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N E W S  of  the  National  Academy  of  Sciences  of  the  Republic  of   Kazakhstan

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
ЖҰРЫНОВ Мұрат Жұрынұлы, химия ғылымдарының докторы, профессор, ҚР ҰҒА 

академигі, Қазақстан Республикасы Ұлттық Ғылым академиясының президенті, АҚ «Д.В. 
Сокольский атындағы отын, катализ және электрохимия институтының» бас директоры (Алматы, 
Қазақстан) H = 4

Ғылыми хатшы
АБСАДЫКОВ Бахыт Нарикбайұлы, техника ғылымдарының докторы, профессор, ҚР ҰҒА 

жауапты хатшысы, А.Б. Бектұров атындағы химия ғылымдары институты (Алматы, Қазақстан) H = 5
Р е д а к ц и я л ы қ  а л қ а:

ӘБСАМЕТОВ Мәліс Құдысұлы (бас редактордың орынбасары), геология-минералогия 
ғылымдарының докторы, профессор, ҚР ҰҒА академигі, «У.М. Ахмедсафина атындағы 
гидрогеология және геоэкология институтының» директоры (Алматы, Қазақстан) H = 2

ЖОЛТАЕВ Герой Жолтайұлы (бас редактордың орынбасары), геология-минералогия 
ғылымдарының докторы, профессор, Қ.И. Сатпаев тындағы геология ғылымдары институтының 
директоры (Алматы, Қазақстан) Н=2

СНОУ Дэниел, Рһ.D, қауымдастырылған профессор, Небраска университетінің Су ғылымдары 
зертханасының директоры (Небраска штаты, АҚШ) H = 32

ЗЕЛЬТМАН Реймар, Рһ.D, табиғи тарих мұражайының Жер туралы ғылымдар бөлімінде 
петрология және пайдалы қазбалар кен орындары саласындағы зерттеулердің жетекшісі (Лондон, 
Англия) H = 37

ПАНФИЛОВ Михаил Борисович, техника ғылымдарының докторы, Нанси университетінің 
профессоры (Нанси, Франция) Н=15

ШЕН Пин, Рһ.D, Қытай геологиялық қоғамының тау геологиясы комитеті директорының орын-
басары, Американдық экономикалық геологтар қауымдастығының мүшесі (Пекин, Қытай) H = 25

ФИШЕР Аксель, Ph.D, Дрезден техникалық университетінің қауымдастырылған профессоры 
(Дрезден, Берлин) Н = 6

КОНТОРОВИЧ Алексей Эмильевич, геология-минералогия ғылымдарының докторы, 
профессор, РҒА академигі, А.А. Трофимука атындағы мұнай-газ геологиясы және геофизика 
институты (Новосибирск, Ресей) H = 19

АГАБЕКОВ Владимир Енокович, химия ғылымдарының докторы, Беларусь ҰҒА академигі, 
Жаңа материалдар химиясы институтының құрметті директоры (Минск, Беларусь) H = 13

КАТАЛИН Стефан, Рһ.D, Дрезден техникалық университетінің қауымдастырылған профессоры 
(Дрезден, Берлин) H = 20

СЕЙТМҰРАТОВА Элеонора Юсуповна, геология-минералогия ғылымдарының докторы, 
профессор, ҚР ҰҒА корреспондент-мүшесі, Қ.И. Сатпаев атындағы Геология ғылымдары институты 
зертханасының меңгерушісі (Алматы, Қазақстан) Н=11

САҒЫНТАЕВ Жанай, Ph.D, қауымдастырылған профессор, Назарбаев университеті (Нұр-
Сұлтан, Қазақстан) H = 11

ФРАТТИНИ Паоло, Рһ.D, Бикокк Милан университеті қауымдастырылған профессоры (Милан, 
Италия) H = 28
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Главный редактор
ЖУРИНОВ Мурат Журинович, доктор химических наук, профессор, академик НАН РК, 

президент Национальной академии наук Республики Казахстан, генеральный директор АО 
«Институт топлива, катализа и электрохимии им. Д.В. Сокольского» (Алматы, Казахстан) H = 4

Ученный секретарь
АБСАДЫКОВ Бахыт Нарикбаевич, доктор технических наук, профессор, ответственный 

секретарь НАН РК, Институт химических наук им. А.Б. Бектурова (Алматы, Казахстан) H = 5
Р е д а к ц и о н н а я  к о л л е г и я:

АБСАМЕТОВ Малис Кудысович, (заместитель главного редактора), доктор геологомине ра ло-
гических наук, профессор, академик НАН РК, директор Института гидрогеологии и геоэкологии им. 
У.М. Ахмедсафина (Алматы, Казахстан) H = 2

ЖОЛТАЕВ Герой Жолтаевич, (заместитель главного редактора), доктор геологоминерало-
ги ческих наук, профессор, директор Института геологических наук им. К.И. Сатпаева (Алматы, 
Казахстан) Н=2

СНОУ Дэниел, Ph.D, ассоциированный профессор, директор Лаборатории водных наук универ-
ситета Небраски (штат Небраска, США) H = 32

ЗЕЛЬТМАН Реймар, Ph.D, руководитель исследований в области петрологии и месторождений 
полезных ископаемых в Отделе наук о Земле Музея естественной истории (Лондон, Англия) H = 37

ПАНФИЛОВ Михаил Борисович, доктор технических наук, профессор Университета Нанси 
(Нанси, Франция) Н=15

ШЕН Пин, Ph.D, заместитель директора Комитета по горной геологии Китайского геологического 
общества, член Американской ассоциации экономических геологов (Пекин, Китай) H = 25

ФИШЕР Аксель, ассоциированный профессор, Ph.D, технический университет Дрезден 
(Дрезден, Берлин) H = 6

КОНТОРОВИЧ Алексей Эмильевич, доктор геолого-минералогических наук, профессор, 
академик РАН, Институт нефтегазовой геологии и геофизики им. А.А. Трофимука СО РАН 
(Новосибирск, Россия) H = 19

АГАБЕКОВ Владимир Енокович, доктор химических наук, академик НАН Беларуси, почетный 
директор Института химии новых материалов (Минск, Беларусь) H = 13

КАТАЛИН Стефан, Ph.D, ассоциированный профессор, Технический университет (Дрезден, 
Берлин) H = 20

СЕЙТМУРАТОВА Элеонора Юсуповна, доктор геолого-минералогических наук, профессор, 
член-корреспондент НАН РК, заведующая лаборатории Института геологических наук им. К.И. 
Сатпаева (Алматы, Казахстан) Н=11

САГИНТАЕВ Жанай, Ph.D, ассоциированный профессор, Назарбаев университет (Нурсултан, 
Казахстан) H = 11

ФРАТТИНИ Паоло, Ph.D, ассоциированный профессор, Миланский университет Бикокк 
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Editorial chief
ZHURINOV Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK, president 

of the National Academy of Sciences of the Republic of Kazakhstan, general director of JSC “Institute of 
fuel, catalysis and electrochemistry named after D.V. Sokolsky» (Almaty, Kazakhstan) H = 4

Scientific secretary
ABSADYKOV Bakhyt Narikbaevich, doctor of technical sciences, professor, executive secretary of 

NAS RK, Bekturov Institute of chemical sciences (Almaty, Kazakhstan) H = 5
E d i t o r i a l  b o a r d:

ABSAMETOV Malis Kudysovich, (deputy editor-in-chief), doctor of geological and mineralogical 
sciences, professor, academician of NAS RK, director of the Akhmedsafin Institute of  hydrogeology and 
hydrophysics (Almaty, Kazakhstan) H=2

ZHOLTAEV Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical 
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev (Almaty, 
Kazakhstan) Н=2

SNOW Daniel, Ph.D, associate professor, director of the labotatory of water sciences, Nebraska 
University (Nebraska, USA) H = 32

ZELTMAN Reymar, Ph.D, head of research department in petrology and mineral deposits in the Earth 
sciences section of the museum of natural history (London, England) H = 37

PANFILOV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University 
(Nancy, France) Н=15

SHEN Ping, Ph.D, deputy director of the Committee for Mining geology of the China geological 
Society, Fellow of the American association of economic geologists (Beijing, China) H = 25

FISCHER Axel, Ph.D, associate professor, Dresden University of technology (Dresden, Germany) H = 6
KONTOROVICH Aleksey Emilievich, doctor of geological and mineralogical sciences, professor, 

academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS (Novosibirsk, 
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AGABEKOV Vladimir Enokovich, doctor of chemistry, academician of NAS of Belarus, honorary 
director of the Institute of chemistry of new materials (Minsk, Belarus) H = 13

KATALIN Stephan, Ph.D, associate professor, Technical university (Dresden, Berlin) H = 20
SEITMURATOVA Eleonora Yusupovna, doctor of geological and mineralogical sciences, professor, 

corresponding member of NAS RK, head of the laboratory of the Institute of geological sciences named 
after K.I. Satpayev (Almaty, Kazakhstan) Н=11

SAGINTAYEV Zhanay, Ph.D, associate professor, Nazarbayev University (Nursultan, Kazakhstan) H = 11
FRATTINI Paolo, Ph.D, associate professor, university of Milano-Bicocca (Milan, Italy) H = 28
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A METHOD FOR ACCOUNTING THE IMPACT OF ERRORS 
ON THE QUALITY OF ANALYTICAL INSTRUMENTS AND OPTIMAL 

CONTROL SYSTEMS

Ibrayev Alpamys ― Doctor of Physical and Mathematical Sciences, Chief Researcher, Kazakhstan 
University of Innovation and Telecommunication Systems, Uralsk, Kazakhstan, Kazakhstan Academy of 
Information and Business, Almaty, Kazakhstan
E-mail: pok_rk@mail.ru, https://orcid.org/0000-0002-5263-0384;
Aitimova Diana ― PhD student at Kazakh National University named by Al-Farabi, Almaty, Kazakhstan
E-mail: diwka055@gmail.com, https://orcid.org/0000-0003-4757-1321.

Abstract. In various spheres of the economy and life of society, including in 
the oil and gas and mining industries, in geology, in metallurgy and in many other 
areas of industry, design and research work is currently being actively carried out to 
ensure successful innovative development in the design and implementation of new 
improved analytical devices and control systems. At the same time, at the stages of 
design, manufacture and practical application of analytical instruments and systems, for 
objective reasons, there are or occur errors that further affect the quality of technological 
complexes or control systems as a whole. In this paper, based on modeling and analysis 
of some topical problems, we consider a method for taking into account the influence of 
errors on the main parameters and characteristics of analytical instruments and optimal 
control systems. As one of the main problems, we consider the effect of technological 
errors on the electron-optical parameters of ion sources, which are built on the basis of 
cathode lenses with a hollow cathode and are one of the main components of various 
types of mass spectrometers, the resolution and sensitivity of which largely determine 
the capabilities in the field of analysis of the composition of various minerals, chemical 
elements and their mixtures. It is further shown that the method proposed by the authors 
of the article can be applied to solve problems of analyzing the influence of errors on 
the optimality indicators of control systems for technical complexes and technological 
processes in various industries and the economy. The results of the work can be used 
to analyze and evaluate the impact of various types of errors on the quality of specific 
instruments and process control systems.

https://doi.org/10.32014/2023.2518-170X.295
mailto:pok_rk@mail.ru
mailto:pok_rk@mail.ru
https://orcid.org/0000-0002-4939-7323
mailto:diwka055@gmail.com
https://orcid.org/0000-0003-4757-132
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Аннотация. Экономиканың және қоғамдық шаруалардың түрлі салаларында, 
оның ішінде мұнай-газ және тау-кен өндіру салаларында, геологияда, 
металлургияда және өнеркәсіптің басқа да көптеген салаларында қазіргі уақытта 
табысты инновациялық дамуды қамтамасыз ету үшін жаңа жетілдірілген 
аналитикалық аспаптар мен басқару жүйелерін жобалап іске қосу бағытында 
жобалау және зерттеу жұмыстары белсенді жүргізілуде. Бұл жағдайда объективті 
себептер бойынша аналитикалық аспаптар мен жүйелерді жобалау, дайындау 
және практикалық қолдану кезеңдерінде пайда болған ауытқулар әріде 
технологиялық кешендердің немесе тұтастай басқару жүйелерінің сапасына 
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қарастырылады. Негізгі мәселелердің бірі ретінде масс-спектрометрлердің 
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Аннотация. В различных сферах экономики и жизнедеятельности общества, 
в том числе в нефтегазовой и горнодобывающей отраслях, в геологии, в 
металлургии и во многих других областях промышленности в настоящее время 
для обеспечения успешного инновационного развития активно проводятся 
проектные и исследовательские работы по проектированию и внедрению новых 
усовершенствованных аналитических приборов и систем управления. При 
этом на этапах проектирования, изготовления и практического применения 
аналитических приборов и систем по объективным причинам имеются 
или возникают погрешности, которые в дальнейшем влияют на качество 
технологических комплексов или систем управления в целом. В данной работе на 
основе моделирования и анализа некоторых актуальных проблем рассматривается 
метод учета влияния погрешностей на основные параметры и характеристики 
аналитических приборов и систем оптимального управления. В качестве одного 
из основных проблем рассмотрено влияние технологических погрешностей на 
электронно-оптические параметры ионных источников, которые строятся на основе 
катодных линз с полым катодом и являются одним из основных узлов различных 
типов масс-спектрометров, от разрешающей способности и чувствительности 
которых в значительной степени зависят возможности в области анализа состава 
различных минералов, химических элементов и их смесей. Дальше показано, что 
предложенный авторами статьи метод может быть применен для решения задач по 
анализу влияния погрешностей на показатели оптимальности систем управления 
техническими комплексами и технологическими процессами в разных отраслях 
промышленности и экономики. Результаты работы могут быть использованы для 
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анализа и оценки влияния различного вида погрешностей на качество конкретных 
приборов и систем управления технологическими процессами.

Ключевые слова: минералы и смеси, анализ, масс-спектрометр, техно ло-
гическая погрешность, оптимальное управление, метод, качество

Introduction 
In the oil and gas industry, in the mining industry, in geology, in metallurgy and in 

many other areas of the economy and the life of society, much attention is currently paid 
to the introduction of innovative technologies and technological systems. Innovative 
development, as is known, involves active work on the development and implementation 
of new improved analytical instruments and control systems (Mosichev et al., 2008; 
Starostin et al., 1997; Dong et al., 2014: 1–8; Ganeyev et al., 2016: 427–444; Lebedev, 
2013: 632; Sikharulidze, 2004: 21–30; Ganeyev et al. 2015: 80901–80910; Sanchez 
et al., 2012: 71–79; Pontryagin et al., 1983: 393). At the same time, at the stages of 
design, manufacture and practical application of analytical instruments and systems, for 
objective reasons, there are or occur errors that further affect the quality of technological 
complexes or control systems as a whole. By belonging to the stages of their origin 
and manifestations listed above, errors are divided into theoretical, technological and 
operational. In addition, by origin, errors can also be divided into the following types: 
subjective, instrumental, external, methodological, errors due to the inadequacy of the 
model, unforeseen errors. Subjective errors are called errors that depend on the human 
factor, for example, the qualifications of the operator. Instrumental errors include errors 
that arise due to the shortcomings of measuring instruments. The causes of such errors 
are investigated and taken into account when designing new devices. External errors 
are associated with the influence on the device or processes of physical quantities that 
are characteristics of the external environment. Methodical errors usually arise due to 
the shortcomings of the chosen method of analysis or measurements. This is most often 
due to simplifications, such as various approximations and roundings. Errors caused by 
the inadequacy of the model used are associated with insufficient correspondence of 
the model to the objects under study. The adequacy of the object model means that the 
model sufficiently reflects all the main properties of the object that are of interest for 
research. Unforeseen errors appear as a result of unforeseen circumstances. Such errors 
can sometimes occur, for example, when observing artificial satellites of the Earth, 
when another satellite is mistaken for the satellite under study.

In this paper, we consider a method for taking into account the influence of errors on 
the main parameters and characteristics of analytical instruments and optimal control 
systems using some examples, which are given below.

As one of the main problems, let us consider the effect of technological errors on the 
electron-optical parameters of ion sources, which are built on the basis of cathode lenses 
with a hollow cathode and are one of the main components of various types of mass 
spectrometers, the resolution and sensitivity of which largely determine the capabilities 
in the field of analysis of the composition of various minerals, chemical elements and 
their mixtures.
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Materials and methods 
At present, there is a fairly complete theoretical base for studying the properties of 

various types of elements of electron and ion optics, which allows successful work on 
the design of ion and electron beam devices and devices with high quality indicators of 
charged particle focusing (Kel'man et al., 1968: 488; Ibrayev et al., 1981: 22-30; Szilagyi, 
1990: 639; Yakushev, 2013: 147–247; Ibrayev et al., 2017: 108–114; Ibrayev, 2015).At 
the same time, in order to achieve design indicators in their practical implementation, 
as is known, it is necessary to ensure a sufficient degree of requirements for production 
technology. In turn, in order to determine the requirements for technology in electron 
beam instrumentation, it is necessary to study the effect of technological errors on the 
quality indicators of charged particle focusing in the electronic lenses used. Therefore, 
we study the effect of technological errors on the ion-optical parameters of an ion source 
built on the basis of a doubly symmetric cathode lens, the theory and numerical studies 
of the focusing properties of which were devoted to works (Ibrayev et al., 2017: 108–
114; Ibrayev, 2015).

In the Cartesian coordinate system, whose z-axis coincides with the main optical axis 
and the plane coincides with the lens median plane, the paraxial equations have the form 
(Ibrayev, 2015).
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Here Φ=Φ(z) denotes the distribution of the electrostatic potential along the main 
optical axis, fKB= fKB(z) is the distribution function of the quadrupole component of the 
lens field, the dashes denote differentiation with respect to z. 

Physically, an electronic lens consists of electrodes to which certain potentials are 
applied and which have certain geometric dimensions. Therefore, inaccuracies or errors 
in geometric dimensions in the manufacture of the lens, alignment during assembly 
work, and errors or fluctuations in the potentials (voltages) applied to the lens electrodes 
constitute the main set of technological errors. 

Results and discussions 
In general, the distribution of electrostatic potential along the main optical axis can 

be represented by a function of the following form 

Φ = Φ (z, XГ ,YΓ , ZΓ ,UΓ ,),                                                                (3) 
where XГ ,YΓ , ZΓ ,UΓ  denote the sets of values of quantities characterizing the boundary 

conditions for the Dirichlet problem, and the elements of these sets are the values of 
specific electrode sizes in measurements of the Cartesian coordinate system and the 
values of the potentials applied to the electrodes 
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4

Here ( )zΦ = Φ denotes the distribution of the electrostatic potential along the main optical axis, 

( )KB KBf f z= is the distribution function of the quadrupole component of the lens field, the dashes denote 
differentiation with respect to z.

Physically, an electronic lens consists of electrodes to which certain potentials are applied and which 
have certain geometric dimensions. Therefore, inaccuracies or errors in geometric dimensions in the 
manufacture of the lens, alignment during assembly work, and errors or fluctuations in the potentials 
(voltages) applied to the lens electrodes constitute the main set of technological errors.

Results and discussions
In general, the distribution of electrostatic potential along the main optical axis can be represented by a 

function of the following form
( ), , , ,z X Y Z UΓ Γ Γ ΓΦ = Φ , (3)

where , , ,X Y Z UΓ Γ Γ Γ denote the sets of values of quantities characterizing the boundary conditions for the 
Dirichlet problem, and the elements of these sets are the values of specific electrode sizes in measurements 
of the Cartesian coordinate system and the values of the potentials applied to the electrodes

ix XΓ Γ∈ , iy YΓ Γ∈ , iz ZΓ Γ∈ , iu UΓ Γ∈ . (4)
The symbol i in the indices for each of the sets in (4) has its own limit value and varies from 1 to

1 2 3 4, , ,I I I I , respectively.
Technological errors will be denoted, taking into account (4), as follows

1i ix Γ∆ = , 2i iy Γ∆ = , 3i iz Γ∆ = , 4i iu Γ∆ = . (5)
Taking into account (4) and the smallness of the errors in (5), from (3), keeping only the terms of the 

first order of smallness of the considered small quantities in the expansion in a series, we can obtain
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Substituting (8) ― (11) into equations (1) and (2), grouping similar terms with respect to small values that 
characterize errors not higher than the first order of smallness, and taking into account the linearity of the 
paraxial equations, we obtain a number of independent equations
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The symbol i in the indices for each of the sets in (4) has its own limit value and 
varies from 1 to I1, I2, I3, I4, respectively.

Technological errors will be denoted, taking into account (4), as follows
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Physically, an electronic lens consists of electrodes to which certain potentials are applied and which 
have certain geometric dimensions. Therefore, inaccuracies or errors in geometric dimensions in the 
manufacture of the lens, alignment during assembly work, and errors or fluctuations in the potentials 
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have certain geometric dimensions. Therefore, inaccuracies or errors in geometric dimensions in the 
manufacture of the lens, alignment during assembly work, and errors or fluctuations in the potentials 
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manufacture of the lens, alignment during assembly work, and errors or fluctuations in the potentials 
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Results and discussions
In general, the distribution of electrostatic potential along the main optical axis can be represented by a 

function of the following form
( ), , , ,z X Y Z UΓ Γ Γ ΓΦ = Φ , (3)

where , , ,X Y Z UΓ Γ Γ Γ denote the sets of values of quantities characterizing the boundary conditions for the 
Dirichlet problem, and the elements of these sets are the values of specific electrode sizes in measurements 
of the Cartesian coordinate system and the values of the potentials applied to the electrodes

ix XΓ Γ∈ , iy YΓ Γ∈ , iz ZΓ Γ∈ , iu UΓ Γ∈ . (4)
The symbol i in the indices for each of the sets in (4) has its own limit value and varies from 1 to

1 2 3 4, , ,I I I I , respectively.
Technological errors will be denoted, taking into account (4), as follows

1i ix Γ∆ = , 2i iy Γ∆ = , 3i iz Γ∆ = , 4i iu Γ∆ = . (5)
Taking into account (4) and the smallness of the errors in (5), from (3), keeping only the terms of the 

first order of smallness of the considered small quantities in the expansion in a series, we can obtain

( )
31 2 4

1 2 3 4
1 1 1 1

II I I

i i i i
i i i ii i i i

z
x y z u

   

= = = =Γ Γ Γ Γ

∂Φ ∂Φ ∂Φ ∂Φ
Φ = Φ + + + +

∂ ∂ ∂ ∂∑ ∑ ∑ ∑ . (6)

Denoting 

1i
ixΓ

∂Φ
= Φ

∂
, 2i

iyΓ

∂Φ
= Φ

∂
, 3i

izΓ

∂Φ
= Φ

∂
, 4i

iuΓ

∂Φ
= Φ

∂
, (7)

From (6) we get

( ) ( )
31 2 4 4

1 1 2 2 3 3 4 4
1 1 1 1 1 1

nI II I I

i i i i i i i i ni ni
i i i i n i

z z    

= = = = = =

Φ = Φ + Φ + Φ + Φ + Φ = Φ + Φ∑ ∑ ∑ ∑ ∑∑ .   (8)   

Similarly, we can decompose

( ) ( )
31 2 4 4

1 1 2 2 3 3 4 4
1 1 1 1 1 1

nI II I I

KB KB i i i i i i i i KB ni ni
i i i i n i

f f z f f f f f z f    

= = = = = =

= + + + + = +∑ ∑ ∑ ∑ ∑∑ ,        (9)

( ) ( )
31 2 4 4

1 1 2 2 3 3 4 4
1 1 1 1 1 1

nI II I I

i i i i i i i i ni ni
i i i i n i

x x z x x x x x z x    

= = = = = =

= + + + + = +∑ ∑ ∑ ∑ ∑∑ , (10) 

( ) ( )
31 2 4 4

1 1 2 2 3 3 4 4
1 1 1 1 1 1

nI II I I

i i i i i i i i ni ni
i i i i n i

y y z y y y y y z y    

= = = = = =

= + + + + = +∑ ∑ ∑ ∑ ∑∑ .             (11)

In the last expressions

1
KB

i
i

f f
xΓ

∂
=

∂
, 2

KB
i

i

f f
yΓ

∂
=

∂
, 3

KB
i

i

f f
zΓ

∂
=

∂
, 4

KB
i

i

f f
uΓ

∂
=

∂
,

1i
i

x x
xΓ

∂
=

∂
, 2i

i

x x
yΓ

∂
=

∂
, 3i

i

x x
zΓ

∂
=

∂
, 4i

i

x x
uΓ

∂
=

∂
,

1i
i

y y
xΓ

∂
=

∂
, 2i

i

y y
yΓ

∂
=

∂
, 3i

i

y y
zΓ

∂
=

∂
, 4i

i

y y
uΓ

∂
=

∂
.

Substituting (8) ― (11) into equations (1) and (2), grouping similar terms with respect to small values that 
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paraxial equations, we obtain a number of independent equations

.                   (8) 

Similarly, we can decompose 

4
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manufacture of the lens, alignment during assembly work, and errors or fluctuations in the potentials 
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Substituting (8) ― (11) into equations (1) and (2), grouping similar terms with respect to small values that 
characterize errors not higher than the first order of smallness, and taking into account the linearity of the 
paraxial equations, we obtain a number of independent equations
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Substituting (8) ― (11) into equations (1) and (2), grouping similar terms with respect to small values that 
characterize errors not higher than the first order of smallness, and taking into account the linearity of the 
paraxial equations, we obtain a number of independent equations
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Substituting (8) ― (11) into equations (1) and (2), grouping similar terms with respect to small values that 
characterize errors not higher than the first order of smallness, and taking into account the linearity of the 
paraxial equations, we obtain a number of independent equations
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Substituting (8) ― (11) into equations (1) and (2), grouping similar terms with respect to small values that 
characterize errors not higher than the first order of smallness, and taking into account the linearity of the 
paraxial equations, we obtain a number of independent equations

Substituting (8) ― (11) into equations (1) and (2), grouping similar terms with respect 
to small values that characterize errors not higher than the first order of smallness, 
and taking into account the linearity of the paraxial equations, we obtain a number of 
independent equations 
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where 1 3 2, x ,x y and 4y are particular linearly independent solutions of paraxial equations, ,k kx y are the 

coordinates of the charged particle at the moment of its departure from the cathode surface, and ,x y 

characterize the initial energy of the charged particle.
Solutions of equations (12) and (13), which have zero initial conditions, are determined by the method 

of variation of arbitrary constants from the expressions
3 1
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x xx x F dz x F dz
Ф Ф

= −∫ ∫ , (14)                                              

4 2
2 4ni Yni Yni

y yy y F dz y F dz
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= −∫ ∫ . (15)

Expressions (14) and (15) make it possible to determine the values of aberrational distortions associated with 
technological errors. Given these values in equations (10) and (11), it is possible to determine specific 
tolerance values for each type of technological errors.

All the results obtained above can also be used to estimate aberrational distortions associated with 
technological errors in charged particle sources with axial symmetry of the focusing field. To do this, it is 
necessary to take the distribution function ( )KB KBf f z= of the quadrupole component of the lens field 

equal to zero. If we accept 
4KB
Фf
′′

= , then all formulas obtained above will be valid for two-dimensional 

planar-symmetric sources of charged particles.
As theoretical errors in the study of the focusing properties of sources of charged particles, one can 

attribute the neglect in the traditional theory of charged particle optics of aberrations above the third order of 
smallness.

The method used above to take into account and evaluate the influence of errors on the focusing 
properties of ion sources is quite universal and can also be applied in problems of analyzing the influence of 
errors on the optimality indicators of control systems for technical complexes and technological processes in 
various industries and the economy.

For example, consider the problem of controlling an object, which at each moment of time t is 
completely described by a finite set of numbers ( ) ( ) ( )1 2, ,..., nx t x t x t , which are called the phase 
coordinates of the object (Kel'man et al., 1968: 488; Ibrayev et al., 1981: 22-30; Szilagyi, 1990: 639; 
Yakushev, 2013: 147–247; Ibrayev et al., 2017: 108–114; Ibrayev, 2015; Kiselyov et al., 2007: 270). Let us 
assume that the law of change of phase coordinates in time is described by a system of ordinary differential 
equations

( )1 2 1 2, , ,..., , , ,...,i i n mx f t x x x u u u= , (16)
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where 1 3 2, x ,x y and 4y are particular linearly independent solutions of paraxial equations, ,k kx y are the 

coordinates of the charged particle at the moment of its departure from the cathode surface, and ,x y 
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where 1 3 2, x ,x y and 4y are particular linearly independent solutions of paraxial equations, ,k kx y are the 
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coordinates of the charged particle at the moment of its departure from the cathode surface, and ,x y 
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technological errors. Given these values in equations (10) and (11), it is possible to determine specific 
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, then 
all formulas obtained above will be valid for two-dimensional planar-symmetric sources 
of charged particles. 

As theoretical errors in the study of the focusing properties of sources of charged 
particles, one can attribute the neglect in the traditional theory of charged particle optics 
of aberrations above the third order of smallness. 

The method used above to take into account and evaluate the influence of errors 
on the focusing properties of ion sources is quite universal and can also be applied in 
problems of analyzing the influence of errors on the optimality indicators of control 
systems for technical complexes and technological processes in various industries and 
the economy. 
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where 1 3 2, x ,x y and 4y are particular linearly independent solutions of paraxial equations, ,k kx y are the 

coordinates of the charged particle at the moment of its departure from the cathode surface, and ,x y 
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Expressions (14) and (15) make it possible to determine the values of aberrational distortions associated with 
technological errors. Given these values in equations (10) and (11), it is possible to determine specific 
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All the results obtained above can also be used to estimate aberrational distortions associated with 
technological errors in charged particle sources with axial symmetry of the focusing field. To do this, it is 
necessary to take the distribution function ( )KB KBf f z= of the quadrupole component of the lens field 

equal to zero. If we accept 
4KB
Фf
′′

= , then all formulas obtained above will be valid for two-dimensional 

planar-symmetric sources of charged particles.
As theoretical errors in the study of the focusing properties of sources of charged particles, one can 

attribute the neglect in the traditional theory of charged particle optics of aberrations above the third order of 
smallness.

The method used above to take into account and evaluate the influence of errors on the focusing 
properties of ion sources is quite universal and can also be applied in problems of analyzing the influence of 
errors on the optimality indicators of control systems for technical complexes and technological processes in 
various industries and the economy.

For example, consider the problem of controlling an object, which at each moment of time t is 
completely described by a finite set of numbers ( ) ( ) ( )1 2, ,..., nx t x t x t , which are called the phase 
coordinates of the object (Kel'man et al., 1968: 488; Ibrayev et al., 1981: 22-30; Szilagyi, 1990: 639; 
Yakushev, 2013: 147–247; Ibrayev et al., 2017: 108–114; Ibrayev, 2015; Kiselyov et al., 2007: 270). Let us 
assume that the law of change of phase coordinates in time is described by a system of ordinary differential 
equations

( )1 2 1 2, , ,..., , , ,...,i i n mx f t x x x u u u= , (16)

 which are 
called the phase coordinates of the object (Kel’man et al., 1968: 488; Ibrayev et al., 
1981: 22-30; Szilagyi, 1990: 639; Yakushev, 2013: 147–247; Ibrayev et al., 2017: 108–
114; Ibrayev, 2015; Kiselyov et al., 2007: 270). Let us assume that the law of change 
of phase coordinates in time is described by a system of ordinary differential equations 

5

2

22 2
2

ni ni
KB ni Xni

d x dx ФФ Ф f x F
dz dz

′′ ′+ + − = 
 

, (12)

''
'' ' '
1 1 12 2

2
ni

Xni ni ni ni k
ФF Ф x Ф x f x x

  
= − + + − −  

  
''

'' ' '
3 3 32 2

2
ni

ni ni ni x
ФФ x Ф x f x 

  
− + + −  

  
,

2

22 2
2

ni ni
KB ni Yni

d y dy ФФ Ф f y F
dz dz

′′ ′+ + + = 
 

, (13)

−



















+++−= kni

ni
niniYni yyf

Ф
yФyФF 2

''
'
2

'''
2 2

2
2

''
'' ' '
4 4 42 2

2
ni

ni ni ni y
ФФ y Ф y f y 

  
− + + +  

  
,

where 1 3 2, x ,x y and 4y are particular linearly independent solutions of paraxial equations, ,k kx y are the 

coordinates of the charged particle at the moment of its departure from the cathode surface, and ,x y 

characterize the initial energy of the charged particle.
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Expressions (14) and (15) make it possible to determine the values of aberrational distortions associated with 
technological errors. Given these values in equations (10) and (11), it is possible to determine specific 
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All the results obtained above can also be used to estimate aberrational distortions associated with 
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As theoretical errors in the study of the focusing properties of sources of charged particles, one can 
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completely described by a finite set of numbers ( ) ( ) ( )1 2, ,..., nx t x t x t , which are called the phase 
coordinates of the object (Kel'man et al., 1968: 488; Ibrayev et al., 1981: 22-30; Szilagyi, 1990: 639; 
Yakushev, 2013: 147–247; Ibrayev et al., 2017: 108–114; Ibrayev, 2015; Kiselyov et al., 2007: 270). Let us 
assume that the law of change of phase coordinates in time is described by a system of ordinary differential 
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where i=1,2,...,n, t - time, 
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where 1, 2,..., ni = , t - time, i
dxx
dt

= - time derivative of the phase coordinate, iu - parameters of the 

control action, ( )1 2 1 2, , ,..., , , ,...,i n mf t x x x u u u - known functions of the arguments indicated in brackets.
For convenience, the reduced system of equations (16) can be written in the generalized (vector) form

( ), ,x f t x u= .                    (17)
Equation (17) describes the dynamics of the controlled process. To construct optimal control systems, 

the concept of control quality criterion J is introduced, which is defined as the following functional

( ) ( )( )
1
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0 , ,
t

t

J f t x t u t dt= ∫ .                                                (18)

Here, ( ) ( )( )0 , ,f t x t u t is a function known (given) for a particular task under consideration, ( )x t is the 

trajectory of change (movement) of the controlled parameter over time t , and ( )u t is an allowable control 

action. The initial condition for ( )x t is given at the moment of time 0t in the form     ( )0 0x t x= .
In practice, the problem of ensuring the quality of optimal control is solved by minimizing the 

functional J . If there are errors in the initial conditions x and in the values of the control action u , the 
functional J must be considered in a more extended form, compared to (18),

( ) ( )( )
1

0

0 , , , ,
t

x u
t

J f t x t u t dt = ∫ .                                     (19)

The integrand in expression (19) can be reduced in the first approximation to the form

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

0 0, , , , , ,x u x u
x u

f ff t x t u t f t x t u t   
 

∂ ∂
= + +
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.             (20)

Then, taking into account (18) - (20), the deviation of the value of the control quality criterion J∆ ,
associated with the influence of the noted errors, is determined by the formula

1

0

0 0t

x u
x ut

f fJ dt 
 

 ∂ ∂
∆ = + ∂ ∂ 

∫ .                                          (21)

Using (21), one can estimate the absolute and relative values of the errors of the control quality 
criterion. If these errors are small, they can be neglected, and if they are large, it is necessary to solve 
specific problems to minimize these errors.

Conclusions
In the conditions of growing demand for an innovative component in all spheres of the economy and the 

life of society, the need to ensure high accuracy and reliability of analytical instruments, technical means, 
technological complexes and control systems is certainly increasing. In this article, on specific examples, the 
problems of accounting for and evaluating the influence of errors on the main parameters and characteristics 
of analytical instruments and optimal control systems are considered. The method proposed in the paper for 
taking into account and evaluating negative factors from various kinds of errors can be used in the design of 
various instruments designed to analyze the composition and properties of substances and their mixtures, as 
well as in the development of optimal control systems in geology, oil and gas and many other sectors of the 
economy, industry and manufacturing sector.
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