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A problem of determining the electrostatic field formed by a set of charged electrodes has
been considered. The details of the approximate solving of the Dirichlet problem have
been given for the Laplace’s equation in a substantially spatial formulation based on the
use of the model order reduction method. The mathematical models have been improved
and the problem of calculating the electrostatic field has been simplified, taking into
account the present symmetry of electrodes positioning in electronic optics systems. For
the eighth-order abstract group, three independent structures of the corresponding class
of systems have been identified. The application domain of the model order reduction
method based on finite-group theory for numerically solving integral equations has been
extended by transforming the initial boundary-value problem not containing symmetry
groups into two problems. The boundary surface of one of them has a finite symmetry
group and the other allows for a sufficiently simple numerical solution. This simplification
of the problem is aimed at improving the accuracy of computational methods, eliminating
sources of instability of these methods, and speeding up computations. To confirm the
efficiency of the proposed algorithm, a model problem of calculating the electrostatic field
of a quadrupole lens has been considered. The example of its solving demonstrates all the
advantages of the developed computational algorithm. A number of numerical experiments
have been conducted. The electrostatic field of the corresponding planar approximations
has been calculated to verify the validity of the obtained results.

Keywords: nanotechnology, electronic optics system, Laplace’s equation, Abelian group
of symmetry, Fourier transform, equipotential lines.
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1. Introduction

The rapid development and expansion of the field of nanotechnology put forward new requirements
for electronic optics systems [1-4|. The last ones are used to form and control the bundles of charged
electrodes. The quality of the formed beam affects the key parameters of devices which include elec-
tronic optics systems. For example, resolution of electron microscopes, energy characteristics of particle
accelerators, precision of electronic vacuum lithography systems, noise characteristics of klystrons. Ev-
erywhere in these areas, there is a need to form a bundle of charges. They are not necessary to be
electrons. In physics, there are examples of studying ions, collisions of various charged parts. To
control them, an electrostatic or a magnetic field is used. In favour of the electrostatic field, we can
say that we do not have energy losses for heating the coil. It is also known [5] that the Lorentz force
consists of two components: the first corresponds to the electrostatic field and does not depend on the
particle velocity; the second one depends on the velocity of the particle. Therefore, if we do not know
this velocity, there is a need to use an electrostatic system. Designing such systems and controlling
their parameters is based on complex mathematical calculations and simulation of processes of charges
interaction with an electrostatic field created by a pair of cathode anodes and a system of “lenses” in
the form of electrodes [6].
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Extending the application domain of the model order reduction method ... 359

The basic mathematical model for such processes is the Laplace’s equation along with the bound-
ary conditions in relation to the electric potentials, which are set on the surfaces of the electrodes.
Taking into account the complexity of three-dimensional geometry of electronic optics systems, pres-
ence of singularities in the nuclei of corresponding integral equations and formation of a large charge
concentration at the boundaries of the electrodes, the exact solution of such an equation is a remark-
able problem. In addition, for the correction of various aberrations in a bunch of charged particles,
electrodes are used, which have complex geometry and symmetrically located relative to some axis.

2. Literature review

Among electrodes surfaces configurations of electronic optics systems, can be distinguished a class
of surfaces possessing the Abelian group of the eighth order symmetry. This class includes so-called
quadrupole systems [7]. The last ones are used in many electronic devices. Thus, lenses and their
systems are the main parts of modern powerful electron microscopes and accelerators that play an
important role in nuclear physics. Today, in most microprobes, which are in operation, use multiplet
(systems of two, three or more) electrostatic quadrupole lenses [8].

With the help of electrodes “quadrupole lens” system type, which allows to create a spatial nonuni-
form electric field in the entire volume of electrodes system, carry out electrophysical purification of
transformer oil from contaminants of various origin. The specified purification performance in real
filtration plants can be obtained using parallel-coupled systems of spatial electrodes “quadrupole lens”

type [9].

It is known [10] that each abstract Abelian group of finite y
order can be represented as a direct product of cyclic groups.
Since the order of each group, which is a direct product, must 5
be a divisor of the initial group order, then for the eighth or- //—— ———————— l/—,/
der abstract groups there are three nonisomorphic structures: E i
: 0 .

the structure of a group that has a representation in the form

of a direct product of three cyclic groups of second order, the Wl s i
structure of a group that is represented by a direct product S
z/

of the second and fourth order cyclic groups and the structure

of the cyclic group of the eighth order. In this regard, in the

boundary-value problems of electrodes surface, which possess

the Abelian group of symmetry of the eighth order, three dif-

ferent cases can be distinguished. An example of the first case is the system of the surfaces electrodes

configuration which is presented in Fig. 1. This system is studied in detail in the work [11,12].
Having broken each plate S; and Ss into four

parts, it is obvious that our surface S = S1U.S, will

have an Abelian group of symmetry of the eighth

order {7;}%_;, which in turn is a direct product

of the Abelian subgroups {e,7,}, {e,7,}, {e,7:},

where e is the identical transformation, and, 7.,

Ty, T is a mirror image of three pairs of orthogonal S5

planes {yz}, {zz}, {zy}. That is, the elements of

our group are the following linear transformations:

Fig. 1. Parallel capacitor.

TL = €, T2 = Tg, T3 = Ty, T4 = Tg " Ty, T5 = Tz,
Te =Tg " Tzy T71 =Ty Tz, T8 = Tg " Ty - Tz

An example of the second case is the
quadrupole system presented in Fig. 2.

Electrode system, that is shown in Fig. 2 is pre- z
sented in the form of a set of four smooth unlocked Fig. 2. Quadrupole lens.
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surfaces that do not have common points, is S := U?ZISZ-. Having broken down each of its constituents
S; into two congruent elements: S; := U?ZISU, it is obvious that the surface will have an Abelian
group of symmetry of the eighth order. The latter is a direct product of a cyclic group of fourth order,
{e,70,72,75}, T, is a turn on an angle /2, and a second-order cyclic group {e, 7}, 7 is a mirror image.

Since the Laplace operator is invariant relative to the group of Euclidean space, and each finite
group of surface symmetry in the Euclidean space is a subgroup of the Euclidean group, therefore, if
the boundary surface has a finite group of symmetry, then the corresponding boundary value problem
of the potential theory is similar to the group.

If the finite group of symmetries of the boundary value problem is commutative, then we can
introduce the concept of convolution and the Fourier transform in this group [13]. Also, the bound-
ary integral equation [14, 15|, which corresponds to boundary value problems with “finite by group”
symmetry space variables can be divided into two sets, one of which is finite and responsible group
parameters corresponding to the second set of points with a boundary surface congruent components.
In this case, the integral operator on a discrete variable can be considered in the case of a commutative
group as a convolution operator on a finite group. The latter allows if using the Fourier transform on
the symmetry group, to reduce the integral operator by the discrete variables to a diagonal form. This
in turn corresponds to the transformation of the output integral equation given on the entire boundary
surface to the NV integral equations given on one of the congruent components of the boundary surface,
where N is the order of the symmetry group of the boundary value problem.

In turn, transition from the original integral equation across the boundary surface to the integral
equation on the congruent component in the computational relation allows, on the one hand, consider-
ably reduce the amount of computing, but on the other hand, prevent numerical instability by reducing
the order of matrix equations, which approximates the corresponding boundary integral equations in
boundary-value problems with commutative symmetry group.

Thus, the methods of the theory of finite groups that can be used directly for numerical solving
of integral equations in boundary-value problems are well investigated [11,12,16,17|. Areas of use of
the method of reduction, in turn, are presented in papers [17-19]. This article shows that the scope
of these methods can be greatly expanded on the basis of the transformation of the original boundary
value problem, which does not contain the symmetry group (or contains such a group, but of a small
order), to two problems, one of which contains a group of symmetries (contains a group symmetry of
higher order), and the second — admits a fairly simple numerical solution.

3. Formulation of the problem

For the study, the following physical model is used: let the electrostatic field of the system of electronic
optics be determined by the system N — 1 of infinitely thin, ideally conductive electrodes {S;}, which
in their totality form a multiply connected surface:

N-1
S .= U Si, where SiﬂSj = ¢, when i #j. (1)
i=1
To each electrode S; € {S;} the known potential, which is constant, is applied. Lets suppose that such
system exists Sy, that S := (Ui]i_llSi) USy = Ui]\;15i, where Sy NS; = @ wheni=1,2,... N — 1.
Moreover the surface S = S!' U Sy has a certain Abelian group {7z}, k¥ = 1,2,..., N, of symmetry
N-th order.

We need to find a solution of the boundary value problem for the Laplace equation with boundary
conditions on S':

AUz)=0, zeD, z¢SY, U@ =/fz), zesSW, (2)
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where D is set of points of Euclidean space, S(U) is set of boundary points. Using the apparatus of
integral equations, the problem (2) is reduced to the following operator equation:

Aple) = f(z), = eSO, (3)

The possibility of preliminary calculation of electrostatic field distribution is an important task
in designing the electrical and electronic equipment. Its complexity lies in the interaction between
conductors, which manifests itself in the redistribution of charge on their surface. The definition of
this redistribution is a key stage in calculation the resulting electrostatic field and determines the
complexity of the task: the system of equations, which describes the distribution of charge a set of
charged conductors, must take into account all conductors without exception.

4. Method of reduction of the model order

In this work it is shown that using the apparatus of the group theory, problem (2) can be reduced to
the boundary value problem with the Abelian symmetry group of N-th order.
Let

................................................ (@)
Av_iam(z) + ... + Av—iv—1pnv—1(z) = fv-1(x)

is a partition of the integral equation (3), which corresponds to the partition (1) of the surface S™).
There p(z) is surface charge density, f(z) is given limit value of the potential, p;(x) and f;(x) i =
1,2,...,N — 1 are narrowing p(x) and f(z) on S;, i =1,2,..., N — 1. Herewith

(x
Aijpj:/ pj()de, yESi,xeSj, i,7=1,2,...,N —1;
S; [z =y
there |z — y| is euclidean distance between points = and y.

Now turn from equations (4) to the equations of the next form:

Anp(z)  + ... + A Nvapn—1(z)  +Aiven(z) = fi(z),
............................................................... .
Ay_iam(x) + ... F AN N—ipN—1(2) + Av_iven(z) = fv-i(x), 5)
Anipi(z)  + ... + Ay N—ipn—1(z)  +Anvpn(z) = fy(z).

Obviously, that the system (5) corresponds to the boundary-value problem for the Laplace equation
AU(z)=0, zeD,x¢S, Uzx)=f(x), zx€S, (6)

with Abelian group of symmetry of N-th order, that is, the boundary value problem (2) reduces to the
boundary value problem (6), whose boundary surface of electrodes has an Abelian symmetry group
of, if function fx(z) is defined. We will show, that fx(x) can be determined from the condition that
pun(z) = 0. To do this, let’s move on from the basis {u;(x)}, ¢ = 1,2,..., N, in the basis {u}(z)},
pi(x) = pi(r; ), i = 1,2,..., N, and designate operator matrix as HAQJ-H%-:l, which corresponds
in the basis {u}(z)} to matrix ||A2-j||f-?7j:1 of equations system (5). In accordance, if ||FZ]||£V’]:1 is the
Fourier transform matrix for the symmetry abelian group which has a surface S, then in the basis
wi(x) = Zjvzl Fjp;(E) the matrix [|A};[| acquires a diagonal form, and equation (5) goes over to the
equation

Api(z) = fli(x), z€S;, i=1,2,...,N, (7)

Mathematical Modeling and Computing, Vol. 6, No. 2, pp. 358-366 (2019)



362 Mochurad L. I.

where 4; = Al = ka 1 Fir Ay, Fini, and HFZJH” , is the matrix of inverse Fourier transform.
Accordingly, equation (7) can be rewmtten in the form

N-1
z,uz ZFZJf +FszN( )
J=1

From the last equality it follows that
Z F AT (@) + AT Ein (). (8)

Because iy (z) = Zfil Fnifib(z), then equality (8) takes the following form

N-1
37) - Z NZE]A 1f (Z FNZ zNA ) f]/V(‘T)
i=1 j=1
It is known, that pn(z) = 0 then p/y(z) = 0, therefore
N -1 N-1
— (Z FNZ-FZ-NAZ.‘1> SO FniF AT ()| (9)
i=1 =1 j=1
Since fn(z) = fy(Tnz), where {73}, k = 1,2,..., N are elements of the symmetry group, which

has a surface S, then from (9) we can calculate the function fy(x), and by solving the problem (2) go
to the solution of the boundary value problem (6), where the boundary surface of the electrodes has
an Abelian group of N-th order symmetry.

It should be noted that in numerical implementation, this method will only be effective when the
surface area SV is larger than the surface area S\S™)

5. Numerical experiments

Without reducing the universality, for example, consider the task of calculation the electrostatic field
of the electronic optics system presented in Fig.2. As shown above, the surface of the electrodes of a
quadrupole lens has an Abelian group of the eighth order symmetry. We will assume that one of the
eight congruent components of the surface is absent, for example, Syo. Then the relation (8) will look
like

_ 1 2

(@) = u” (@) + 1 (@),
where pl(z) = A7 Nz) fH(2), p2(z) = A7 (2) f3(x), i = 1,2,...,8. Then using the Fourier transform

(A (3
matrix

1 1 1 1 1 1 1 1
1 -1 -1 1 1 -1 -1 1
1 1 -1 1 -1 1 -1 -1
5 1 -1 1 1 -1 -1 1 -1
(Fig)ij=1 1 1 1 -1 1 -1 -1 =1 |’
1 -1 -1 -1 1 1 1 —1
1 1 -1 -1 -1 -1 1 1

1 -1 1 -1 -1 1 -1 1

for fl(x) can be written
V= f B S Sk S ot £
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O B i - f— 1
D= f - i S B e 1
O = f B B S S o
D = flr B - i - f— 1,
D= f o f— S
D = fl+ B f— S f— o 1,
D= f = f— i B e 1,

and f2(x) can be represented as

D)= 1P@) = fP@) = 1P@) = £, 1P@) = 1P@) = (2@ = 1P @) = -1,

where taking into account (9), f§(x) takes the form
@) = [AT + A+ A + AT A AT+ AT+ A T ),

) = [0 @) + o8 (@) = 5 (@) — 7 @) = o0 @) = @) + 1V @) + ol ()]

In this work the program is presented for calculating the electrostatic field of the system of electronic
optics in Fig. 2, with the presence of eight and seven congruent components. As a result, a number of
numerical experiments were conducted for arbitrary limit values of potential. It is taken into account
that the boundary surface has an Abelian group of the eighth order symmetry. During numerical
solving of integral equations the most economical method of collocation is used in the case of piecewise
constant approximation of the required charge distribution density. The system of linear algebraic
equations is solved by the Gauss’ method [20]. To verify the reliability of the results, the electrostatic
field is calculated based on the corresponding flat approximations [18].

6. Analysis of results

It is known that the electrostatic field is characterized by tension and potential at each point. The
visualization of the results of simulation of the electrostatic field of a quadrupole lens (see Fig. 2) with
the use of the above-described algorithm is represented by the distribution of the equipotential lines.
Usually, in this way, potential fields are experimentally studied, and lines of tension are constructed
as orthogonal lines to the equipotential ones.

In Fig. 3 it is shown the equipotential lines of studied electronic optics system, in the presence of
eight congruent components — cases a, b and seven congruent components — cases ¢, d. Limit values
of potential on electrodes: case a — f1 = fo = 0.1, fs = f1 =02, f5=fs =03, fr=fs=0; b —
1i=5=01f3=f1=02 fs=f=03, fr=0c—fi=fo=1 fs=fu=-1fs=fes =1,
fi=fs=-Ld—fi=fo=1fs=fu=-1fs=fc=1, fr=-1

Obtained in Fig. 3 results correspond to the physics of investigated phenomenon.

If the surfaces of the charged electrodes are infinitely long cylindrical, generatrices of which are
infinitely thin filaments parallel to one of co-ordinate axes and equally charged on length, then in a cut
with an arbitrary plane, perpendicular to this axis, some aggregate of the open-circuit arcs appears.
Then the value of potential of the researched field in the arbitrary point of space does not depend on
one co-ordinate. Therefore, the examined spatial task can be interpreted as flat [21].

It is also noticed [18] that under predominance of one geometrical component surface over the
other ones the value of potential in her transversal cuts close to central changes are small. It allows
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Fig. 3. Lines of distribution of equal potential.

us to draw a conclusion that for establishing the high-quality representation of the field in the central
transversal cuts of the electron-optical systems, under condition of satisfying boundary surfaces of the
geometrical properties shown above, it is possible to limit the research only of the flat cuts of spatial
constructions. It allows to interpret a spatial task as flat.

Error between the calculated potential values, obtained in the solution of spatial problems and cor-
responding planar approximations in the case of a two-fold increase in predominance of one component
of the surface over other is approximately 0.1%. Usage of the proposed approach has reduced the cost
of computer RAM (random access memory) by about 5 times, and processor time — about 12 times.
The last one is due to the fact that instead of matrix dimension 7M x 7M eight dimensional matrices
are reversed M x M and one matrix of the same size is rotated.
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7. Conclusion

In this paper, the scope of application of method for model order reducing is extended in the case,
when the boundary surface of the electrodes does not have a symmetry group, or owns such a group,
but in a lesser order. It is shown, that the initial boundary-value problem can be represented in the
form of two problems, one of which is a problem with an Abelian group of finite-order symmetry, and
the other allows effective numerical solving. This allowed us: to reduce the costs of computer memory
and processor time; to get high-accuracy numerical resolution of spatial problem and at the same time
to avoid the instability of the calculations. As a result, calculation of potential fields on the basis of the
proposed algorithm gives an opportunity to control a bunch of charged electrodes with high accuracy,
which is important in designing the electronic optics systems.

As an example, the spatial problem of electrostatics is considered for the model of electronic optics
system — quadrupole lens. The conducted study illustrates the possibility of generalization of the
proposed computing algorithm in the case where the boundary surface of the electrodes does not have
an Abelian finite-order symmetry group.
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Po3wunpeHHs obnacTti 3acTocyBaHHSA MeToAy peaykuil nopsigky mogesni
nij Yac po3paxyHKy efeKTPOCTaTUHHOro noss

Mouypasm JI. L.

Havionaavruti ynisepcumem “JIvsiscvka nosimexnixa’,
eyn. C. Bandepu, 12, JIvsis, 79013, Yxpaina

PosrisiryTo npobiieMy Bu3HAYEHHST €IEKTPOCTATUIHOTO MOJIsi, Y TBOPEHOT'O CYKYITHICTIO 38~
psikennx ejgekTpois. HaBeneno merasi nHabimkeHOro po3s’a3yBanns 3aaa4i ipixie mis
piBusHH: Jlamraca B cyTTeBO IpoCcTOpOBOMY (DOPMYJIIOBAHHI HA OCHOBI BUKOPUCTAHHS Me-
TOJIy PEAYKII MOPSIKY MOJIEi. YIOCKOHAJEHO MaTeMaTUIHI MOJIE/ Ta, CIPOIIEHO 3a1ay
PO3PaXyHKY €JIEKTPOCTATUYHOTO II0JI 3 YPaXyBAHHAM CUMETPil pO3TalllyBaHHS €JIeKTPO/IIB
y cucreMax eJIeKTPOHHOI onTuku. s abCcTpakTHOI IPynu BOCBMOIO MOPSAKY BUJILJIEHO
TPHU HE3aJIeXKHI CTPYKTYPH BiAmoBigHOrO Kitacy cucreM. Posmupeno 061acTh BUKOPUCTAH-
He METOY PEIYKITl MOPAIKY MOJE Ha OCHOBI Teopil CKIHYeHHUX TPy y pa3i YuceIbHOro
PO3B’sI3yBaHHS iHTErpaJbHUX PiBHSHDb 3BEJCHHSIM BUXiIHOI KpaitoBol 3aj1adi, sika He Mic-
TUTH TPyIH CUMeTPil, 10 aBox. ['paHuvHa MOBEpXHs OJHIET 3 HUX BOJO/IIE€ CKIHIEHHOIO
IPYIOI0 CHUMETpil, a Jpyra — JOIMyCKa€ JOCTATHBO MIPOCTE YUCe/hbHE PO3B’sa3yBaHHs. la-
K€ CIIPOINEHHS 33/1a49i CIPSAMOBAHE HA MiIBUINEHHS TOYHOCTI OOUUC/IIOBAILHUX METOIB,
YCYHEHHsI JI2K€PeJT HECTIMKOCTI X METO/IB Ta MPUINBUIIIIEHHsT 00unciensb. s miareep-
JI2KEHH$ JIEBOCTI 3aIIPOIIOHOBAHOI'0 AJITOPUTMY PO3IVIAHYTO MOJEIbHY 33/1a49y PO3PAXYHKY
€JIEKTPOCTATUIHOTO TOJIsT KB IPYIOJIbHOI j1in3u. Ha npukitai 11 po3s’a3yBaHHs IPOIEMOH-
CTPOBAHO yCi mepeBaru po3pod/IeHOr0 00UNCTIOBAILHOTO ajaropurmy. IIposeeno dncenbhi
ekcriepuMenTH. {1 mepeBipKu JOCTOBIPHOCTI OTPUMAaHUX PE3YJIBTATIB PO3PAXOBAHO €JIEK-
TPOCTATAYHE IT0JI€ BiAMOBIIHUX MJIOCKUX HAOJIMZKEHb.

Kno4oBi cnoBa: Hanomernoio2ii, cucmema esekmpontol onmuku, piehanns Jlanaaca,
abeaesa 2pyna cumempii, nepemeopenns Pyp’e, exeinomenyiasvHs A1
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