetic field size of the magnetic
focus lens, gradient from blue to red and a red streamlined direction of this
field. The deflection lens where the deflection field is completely aligned with
one of the poles in a quadrupole coil is plotted in Figure 3(a). The deflection
lens where the deflection field is aligned to the angle m/4 in accordance with
the pole axes is shown in Figure 3(b).
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Figure 2: Magnetic field pattern is caused by the focusing coil being in an axis parallel to
the optical axis.

a. b.

Figure 3: Deflection field alignment: (a) wholly aligned with one of the poles in a
quadrupole coil and (b) the deflection is aligned to the angle n/4 in accordance
with the pole axes.

2.2 Mathematical Determinations

2.2.1 Magnetic scalar potential determination

The pole piece profile of magnetic lens is scalar potential, which was discovered
to be an important duty. The axial magnetically scalar potential distribution /(z),
with an optical axis of the magnetic lens, is expressed on the basis of the current
study of synthesis technique.*
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2.3  Calculation of Magnetic Field Distribution

The axial magnetic field distribution along the lens region can be derived
by using a differential equation and shifting it to reduced Maxwell’s equation

vZ

.2 Equation (1) then becomes:

por-n (575 12 e )
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Equation (2) can then be used to assign the interplanetary magnetic field
distribution Bz(z) along the optical axis zs < z < zf when the magnetic field
(MF) is determined. The field in Equation (2) represents a field of projector lens
in the electron microscope. The second derivative of the potential distribution
with respect to the axial coordinate z is expressed as

V'(z)=—(V,— V) (%)2 tanh[ 1';22) sechz[ 1';22) 3)

2.4 Pole Piece Profile

The state of the pole piece that will generate the ideal region of study can
be resolved by using the scientific arrangement of Laplace condition. The
electrostatic or attractive scalar potential V' (R,, z) for pivotally symmetric
frameworks can be calculated from the hub appropriation of a similar potential
V(z) by the accompanying arrangement extension.*

(—1) [Rp )Zk d*V(z) @

V(R,z)=
Ry, 2) ,;) Ky \ 2 4z

Where R, is the radial height of the equipotential surface. The model that has
been introduced for the first time by Garche (2009) for electrostatic lenses is
used to determine the pole piece profile.!® The equipotential field (i.e. the pole
piece) by taking the first two conditions of Equation (5) is expressed as:
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where V, is the potential value in the surface of the pole piece, which
corresponds to half the excitation of the lens (N/) in the case of a symmetrical
lens at the field connections, and Jz is the second derivative of the scalar
magnetic potential with respect to the z coordinate.

3. RESULTS

A quadrupole coil model was used to reduce the sinusoidal distribution geometry
to three circular coils along with the cylinder as shown in Figure 4(a). Each
pole consisted of three coils having an angular width of n/2.* This condition
indicates that the quadrupole needs to consist of three separated shells to be
fitted with the quadrupole.”® The superposition model assumption is valid
if the distance between the coils is shorter than the distance to the beams
(as shown in Figure 4[b]).

Y/

ol

Figure 4: (a) Renders of the bar model used to simulate a quadrupole coil and (b) Render
of a coil based on the superposition model divided into 24 angular segments.

One of the advantages of superposition models is the possibility of designing
coils with many different poles, each with different currents, within the same
geometry as obtained from this model in Figure 5.2 This advantage gives users
the ability to experiment with different coil, pole or current configurations
by changing the individual currents accordingly. As shown in Figure 5(a), the
quadrupole fields were created by orienting the opposing dipole fields on the
opposite sides of the optical axis as opposed to the dipoles.?® This condition
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indicates that the fields are bent outwards and disappear from the centre until
the diffraction theory stops. A circular beam was formed by charged particles
focused on the first axis and defocused from the second axis to eliminate and
correct the twofold astigmatism.?’ In the other two cases in Figures 5b and 5c,
the hexadecapole and octupole stigmators consist of alternating fields.
The difference depends on the symmetry, where the octupole is fourfold, and
its task is correcting the four-symmetric aberrations each in accordance with
its condition.’® If an octapolar is used with a quadrupole, then eliminating
the spherical aberrations on x-axes and y-axes will be easy in addition to
correcting the fourfold astigmatism in the middle. The hexadecapole has a
threefold symmetry that is used to firstly reduce third-order spherical aberration
and then eliminate threefold astigmatism in the most complicated electron
microscopes.’!
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Figure 5: Designed coils with many different poles; (a) quadrupole n = 4, (b) octupole
n = 8 and (c) hexadecapole n = 16.

The deflection and focus set up of magnetomotive force (MMF) represented
by the current times the number of turns as a function of deflecting angle is
illustrated in Figure 6. The beam entered through the model at the origin point
traverses the focusing lens at 220 mm and the deflecting lens at 310 mm and
stops at 1000 mm. The deflection field is emanated from a single dipole in the
first case, where the angle = 90° at a deflection current = /. In the second case,
the angle is 45° with the deflection of two perpendicular dipoles to each other
with the value of currents = Ix, Iy. A procedure was taken to normalise the values
of the currents by calculating the square root of the sum of the squares of the
currents on each axis. Figure 7 shows how the influence of space charge and
lens size can be explored by looking at how the beams’ behaviour varies as
they are focusing closer to the lens. The beam size converges with the increase
in MMF.
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Figure 6: Angles of deflection for a single and a double dipole based on current and
number of turns.
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In this work, this magnetic lens design was tested to determine the possibility
of reinstalling it with projector devices in electron microscopes (the data are
listed in Table 1).*? In accordance with Equation 1, the most important variable,
the bore radius affects the distribution of fields and numerical potentials with
magnetic properties. The same applies to the projector of magnetic double
symmetrical pole piece lenses. Thus, mag-scalar and mag-field may have the best
distribution due to the influence of variable values that contribute to improving
their indications.

Table 1: Projector attributes and half width /' (mm) for various values of bore radius

R Fi i NIV, DratNI/\V, Dsat NI/ V, w
1 0.76 14.31 0.37 2.01 1.34
2 1.52 14.31 0.07 0.51 2.27
3 2.37 14.31 0.03 0.22 4.01
4 3.03 14.31 0.02 0.12 5.34

Note: Ds is the spiral distortion coefficient and Dr is the radial distortion coefficient.

In Figure 8, the variation of the axial flux density, symbolised by Bz, is explained
with different values of the bore radius, symbolised by R as 1 mm, 2 mm, 3 mm,
4 mm and 5 mm. The field is distributed in a narrow beam when the values
of R are minimal and vice versa. A symmetrical gradient distribution of the
potential function is observed around the mid-plane when the values of R are
increased, as plotted in Figure 9. This finding is supported by the Ampere critical
law theorem. Accordingly, half the width (w) of the field distribution is directly
proportional to R, where it increases with increasing radius of the lens cavity.
The maximum value of the field distribution decreases with the increase in R,
as shown in Figure 10.
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Figure 8: Axial magnetic field distribution B, for many values of R.

250

200 +

100
50

04

VZ(A-T)

-50

-100

-150 —R1

-200 R3

20 t+————T T T T T T T
-0 -8 -6 4 -2 0 2 4 6 8 10

z (mm)

Figure 9: Distribution of the axial magnetic scalar potential for many values of R.
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Figure 10: Variation of W, Bmax and NI with bore radius R.

4. CONCLUSIONS

In electron microscopy, a major portion of the existing literature review was
devoted to aberration measurements and corrections. This condition was
primarily because that no other aspect of electron optics has achieved the same
level of advancement as aberration correction. A number of issues must be
resolved before the insights gained by our model can be applied in a practical
electron optic machine. This research showed that mitigating aberrations
without access to measurements of the actual beam profile in the system will
be extremely difficult. This form of assessment can be used to test and enhance
models, and as part of a feedback-based correction system. The present work
used the mathematical model of the scalar potential for the first time and was
demonstrated as an excellent tool in electron and ion optics by the synthesis
procedure, where the projector focal properties of this model for double pole
piece magnetic lenses will be investigated in depth. This methodology can be
successfully incorporated in future work to advance the succeeding appealing
focal points.
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