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NAS RK is pleased to announce that News of NAS RK. Series physico-mathematical journal 
has been accepted for indexing in the Emerging Sources Citation Index, a new edition of Web of 
Science. Content in this index is under consideration by Clarivate Analytics to be accepted in the 
Science Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities 
Citation  Index.  The  quality  and  depth  of  content  Web  of  Science  offers  to  researchers,  
authors, publishers, and institutions sets it apart from other research databases. The inclusion of 
News of NAS RK. Series of chemistry and technologies in the Emerging Sources Citation Index 
demonstrates our  dedication  to  providing  the  most  relevant  and  influential  content  of  chemical  
sciences  to  our community.

Қазақстан Республикасы Ұлттық ғылым академиясы «ҚР ҰҒА Хабарлары. Физика-
лық-математикалық  сериясы»  ғылыми  журналының  Web  of  Science-тің  жаңаланған  
нұсқасы Emerging   Sources   Citation   Index-me   индекстелуге   қабылданғанын   хабар-
лайды.   Бұл индекстелу барысында Clarivate Analytics компаниясы журналды одан әрі the 
Science Citation Index Expanded, the Social Sciences Citation Index және the Arts & Humanities 
Citation lndex-ке қабылдау  мәселесін  қарастыруда.  Webof  Science  зерттеушілер,  ав-
торлар,  баспашылар мен  мекемелерге  контент  тереңдігі  мен  сапасын  усынады.  ҚР  
ҰҒА  Хабарлары.  Химия және технология сериясы Emerging Sources Citation lndex-ке енуі 
біздің қоғамдастық үшін ең өзекті және беделді химиялық ғылымдар бойынша контентке 
адалдығымызды білдіреді.

HAH  PK  сообщает,  что  научный    журнал  «Известия    HAH  PK.  Серия  физико-ма-
тематическая»  был  принят  для  индексирования  в  Emerging  Sources  Citation  Index, 
обновленной  версии  Web  of  Science.  Содержание  в  этом  индексировании  находится  в 
стадии рассмотрения компанией Clarivate Analytics для дальнейшего принятия журнала в 
the Science Citation Index Expanded, the Social Sciences Citation Index и the Arts & Humanities 
Citation Index. Web of Science предлагает качество и глубину контента для исследова-
телей, авторов,  издателей  и  учреждений.  Включение  Известия  HAH  PK  в  Emerging  
Sources Citation   Index   демонстрирует   нашу   приверженность   к   наиболее   актуаль-
ному   и влиятельному контенту по химическим наукам для нашего сообщества.
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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical sciences 
scientific journal has been accepted for indexing in the Emerging Sources Citation Index, a new 
edition of Web of Science. Content in this index is under consideration by Clarivate Analytics to be 
accepted in the Science Citation Index Expanded, the Social Sciences Citation Index, and the Arts 
& Humanities Citation Index. The quality and depth of content Web of Science offers to researchers, 
authors, publishers, and institutions sets it apart from other research databases. The inclusion of 
News of NAS RK. Series of geology and technical sciences in the Emerging Sources Citation 
Index demonstrates our dedication to providing the most relevant and influential content of geology 
and engineering sciences to our community.

Қазақстан Республикасы Ұлттық ғылым академиясы «ҚР ҰҒА Хабарлары. Геология және 
техникалық ғылымдар сериясы» ғылыми журналының Web of Science-тің жаңаланған 
нұсқасы Emerging Sources Citation Index-те индекстелуге қабылданғанын хабарлайды. Бұл 
индекстелу барысында Clarivate Analytics компаниясы журналды одан әрі the Science Citation 
Index Expanded, the Social Sciences Citation Index және the Arts & Humanities Citation Index-ке 
қабылдау мәселесін қарастыруда. Webof Science зерттеушілер, авторлар, баспашылар мен 
мекемелерге контент тереңдігі мен сапасын ұсынады. ҚР ҰҒА Хабарлары. Геология және 
техникалық ғылымдар сериясы Emerging Sources Citation Index-ке енуі біздің қоғамдастық 
үшін ең өзекті және беделді геология және техникалық ғылымдар бойынша контентке 
адалдығымызды білдіреді.

НАН РК сообщает, что научный журнал «Известия НАН РК. Серия геологии и технических 
наук» был принят для индексирования в Emerging Sources Citation Index, обновленной версии 
Web of Science. Содержание в этом индексировании находится в стадии рассмотрения 
компанией Clarivate Analytics для дальнейшего принятия журнала в the Science Citation Index 
Expanded, the Social Sciences Citation Index и the Arts & Humanities Citation Index. Web of 
Science предлагает качество и глубину контента для исследователей, авторов, 
издателей и учреждений. Включение Известия НАН РК. Серия геологии и технических 
наук в Emerging Sources Citation Index демонстрирует нашу приверженность к наиболее 
актуальному и влиятельному контенту по геологии и техническим наукам для нашего 
сообщества.
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Бас редактор:
МҰТАНОВ Ғалымқайыр Мұтанұлы, техника ғылымдарының докторы, профессор, ҚР ҰҒА 

академигі, ҚР БҒМ ҒК «Ақпараттық және есептеу технологиялары институты» бас директорының 
м.а. (Алматы, Қазақстан)  Н=5

Редакция алқасы:
ҚАЛИМОЛДАЕВ  Мақсат  Нұрәділұлы  (бас  редактордың  орынбасары),  физика-математика 

ғылымдарының  докторы,  профессор,  ҚР  ҰҒА  академигі,  ҚР  БҒМ  ҒК  «Ақпараттық  және  есептеу 
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Қазақстан) Н=3

ВОЙЧИК  Вальдемар,  техника  ғылымдарының  докторы  (физика),  Люблин  технологиялық 
университетінің профессоры (Люблин, Польша) H=23

БОШКАЕВ Қуантай Авғазыұлы, Ph.D. Теориялық және ядролық физика кафедрасының доценті, 
әл-Фараби  атындағы Қазақ ұлттық университеті (Алматы, Қазақстан) Н-10

QUEVEDO Hemando, профессор, Ядролық ғылымдар институты (Мехико, Мексика) Н=28
ЖҮСІПОВ Марат Абжанұлы,  физика-математика  ғылымдарының  докторы,  теориялық  және 

ядролық  физика  кафедрасының  профессоры,  әл-Фараби    атындағы  Қазақ  ұлттық  университеті 
(Алматы, Қазақстан) Н=7

КОВАЛЕВ Александр Михайлович, физика-математика ғылымдарының докторы, Украина ҰҒА 
академигі, Қолданбалы математика және механика институты (Донецк, Украина) Н=5

МИХАЛЕВИЧ  Александр  Александрович,  техника  ғылымдарының  докторы,  профессор, 
Беларусь ҰҒА академигі (Минск, Беларусь) Н=2

РАМАЗАНОВ Тілекқабыл Сәбитұлы, физика-математика ғылымдарының докторы, профессор, 
ҚР  ҰҒА  академигі,  әл-Фараби    атындағы  Қазақ  ұлттық  университетінің  ғылыми-инновациялық 
қызмет жөніндегі проректоры, (Алматы, Қазақстан) Н=26

ТАКИБАЕВ  Нұрғали  Жабағаұлы,  физика-математика  ғылымдарының  докторы,  профессор, 
ҚР ҰҒА академигі, әл-Фараби  атындағы Қазақ ұлттық университеті (Алматы, Қазақстан) Н=5

ТИГИНЯНУ Ион Михайлович, физика-математика ғылымдарының докторы, академик, Молдова 
ғылым Академиясының президенті, Молдова техникалық университеті (Кишинев, Молдова) Н=42

ХАРИН  Станислав  Николаевич,  физика-математика  ғылымдарының  докторы,  профессор, ҚР 
ҰҒА академигі, Қазақстан-Британ техникалық университеті (Алматы, Қазақстан) Н=10

ДАВЛЕТОВ  Асқар  Ербуланович, физика-математика  ғылымдарының  докторы,  профессор, 
әл-Фараби  атындағы Қазақ ұлттық университеті (Алматы, Қазақстан) Н=12

КАЛАНДРА  Пьетро,  Ph.D  (физика),  Наноқұрылымды  материалдарды  зерттеу  институтының 
профессоры (Рим, Италия) H=26
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CONSTRUCTION AND APPLICATION OF A DYNAMIC MOTION COUNTING SYSTEM FOR 
RESEARCHING THE PROPERTIES OF ELECTRON MIRRORS AND CATHODE LENSES

Abstract. As known, the reference system based on the Galilean transformations does not satisfy the 
basic requirement of the theory of relativity about the invariance of the intervals between events. At the 
same time, in many cases, when studying complex movements, it is necessary to observe the principle of 
invariance of the intervals between events for the studied movements and in the region of low speeds. In 
this regard, there is a need for additional analysis of the features of the Galilean transformations.

Based on the analysis and consideration of the features of Galileo’s transformations, new inertial 
and dynamic reference frames of movements are obtained. In the new inertial reference frame, the main 
drawback of Galileo’s transformations, associated with the violation of the invariance of the intervals 
between events, is eliminated. The developed dynamic frame of reference makes it possible to conduct 
effective studies of movements in force fields. Elements of this dynamic frame of reference intuitively, 
without a detailed analysis of the meaning of the transformations used, have been successfully applied in a 
number of scientific works in the field of physical electronics, devoted to the construction of theories of 
electron mirrors and cathode lenses. Obviously, the new reference systems indicated in the work will 
find wide application both in the field of research and design of electron-optical devices and ion-beam 
technological installations, and in other branches of fundamental and technical sciences.

Key words: motion, reference frame, coordinate transformation, velocity, interval invariance.

Introduction. Currently, in various areas of fundamental and technical sciences, various 
coordinate transformations and inertial reference systems proposed by Galileo and Lorentz are used to 
study complex movements [1-5]. At the same time, it is noted that the reference system based on the 
Galilean transformations does not satisfy the basic requirement of the theory of relativity about the 
invariance of the intervals between events. Relativistic physics uses Lorentz transformations that are free 
from this drawback. As you know, in practice, the Lorentz transform is used in the theory of relativity only 
for high speeds, and at low speeds of the studied movements relative to the speed of light, the Lorentz 
transform is practically not used. At the same time, in many cases, when studying complex movements, it is 
necessary to observe the principle of invariance of the intervals between events for the studied movements 
and in the region of low speeds. In this regard, there is a need for additional analysis of the features of the 
Galilean transformations.

In this paper, we present a method for constructing new inertial and dynamic (non-inertial) 
reference frames of motion that satisfy the basic requirement of the theory of relativity about the invariance 
of intervals between events. Note that the inertial and dynamic reference systems proposed in this paper can 
be effectively used to study complex movements in the region of relatively low velocities.

Materials and methods. Development of the new frame will be done through improvement of the 
following Galilean transformations that link the coordinates x , y , z and time t of coordinate system 
(reference) K with the coordinates x ′, y ′, z′ and time t′ of the reference system K  ′, moving along the 
axis x of the coordinate system  K at a speedV , 

x = x′+Vt ,  =y y′, =z z ′, =t t′. (1) 
A counting system (1) is inertial and it is assumed that the velocity V is constant. 
Let's start improving transformations (1) with a more rigorous formulation of the relationship between the 

coordinate systems (reference) K and K  ′. For this purpose, we introduce the concept of scalar motion. As a 
114

scalar motion, we take the linear motion of the origin of the coordinate system K  along the axis x of the
coordinate system K from the point 0x = to the current coordinate sx x= at a constant speed sV . Then, the 
scalar motion will be described by the expression

s s sx V t= , (2)

where st denotes the time of movement of the point of origin of the coordinate system K  .
In this case, taking into account (2), the coordinates x and x and will be related as follows

s s sx x V t x x = + = + . (3)

Using the scalar velocity sV as the base parameter to describe the motion in both coordinate systems K
and K  , the current coordinate x can be represented as

s sx x x V t= + = , (4)
From which we get

s
s

s

x xt t t
V
 + = = + . (5)

From the above equations (2) – (5), instead of the Galilean transformations (1), we obtain new 
transformations

s sx x V t= + , y y= , z z= , st t t= + , (6)

where
s

xt
V


 = .

Results. Equations (6) represent a new inertial frame of reference, which is free from the main drawback
of the frame of reference (1) and satisfies the requirement of the theory of relativity about the invariance of
intervals between events. In contrast to the traditional presentation of the theory of relativity, the interval 12s
between two events is represented using the value of the speed of scalar motion in the following form

( ) ( ) ( ) ( )
1

2 2 2 2 22
12 2 1 2 1 2 1 2 1ss V t t x x y y z z = − − − − − − − = 

( ) ( ) ( ) ( )
1

2 2 2 2 22
2 1 2 1 2 1 2 1sV t t x x y y z z        = − − − − − − −  . (7)

Here, the numbers in the indices of the variables indicate their belonging to the first or second event.
An important circumstance in the representation of the interval 12s in the form (7) is that it is not

necessary to bind the scalar velocity to the speed of light.
We continue the analysis of the Galilean transformations (1) to derive the dynamical reference frame.
Due to the fact that nonlinear motions in nonlinear force fields are studied in the field of dynamics, the 

differentials of the spatial coordinates given in (1) should be used for transformations of reference systems
xdx dx V dt= + , dy dy= , dz dz= . (8)

In the first equation (8), it is assumedthat xV V= . This equation generally takes into account that the
origin of the K  coordinate system moves along the axis x of the K coordinate system. Instead of the fourth
transformation equation (1), we use the velocity representation as

x
dxV
dt

= . (9)
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Materials and methods. Development of the new frame will be done through improvement of the
following Galilean transformations that link the coordinates x , y , z and time t of coordinate system
(reference) K with the coordinates x , y , z and time t of the reference system K  , moving along the
axis x of the coordinate system K at a speedV ,

x x Vt= + , y y= , z z= , t t= . (1)
A counting system (1) is inertial and it is assumed that the velocity V  is constant. 
Let's start improving transformations (1) with a more rigorous formulation of the relationship between the

coordinate systems (reference) K and K  . For this purpose, we introduce the concept of scalar motion. As a 
scalar motion, we take the linear motion of the origin of the coordinate system K  along the axis x of the 
coordinate system K from the point 0x = to the current coordinate sx x= at a constant speed sV . Then, the 
scalar motion will be described by the expression 

s s sx V t= , (2) 

where st  denotes the time of movement of the point of origin of the coordinate system K  . 
In this case, taking into account (2), the coordinates x  and x and will be related as follows 

s s sx x V t x x = + = + . (3) 

Using the scalar velocity sV  as the base parameter to describe the motion in both coordinate systems K
and K  , the current coordinate x can be represented as 

s sx x x V t= + = , (4) 
From which we get 

s
s

s

x xt t t
V
 + = = + . (5) 

From the above equations (2) – (5), instead of the Galilean transformations (1), we obtain new 
transformations 

s sx x V t= + , y y= ,  z z= , st t t= + , (6) 

where
s

xt
V


 = . 

Results. Equations (6) represent a new inertial frame of reference, which is free from the main drawback 
of the frame of reference (1) and satisfies the requirement of the theory of relativity about the invariance of 
intervals between events. In contrast to the traditional presentation of the theory of relativity, the interval 12s
between two events is represented using the value of the speed of scalar motion in the following form 

( ) ( ) ( ) ( )
1

2 2 2 2 22
12 2 1 2 1 2 1 2 1ss V t t x x y y z z = − − − − − − − = 

( ) ( ) ( ) ( )
1

2 2 2 2 22
2 1 2 1 2 1 2 1sV t t x x y y z z        = − − − − − − −  . (7) 

Here, the numbers in the indices of the variables indicate their belonging to the first or second event. 
An important circumstance in the representation of the interval 12s in the form (7) is that it is not 

necessary to bind the scalar velocity to the speed of light. 
We continue the analysis of the Galilean transformations (1) to derive the dynamical reference frame. 
Due to the fact that nonlinear motions in nonlinear force fields are studied in the field of dynamics, the 

differentials of the spatial coordinates given in (1) should be used for transformations of reference systems 
xdx dx V dt= +  , dy dy=  , dz dz= . (8) 

In the first equation (8), it is assumedthat xV V= . This equation generally takes into account that the 
origin of the K  coordinate system moves along the axis x of the K coordinate system. Instead of the fourth 
transformation equation (1), we use the velocity representation as 

x
dxV
dt

= . (9) 

Equation (9), with a more strict allocation of the current coordinate sx x=  of the origin of the moving 
reference system K  , the movement of which in the reference system K is selected as a scalar movement, 
takes the form 

s
s

dxV
dt

= . (10) 

Here sV denotes, as above, the speed of scalar motion, relative to which the parameters of arbitrary 
motion are determined. 

When studying movements under the influence of force fields, the value sV can be determined by using 
the energy conservation equation for a supposed material particle moving in the force field along the axis x , 
the current coordinate of which coincides with the coordinate sx x= of the origin of the reference system K 
,

( )2

2 s pot s
mV W x= ,

from which it follows 

( )s
pot s

dx k W x
dt

= . (11)

In equation (11) ( )pot sW x - the function of the distribution of the potential energy of the force field along

the axis at sx x= , 
2k
m

= - the coefficient connecting the potential energy and the velocity of the

particle, 1 =  - a sign unit indicating the direction of movement of the beginning of the mobile coordinate
system.

Integrating (8), taking into account equation (10), and from the law of conservation of energy for the base
(scalar) trajectory (11), we obtain

sx x x= + , y y= , z z= , st t t= + , ( )s
pot s

dx k W x
dt

= . (12)

Equations (12) represent a new dynamic frame of reference for motion.
When deriving equations (12), it was also taken into account that it follows from equation (9)

( )
( ) ( ) ( ) ( )0 0 0

1 1 1 1s s s

s

x x x x xx

s
xpot pot pot pot

dx dx dx dxt x t t
k k k kW x W x W x W x

 + +

= = = + = +   
.

It is easy to see that the reference frame (12) fully satisfies the basic requirement of the theory of
relativity about the invariance of intervals between events. This means that the reference system (12) can be
used to solve problems of studying complex movements without limiting the value of the scalar velocity and
without strictly binding it to the speed of light.

From the equations obtained above, we select the value of equations (6) and (12). In the new frame of
reference (6), the main drawback of the Galilean transformations (noted in all classical works), which is
associated with the violation of the invariance of the intervals between events, is eliminated. Equations (12)
are a generalized form of the dynamic reference system.

Note that the elements of the dynamic reference system (12) are intuitively, without a detailed analysis of
the meaning of the transformations used, have already been successfully tested and applied in a number of
scientific papers devoted to the construction of theories of electronic mirrors and cathode lenses, for
example, [6-12]. In these works, it was pointed out that traditional methods of studying electron lenses are 
unsuitable for developing the theory of cathode lenses and electron mirrors due to the fact that they do not
take into account the specificity of their initial conditions. For example, in single and immersion lenses, it is
fairly assumed that the trajectories of charged particles everywhere have a small inclination to the main
optical axis. For a cathode lens and an electron mirror, this assumption is unfair, since charged particles
leave the cathode at an angle from O to 90 degrees and all the particles emitted by the cathode subsequently
participate in the formation of a crossover or image of the cathode surface, and in the electron mirror,
charged particles are reflected from 90 to 180 degrees. In addition, in single and immersion lenses, the
condition of a small spread of the energies of charged particles relative to the values of the axial potential is
everywhere fulfilled, and in the cathode lens in the cathode region, and in the electron mirror in the reflection
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Equation (9), with a more strict allocation of the current coordinate sx x= of the origin of the moving 
reference system K  , the movement of which in the reference system K is selected as a scalar movement,
takes the form

s
s

dxV
dt

= . (10)

Here sV denotes, as above, the speed of scalar motion, relative to which the parameters of arbitrary
motion are determined.

When studying movements under the influence of force fields, the value sV can be determined by using
the energy conservation equation for a supposed material particle moving in the force field along the axis x , 
the current coordinate of which coincides with the coordinate sx x= of the origin of the reference system K 
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( )2

2 s pot s
mV W x= ,

from which it follows 

( )s
pot s

dx k W x
dt

= .      (11) 

In equation (11) ( )pot sW x  - the function of the distribution of the potential energy of the force field along 

the axis at sx x= , 
2k
m

= - the coefficient connecting the potential energy and the velocity of the 

particle, 1 =   - a sign unit indicating the direction of movement of the beginning of the mobile coordinate 
system. 

Integrating (8), taking into account equation (10), and from the law of conservation of energy for the base 
(scalar) trajectory (11), we obtain 

sx x x= + , y y= ,  z z= , st t t= + , ( )s
pot s

dx k W x
dt

= .  (12) 

Equations (12) represent a new dynamic frame of reference for motion. 
When deriving equations (12), it was also taken into account that it follows from equation (9) 

( )
( ) ( ) ( ) ( )0 0 0

1 1 1 1s s s

s

x x x x xx

s
xpot pot pot pot

dx dx dx dxt x t t
k k k kW x W x W x W x
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= = = + = +   
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It is easy to see that the reference frame (12) fully satisfies the basic requirement of the theory of 
relativity about the invariance of intervals between events. This means that the reference system (12) can be
used to solve problems of studying complex movements without limiting the value of the scalar velocity and
without strictly binding it to the speed of light.

From the equations obtained above, we select the value of equations (6) and (12). In the new frame of
reference (6), the main drawback of the Galilean transformations (noted in all classical works), which is
associated with the violation of the invariance of the intervals between events, is eliminated. Equations (12)
are a generalized form of the dynamic reference system.

Note that the elements of the dynamic reference system (12) are intuitively, without a detailed analysis of
the meaning of the transformations used, have already been successfully tested and applied in a number of
scientific papers devoted to the construction of theories of electronic mirrors and cathode lenses, for
example, [6-12]. In these works, it was pointed out that traditional methods of studying electron lenses are 
unsuitable for developing the theory of cathode lenses and electron mirrors due to the fact that they do not
take into account the specificity of their initial conditions. For example, in single and immersion lenses, it is
fairly assumed that the trajectories of charged particles everywhere have a small inclination to the main
optical axis. For a cathode lens and an electron mirror, this assumption is unfair, since charged particles
leave the cathode at an angle from O to 90 degrees and all the particles emitted by the cathode subsequently
participate in the formation of a crossover or image of the cathode surface, and in the electron mirror,
charged particles are reflected from 90 to 180 degrees. In addition, in single and immersion lenses, the
condition of a small spread of the energies of charged particles relative to the values of the axial potential is
everywhere fulfilled, and in the cathode lens in the cathode region, and in the electron mirror in the reflection

It is easy to see that the reference frame (12) fully satisfies the basic requirement of the theory of relativity 
about the invariance of intervals between events. This means that the reference system (12) can be used to 
solve problems of studying complex movements without limiting the value of the scalar velocity and without 
strictly binding it to the speed of light.

From the equations obtained above, we select the value of equations (6) and (12). In the new frame of 
reference (6), the main drawback of the Galilean transformations (noted in all classical works), which is 
associated with the violation of the invariance of the intervals between events, is eliminated. Equations (12) 
are a generalized form of the dynamic reference system.

Note that the elements of the dynamic reference system (12) are intuitively, without a detailed analysis of 
the meaning of the transformations used, have already been successfully tested and applied in a number of 
scientific papers devoted to the construction of theories of electronic mirrors and cathode lenses, for example, 
[6-12]. In these works, it was pointed out that traditional methods of studying electron lenses are unsuitable 
for developing the theory of cathode lenses and electron mirrors due to the fact that they do not take into 
account the specificity of their initial conditions. For example, in single and immersion lenses, it is fairly 
assumed that the trajectories of charged particles everywhere have a small inclination to the main optical axis. 
For a cathode lens and an electron mirror, this assumption is unfair, since charged particles leave the cathode 
at an angle from O to 90 degrees and all the particles emitted by the cathode subsequently participate in the 
formation of a crossover or image of the cathode surface, and in the electron mirror, charged particles are 
reflected from 90 to 180 degrees. In addition, in single and immersion lenses, the condition of a small spread 
of the energies of charged particles relative to the values of the axial potential is everywhere fulfilled, and in 
the cathode lens in the cathode region, and in the electron mirror in the reflection region, this condition is not 
fulfilled. These circumstances lead to the appearance of singular features in the areas noted above, and the 
correct solution of the problems of analyzing the aberrations of the studied elements becomes impossible.

region, this condition is not fulfilled. These circumstances lead to the appearance of singular features in the 
areas noted above, and the correct solution of the problems of analyzing the aberrations of the studied 
elements becomes impossible. 

Discussion. Consider the following example. In the Cartesian coordinate system x, y, z,whose z axis 
coincides with the main optical axis of a two-dimensional planar-symmetric cathode lens with a plane of 
symmetry xz , the motion of a charged one with charge е and mass т is described by the following 
equations: 

,my e
y


= −


(13) 

2 2 2 ( ),ey z
m

 + = − +  (14) 

where the points denote the time differentiation, e− - the value of the initial energy of the charged
particle, ( , )y z = − the function of the distribution of the electrostatic potential, which near the main
optical axis can be represented as a power series

2 4( , ) ( ) ...
2 24

IVФ Фy z Ф z y y


= − + + . (15)

Here the strokes denote the differentiation in z, ( ) (0, )Ф z z= - the distribution of the potential along the
main optical axis.

Using the traditional method of solving equations (13) – (15) to describe the motion of charged particles 
in the paraxial approximation, we obtain the equation

( )2 0z y y y    + + + = , (16)

where z is a small value and characterizes the axial component of the initial energy of the charged
particle.

Equation (16) for the allocation of the chromatic component of aberrations in the motion of the particle 
flow can be represented as

2 2
zy y y y    + + = −

  
, (17)

from which one can clearly see the appearance of a mathematical singularity (division by zero) at 0z 
and 0= , which must inevitably be considered when studying the properties of cathode lenses and electron
mirrors. Note that in single and ordinary immersion lenses z , it is accepted for any section of the
trajectories of charged particles, so this problem does not arise.

The indicated difficulties of a mathematical nature can be overcome by choosing as the main (basic)
motion of a particle with zero initial energy and moving along the main optical axis of the lens. For this
particle, it is true that

( )0 0
2ez z
m

= −  . (18)

Index "0" here denotes the coordinate of the main particle.
The motion of an arbitrary particle in the field of the lens under consideration is investigated relative to

the motion of the main particle, which we will call the "main motion". The movements of the arbitrary and
basic particles along the main optical axis for the same time differ by the amount of longitudinal aberration
( )0z . Therefore, the following relation is true

( )0 0z z z= + . (19)
Equations (18) and (19) are, in fact, analogs of the first and fifth equations in the dynamical coordinate 

system obtained above (12).
Taking into account (19), the functions of z, in view of the smallness of the longitudinal aberration ( )0z

, can be expanded in the form
2( )( ) ( ) ( ) ( ) ( ) ...

2
o

o o o o
Ф zФ z Ф z Ф z z z 


= + + + . (20)

From equations (13) - (15) and (18) - (20) we obtain
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where z is a small value and characterizes the axial component of the initial energy of the charged 
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Equation (16) for the allocation of the chromatic component of aberrations in the motion of the particle 
flow can be represented as 

2 2
zy y y y    + + = −

  
, (17)  
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and 0= , which must inevitably be considered when studying the properties of cathode lenses and electron 
mirrors. Note that in single and ordinary immersion lenses z , it is accepted for any section of the 
trajectories of charged particles, so this problem does not arise. 

The indicated difficulties of a mathematical nature can be overcome by choosing as the main (basic) 
motion of a particle with zero initial energy and moving along the main optical axis of the lens. For this 
particle, it is true that 

( )0 0
2ez z
m

= −    . (18) 

Index "0" here denotes the coordinate of the main particle. 
The motion of an arbitrary particle in the field of the lens under consideration is investigated relative to 

the motion of the main particle, which we will call the "main motion". The movements of the arbitrary and 
basic particles along the main optical axis for the same time differ by the amount of longitudinal aberration 
( )0z . Therefore, the following relation is true 

( )0 0z z z= +   . (19) 
Equations (18) and (19) are, in fact, analogs of the first and fifth equations in the dynamical coordinate 

system obtained above (12). 
Taking into account (19), the functions of z, in view of the smallness of the longitudinal aberration ( )0z

, can be expanded in the form 
2( )( ) ( ) ( ) ( ) ( ) ...

2
o

o o o o
Ф zФ z Ф z Ф z z z 


= + + +  .  (20) 

From equations (13) - (15) and (18) - (20) we obtain 
2 32 ...

2 6

IV IVФ Фy y y Ф y y y      + + = − − + +  , (21) 

2 2 2 22
2 2
Ф ФФy Ф y    
 

    − = − − + − + . (22)  

Thus, using (18) and (19), which are parts of the derived and formulated above dynamic reference system, 
instead of equation (17), which is incorrect for cathode lenses and electron mirrors, we obtain the system of 
equations (21) and (22). The solution of these equations does not lead to difficulties and makes it possible to 
estimate the paraxial properties and aberration characteristics of the studied elements both in the transverse 
and longitudinal directions [6-12]. 

To analyze the aberration characteristics of cathode lenses and electron mirrors only in the transverse 
direction, in an explicit dependence on the coordinate of the main optical axis, the values of the aberration 
functions ( )0A z obtained after solving equations (21) and (22), taking into account equation (19), can be 
represented as 

( ) ( ) ( ) ( )0 ...A z A z A z A z = − = − − .    (23)
Equation (23) makes it possible to analyze the aberration characteristics of cathode lenses and electron

mirrors in the form traditional for single and conventional immersion lenses.

Conclusion. Summing up, we note that in this work, based on the analysis and consideration of the
features of Galileo's transformations, new inertial and dynamic reference frames of motions are obtained. In
the new inertial reference frame, the main drawback of Galileo's transformations, associated with the
violation of the invariance of the intervals between events, is eliminated. The developed dynamic frame of
reference makes it possible to conduct effective studies of movements in force fields. We also note that in 
works [6-12] intuitively, using the elements of the proposed and substantiated in this work, a dynamic frame
of reference based on the introduction of the concept of motion of a central particle, the main mathematical
difficulties that hindered the construction of theories for the study and design of cathode lenses and electron
mirrors were overcome. Obviously, reference systems in the form (6) and (12) will find wide application
both in the field of research and design of electron-optical and ion-beam devices, and in other branches of
fundamental and technical sciences.
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ЭЛЕКТРОНДЫҚ АЙНАЛАРМЕН КАТОДТЫҚ ЛИНЗАЛАРДЫҢ ҚАСИЕТТЕРІН ЗЕРТТЕУ
ҮШІН ДИНАМИКАЛЫҚ ҚОЗҒАЛЫСТЫҢ ӨЛШЕМЖҮЙЕСІН ҚҰРУЖӘНЕ ҚОЛДАНУ

Аннотация. Қазіргі заманда іргелі және техникалық ғылымдардың әртүрлі бағыттарында
күрделі қозғалыстарды зерттеу үшін Галилео және Лоренц ұсынған координаталық түрлендірулер
мен инерциялық қозғалыстарды өлшеу жүйелері қолданылады. Галилейдің түрлендірулеріне
негізделген координаталық түрлендірулер жүйесі оқиғалар арасындағы интервалдардың
өзгермейтіндігі туралы салыстырмалылық теориясының негізгі талаптарының бірін
қанағаттандырмайтындығы белгілі. Осыған байланысты Галилей түрлендірулерінің ерекшеліктерін
қосымша талдау қажет.

Бұл жұмыста Галилей түрлендірулерінің ерекшеліктерін талдау және ескеру негізінде
қозғалыстарды есептеудің жаңа инерциялық және динамикалық жүйелері жасалды. Жаңа инерциялық
өлшемдік жүйеде оқиғалар арасындағы интервалдардың инварианттылығы бұзылуымен байланысты
Галилей түрлендірулерінің негізгі кемшілігі шеттетілген. Қарастырылған динамикалық өлшемдік
жүйе күш өрістеріндегі қозғалыстарға тиімді зерттеулер жүргізуге мүмкіндік береді. Бұл
динамикалық өлшемдік жүйенің элементтері интуитивті түрде, қолданылған түрлендірулердің
мағынасын егжей-тегжейлі талдамай, электронды айналармен катодлинзаларының теорияларын
құруға арналған физикалық электроника саласындағы бір қатар ғылыми еңбектерде сәтті
қолданылды.

Мақалада жаңа өлшемдік жүйелерді қолдану мүмкіндіктерін көрсету үшін екі өлшемді
планарлы-симметриялы (цилиндрлік) катодты линзаны зерттеудің және жобалаудың теориялық
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Conclusion. Summing up, we note that in this work, based on the analysis and consideration of the 
features of Galileo’s transformations, new inertial and dynamic reference frames of motions are obtained. 
In the new inertial reference frame, the main drawback of Galileo’s transformations, associated with the 
violation of the invariance of the intervals between events, is eliminated. The developed dynamic frame of 
reference makes it possible to conduct effective studies of movements in force fields. We also note that in 
works [6-12] intuitively, using the elements of the proposed and substantiated in this work, a dynamic frame 
of reference based on the introduction of the concept of motion of a central particle, the main mathematical 
difficulties that hindered the construction of theories for the study and design of cathode lenses and electron 
mirrors were overcome. Obviously, reference systems in the form (6) and (12) will find wide application 
both in the field of research and design of electron-optical and ion-beam devices, and in other branches of 
fundamental and technical sciences.
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ЭЛЕКТРОНДЫҚ АЙНАЛАРМЕН КАТОДТЫҚ ЛИНЗАЛАРДЫҢ ҚАСИЕТТЕРІН 
ЗЕРТТЕУ ҮШІН ДИНАМИКАЛЫҚ ҚОЗҒАЛЫСТЫҢ ӨЛШЕМ ЖҮЙЕСІН ҚҰРУ

 ЖӘНЕ ҚОЛДАНУ

Аннотация. Қазіргі заманда іргелі және  техникалық ғылымдардың әртүрлі бағыттарында күрделі 
қозғалыстарды зерттеу үшін Галилео және Лоренц ұсынған координаталық түрлендірулер мен 
инерциялық қозғалыстарды өлшеу жүйелері қолданылады. Галилейдің түрлендірулеріне негізделген 
координаталық түрлендірулер жүйесі оқиғалар арасындағы интервалдардың өзгермейтіндігі туралы 
салыстырмалылық теориясының негізгі талаптарының бірін қанағаттандырмайтындығы белгілі. 
Осыған байланысты Галилей түрлендірулерінің ерекшеліктерін қосымша талдау қажет.

Бұл жұмыста Галилей түрлендірулерінің ерекшеліктерін талдау және ескеру негізінде қозғалыстарды 
есептеудің жаңа инерциялық және динамикалық жүйелері жасалды. Жаңа инерциялық өлшемдік 
жүйеде оқиғалар арасындағы интервалдардың инварианттылығы бұзылуымен байланысты Галилей 
түрлендірулерінің негізгі кемшілігі шеттетілген. Қарастырылған динамикалық өлшемдік жүйе күш 
өрістеріндегі қозғалыстарға тиімді зерттеулер жүргізуге мүмкіндік береді. Бұл динамикалық өлшемдік 
жүйенің элементтері интуитивті түрде, қолданылған түрлендірулердің мағынасын егжей-тегжейлі 
талдамай, электронды айналармен катодлинзаларының теорияларын құруға арналған физикалық 
электроника саласындағы бір қатар ғылыми еңбектерде сәтті қолданылды.

Мақалада жаңа өлшемдік жүйелерді қолдану мүмкіндіктерін көрсету үшін екі өлшемді планарлы-
симметриялы (цилиндрлік) катодты линзаны зерттеудің және жобалаудың теориялық негіздерін құру 
мысалы қарастырылған. Алынған нәтижелер осы жұмыста ұсынылған қозғалыстардың динамикалық 
өлшемдік жүйесін қолданудың тиімділігін дәлелдейді.

Жұмыста көрсетілген жаңа инерциялық және динамикалық өлшемдік жүйелерді салыстырмалы 
түрде төмен жылдамдықтар саласындағы күрделі қозғалыстарды зерттеу үшін тиімді пайдалануға 
болады және электронды-оптикалық құрылғылармен ионды-сәулелік технологиялық қондырғыларды 
зерттеу және жобалау саласында да, іргелі  және техникалық ғылымдардың басқа салаларында да 
кеңінен қолдануға болады.

Түйінді сөздер: қозғалыс, тірек, координаталық түрлендіру, жылдамдық, интервалдық инвариант.
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Thus, using (18) and (19), which are parts of the derived and formulated above dynamic reference system, 
instead of equation (17), which is incorrect for cathode lenses and electron mirrors, we obtain the system of
equations (21) and (22). The solution of these equations does not lead to difficulties and makes it possible to
estimate the paraxial properties and aberration characteristics of the studied elements both in the transverse
and longitudinal directions [6-12].

To analyze the aberration characteristics of cathode lenses and electron mirrors only in the transverse
direction, in an explicit dependence on the coordinate of the main optical axis, the values of the aberration
functions ( )0A z obtained after solving equations (21) and (22), taking into account equation (19), can be
represented as

( ) ( ) ( ) ( )0 ...A z A z A z A z = − = − − .    (23) 
Equation (23) makes it possible to analyze the aberration characteristics of cathode lenses and electron 

mirrors in the form traditional for single and conventional immersion lenses. 
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ПОСТРОЕНИЕ И ПРИМЕНЕНИЕ ДИНАМИЧЕСКОЙ СИСТЕМЫ ОТСЧЕТА 
ДВИЖЕНИЙ ДЛЯ ИССЛЕДОВАНИЯ СВОЙСТВ ЭЛЕКТРОННЫХ ЗЕРКАЛ И 

КАТОДНЫХ ЛИНЗ

Аннотация. В настоящее время в различных направлениях фундаментальных и технических 
наук для исследования сложных движений используются различного рода преобразования координат 
и инерциальные системы отсчета, предложенные Галилеем и Лоренцем. При этом отмечается, что 
система отсчета на основе преобразований Галилея не удовлетворяют базовому требованию теории 
относительности об инвариантности интервалов между событиями. В связи с этим, возникает 
потребность в дополнительном анализе особенностей преобразований Галилея.

В данной работе на основе анализа и учета особенностей преобразований Галилея получены новые 
инерциальная и динамическая системы отсчета движений. В новой инерциальной системе отсчета 
устраняется основной недостаток преобразований Галилея, связанный с нарушением инвариантности 
интервалов между событиями. Разработанная динамическая система отсчета дает возможность 
проводить эффективные исследования движений в силовых полях. Элементы этой динамической 
системы отсчета интуитивно, без подробного анализа смысла используемых преобразований, успешно 
применялись в ряде научных работ в области физической электроники, посвященных построению 
теорий электронных зеркал и катодных линз.

В статье для иллюстрации возможностей применения новых систем отсчета рассмотрен пример 
построения теоретических основ исследования и проектирования двумерной планарно-симметричной 
(цилиндрической) катодной линзы. Полученные результаты подтверждают эффективность 
использования предложенной в данной работе динамической системы отсчета движений.

Очевидно, указанные в работе новые инерциальная и динамическая системы отсчета могут быть 
эффективно использованы для исследования сложных движений в области относительно малых 
скоростей и найдут широкое применение как в области исследования и проектирования электронно-
оптических приборов и ионно-лучевых технологических установок, так и в других отраслях 
фундаментальных и технических наук.

Ключевые слова: движение, система отсчета, преобразование координат, скорость, интервальная 
инвариантность.
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