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• �Information systems. Computer 
sciences. Issues of information  
security

• �Multiple robots (robotic centers)  
and systems. Remote sensing  
and non-destructive testing 

• �Modern radio engineering  
and telecommunication systems 

• �Micro- and nanoelectronics. Condensed 
matter physics

• �Analytical instrument engineering  
and technology

• �Mathematical modeling 
• �Economics of knowledge-intensive  

and high-tech enterprises and industries. 
Management in organizational systems

• �Product quality management. 
Standardization

• �Philosophical foundations of technology 
and society
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• �Информационные системы. 
Информатика. Проблемы 
информационной безопасности

• �Роботизированные комплексы и системы.  
Технологии дистанционного зондирова-
ния и неразрушающего контроля

• �Современные радиотехнические 
и телекоммуникационные системы

• �Микро- и наноэлектроника. Физика 
конденсированного состояния

• �Аналитическое приборостроение  
и технологии

• �Математическое моделирование
• �Экономика наукоемких и высокотехно

логичных предприятий и производств. 
Управление в организационных системах

• �Управление качеством продукции. 
Стандартизация

• �Мировоззренческие основы  
технологии и общества

РОССИЙСКИЙ 
ТЕХНОЛОГИЧЕСКИЙ 
ЖУРНАЛ
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Abstract
Objectives. The development and implementation of  information and computing architecture and information 
support for a state central bank digital currency (CBDC) is based on the selection of a software and hardware platform, 
including technologies and methods for supporting interaction between the elements of the computing complex. The 
implementation of CBDC technologies significantly depends both on the operational and computing architecture, 
as well as on the technological characteristics of the means for implementing digital currency information support, 
which determines the need to  develop an  appropriate research environment. Thus, the present study sets out 
to develop an infrastructure for the experimental research environment of the operational and computing architecture 
used to provide information support for the CBDC.
Methods. Digital technologies required for forming an CBDC implementation stack are under development in many 
countries of the world. The basis for the formation of a software and hardware complex for providing CBDC information 
support is  comprised of  theoretical and experimental studies into contemporary digital transaction management 
tools.
Results. The main architectural and technological components that make up the CBDC operational and computing 
environment comprise operational and computing architectures, blockchain technologies, consensus algorithms, 
and various forms of digital currencies. Five CBDC operational and computing architecture options are presented. 
Information models of interaction between the participants in transactions of the central bank digital currency were 
studied with the aim of establishing the effects of an architectural solution to the characteristics of the computing 
complex used to  provide information support. Features of  various digital currencies in  the form of  accounts and 
tokens were analyzed. 
Conclusions. A research environment infrastructure for the CBDC operational and computing information support 
architecture has been developed. The prerequisites for a comprehensive analysis of the technological characteristics 
of  the CBDC operational and computing environment are set out along with a  comparison of  operational and 
computing architecture variants. As  a  result of  the analysis, a  summary list of  the characteristics of  the studied 
architectures is drawn up. This provides for selecting the optimal operational and computing architecture depending 
on the requirements imposed on the CBDC.

Keywords: digital currency, central bank digital currency, blockchain, consensus algorithm, digital currency 
architecture
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НАУЧНАЯ СТАТЬЯ

Среда исследований операционно-вычислительной 
архитектуры информационного обеспечения 

цифровой валюты центрального банка

А.С. Албычев 1, 2, @,  
С.А. Кудж 2

1 Федеральное казначейство Министерства финансов Российской Федерации, Москва, 101000 Россия
2 МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: albychev@mirea.ru 

Резюме 
Цели. Внедрение и разработка информационно-вычислительной архитектуры и информационного обеспе-
чения цифровой валюты центрального банка  (ЦВЦБ) страны основываются на  выборе программно-аппа-
ратной платформы, включая технологии и способы взаимодействия элементов вычислительного комплек-
са. Внедрение технологий ЦВЦБ существенно зависит как от  операционно-вычислительной архитектуры, 
так и от технологических характеристик конкретной реализации информационного обеспечения цифровой 
валюты, что определяет необходимость разработки соответствующей среды исследований. Цель статьи – 
разработка инфраструктуры среды экспериментальных исследований операционно-вычислительной архи-
тектуры информационного обеспечения ЦВЦБ. 
Методы. Развитие цифровых технологий не сформировало стек реализации ЦВЦБ, а комплекс технологиче-
ских реализаций находится в разработке во многих странах мира. Основой для формирования программно-
аппаратного комплекса информационного обеспечения являются теоретические и экспериментальные ис-
следования современных инструментов цифрового управления транзакциями.
Результаты. Рассмотрены архитектурные и  технологические компоненты, составляющие операционно-
вычислительную среду цифровой валюты центрального банка: операционно-вычислительные архитекту-
ры, блокчейн-технологии, алгоритмы консенсуса, формы представления цифровых валют. Представлено 
5  вариантов операционно-вычислительных архитектур ЦВЦБ. Проведено исследование информационных 
моделей взаимодействия участников транзакций ЦВЦБ, направленных на  установление степени влияния 
архитектурного решения на  характеристики вычислительного комплекса информационного обеспечения. 
Проанализированы особенности цифровых валют в форме аккаунтов и токенов. 
Выводы. Разработана инфраструктура среды исследований операционно-вычислительной архитектуры 
информационного обеспечения ЦВЦБ. Созданы предпосылки для комплексного анализа технологических 
характеристик операционно-вычислительной среды ЦВЦБ. Проведен анализ вариантов операционно-
вычислительных архитектур. В  результате анализа сформирован сводный перечень характеристик приве-
денных архитектур. В зависимости от требований, предъявляемых к ЦВЦБ, на основе этого перечня может 
быть выбрана наиболее адекватная операционно-вычислительная архитектура.
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INTRODUCTION

The development of modern financial, electronic 
payment, digital currency and blockchain technologies [1] 
has led to the prospect of sovereign states issuing digital 
currencies. Central bank digital currencies  (CBDCs) are 
under consideration by a number of states as a new form of 
monetary representation alongside existing currencies [2, 3]. 
Such digital currencies, which are managed by a state central 
bank (CB), are issued in a 1:1 ratio to the national currency.

CBDC research focuses on various aspects of digital 
currencies  [3,  4]. Some studies consider performance 
issues associated with technological support for digital 
currencies  [5–7], i.e., the ability to process a  certain 
number of financial transactions in a  period of time. 
Others focus on the reliability of data storage [3, 7, 8], 
security against unauthorized digital currency 
transactions  [4,  7, 9], as well as privacy  [7,  9, 10], as 
among the key characteristics of a CBDC.

Blockchain technologies  [5,  11] are used in digital 
currencies to ensure the authenticity of transaction history. 
Meanwhile, consensus algorithms [7, 12, 13] are required 
to prevent the unscrupulous behavior of one or more 
participants in the blockchain network. In other words, in 
the absence of a single source of trustworthy information, 
there is a need for a consensus algorithm to avoid this.

As a  rule, studies explore two ways of the digital 
currency storing data: accounts and tokens [8, 9, 14–16]. 
The first form of data storage implies that the account 
owner has some number reflecting the current account 
balance; here, financial transactions consist of changing 
the corresponding number in the participants of the 
transaction. Although tokens are described in less detail, 
in general they can be represented as a bundle of a unique 
token identifier and denomination. Each token is assigned 
a  current owner, for example, using a  unique owner 
identifier. Financial transactions in this case consist of 
changing the unique owner ID for one or more tokens.

Studies [7, 14, 17] have noted that one of the main 
issues in the development of CBDC is the choice 
of operational and computational architecture. An 
operational and computational architecture describes the 
participants of the system that ensures the functioning 

of a digital currency, as well as the connections between 
them. Some researchers use a different, broader term—
CBDC design  [5,  18]—which includes, among other 
things, details of the digital currency realization. When 
choosing the operational and computational architecture, 
it is important to consider both organizational 
requirements, such as the Know Your Customer (KYC) 
principle  [6,  14,  19], along with the various technical 
aspects.

The aim of the article is to develop the infrastructure 
of the research environment of the operational and 
computational architecture of the information support of 
the central bank digital currency.

1. VARIANTS OF CBCD  
OPERATIONAL-COMPUTING ARCHITECTURE 

IMPLEMENTATION

Let us consider the variants of operational and 
computational architectures used to ensure the functioning 
of CBDC in terms of their advantages and disadvantages.

1.1. Centralized two-level architecture

As the simplest option in terms of architecture, we 
can consider a centralized two-level architecture, where 
the only organization that ensures the functioning of 
CBDC will be the CB (Fig. 1).

CB 

Individual/Legal 
entity

Individual/Legal 
entity

Individual/Legal 
entity

Fig. 1. Diagram of a centralized two-level CBDC 
architecture
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In such a  CBDC implementation variant, the 
only source of reliable information on the movement 
and ownership of funds is the CB, which also carries 
out all technological support. The CB performs both 
the issuance of digital currency and the processing of 
transactions. The advantages of this option include:

1)	ease of implementation, since there is no need to 
coordinate the work of several organizations;

2)	minimization of delays in transactions due to the 
absence of intermediaries;

3)	the CB has a real-time access to all data.
However, this operational and computational 

architecture has significant disadvantages:
1)	all technical support for CBDC must be provided by 

a single issuer—the CB;
2)	organizational support of CBDC is also fully 

entrusted to the CB (e.g., compliance with the KYC 
principle).
With such an operational and computational 

architecture, the reliability of data storage and security 
can be provided with different quality levels depending 
on the implementation of the technological support of 
the data center.

1.2. Centralized three-level architecture

By supplementing the two-level architecture with an 
intermediate link in the form of private banks, a three-
level architecture is formed. Private banks can help to 
to reduce the organizational burden on CB by ensuring 
compliance with the KYC principle. A  scheme of the 
three-level architecture is shown in Fig. 2.

Individual/Legal 
entity

Individual/Legal 
entity

Individual/Legal 
entity

CB

Bank Bank Bank

Fig. 2. Diagram of the centralized three-level 
architecture of CBDC

The advantages of this architecture are:
1)	ease of implementation, since data storage and 

transaction execution are provided by the CB;

2)	organizational support  (compliance with the KYC 
principle) is distributed among the private banks;

3)	the CB has a real-time access to all data;
4)	the CB provides banks with a  single tool for 

transactions.
The main disadvantage of this architecture is that 

all technical support for CBDC must be provided by 
a single issuer, i.e., the CB.

As in the two-level architecture, reliability of data 
storage and security in this case is also highly dependent 
on the Central Bank.

1.3. Four-level architecture  
with a single CBDC operator

In the article  [7], several operational and 
computational architectures are proposed, one of which 
consists in transferring the technological support for 
the operation of the CBDC to a separate organization—
the CBDC operator. The diagram in Fig.  3 shows the 
connection between the elements of the architecture.

Individual/Legal 
entity

Individual/Legal 
entity

CBDC  
operator

Individual/Legal 
entity

CB

Bank Bank Bank

Fig. 3. Diagram of the four-level architecture with 
a single operator of CBDC

In many ways, this operational and computational 
architecture is similar to the three-tiered centralized 
architecture. However, the division of responsibility 
between the CBDC operator, CB and private banks 
offers the following additional advantages:

1)	the resource-intensive task of transaction execution 
is ensured by the CBDC operator;
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2)	organizational support  (compliance with the KYC 
principle) is distributed among the private banks;

3)	CBDC operator provides banks with a single tool for 
transactions.
However, the disadvantages of such a  four-level 

architecture are significant:
1)	CB does not have access to all data in real time; 

a separate API is required to access transaction history;
2)	all transaction data is under the control of one 

organization;
3)	all technical support for CBDC must be provided by 

a single provider—the CBDC operator.
The listed disadvantages suggest that a  monopoly 

on transaction processing may lead to unfair use of 
the CBDC system. In addition, as in the case of the 
centralized architectures described, the issue of scaling 
the transaction processing system becomes the task of 
one organization.

1.4. Four-level architecture  
with segmentation between several 

CBDC operators

The four-level architecture involving several CBDC 
operators (Fig. 4), also proposed in [7], solves a number 
of problems associated with the data monopoly: a single 
point of failure of the system is eliminated, along with 
an increase in scalability. This is achieved by segmenting 
the CBDC data.

Individual/Legal 
entity

Individual/Legal 
entity

CBDC 
operator

CBDC 
operator

CBDC 
operator

Individual/Legal 
entity

CB

Bank Bank Bank

Fig. 4. Diagram of the four-level architecture with 
segmentation between several CBDC operators

The advantages of this architecture are as follows:
1)	organizational support  (compliance with the KYC 

principle) is distributed among the private banks;
2)	computational workload of transaction processing is 

distributed among several CBDC operators.
The disadvantages include:

1)	difficulty in accessing transaction history on the part 
of the CB due to CBDC data segmentation;

2)	increasing complexity of transactions processing 
related to the involvement of two or more 
operators;

3)	more complicated logistics of interaction between 
banks and operators due to the use of many-to-many 
communication.
Although there is no single point of failure, each 

segment in this architecture is the responsibility of only 
one organization; however, in the event of a  failure, 
transaction data can be lost. It is also possible for an 
operator to unfairly use the CBDC system, although the 
scope is limited to a single segment.

1.5. Four-level architecture  
with segmentation and replication between 

several CBDC operators

In order to eliminate the disadvantages of an 
operational and computational architecture with 
segmentation, a  refinement involving data replication 
between CBDC operators is proposed. As shown in 
Fig. 5, each segment must be replicated between multiple 
operators. Executing the transaction would require 
a  consensus between the CBDC operators owning the 
segment. In such a  case, the consensus algorithm can 
be flexibly selected to suit security and performance 
preferences.

The more CBDC operators are involved in the 
operation of a single segment, the higher the reliability 
of the system, but also the higher the redundancy of the 
stored data. The more CBDC operators are involved in 
transaction processing to ensure consensus, the more 
resistant the system is to unfair actions on the part of 
operators. However, at the same time the performance 
decreases.

The operating and computing architecture under 
consideration has the following advantages:

1)	organizational support  (compliance with the 
KYC principle) is distributed among the private 
banks;

2)	computational workload of transaction processing is 
distributed among several CBDC operators;

3)	operator disconnection does not lead to loss of data 
or availability of CBDC service;

4)	availability of consensus algorithm when performing 
transactions allows operators to mutually verify 
results in order to avoid unfair actions.
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Fig. 5. Diagram of the four-level architecture with 
segmentation and replication between the several CBDC 

operators

The operating and computing architecture has 
a number of disadvantages:

1)	difficult access to transaction history for CB due to 
its segmentation;

2)	icreasing complexity of transactions related processing 
to the involvement of two or more operators;

3)	more complicated logistics of interaction between 
banks and operators because of the use of many-to-
many communication;

4)	increased resource intensity of transaction processing 
and increase of the total volume of stored data due 
to redundancy.

2. RESEARCH ENVIRONMENT  
INFRASTRUCTURE

In order to solve this problem, we will develop 
a research environment infrastructure using virtualization 
technologies [20].

The blockchain network will include several 
organizations, each organization having one or more 
nodes [21]. Then the total amount of CPU, RAM, and 
disk space required for the experiment can be calculated 
by the formula: 

R R R Rij
ji

O Ni

total h c� �� �
��
��

11

,

where O  is the number of organizations; Ni is the 
number of nodes in ith organization; Rij is the amount of 
resource required for the jth node in the ith organization 
to function; Rh  is the resource overhead for hypervisor 
operation, proportional to the allocated resource; Rc  is 
the resource overhead for hypervisor operation required 
to keep the node running regardless of the amount of 
resource allocated to it.

Thus, assuming that the amount of RAM required 
by the nodes is invariant and equal to 2, Rh = 0, and 
Rc = 0.2, 22 GB of RAM will be required to maintain 
a CBDC model containing four organizations (one with 
4 nodes and the other three with 2 nodes each).

In the case of a digital currency implementation in the 
form of accounts, the transactions themselves (without 
considering the computational complexity of the 
consensus algorithm) have a computational complexity 
of O(1), since changes of one or two scalar values are 
trivial operations. However, when implementing digital 
currencies in the form of tokens, transactions can have 
greater computational complexity.

Both forms of digital currency representation 
can be considered in terms of financial transaction 
transparency for regulatory authorities. If the history 
of transactions is stored, as in the case of accounts 
with numerical representation of the balance, it can 
be extremely difficult to trace the ways of transferring 
a certain amount of money. It is problematic to reliably 
distinguish the fact of targeted funds expenditure from 
other funds if they are passed through a single account. 
On the contrary, with tokens, when each monetary unit 
has its own unique identifier, the transaction history 
reflects the transfer of a particular monetary unit from 
one owner to another. Thus, it is possible to implement 
a mechanism to identify misuse of funds.

In order to carry out research on the technological 
parameters of the information support of the data center, 
an infrastructure for the research environment using 
VMWare ESXi1 was developed.

The tools used are:
•	 modified version of Repexlab2 for work with 

VMWare ESXi;
•	 plug-in vagrant-vmware-esxi3;
•	 utility program ovftool4;
•	 system Ansible5; 
•	 monitor atop6.

1  https://www.vmware.com/products/esxi-and-esx.html. 
Accessed March 17, 2023.

2  https://github.com/rnd-student-lab/repexlab. Accessed March 17, 
2023.

3  https://github.com/josenk/vagrant-vmware-esxi. Accessed 
March 17, 2023.

4  https://developer.vmware.com/web/tool/4.4.0/ovf. Accessed 
March 17, 2023.

5  https://www.ansible.com/. Accessed March 17, 2023.
6  https://www.atoptool.nl/. Accessed March 17, 2023.

https://www.vmware.com/products/esxi-and-esx.html
https://github.com/rnd-student-lab/repexlab
https://github.com/josenk/vagrant-vmware-esxi
https://developer.vmware.com/web/tool/4.4.0/ovf
https://www.ansible.com/
https://www.atoptool.nl/
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The general configuration diagram is shown in Fig. 6.
The experiment management toolkit was hosted on 

a dedicated virtual machine (VM). The service VM was 
used to configure the NAT network and DHCP service, 
assigning IP addresses according to the MAC addresses 
of the software-managed VMs. A pre-configured VM was 
used (in Fig. 6, the Base VM), which was subsequently 
cloned to create and configure the software-managed 
VMs. When all 33 software-managed VMs were started 
and provisioned, the central processing unit (CPU) load 
from the installed monitoring system appeared to be 
acceptable, as shown in Fig. 7.

3. ANALYSIS OF THE OPERATIONAL  
COMPUTING ARCHITECTURES 

CHARACTERISTICS

A number of properties characterizing the considered 
operational and computational architectures are shown 
in the table. On their basis, a selection of the architecture 
most adequate to the requirements for the CBDC can be 
made.

The application of consensus algorithms becomes 
expedient when a segment is located at several CBDC 

operators. Regardless of the form of presentation of 
the CBDC, the design should determine the acceptable 
number of operators per segment, which implies 
experimental research. This requires the development of 
an experimental-research environment for the operation 
of the CBDC model.

CONCLUSIONS

A review of the architectural and technological 
components that make up a  CBDC has been carried 
out. The main operational and computational CBDC 
architecture variants, which differ in their essential 
characteristics, are compared. A  consolidated list of 
characteristics of the given operational and computational 
architectures formed as a  result of the analysis is 
drawn up. On the basis of this list, the most adequate 
operational-computing architecture depending on the 
CBDC requirements can be selected. The discussion 
has been mainly focused on the forms of representation 
of digital currencies and their impact on the properties 
of digital currencies. While storing digital currencies 
in the form of accounts may be less resource-intensive 
than storage in the form of tokens, the history of digital 

Fig. 6. Scheme of the research environment infrastructure  
(NAT—network address translation; DHCP— dynamic host configuration protocol;  

CA—certification authority; ON—orderer node; PN—peer node)

VMWare ESXi host-system

Service VM

NAT + DHCP 

VM for the 
experimental test 

bench control

VM  
control  
tools
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VM
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CA
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 ON

PN

PN

 ON

PN

PN

Organization 0

Organization 1

Organization 7



14

Russian Technological Journal. 2023;11(3):7–16

Alexander S. Albychev,  
Stanislav A. Kudzh

Development of a research environment for the operational  
and computational architecture of central bank digital currency software

Host-system
Socket 0
Socket 1

100

90

80

70

60

50

40

30

20

10

0

C
P

U
 u

til
iz

at
io

n

16:47	 16:50	 16:53	 16:56	 17:00	 17:03	 17:06	 17:10	 17:13	 17:16
Time

Fig. 7. CPU resource utilization after provisioning of VMs under VMWare ESXi hypervisor

Table. Characteristics of operational computer architectures

Characteristic A1 A2 A3 A4 A5

Technological infrastructure for storing the entire volume of data is provided by CB + + − − −
Technological infrastructure for processing the entire volume of transactions is provided by CB + + − − −
Technological infrastructure for storing all data is provided by the operator − − + + +
Technological infrastructure for processing the entire volume of transactions is provided by the operator − − + + +
Technological infrastructure is distributed and scaled horizontally among several operators − − − + +
KYC principle is carried out by CB + − − − −
KYC principle is carried out by private banks − + + + +
The system will retain partial functionality when one operator’s services are disconnected − − − + +

The system will remain fully operational when one operator’s services are disconnected − − − − +
The system will retain partial functionality when CB services are disconnected − − + + +
The system will remain fully operational when CB services are disconnected − − + − −
CB has real-time access to all data + + − − −
Operators verify the results of transaction processing − − − − +
Data backup with independent operators − − − − +
No cross-segment transactions + + + − −
CB provides a platform for individuals/legal entities + − − − −

CB provides a platform for banks + + − − −
CB provides a platform for operator(s) − − + + +
Operator(s) provide(s) a platform for banks − − + + +
Private banks provide a platform for individuals/legal entities − + + + +

Note: A1—centralized two-level architecture; A2—centralized three-level architecture; A3—four-level architecture with a  single 
CBDC operator; A4—four-LEVEL architecture with segmentation between several CBDC operators; A5—four-level architecture with 
segmentation and replication among several CBDC operators.



15

Russian Technological Journal. 2023;11(3):7–16

Alexander S. Albychev,  
Stanislav A. Kudzh

Development of a research environment for the operational  
and computational architecture of central bank digital currency software

currency transactions in the form of tokens provides 
a more convenient tool for auditing.

The infrastructure of the research environment for 
the operational and computational architecture used to 
provide CBDC information support has been developed, 
on which basis prerequisites for a  comprehensive 
analysis of technological characteristics of the 
operational and computational environment of 
CBDC can be identified. Further research should be 

focused on the choice of technological support for 
the development of the experimental and research 
environment, including experimental and analytical 
evaluation of the dependence of the characteristics of 
CBDC on the consensus algorithm used, the form of 
presentation of the digital currency, and various other 
parameters.
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Abstract
Objectives. In order to model and analyze the information conductivity of complex networks having an irregular 
structure, it is possible to use percolation theory methods known in solid-state physics to quantify how close the given 
network is to a percolation transition, and thus to form a prediction model. Thus, the object of the study comprises 
international information networks structured on the basis of dictionaries of model predictive terms thematically 
related to cutting-edge information technologies.
Methods. An algorithmic approach is applied to establish the sequence of combining the necessary operations 
for automated processing of textual information by the internal algorithms of specialized databases, software 
environments and shells providing for their integration during data transmission. This approach comprises the stages 
of constructing a terminological model of the subject area in the Scopus bibliographic database, then processing 
texts in natural language with the output of a visual map of the scientific landscape of the subject area in the VOSviewer 
program, and then collecting the extended data of parameters characterizing the dynamics of the formation of links 
of the scientific terminological network in the Pajek software environment.
Results. Visual cluster analysis of the range of 645–3364 terms in the 2004–2021 dynamics of the memory and data 
storage technologies category, which are integrated into a total of 23 clusters, revealed active cluster formation in 
the field of the term quantum memory. On this basis, allowing qualitative conclusions are drawn concerning the local 
dynamics of the scientific landscape. The exploratory data analysis carried out in the STATISTICA software package 
indicates the correlation of the behavior of the introduced MADSTA keyword integrator with basic terms including 
periods of extremes, confirming the correctness of the choice of the methodology for detailing the study by year.
Conclusions. A basis is established for the formation of a set of basic parameters required for an extensive 
computational modeling of a cluster formation in the semantic field of the scientific texts, especially in relation to 
simulations of the formation of the largest component of the network and percolation transitions.

Keywords: information network, algorithm, database, term, cluster, visualization, mapping, dynamics, network 
analysis
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в сетях, структурированных 

на основе прогностических терминов
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Резюме 
Цели. Для моделирования и анализа информационной проводимости сложных сетей с нерегулярной струк-
турой возможно применение известных в физике твердого тела методов теории перколяции, позволяющих 
количественно оценить, насколько данная сеть близка к перколяционному переходу, и тем самым сформиро-
вать модель прогнозирования. Объектом исследования выступают международные информационные сети, 
структурированные на основе словарей модельных прогностических терминов, тематически относящихся 
к перспективным информационным технологиям.
Методы. Применен алгоритмический подход, согласно которому задается последовательность комбини-
рования необходимых операций по автоматизированной обработке текстовой информации внутренними 
алгоритмами специализированных баз данных (БД), программных сред и оболочек, предусматривающих их 
интеграцию при передаче данных. Данный подход, в частности, включает этапы построения терминологиче-
ской модели предметной области в библиографической БД Scopus, затем обработку текстов на естествен-
ном языке с выводом визуальной карты научного ландшафта предметной области в программе VOSviewer и 
далее – сбор расширенных данных параметров, характеризующих динамику формирования связей научной 
терминологической сети в программной среде Pajek.
Результаты. Визуальный кластерный анализ, составляющий в динамике 2004–2021  гг. диапазон 
645–3364 термов категории «Технологии памяти и хранения данных», интегрированных суммарно в 23 кла-
стера, выявил активное кластерообразование в области терма «quantum memory» (квантовая память), позво-
ляющее делать качественные выводы о локальной динамике научного ландшафта. Проведенный в программ-
ном пакете STATISTICA разведочный анализ данных свидетельствует о корреляции поведения введенного 
интегратора ключевых слов MADSTA с базовыми термами, включая периоды экстремумов, что подтверждает 
правильность выбора методики детализации исследования по годам.
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INTRODUCTION

The study of  information dissemination in  social 
networks with a random topology is an urgent task for 
the optimization of the modern sociotechnical systems, 
which is confirmed by the undiminished interest in the 
problems of social network analysis (SNA) [1–3].

A distinct category of  complex networks, along 
with social and biological networks, is  comprised 
by  information networks, also called “knowledge 
networks.” An example is the citation networks between 
scientific publications, whose structure quite accurately 
reflects the structure of  the information stored in  its 
vertices  (articles), which defines the terminology 
“information network.”

When applied to  an analysis of  the relationships 
between classes of words in the thesaurus, an information 
network can also be  seen in  conceptual terms, 
representing the structure of language, or perhaps even 
the mental constructs language represents [4].

To model and analyze the information processes 
occurring in  the networks with an  irregular structure, 
it  is possible to  apply percolation methods  [5] known 
in solid-state physics.

Percolation, which is derived from Latin (percolare), 
means “leakage, seepage.” For a  long time, this 
simple probabilistic model was the ideal basic model 
used in  physics to  demonstrate phase transitions and 
critical phenomena. As  a mathematical object, it  was 
first considered in  the classic work of  Broadbent and 
Hammersley in  1957  [6], in  which the term as  well 
as geometric and probabilistic concepts were introduced.

Methods for solving various theoretical and applied 
problems over the last decades have brought new 
insights into the mathematical study of percolation [7]. 
Although the penetration of a fluid inside a porous stone, 
the spreading of an epidemic or the dissemination of the 
information in a social network seemingly have nothing 
in common, all three aspects converge in mathematics 
to comprise an additive component [7–9].

Regardless of  the physical nature and the model 
of the system, percolation theory in its most general form 
addresses questions concerning the probability that there 
is an open path from 0 to infinity (or whether there is an 
infinite cluster of connected pores or nodes). Thus, the 
problem is reduced to finding an answer to the question 
whether such paths exist for a given probability p. The 
theory is mainly concerned with the existence of  such 
a  cluster and its structure with respect to  the filling 
probability p.

To mathematically describe this criticality, it  is 
necessary to define a percolation model. As an example, 
we selected the simplest model represented by an infinite 
two-dimensional (or square) grid. The intersection points 
of the lines are called nodes (graph vertices), while the 
lines themselves are called links (graph edges). There are 
two grid models: permeability of links and permeability 
of nodes.

In the first model, each link is  mathematically 
occupied with probability p  or  free with probability 
1 − p. The occupied links then connect the nodes into 
clusters. This model can be used to simulate the process 
of liquid penetration inside a porous stone and epidemic 
propagation.

In the node percolation model, we  occupy not 
a link, but each node with probability p, leaving it free 
with probability 1  −  p. In  general, link percolation 
is  considered less general than node percolation due 
to  the possibility of  reformulating link percolation 
as node percolation on another grid, but not vice versa.

Percolation theory mainly focuses on the appearance 
of  an infinite cluster with increasing probability p. 
To characterize this phenomenon, one typically takes the 
size of a giant cluster S, which is defined as:

	 S
S
NN

�
��

lim ,l � (1)

where N is the system size (total number of nodes); Sl is 
the number of nodes in the largest cluster.
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As the probability p  increases, there must exist 
a critical pS, called the percolation threshold or critical 
point, above which a non-zero value of S can be found. 
This determines the percolation transition of the system 
with respect to  the control parameter p, while S  is  the 
corresponding parameter of order.

To describe the features of  finite clusters, the 
distribution of clusters by size can also be used:

	 p
m
mS
S

S
S

�
�

, � (2)

where mS is the number of clusters with size S.
Models have now been constructed for three-

dimensional and higher grid dimensions or  for other 
percolation conditions.

Extensive computational modeling of  social 
networks, both on  classical 2D-regular grids and for 
higher-dimensional networks, has yielded results 
confirming the mapping of  the phase of  transient 
behavior characterized by the largest component in the 
proposed non-consensus opinion model with the well-
known physical problem of  seepage in  incompressible 
fluids [9].

The use of  computational modeling methods 
of  random networks with a  large number of  links has 
led to  analytical solutions, such as  the construction 
of  stochastic models describing the dynamics of  node 
state changes and percolation transitions that predict the 
dynamics of social network behavior [2]. 

By analogy with social networks, we  believe that 
a properly constructed research methodology will allow 
us to quantify how close the information network is to 
the threshold of percolation, and thus form a model for 
its prediction.

In this regard, it  makes sense to  apply mapping 
and network analysis techniques to  study the patterns 
that affect the percolation threshold in  information 
dissemination and clustering in  networks structured 
on  the basis of  dictionaries of  model predictive terms 
extracted from network resources and thesauruses, 
as well as scientometric and bibliographic databases.

In the article  [10], the priority importance 
of  information and communication technologies  (ICT) 
and the field of information sciences was substantiated 
under the conditions of convergent tendencies of “joint” 
interdisciplinary links in  the development of  complex 
geoinformation systems. This position determined the 
main choice of the subject area for the present study.

TOOLS AND METHODS

The basic toolkit of  the stages of  the scientific 
project associated with the processing of large amounts 
of  information comprised of  science data is  shown 
in Fig. 1. The main mechanism of knowledge generation 
for the final design lies in  a large central block, 
including data visualization and modeling. Analysis 
of the obtained knowledge at each step will require their 
transformation and optimization, including narrowing 
the range of observations of interest, calculation of a set 
of summary statistics, average values, etc.

The algorithmic approach seeks to  maximize the 
objectivity of the search and the speed with which it allows 
a user to delve into a given subject area of research.

The basic steps and tools for implementing the 
empirical part of  the algorithm are considered in  [12]. 
A  variant modified to  solve current research problems 
consists of the following iterations:

1)	formation of  a terminological model of  the subject 
domain based on a matrix defining the system maturity 
level (SML) of self-organizing intelligent systems;

2)	formation of  algorithmic queries of  the Scopus1 
bibliographic database by  a special formula and 
output the data in .csv format for further processing 
and analysis in software tools;

3)	preprocessing, vectorization, clustering of  the 
obtained terminological database by  internal 
algorithms of VOSviewer2 software environment;

4)	primary visual analysis of  intra- and inter-cluster 
interactions by  VOSviewer program’s basic 
interfaces by years and terms;

1  https://www.scopus.com/. Accessed March 01, 2022.
2  https://www.vosviewer.com/. Accessed March 22, 2022.

Data 
import Preparation

Visualization

Transformation Modeling

Designing

Fig. 1. Science data scientific project implementation algorithm diagram [11]

https://www.scopus.com/
https://www.vosviewer.com/
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5)	a detailed study of  the parameters of  scientific 
terminology network links by  clusters in  the 
dynamics of development with the help of algorithms 
of the Pajek3 software product;

6)	data processing and visualizing the dynamic 
relationships of  term network parameters in  the 
STATISTICA4 environment.
There are several ways to achieve this goal. The initial 

stage of  this work is  the formation of a terminological 
model of the subject domain, on the basis of which the 
database for further research is formed.

The basis for the selection of  a given pattern 
of keywords is the method of calculating the SML matrix 
of self-organizing intelligent systems (IS) [13], allowing 
the maturity index of the IS to be quantified. The SML 
indicator, which is applied at the system level, represents 
a maturity index from 0 to 1.

In the framework of  this study, level 4  of 
a sociotechnical system maturity is of interest, which has 
the maturity index range 0.60–0.80, and can be described 
as follows: “the predicted technologies do not go beyond 
research and some prototyping, and the requirements 
of  socioeconomic adaptation of  the new technologies 
can be  developed by  reaching a  compromise between 
communities” [13].

In order to  determine the basic structures of  the 
subject domain by  the expert method, four categories 
of  promising trends in  the development of  ICT 
corresponding to  the fourth level of  the SML matrix 
were identified:

1)	human-computer interfaces;
2)	computing engineering;
3)	memory and data storage technologies;
4)	electronics and communications.

The present study proposes an approach based on the 
extraction of stable keyword patterns by analyzing the 
corpora of the subject-oriented texts, including not only 
stationary databases of  scientometric and bibliometric 
information, but also using dynamic network thesauruses, 
one of which is represented by the network encyclopedia 
Wikipedia5 [14].

At the same time, the desired level of  reliability 
of the obtained information can be increased by forming 
a combined algorithm of the term extraction. This algorithm 
allows a multilevel selection based on an extended expert 
environment using the internal services of  Wikipedia 
at the first stage, while, at the second stage, scientifically 
reliable algorithmic ways of providing information from 
highly authoritative qualitative research databases, such 
as Scopus and Web of Science6, are used [15].

3  http://mrvar.fdv.uni-lj.si/pajek/. Accessed April 03, 2022.
4  https://www.statistica.com/en/. Accessed June 15, 2022.
5  https://www.wikipedia.org/. Accessed March 15, 2022.
6  http://www.webofknowledge.com/. Accessed March 04, 

2022.

The extended terminological basis is  obtained 
by  processing the initial sets of  basic keywords 
obtained by expert method in the bibliographic database 
Scopus using a  special formula. The extracted useful 
database for the study falls within the dynamic range 
of  645–3364  terms, including related publications 
in which their joint inclusion occurs.

In [16], the main computational methods leading to an 
automatic mode of knowledge discovery in publications 
are classified in  detail, including distributive semantic 
modeling. In addition to  term-level modeling analysis, 
analysis at  the level of  the dissemination topic— 
so-called thematic modeling allows a deeper understanding 
of  the information dissemination process. In  the aspect 
of  information retrieval and filtering, two generative 
models are widely used: probabilistic latent semantic 
analysis  (PLSA) and, more commonly, latent Dirichlet 
allocation, which, in turn, is a generalization of PLSA.

Recently, a fundamentally different and more universal 
approach to thematic models based on network modeling 
has been proposed: the stochastic block model [17].

However, the use of  these methods for analyzing 
scientific literature is rare [16–18].

Based on the study of programs for visualization and 
mapping of science and technology as the primary tool 
for thematic cluster analysis and visualization of the data 
obtained, the software package VOSviewer was selected. 
This tool is  freely available and well integrated with 
bibliographic databases, including Scopus [19, 20].

VOSviewer’s internal algorithms provide 
vectorization, normalization, term-document matrix 
construction, bibliometric mapping and initial clustering 
of text data, dynamically changing in the context of the 
assigned research tasks.

The maps generated by VOSviewer include various 
items that can include publications, researchers, 
or  terms. VOSviewer maps the strength of  a reference 
reflecting the number of publications in which two terms 
occur together  (in the case of  a matching occurrence 
reference).

For each pair of  items i and j, VOSviewer requires 
as  input the similarity sij  (sij  >  0). To  determine the 
similarity between items, the frequency of  matching 
is  typically determined using a  similarity measure. 
Different types of  similarity measures can be  applied: 
strength of  association, Jaccard index, Pearson 
correlation, cosine measure.

In VOSviewer, the similarity sij is calculated using 
the association force AS defined in the equation:

	 AS
s

s sij
ij

i j
= , � (3)

where si  is the similarity of  the element of  the ith 
component; sj is the similarity of the element of the jth 

http://mrvar.fdv.uni-lj.si/pajek/
https://www.statistica.com/en/
https://www.wikipedia.org/
http://www.webofknowledge.com/
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component; sij is the similarity of the pair. All the listed 
quantities have the dimensionality equal to one.

After calculating the similarity between the elements, 
a  special technique for their mapping is  applied  [16]. 
VOSviewer determines the location of elements on  the 
map by minimizing the function:

	 V x x s x xn ij i j
i j

1

2
, , ,� � � �

�
� � (4)

where xi, xj  are locations of  nodes i  and j  in  two-
dimensional space; n is the number of the nodes in the 
grid; x xi j−  are the Euclidean distances between 
nodes i and j, provided that:
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1
1
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s x xij i j
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.
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�
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Consequently, the idea of VOSviewer is to minimize 
the weighted sum of  the squares of distances between 
all pairs of elements. The squared distance between the 
pair of  elements is weighted as  the similarity between 
the elements.

As a  result, a  complex associated structure of  the 
network under study is formed, whose nodes and terms 
are calculated by  the weight of  different elements 
according to three basic criteria: degree of nodes, as well 
as the distance and strength of links between nodes; here, 
the size of nodes depends on the weight of a particular 
term.

Particular attention should be paid to the dynamics 
of  the formation of  the so-called largest or  giant 
component of  the network. A  classic example of  a 
discrete probability distribution is  the Poisson 
distribution model of random numbers. Based on this, 
Erdős and Rényi  [21] proposed an  extremely simple 
network model, which they called a  random graph. 
It  was shown that a  random graph has an  important 
property, which can be  called a  phase transition to  a 
state when a large fraction of all vertices are connected 
together into one giant component.

Using the Poisson distribution, the heuristic 
argument [4] can be used to calculate the expected size 
of  the giant component of  random networks. Suppose 
u is a part of vertices of the network which do not belong 
to  the giant component. Therefore, the probability 
that a  vertex does not belong to  the giant component 
is also equal to the probability that none of the network 
neighbors of the vertex belongs to the giant component, 
i.e., uk, where k is the degree of the vertex.

After applying the averaging procedure, the 
expression for the probability of the Poisson distribution 
of degrees pk in the self-consistency relation for u within 
a large graph size can be represented as follows:
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where e  is  the Eulerian number; k  is  the degree of  a 
vertex; z  is  the average degree of all vertices N of  the 
network.

The fraction S of the network occupied by the giant 
component is  S = 1  −  u. By  averaging the expression 
for the random graph model of Erdős and Rényi by the 
probability of  the Poisson distribution of  degrees, 
we obtain the following self-consistency relation within 
the large size of the graph:

	 S zS� � �1 e . � (7)

The appearance of  the giant component indicates 
a phase (percolation) transition at the point z = 1, where 
the divergence of  the mean size <s> of  the non-giant 
components also occurs when studying the behavior 
of  the random graph. If  z < 1, the only non-negative 
solution of  this equation is S = 0, while if z > 1, there 
exists also a nonzero solution which determines the size 
of the giant component.

The tasks of general network analysis are performed 
by the Pajek software. This software environment based 
on  large network visualization graphs offers many 
different efficient  (sub-quadratic) network analysis 
algorithms [22].

From a bibliometric point of view, the methods offered 
by Pajek include clustering and main path analysis. The 
software is used not only to reveal the global structure 
of  knowledge networks, but also to  operationalize 
and measure the stability of  the resulting network 
models [23]. An important feature of Pajek is its close 
connection to VOSviewer, which allows direct two-way 
communication between these network environments, 
as well as exporting data in formats of widely used other 
external tools, including programming language R, 
Statistical Package for the Social Sciences (SSPS) and 
Excel [22].

The most fundamental approaches to  the study 
of knowledge networks are related to basic descriptive 
statistics of the network structure, such as measuring the 
number and size of components in the network, as well 
as  calculating various measures of  centrality  (degree, 
closeness, betweenness). From the point of  view 
of the tasks set in this paper, these latter characteristics 
of  network interactions are effectively computed 
in Pajek.

The universal integrated system STATISTICA was 
used as a software package for statistical analysis. When 
properly used, the system saves the user from routine 
calculations by clearly displaying the results of cluster 
analysis [24], leaving the specialist to interpret the results 
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and formulate conclusions. At the same time, it provides 
cues, which are important for the implementation 
of  functions of  data analysis, data management and 
visualization. In terms of implementing iterations of the 
algorithm of  this study, the system is  integrated with 
Excel.

RESULTS AND DISCUSSION

The data obtained from the bibliographic database 
Scopus are taken from the first year of  publications, 
in which the occurrence of each of the keywords in the 
articles exceeds the lower threshold of 10 articles, and 
is  inclusive up  to 2021. The bibliographic data are 
detailed by year for mapping and primary visual analysis 
of  clusters. In  our case, the overall time range of  the 
study covers the period from 1978 to 2021.

As part of the objectives of this research phase, the 
memory and data storage technologies category was 
selected as the basis for the selection of the established 
keywords.

In order to analyze the behavior of  the trend, four 
keywords were selected from the terminology model: 
phase-change memory, patterned media, quantum 
memory, DNA digital data storage. From the resulting 
database the different dates of the initial inclusion of the 
terms follow.

In this regard, the Scopus query formula was 
optimized. For example, the database of publications for the 
keyword quantum memory, limited to the year 1978, was 
specified by the formula: TITLE (quantumANDmemory) 
AND (LIMIT-TO (PUBYEAR, 1978)).

Full bibliographic descriptions of  extracted 
publications were automatically downloaded in  .csv 

format for the further processing and analysis in software 
tools, including a total of 33 information fields for each 
record.

It should be noted that in  the context of  the issues 
we  are considering, text data from the TITLE and 
ABSTRACT fields of  the database of  uploaded 
documents was used. These fields are selected 
in  VOSviewer automatically when loading the source 
document.

In order to  understand the clearer structure of  the 
network in  the VOSviewer environment, an  additional 
parameter, which implements the network integration 
of  the specified keywords, with the name memory 
and data storage technologies all  (MADSTA), was 
introduced. The timing of  the introduction of  this 
integrator is  related to  the period of  active research 
phase since inclusion of the fourth keyword DNA digital 
data storage, i.e., from 2004 to 2021.

In the above time interval, the comparative visual 
analysis of  the obtained range of  645–3364  terms 
integrated into a  total of  23  clusters shown in  Fig.  2 
presents a  well-defined clustering dynamic around 
the terms quantum memory, phase-change memory. 
At the same time, the noticeable activation of research 
by 2021 in the area of the term DNA digital data storage 
pushed the term patterned media to the periphery of the 
scientific landscape. At  the same time, the formation 
of a new cluster associated with the term post-quantum 
cryptography is  clearly visualized near the quantum 
memory area. This can be  explained by  the fact that 
many cryptographers are now actively developing 
new algorithms for quantum key search  [25] in  order 
to prepare for a  future time when quantum computing 
is likely to present a security threat.

(a) (b)

Fig. 2. VOSviewer visualization map showing the dynamics of data clustering for the keyword integrator MADSTA, 
marked clusters in the area of quantum memory (C1), phase-change memory (C2), patterned media (C3),  

DNA digital data storage (C4), post-quantum cryptography (C5):  
(a) the beginning of the period 2004; (b) the end of the period 2021
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For the further analysis of clustering, an automated 
transfer of  data is  performed from one VOSviewer 
network environment to another using the Pajek network 
calculator [21].

Working in  Pajek starts with three file extensions 
characterizing certain types of  data: networks, partition, 
vectors. When data are loaded into the program, the 
parameters characterizing the dynamic state of  network 
links are investigated. We  note that the Pajek network 
calculator function ideally suits it for performing such tasks.

The data processed in  Pajek are shown in  the 
summary table. Only parameters characterizing the 
dynamic state of network links are presented here for the 
term integrator.

The results of exploratory data analysis implemented 
in  the universal integrated package STATISTICA with 
a brief description of the parameters are shown below.

The Total Link Strength parameter characterizes the 
number of links in a simple network. Another important 
parameter for the study is the average number of links 
per node known as  the Average Degree. The Average 
Degree of  all nodes in  an individual network is  a 
measure of the structural cohesion of the network. Since 
this index does not depend on the size of  the network, 
it can be compared between networks of different sizes.

In Fig. 3a, the dynamics of Average Degree behavior 
leads to  average values of  20–30  link units per node. 
This can be explained by the fact that the interest of the 
scientific community in  this area does not decrease 
steadily. In our case, the presence of maxima in 2007 and 
2009 may be a problem area.

The proposed hypothesis assumes the influence 
of  the single keyword quantum memory on  the other 
words by  the effect of  the aftereffect. In  Fig.  3b, 
an  increasing trend in  the total number of  links for 
quantum memory can be  clearly seen. Since this 
indicates that the direction in this period was relevant, 
the total number of  links for the remaining words 
determines the dynamic behavior of  the overall 
network. The introduction of  the parameter MADSTA 
shows a smooth increase in  the total number of  links 
in the network, which leads to the analysis of the next 
dynamic parameter—Density.

Density is  responsible for the number of  lines 
in  the simple network, expressed as  a fraction of  the 
maximum possible number of lines. The parameters for 
determining the correlation dependence (Density) cover 
the maximum time period because the keywords were 
entered in the studied network alternately and at different 
time intervals.

Table. Dynamics of parameters characterizing the state of terminology network links for the keyword integrator MADSTA

Year Total Link Strength   Average Degree Density Degree Centralization Betweenness 
Centralization

2004 6140 19.039 0.029 0.139 0.073

2005 15292 29.896 0.029 0.146 0.192

2006 15167 29.827 0.029 0.184 0.092

2007 34415 44.899 0.029 0.211 0.054

2008 22696 27.831 0.017 0.194 0.120

2009 41099 40.833 0.020 0.117 0.034

2010 27976 30.017 0.016 0.236 0.201

2011 30205 22.366 0.008 0.151 0.118

2012 27010 22.813 0.009 0.210 0.240

2013 35111 29.419 0.012 0.172 0.101

2014 32007 29.230 0.013 0.294 0.236

2015 32552 29.232 0.012 0.101 0.075

2016 31683 27.780 0.012 0.110 0.065

2017 35182 27.358 0.011 0.084 0.052

2018 34183 26.726 0.010 0.117 0.070

2019 38765 25.878 0.009 0.148 0.140

2020 43288 27.285 0.009 0.126 0.065

2021 44552 26.488 0.008 0.082 0.072
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Figure 4  shows that the integrative increase 
in  the number of  links in  the network complicates 
the interaction structure due to  the growth of  the 
maximum possible number of  lines. Consequently, 
the dependencies will tend to return minimum values. 
In  this case, the behavior of  the MADSTA parameter 
in the graph reveals that the integration of 4 keywords 
does not lead to  changes in  the dynamics of  the 
behavior of the index of network density. The MADSTA 
parameter, which correlates with the curves, confirms 
the correctness of  the choice of  methodology for 
detailing the study by year.

The first parameter Degree Centralization  (DC) 
represents the variation of  the degree centrality of  the 
network vertices divided by the maximum degree value 
that is possible in a network of the same size.

DENSITY

0.8

0.6

0.4

0.2

0.0

phase-change memory
patterned media

quantum memory
DNA digital data storage

memory and data storage technologies all

1977	 1981	 1985	 1989	 1993	 1997	 2001	 2005	 2009	 2013	 2017	2021

Fig. 4. Dependence of the network density index  
on time

As can be  seen in  Fig. 5a, oscillations of  the 
DC  indicator for the four keywords result in  a mutual 
relationship over the interval from 2004  to 2021. The 
values of  the integrating parameter in  this relationship 
show a weak correlation.

Betweenness Centralization  (BC) represents the 
variation of betweenness scores between network nodes 
divided by  the maximum value of  betweenness score 
possible in  a network of  the same size. For a  single 
node, betweenness shows the level of  its inclusion 
in combinations of links between other nodes.

In Fig. 5b shows that the oscillation of  the 
BC  indicator of  keywords in  this dependence on  the 
interval from 2004 to 2021 is synchronous, which refers 
to  the same phase of  the curve behavior. Graphically, 
there is  a strong correlation between the extremums 
of  keywords and MADSTA on  a given interval. This 
can be explained in terms of the emergence of the trend 
associated with the oscillations of  the phase-change 
memory indicator comprising an  impulse for other 
terms, in which the semantic links on the shortest paths 
between the nodes are more clearly manifested.

Thus, empirical research provides an  opportunity 
to  find latent dependencies of  dynamic parameters 
of network interactions on time during the exploratory 
analysis stage, creating a  basis for quantitative 
assessment of clustering and percolation transitions.

The analysis of the graphs shows that the introduction 
of  the integrating parameter MADSTA displays the 
interaction of the keywords under study. This is confirmed 
by the close correlation on the graphs of the dependencies 
of the dynamic parameters of the network (average degree, 
betweenness score and density) on a given interval. The 
formation of new clusters  (C4, C5) is  explained by  the 
increased total number of links.
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Fig. 3. Dependence of the average degree and the total link strength on time: 
(a) dependence of the average degree of all vertices, taking into account the introduced parameter, on time; 

(b) dependence of the total number of links in the network on time
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Fig. 5. Dependence of DC and BC of the network on time:   
(a) dependence of the degree of centrality of the network vertices on time; (b) dependence of betweenness 

centralization index of the network vertices on time

CONCLUSIONS

The algorithmic approach implemented in the work 
allows for the maximum objectivity of  the search and 
the speed with which it  allows a  given subject area 
of research to be analyzed. The level of reliability of the 
obtained information is  increased due to  the formation 
of a combined algorithm for term extraction based on an 
expanded expert environment and scientifically reliable 
qualitative research databases.

By implementing algorithmic queries using the 
Scopus bibliographic database, an extended terminological 
base is created, which in terms of 2004–2021 dynamics 
contains the range of  645–3364  terms of  the memory 
and data storage technologies category, providing data 
output in  the .csv format for further processing and 
analysis in specialized software tools.

A comparative analysis of  the data visualization 
map of the terms performed in the software environment 
VOSviewer, which are integrated into a  total 
of 23 clusters, reveals active clustering associated with 
the term C5  post-quantum cryptography in  the area 
of  cluster C1  (quantum memory), allowing qualitative 

conclusions to be drawn about the local dynamics of the 
scientific landscape.

The result of  empirical study of  the dynamics 
of  the formation of  interactions of  terms in  the Pajek 
network calculator and subsequent processing of  the 
obtained parameters in the package STATISTICA is the 
construction of time series on the change in the average 
degree and the total number of  links, network density, 
the degree centralization and the betweenness score 
of the bibliographic network.

To continue the analysis, it is necessary to supplement 
the obtained empirical material with data on  general 
network parameters characterizing the number and size 
of components in the network, the distribution of distances 
in the network, and the degree of distribution of network 
fragments, including the presence of a giant component.

The formation of a complete set of basic parameters 
is  necessary in  the subsequent mathematical and 
computational modeling of information networks, during 
which the dynamics of network clustering and achieving 
the threshold of percolation over time will be evaluated.
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Abstract
Objectives. An urgent task in the context of modern radio and television systems is to improve the quality and quantity 
of transmitted information. For example, the use of multiple amplitude-phase shift keyed (APSK) signals—16-APSK 
and 32-APSK—in digital satellite television systems of the Digital Video Broadcasting–Satellite2 (DVB-S2) standard 
made it possible to transmit 30% more data in the same frequency bands in comparison with the previous DVB-S 
standard. Such increases in  information transmission rates impose more stringent requirements on  hardware. 
An  important role in  the reception of  APSK signals, as  well as  the signals of  other coherent signal processing 
systems, is played by the stability of synchronization systems. The presence of operational errors can significantly 
reduce the quality of information reception. The aim of the present work was to analyze the effect of phase and clock 
synchronization errors on the reception noise immunity of APSK signals with a ring signal constellation structure.
Methods. The study used statistical radio engineering methods informed by optimal signal reception theory.
Results. The effect of phase and clock synchronization errors on the reception noise immunity of APSK signals having 
a signal constellation ring structure is analyzed. The dependencies of the bit error probability on the magnitude of the 
phase shift and the clock offset were characterized. The effect of synchronization errors on reception quality were 
compared with the known results for quadrature amplitude modulation (QAM) signals.
Conclusions. At  an acceptable energy loss of  no more than 1  dB, the critical phase error can be  considered 
as 2°–3°, while the critical clock error is 3–4%. A coherent receiver of APSK signals is more sensitive to the phase 
error of  reference oscillations than a similar receiver of QAM signals, whereas clock errors have the same effect 
on the reception quality of these signals.
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НАУЧНАЯ СТАТЬЯ

Влияние погрешностей системы синхронизации 
на помехоустойчивость приема сигналов 

с амплитудно-фазовой манипуляцией

Г.В. Куликов 1, @, 
С.Х. Данг 1, 
А.Г. Куликов 2 
1 МИРЭА – Российский технологический университет, Москва, 119454 Россия
2 CGF, Москва, 105082 Россия
@ Автор для переписки, e-mail: kulikov@mirea.ru 

Резюме 
Цели. Актуальной задачей современных систем радиосвязи и телевидения является повышение качества и ко-
личества передаваемой информации. Применение многопозиционных сигналов с амплитудно-фазовой мани-
пуляцией (АФМ) 16-АФМ и 32-АФМ в системах цифрового спутникового телевидения стандарта DVB-S2 обе-
спечило возможность передачи на 30% больше данных в тех же полосах частот по сравнению с предыдущим 
стандартом DVB-S. Такое увеличение скорости передачи информации определило более жесткие требования 
к аппаратному обеспечению этих систем. Для приема сигналов АФМ, как и для многих других систем, исполь-
зующих когерентную обработку сигналов, важную роль играет стабильность работы систем синхронизации. 
Наличие погрешностей в их работе может значительно снизить качество приема информации. Цель работы – 
анализ влияния погрешностей фазовой и тактовой синхронизации на помехоустойчивость приема сигналов 
с амплитудно-фазовой манипуляцией с кольцевой структурой сигнального созвездия. 
Методы. Использованы методы статистической радиотехники и теории оптимального приема сигналов. 
Результаты. Проведен анализ влияния погрешностей фазовой и тактовой синхронизации на помехоустой-
чивость приема сигналов с амплитудно-фазовой манипуляцией с кольцевой структурой сигнального созвез-
дия. Получены зависимости вероятности битовой ошибки от величины фазового сдвига и смещения тактовых 
моментов. Проведено сравнение влияния погрешностей синхронизации на качество приема с известными 
результатами для сигналов с квадратурной амплитудной модуляцией (КАМ).
Выводы. Установлено, что при допустимых энергетических потерях не более 1 дБ критической фазовой по-
грешностью можно считать величину 2–3 градуса, а критическая тактовая погрешность составляет 3–4%. Ко-
герентный приемник сигналов АФМ более чувствителен к фазовой погрешности опорных колебаний, чем ана-
логичный приемник сигналов КАМ, а тактовые погрешности одинаково сказываются на качестве приема этих 
сигналов.

Ключевые слова: амплитудно-фазовая манипуляция, синхронизация, фазовая погрешность, тактовая по-
грешность, помехоустойчивость
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INTRODUCTION

A remaining challenge in  contemporary radio 
and television systems consists in  improving the 
quality and quantity of  transmitted information. For 
example, multiple amplitude-phase shift keyed (APSK) 
16-APSK and 32-APSK signals in the new-generation 
DVB-S2 digital satellite television systems can be used 
to  transmit 30% more data than the previous DVB-S 
standard within the same frequency bands1  [1]. Such 
increases in  the information transmission rate have 
imposed additional requirements on  the hardware 
used in  these systems. As  with other coherent signal 
processing systems, the stability of  synchronization 
systems plays an  important role is  played in  the 
reception of  APSK signals. The presence of  errors 
in  their operation can significantly reduce the quality 
of information reception. The effect of synchronization 
errors on  the reception noise immunity of  multiple 
quadrature amplitude modulation  (QAM) signals has 
been analyzed in  previously published works  [2–12]. 
In  the present work, a  study was made of  the effect 
of  phase and clock synchronization errors on  the 
reception noise immunity of  APSK signals having 
a ring signal constellation structure.

CALCULATION PROCEDURE

Let us  write a  model of  an APSK signal in  clock 
cycle time Ts in the form

s t r t t T i MAi i i( ) cos( ), ( , ], , ,� � � � �av s� �0 0 0 1  � (1)

where Aav is  the average signal amplitude; ω0  is  the 
carrier frequency; ri  and φi  are quantities determining 
the amplitude and phase of the signal, respectively; and 
M is the number of the constellation points.

Let us  consider the operation of  a  multichannel 
coherent receiver of APSK signals (Fig. 1) [13, 14] in the 
presence of white Gaussian noise n(t) with parameters

� � � � � � �n t n t n t
N

t t( ) ; ( ) ( ) ( ),0
2

1 2
0

2 1�

where N0 is the one-sided noise power spectral density, 
δ is the delta function, and t1 and t2 are moments of time.

The receiver correlators calculate the convolution 
integrals

	 J
N

x t t dt i Msi
T

i� � ��
2

0 1

0
0

( ) ( ) , ,ref
s  � (2)

1  DVB. https://www.dvb.org/standards/dvb-s2x. Accessed 
December 20, 2022.

of the received process x(t) = si(t) + n(t) with reference 
signals srefi(t). Comparison of  the received Ji  values 
and their combinations with the thresholds set in  the 
solver (maximum selection unit) allows one to determine 
the transmitted channel symbol.

The probability of erroneous reception of any (mth) 
channel symbol is  found under the condition 
Jm iJ i m i m Mmi� � � ��{ }; ; , , ,�     0 1  namely,

	 P p Jm m i
i
m i

M
J mi mes � � ��

�
�

�

�1

0

1

( ) ,�  � (3)

where p(Jm −Ji > δmi)|m is the probability that the output 
value of the mth correlator is higher than the output value 
of any other (ith) correlator, provided that the mth symbol 

was transmitted; �mi m i m i

E E

N

E

N
r r

E
N

r rm i M
�

�
� � � �

s s s  av b

0 0

2 2
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log

 

�mi m i m i
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E
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E
N
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�

�
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s s s  av b

0 0

2 2

0

2 22( ) ( )
log

 is the decision threshold; Eb is the 

average signal energy per 1 bit of information; and Esm  
and Esi  are the energies of  the mth and ith signal 
transmissions, respectively; Es  av is  the average energy 
of signal transmissions.

The probabilities p(Jm −Ji > δmi)|m can be calculated 
by  determining the statistical characteristics Ji  of the 
distributions of  random processes and their linear 
combinations—means mmi and variances Dmi [15]:

p I I Q
m
Dm i i m
mi

mi
( ) ,� � � �

�

�
�
�

�

�
�
�

� 1  

	 Q x dtt

x
( ) ,/� �

�

�
1

2

2 2

�
e  � (4)

where Q(x) is the Q-function.
The bit error probability using the Gray code can 

be found from the relation [13]

	 P
P
Meb

es=
log

.

2

 � (5)

The presence of errors in the generation of reference 
signals srefi(t) causes errors in  the calculation 
of correlation integrals (2) and, as a result, an increase 
in error probabilities (3) and (5).

EFFECT OF THE PHASE ERROR IN THE 
REFERENCE OSCILLATION GENERATION UNIT

The phase error srefi(t) of  the reference oscillation 
generation unit is  caused by  additional phase shift ϕ, 

https://www.dvb.org/standards/dvb-s2x
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e.g., due to the nonideality of the characteristics of the 
phase-locked loop system:

s t A r t i Mi i iref av  ( ) cos( ), , .� � � � �� � �0 0 1

Figure 2  presents an  example of  the effect 
of such a shift on  the shape of  the signal constellation 
of a 16-APSK signal.

In this case, the means mmi and variances Dmi 
in expression (4) have the form

m
E
N

r r r r rmi m m i m i m i� � � � � �s av

0

2 2 22 2( cos cos( ) ),� � � �

D
E
N

r r r rmi m i m i m i� � � �
2

2

0

2 2s av ( cos( )).� �

Calculation of  the bit error probability from 
formulas  (3)–(5) for signals 16-APSK and 32-APSK 
gives the following results (Figs. 3 and 4).

It can be seen that, at a small phase shift of ϕ < π/90 (2°), 
the bit error probability decreases insignificantly, but 
with an  increase in  the phase shift, the noise immunity 
noticeably deteriorates, and at ϕ > π/45 = 4°, the Peb value 
can increase by an order of magnitude. Calculations show 
that, for Peb = 10−4 at ϕ = π/36 = 5°, this is equivalent 

to energy losses of about 2.5 and 3.0 dB at М = 16 and 
32, respectively.

A comparison of  the results of  this work with the 
published results  [5, 9] for QAM signals shows that, 
at  the same M, the coherent reception of  signals with 
the square shape of the signal constellation is somewhat 
more resistant to phase errors in  reference oscillations 
than that of  signals with the ring shape of  the signal 
constellation. For example, at  ϕ  = π/60  = 3° and 
Peb = 10−4, the energy losses are 1.0  dB and 1.2  dB, 
respectively.
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Fig. 1. Flowchart of a multichannel coherent receiver of APSK signals
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signal in the presence of phase shift ϕ
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EFFECT OF THE CLOCK OFFSET 
IN THE CLOCK SYNCHRONIZATION UNIT

Errors in  the clock synchronization unit can lead 
to certain clock offset ξ in the clock cycle time Ts, which 
determines the limits of integration in expression (2).

In this case, the convolution integrals

J
A
N

x t r t dti

T

i i� �
�

�
2

0
0

av
s

( ) cos( )

�

�

� �

are calculated at the following parameters of the received 
and reference signals:

s t
A r t t T
A r t t T T

i i

j j
( )

cos( ), ( , ),

cos( ), [ ,
�

� �
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av s

av s s

� � �
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where the subscript j refers to the next channel symbol.

In this case, the means mmi and variances Dmi 
in expression (4) take the form
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Figures 5 and 6 illustrate the dependences of the bit 
error probability at various clock offsets.

One can see that a  large error in  the clock 
synchronization system significantly reduces the noise 
immunity of reception of APSK signals. For example, for 

100

10–2

10–4

10–6

10–8

10–10
4	 6	 8	 10	 12	 14	 16	 18

Eb/N0

P eb

f = 0
f = π/180
f = π/60
f = π/36

(а)

4	 6	 8	 10	 12	 14	 16	 18
Eb/N0

P eb

f = 0
f = π/180
f = π/60
f = π/36

100

10–1

10–2

10–3

10–4

10–5

10–6

10–7

(b)

Fig. 3. Dependence of the bit error probability on the signal-to-noise ratio at phase  
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Peb = 10−4 already at ξ/Ts = 0.05 (or 5%), the equivalent 
energy loss is about 1.5 and 2.0 dB at М = 16 and 32, 
respectively.

A previous similar analysis of QAM signals  [5, 9] 
showed that clock errors have the same effect on  the 
reception quality of QAM and APSK signals.

CONCLUSIONS

From the obtained results, the following conclusions 
can be drawn.

1)	The presence of a phase shift of reference oscillations 
during the coherent reception of APSK signals can 
noticeably deteriorate the noise immunity. At  an 
acceptable energy loss of  no more than 1  dB, the 

critical phase error can be  considered as  around 
2°–3°.

2)	The presence of an error in the clock synchronization 
unit during the coherent reception of APSK signals 
can also significantly reduce the noise immunity. 
At an acceptable energy loss of no more than 1 dB, 
the critical clock error can be considered to be 3–4%.

3)	Although a  coherent receiver of  APSK signals 
is  more sensitive to  phase errors of  reference 
oscillations than a similar receiver of QAM signals, 
clock errors affect the reception quality of  these 
signals in the same way.

Authors’ contribution. All authors equally contributed 
to the research work.
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Abstract
Objectives. Advances in  laser physics over the last decade have led to  the creation of sources of single-period 
electromagnetic pulses having a  duration of  about 1  ps, corresponding to  the terahertz  (THz) frequency range 
and a field amplitude of several tens of MV/cm. This allows the electrode-free application of an electric field to a 
ferroelectric for observing not only the excitation of coherent phonons, but also ultrafast  (at the sub-picosecond 
timescale) dynamic polarization switching. To  detect polarization switching, a  pump-probe technique is  used 
in which a THz  pulse is used with an optical probe. Since its intensity is proportional to the square of the polarization, 
the signal of the optical second harmonic is used to measure polarization switching under the action of a THz  pulse. 
To  evaluate switching efficiency, both linear  (refractive index and absorption coefficient) and non-linear optical 
characteristics (quadratic and cubic susceptibilities) are required. For any application of ferroelectric crystals in the 
THz  range, knowledge of the relevant linear optical characteristics is also necessary.
Methods. The technique of THz  spectroscopy in the time domain was used; here, a picosecond THz pulse transmitted 
through the crystal is recorded by strobing the detector with a femtosecond optical pulse. The THz -induced dynamics 
of  the order parameter in  a ferroelectric was studied by  detecting the intensity of  a nonlinear optical signal at  the 
frequency of the optical second  harmonic.
Results. The transmission of a THz wave and the intensity of second harmonic generation on a lead germanate 
crystal doped with silicon in the time and spectral domains were measured. On this basis, the absorption coefficient 
dispersion and cubic nonlinear susceptibility were calculated in the range of 0.5–2.0 THz. The presence of a region 
of fundamental absorption near the phonon modes was confirmed along with a resonant enhancement of the cubic 
nonlinear susceptibility for two phonon modes Ω1 = 1.3 THz and Ω2 = 2.0 THz. 
Conclusions. The proposed technique is effective for analyzing the dispersion of the optical characteristics of ferroelectric 
crystals. The significantly improved spectral resolution  (0.1  THz) increases the accuracy of  determining nonlinear 
susceptibility due to the detailed analysis of the linear and nonlinear contributions to the second harmonic intensity.

Keywords: terahertz radiation, ferroelectrics, spectroscopy, optical second harmonic generation
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Дисперсия оптических характеристик кристалла 
Si:PbGeO в терагерцовом диапазоне
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Резюме 
Цели. Успехи лазерной физики последнего десятилетия привели к созданию источников однопериодных 
электромагнитных импульсов длительностью порядка 1 пс, что соответствует терагерцовому (ТГц) диапа-
зону частот, с амплитудой поля в несколько десятков МВ/см. Это позволило приложить электрическое поле 
к сегнетоэлектрику без электродов и наблюдать не только возбуждение когерентных фононов, но и сверх-
быстрое, в субпикосекундном масштабе времени, динамическое переключение поляризации. Для обнару-
жения переключения поляризации используется метод накачки-зондирования, где в качестве накачки ис-
пользуется ТГц-импульс, а зонд является оптическим. Мерой переключения поляризации под действием 
ТГц-импульса служит сигнал оптической второй гармоники, поскольку ее интенсивность пропорциональна 
квадрату поляризации. Для оценки эффективности переключения требуются как линейные (показатель пре-
ломления и коэффициент поглощения), так и нелинейные оптические характеристики (квадратичная и кубич-
ная восприимчивости). Знание линейных оптических характеристик необходимо также для любых примене-
ний рассматриваемых кристаллов в ТГц-диапазоне. 
Методы. Использована методика терагерцовой спектроскопии во временно́й области, в которой на веще-
ство направляется пикосекундный ТГц-импульс, а регистрируется ТГц-импульс, прошедший через вещество, 
путем стробирования детектора фемтосекундным оптическим импульсом. Исследование ТГц-индуцирован-
ной динамики параметра порядка в сегнетоэлектрике проводилось путем детектирования интенсивности 
нелинейно-оптического сигнала на частоте второй оптической гармоники.
Результаты. На кристалле германата свинца, легированного кремнием, измерены пропускание ТГц-волны и 
интенсивность генерации второй гармоники во временно́й и спектральной областях, на основании чего рассчи-
таны дисперсия коэффициента поглощения и кубичной нелинейной восприимчивости в диапазоне 0.5–2.0 ТГц. 
Обнаружено наличие области фундаментального поглощения вблизи фононных мод, а также резонансное уси-
ление кубичной нелинейной восприимчивости для двух фононных мод Ω1 = 1.3 ТГц и Ω2 = 2.0 ТГц.
Выводы. Предложенная методика эффективна для анализа дисперсии оптических характеристик сегнето
электрических кристаллов. Существенно улучшено спектральное разрешение, составляющее в данной ра-
боте 0.1 ТГц, а также точность определения нелинейной восприимчивости за счет детального анализа линей-
ного и нелинейного вкладов в интенсивность второй гармоники.

Ключевые слова: терагерцовое излучение, сегнетоэлектрики, спектроскопия, генерация второй оптиче-
ской гармоники

• Submitted:  12.12.2022 • Revised: 14.01.2023 • Accepted: 24.02.2023

For citation: Bilyk V.R., Brekhov K.A., Agranat M.B., Mishina E.D. Dispersion of optical constants of Si:PbGeO crystal 
in the terahertz range. Russ. Technol. J. 2023;11(3):38−45. https://doi.org/10.32362/2500-316X-2023-11-3-38-45

Financial disclosure: The authors have no a financial or property interest in any material or method mentioned.

The authors declare no conflicts of interest.

mailto:brekhov_ka@mail.ru
https://doi.org/10.32362/2500-316X-2023-11-3-38-45


40

Russian Technological Journal. 2023;11(3):38–45

Vladislav R. Bilyk,
et al.

Dispersion of optical constants of Si:PbGeO crystal  
in the terahertz range

INTRODUCTION

Lead germanate crystals (Pb5Ge3O11, PGO) are 
uniaxial ferroelectrics having a Curie temperature 
TC = 450 K [1]. Along with silicon-containing solid 
solutions based on them, these crystals exhibit 
features of spontaneous polarization switching as 
well as pyroelectric and photorefractive effects that 
have a number of potential applications. By changing 
the silicon concentration in the solid solution, the 
Curie point can be controlled in order to transfer the 
main features into the temperature range from room 
temperature to TC, thus significantly expanding the 
potential areas of application of these crystals, including 
as elements of pyroelectric receivers and ferroelectric 
memory devices. While a number of works deal 
with the structure of these materials, as well as their 
dielectric, piezo- and pyroelectric, mechanical, and 
other properties, these have mainly been focused on the 
low-frequency region [2].

The frequency domain of 1–10 THz is of great 
interest for studying ferroelectrics, since it is in this 
domain that phonon modes, including soft phonon mode, 
occur. Until recently, the Raman spectroscopy technique 
has mainly been used to study incoherent processes in 
this domain [3, 4].

Advances in laser physics taking place over the 
last decade have led to the creation of sources of 
single-period electromagnetic pulses with a duration of 
about 1  ps, which corresponds to the terahertz (THz) 
frequency range and a field amplitude of several tens of 
MV/cm. By this means, an electric field can be applied 
to a ferroelectric without electrodes to observe not only 
the excitation of coherent phonons, but also ultrafast 
(at the sub-picosecond timescale) dynamic polarization 
switching. To detect polarization switching, a pump-
probe method is used, in which a THz  pulse is used 
as pump while the probe is either optical or X-ray. The 
theory of coherent oscillation generation in THz  pump-
probe spectroscopy is described in [5].

As well as being used to distinguish between 
linear and nonlinear modes of mode oscillations [6, 7], 
the optical probe is capable of detecting dynamic and 
permanent polarization switching if the latter occurs [8]. 
The measure of polarization switching under the action 

of a THz  pulse serves as the optical second harmonic 
SHsignal, its intensity being proportional to the square of 
polarization. Both linear (refractive index and absorption 
coefficient) and nonlinear optical characteristics 
(quadratic and cubic susceptibilities) are required for 
evaluating switching efficiency. For any applications of 
the crystals under consideration in the THz  range, it is 
necessary to obtain information concerning their linear 
optical characteristics.

THz time domain spectroscopy (THz-TDS), in 
which the passage of a picosecond THz pulse through 
the substance is registered by gating the detector with a 
femtosecond optical pulse, is applicable for determining 
both linear and nonlinear optical constants. Since the 
generation and detection schemes are sensitive to the 
effect of the sample on both the amplitude and the 
phase of the registered THz radiation, it can be used 
to obtain both real and imaginary parts of optical 
constants.

The THz-TDS technique is widely used to determine 
the dispersion of optical constants, especially in organic 
materials (see review [9]). While certain successes have 
also been achieved in the study of phonon modes of 
ferroelectric crystals [10, 11], the results obtained by the 
majority of studies are based on low-power THz sources 
with standard parameters providing so-called broadband 
spectroscopy, where the generated spectrum region 
when pumped by a picosecond pulse is 0.5–2 THz 
with a center in the 1 THz region. However, in many 
ferroelectric materials, the phonon spectrum—including 
the most interesting soft mode—lies in the region above 
1.5 THz. 

In this connection, PGO  represents a truly unique 
material, its pronounced ferroelectric properties 
occurring at a relatively high phase transition 
temperature (about 450 K) with a soft-mode frequency 
close to 1 THz; thus, there is a fairly wide range of 
phonon modes falling within the operating range of 
desktop installations. Results of a previous study [12] 
into PGO crystal using broadband spectroscopy with 
spectral resolution of 0.25 THz include a determination 
of the spectral dependencies of the electrically-induced 
optical SH.

In the present paper, narrow-band THz spectroscopy 
is used for the first time to determine the absorption 
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coefficient and nonlinear (cubic) susceptibility of a 
silicon-doped PGO crystal. The accuracy of nonlinear 
susceptibility determination is substantially improved by 
carrying out a detailed analysis of linear and nonlinear 
contributions to the SH intensity obtained at a spectral 
resolution of 0.1 THz.

EXPERIMENT

The silicon-doped PGO crystal Pb5(Ge0.74Si0.26)3O11 
(made and provided by A.A. Bush, MIREA – 
Russian Technological University, Russia) is used 
for experimental studies. At this stoichiometric 
composition, the Curie temperature decreases to 346 K, 
as compared to the undoped crystal [2]. The thickness of 
the crystal under study is ~1.1 mm. The crystallographic 
orientation of the surface is (100); at this orientation, 
the polarization vector is aligned in the surface plane. 
The phonon spectrum of the crystal under study allows 
exciting effectively several frequencies of crystal lattice 
vibrations lying in the range of exciting THz radiation 
including the soft phonon mode frequency [13].

The narrow-band THz pulses generated using 
the Cr:forsterite laser system described in [12] have a 
wavelength of 1240 nm, pulse repetition rate of 10 Hz, 
and duration of 100 fs. The organic crystal OH1 serves 
as the generator of THz pulses [14].

For generating narrow-band THz pulses, the amplified 
laser pulse is divided into two, each passing through one 
of the arms of the Mach–Zehnder type interferometer. 
By varying the delay between these pulses before their 
subsequent compression in the compressor, beating 

optical pulses can be generated at a given frequency. The 
resulting frequency-modulated optical chirp irradiates the 
OH1 crystal to generate narrowband THz radiation [15]. 
The broadband pulse energy of 90 μJ is sufficient to 
generate narrowband radiation having a spectral width 
of ~200 GHz. According to measurements of the electric 
field strength profile using the THz-TDS method, such 
pulses, which comprise ~5  periods, have a duration of 
about 5 ps. The energy of the THz wave as measured by 
the Golay cell averages 4 μJ.

The THz-induced dynamics of the order parameter 
in the ferroelectric is studied by detecting the 
nonlinear optical signal intensity at the optical SH 
frequency [12].

Figure 1 depicts the typical time and spectral shapes 
of the incident THz wave, the THz wave passed through 
the sample, and the optical SH wave induced by the 
electric field of the THz pulse.

The energy of the incident wave changes (to a 
maximum at the frequency of 1.2 THz) when its frequency 
is changed. In the time shape (Fig. 1a), only the period 
changes, while the character of the dependence remains 
approximately the same for all frequencies in the range 
of 0.5–2.2 THz. For 0.9 THz, the pulse duration is ~8 ps. 
When trying to further increase the frequency, the signal 
becomes indistinguishable from noise. In the frequency 
domain (Fig. 1b), the pulse frequency shifts, its half-
width changing weakly in the range of 0.25–0.3 THz 
(which corresponds to the observed pulse duration).

The crystal transforms the incident pulse 
significantly. The amplitude of the passed wave decreases 
sharply (at the incident wave frequency of 0.9  THz, 

Fig. 1. For the 0.9 THz frequency, time (left) and spectral (right) dependencies of the incident THz wave (a), (b);  
of the THz wave passed through the sample (c), (d); of the optical SH wave induced by the electric field of THz pulse 
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the field amplitude is reduced by 30 times). Within 
the time dependence, the periodic function resembling 
the incident pulse is shifted by half of the pulse at 
its beginning while the aperiodic signal dominates. 
Accordingly, the frequency of 0.7 THz, i.e., decreased 
in comparison with the incident field frequency, appears 
in the spectrum of the passed THz pulse. In addition, 
the low-frequency component of 0.25 THz appears. It 
should be noted that 0.9 THz is the frequency of a sharp 
change in the transmittance character of THz radiation. 
At lower frequencies, a higher-frequency maximum 
dominates, its frequency approaching that of the incident 
wave. At higher frequencies, the pulse amplitude drops 
sharply, and only a low-frequency peak remains in the 
transmitted radiation. This corresponds to the absorption 
boundary found in broadband THz radiation in [12].

While the intensity of the SH looks like the incident 
pulse in the time domain, the two frequencies appearing 
in the frequency domain are those of the incident wave 
and its upper octave. This corresponds to quadratic 
dependence of the SH intensity on external field (on 
polarization in ferroelectrics) in the presence of the 
significant inactive by field contribution (non-switching 
polarization in ferroelectrics).

The SH intensity in the THz field can be represented 
as the decomposition either by the THz field EΩ in the 
case of a non-ferroelectric crystal, as follows:

	 I E E I2 2 3 2 2� �� �( ) ( ) ( ) ,( ) ( )
� �� � E � (1)

or by polarization P(EΩ) in the case of ferroelectric 
crystal, as follows:

	 I P E P P E I2
0

3 2 2� ��( ( )) ( ( )) ( ) ,
( )

� �� � P � (2)

where χ(2)(2ω, ω, ω) �  is crystallographic quadratic 
susceptibility; � � � �E

( )
( , , , )

3
2 �  is cubic susceptibility.

Obviously, relations (1) and (2) are identical in the 
case of linear dependence of P(EΩ), for example, in weak 
fields. In general, the dependencies of the SH intensity 
on the THz field should be studied for distinguishing (1) 
and (2). 

When decomposing the square of sum, two field-
dependent terms that are linear I2 and quadratic I3 
appear, as follows: 

	 I E2
2 3� � �( ) ( )

,E � � (3a)

	 I E3
3 2 2� ( ) ( ) .

( )�E � � (3b)

It is these in the Fourier decomposition that give, 
respectively, the signals at the fundamental Ω and 
doubled 2Ω frequencies of the incident wave. 
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Fig. 2. Dispersion of the absorption coefficient and 
nonlinear susceptibility of PGO crystal

The dispersion dependencies of the absorption 
coefficient and nonlinear susceptibility of PGO crystal 
are shown in Fig. 2. The absorption coefficient (Fig. 2a) 
grows significantly up to the frequency of 0.7 THz where 
the accuracy of its determination does not exceed 5%. This 
is close to the value obtained earlier using the broadband 
THz spectroscopy technique. At higher frequencies, the 
error increases significantly. This is due to the fact that 
in narrow-band sensing the spectral lines of radiation are 
significantly deformed as they pass through the crystal 
(Fig. 1d). Finding the ratio of spectral amplitudes of the 
transmitted and incident radiation beyond the FWHM (full 
width at half maximum is pulse duration at half amplitude 
level) of the incident wave results in “division by 0”, or 
rather, by the noise signal. Similarly, beyond the FWHM 
of the passed wave, the division of the noise signal by a 
non-zero spectral amplitude occurs in the region of the 
incident wave spectral amplitude maximum. It is also 
possible to find spectral regions where both signals are 
noisy. At frequencies above 1.4 THz, the signal does not 
stand out against the noise.

The nonlinear susceptibility is calculated on the basis 
of spectral dependencies of the SH intensity (Fig. 1g) for 
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maxima at fundamental frequency by formula (3a) and at 
the doubled frequency by formula (3b). The result is 
shown in Fig. 2b. The dependencies are normalized to the 
maximum nonlinear susceptibility. It should be noted 
that the dependencies χ χ( ) ( )2 3

E and χE
( )3 practically 

coincide. This implies the absence of spectral features in 
the THz range in the crystallographic susceptibility χ(2), 
which corresponds to the nature of this susceptibility 
being the electronic type susceptibility. Thus, χ(2) is 
simply a constant in the problem.

Cubic susceptibility χE
( )3  clearly shows two maxima 

at Ω1 = 1.3 THz and Ω2 = 2 THz. While it has not yet 
been possible to measure the second maximum in more 
detail, attention is drawn to the measurement error at this 
point. The observed maxima correspond to the phonon 
modes of PGO crystal.

The studies show that in the case of THz spectroscopy 
in the area of phonon resonances, the generation technique 
of the SH induced by the narrow-band THz field is more 
informative compared to the commonly used TDS 
technique due to its significantly higher spectral resolution. 
This is due to the presence of the resonance denominator at 
the frequencies of the phonon modes 
� �E

( )
( )

3
0

1� � � �� � �i  in the expression for the cubic 
nonlinear susceptibility [16]. In addition, the distortion of 
the spectrum in propagation of the THz wave does not play 
a significant role, since the resonance itself “selects” the 
frequencies at which the resonance amplification occurs.

CONCLUSIONS

The presented investigation of the spectral 
characteristics of the absorption coefficient and 

nonlinear susceptibility based on the techniques of 
TDS and THz induced electric field generation of the 
optical SH demonstrates the presence of the region of 
fundamental absorption near phonon modes, as well 
as the resonance amplification of the cubic nonlinear 
susceptibility for two phonon modes Ω1 = 1.3 THz and 
Ω2 = 2 THz. The results are consistent with both earlier 
results from broadband TDS spectroscopy (absorption 
coefficient) and the results of Raman spectroscopy to 
determine the phonon mode frequencies. The spectral 
dependence of the cubic nonlinear susceptibility in the 
THz range is obtained for the first time. The results are 
important for understanding the physics of interaction 
processes of THz radiation with ferroelectric crystals. 
The obtained values of the absorption coefficient 
can be used for developing THz devices on PGO  
crystals.
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Abstract
Objectives. The basic element of a field-programmable gate array is a lookup table (LUT). While in canonical normal 
form LUTs generally implement only one logical function for a  given configuration, in  this case, there is  always 
an  inactive pass transistor element. Moreover, using a  single LUT for a  single function reduces system-on-a-
chip (SoC) scalability. Therefore, the purpose of the present work is to develop a LUT structure for implementing 
several logic functions simultaneously on inactive transmitting transistors.
Methods. The evolution of LUT structure is presented for three variables, in which the number of simultaneously 
implemented functions increases. To  implement additional functions, the logical device was decomposed with 
a different number of variables. The structures were modeled in the Multisim electrical simulation system.
Results. The presented simulation of  more than two logic functions on  inactive parts of  the LUT shows the 
simultaneous operation of  two and four logic functions. The complexity for a  different number of  variables and 
number of implemented functions is compared.
Conclusions. The simulation results demonstrate the operability of LUT structures in which several logical functions 
are performed. Thus, when implementing additional functions in the new structure, a smaller number of transmitting 
transistors is  required as  compared to  a  conventional LUT, thus increasing device functionality. The presented 
solution can be used to increase the number of simultaneously implemented functions of the same variables, which 
can be important e.g., when implementing code transformations.

Keywords: field-programmable gate array, LUT, transmitting transistors, truth table, logic function

• Submitted:  06.12.2022 • Revised: 13.01.2023 • Accepted: 22.02.2023

For citation: Sovetov S.I., Tyurin S.F. Method for synthesizing a  logic element that implements several functions 
simultaneously. Russ. Technol. J. 2023;11(3):46−55. https://doi.org/10.32362/2500-316X-2023-11-3-46-55

Financial disclosure: The authors have no a financial or property interest in any material or method mentioned.

The authors declare no conflicts of interest.

https://doi.org/10.32362/2500-316X-2023-11-3-46-55
mailto:fizikoz@gmail.com
https://doi.org/10.32362/2500-316X-2023-11-3-46-55


47

Russian Technological Journal. 2023;11(3):46–55

Stanislav I. Sovetov,  
Sergey F. Tyurin

Method for synthesizing a logic element  
that implements several functions simultaneously

НАУЧНАЯ СТАТЬЯ

Метод синтеза логического элемента,  
реализующего несколько функций одновременно

С.И. Советов 1, @,  
С.Ф. Тюрин 1, 2

1 Пермский национальный исследовательский политехнический университет, Пермь, 614990 Россия
2 Пермский государственный национальный исследовательский университет, Пермь, 614068 Россия
@ Автор для переписки, e-mail: fizikoz@gmail.com

Резюме 
Цель. Базовый элемент программируемой логической интегральной схемы (ПЛИС) реализует логические 
функции с помощью таблиц истинности (LUT). Строение обычных LUT позволяет реализовывать только одну 
логическую функцию нескольких переменных в  совершенной дизъюнктивной нормальной форме  (СДНФ). 
При этом всегда остается часть неактивных передающих транзисторов. Использование одной LUT для од-
ной функции усложняет масштабирование архитектуры на кристалле (SoC). Целью данной работы является 
разработка структуры LUT для реализации нескольких логических функций одновременно на неактивных пе-
редающих транзисторах.
Методы. Приведена эволюция структуры LUT для трех переменных, в  которой увеличивается количество 
одновременно реализуемых функций. Для реализации дополнительных функций выполнена декомпозиция 
логического устройства с различным количеством переменных. Проведено моделирование структур в си-
стеме электротехнического моделирования Multisim.
Результаты. Продемонстрировано моделирование более двух логических функций на  неактивных частях 
LUT, при котором отображена одновременная работа двух и четырех логических функций. Приведено срав-
нение сложности для разного количества переменных и количества реализованных функций.
Выводы. Результаты моделирования демонстрируют работоспособность структур LUT, в  которых выпол-
няется несколько логических функций. Таким образом, при реализации дополнительных функций в  новой 
структуре требуется меньшее количество передающих транзисторов по сравнению с обычным LUT, что уве-
личивает функциональность устройства. Новое решение позволяет увеличить число одновременно реализу-
емых функций одних и тех же переменных, что важно при реализации, например, кодовых преобразований.

Ключевые слова: ПЛИС, LUT, передающие транзисторы, таблица истинности, логическая функция
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INTRODUCTION

Field-programmable gate arrays  (FPGAs), where 
a  configurable logic unit is  used as  a basic element, 
are currently common in electronic devices. The basic 
element of this block comprises a lookup table (LUT), 

which implements some logical function. Modern 
LUTs are configurable multiplexers for realization 
of  logic functions with 2n inputs and one output for 
n variables [1, 2]. The use of existing LUTs for n variables 
requires memory cells and 2n+1 − 2  transistors; in  this 
case, only one logic function is  realized. Although, 
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the same number of  LUTs must be  used when 
implementing n  logic functions simultaneously, when 
using a  single function in  an LUT, the second half 
of the tree of transistors in the number of 2n−1 remains 
inactive  [3,  4]. In  previous works, the simultaneous 
implementation of  two logic functions on  one tree 
of transmitting transistors was proposed [5–7].

The 3-LUT tree shown in  Fig. 1  consists of  three 
NMOS  (N-type metal-oxide-semiconductor) cascades 
of  pass transistors1  [8, 9]. For any of  the eight values 
on  the static random-access memory  (SRAM) inputs, 
only one chain of passing transistors is enabled, while, 
on the remaining passing transistors, at least one chain 
is completely inactive.

d0

d1

d2

d3

d4

d5

d6

d7

x1	 x2	 x3

zout

Cascade  1	 Cascade  2	 Cascade  3

Fig. 1. Tree of LUT of the table of three variables

The 3-LUT logic function can be  represented 
linearly as follows:

	

z x x x d d x x x d x x x
d x x x d x x x d x x
( )3 2 1 0 3 2 1 1 3 2 1

2 3 2 1 3 3 2 1 4 3

� � � � �

� � � � � � 22 1

5 3 2 1 6 3 2 1 7 3 2 1

x
d x x x d x x x d x x x

�

� � � � � � ,

� (1)

where d0, d1, d2, d3, d4, d5, d6, d7 are configuration data 
of the three variables function z(x3x2x1). By combining 
d0, d1, d2, d3, d4, d5, d6, d7, we can get 28 functions.

In minterm canonical form  (MCF) or  canonical 
disjunctive normal form (CDNF), all LUTs of n variables 
perform a single logical function of n arguments [10, 11]. 

1  Intel® FPGAs and SoC FPGAs. https://www.intel.in/
content/www/in/en/products/details/fpga/cyclone.html. Accessed 
November 17, 2022.

At the same time, another logical function of the same 
arguments can be activated on each inactive chain, e.g., 
summation or  carry functions. By  combining these 
chains in OR, we can get a  logic element with several 
outputs.

In the present work, an improved array is proposed 
that uses the inactive branches of  the transmitting 
transistor tree. By  introducing additional LUTs of  two 
variables at  stage 2, it  is possible to  use additional 
functions on inactive tree circuits.

This novel solution allows the number 
of  simultaneously realized functions of  the same 
variables to  be increased; this can important when 
implementing code conversions.

SYNTHESIS OF A MULTIFUNCTIONAL 
LOGIC ELEMENT

In order to  implement both functions, a  single 
variable LUT was added to  the array. This consists 
of  an output inverter and two transmitting transistors, 
whose outputs are combined and connected to  the 
inverter. LUT inputs of  the single variable transistors 
are connected to  the outputs of  the second cascade 
of transmitting transistors. Two transmitting transistors 
each are added to the input setting inverters; these are 
controlled by  the senior variable, whose outputs are 
combined and connected to  the inverter. This results 
in a three-variable LUT circuit with two simultaneous 
functions (Fig. 2). 

Cascade  1   Cascade  2    Cascade  3

x1	 x2	 x3d2.0

d2.1

d2.2

d2.3

d2.4

d2.5

d2.6

d2.7

d1.0

d1.1

d1.2

d1.3

d1.4

d1.5

d1.6

d1.7

z1

z2

Fig. 2. Tree of three-variable LUT performing two 
functions simultaneously
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To implement two functions, we  decompose 
a logical device by a higher variable (x3):

First function: 

	

z x x x d

x d x x d x x

d x x d x x

1 3 2 1

3 1 0 2 1 1 1 2 1

1 2 2 1 1 3 2 1

( )

. .

. .

�

� � � � ���
� � � � ��� �

� � � � ���
� � � � ��

x d x x d x x

d x x d x x
3 1 4 2 1 1 5 2 1

1 6 2 1 1 7 2 1

. .

. . .

� (2)

Second function: 

	

z x x x d

x d x x d x x

d x x d

2 3 2 1

3 2 4 0 2 1 2 5 1 2 1

2 6 2 2 1

( )

. ( ) . ( )

. ( )

�

� � � ��
� �

� � � 22 7 3 2 1

3 2 0 4 2 1 2 1 5 2 1

2 2 6 2

. ( )

. ( ) . ( )

. ( )

� �
� �

� � � ��
� �

� �

x x

x d x x d x x

d x x11 2 3 7 2 1� � �
�d x x. ( ) ,

� (3)

where di, j; i = 1, 2(2v); j = 1, 2, 3, 4, …, 23(2n), v is the 
number of implemented functions.

The setting constant is specified in the format di, j(k), 
where k  defines the number of  the function set and 
j is the number of the input used to connect it. In our case 

k is obtained from j by inverting the older variable. Thus, 
the top half of  the SRAM is swapped with the bottom 
half to use the inactive part of the pass transistors. As a 
result, two chains from SRAM to output inverters in this 
LUT configuration of three variables are active, i.e., two 
functions are implemented simultaneously.

To further increase the number of  simultaneously 
executed functions on  the LUT of  three variables 
an  additional LUT tree of  two variables for each 
function is introduced, whose inputs are connected to the 
outputs of the transmitting transistors of the first stage. 
Additionally, a cascade of transmitting tuning transistors 
controlled by the second variable (x2) is introduced. The 
outputs of  the transistors are combined and connected 
to  the inputs of  the first transmitting tuning transistor 
stage. The general schematic of  a four-function LUT 
of three variables is shown in Fig. 3.

To implement four functions, we  decompose the 
logical unit into a  higher variable  (x3) and a  second 
variable (x2):

First function:

	

z x x x d x x d x d x

x x d x d x
1 3 2 1 3 2 1 0 1 1 1 1

3 2 1 2 1 1 3 1

( ) . .

. .

� � � ��� �� �

� � � ��� ��� �

� � � ��� �� �

� � � ��� ��

x x d x d x

x x d x d x
3 2 1 4 1 1 5 1

3 2 1 6 1 1 7 1

. .

. . .

� (4)

Fig. 3. Tree of three-variable LUT performing four functions simultaneously

d4.0

d5.0
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Second function:

	

z x x x d

x x d x d x

x x d x

2 3 2 1

3 2 2 2 0 1 2 3 1 1

3 2 2 4 2 1

( )

. ( ) . ( )

. ( )

�

� � � ��
�

�
� �

� � �� ��
�

�
� �

� � � ��
�

�
� �

�

d x

x x d x d x

x x d

2 5 3 1

3 2 2 6 4 1 2 7 5 1

3 2 2 0

. ( )

. ( ) . ( )

. (66 1 2 1 7 1) . ( ) .� � ��
�

�
�x d x

� (5)

Third function:

	

z x x x d

x x d x d x

x x d x

3 3 2 1

3 2 3 4 0 1 3 5 1 1

3 2 3 6 2 1

( )

. ( ) . ( )

. ( )

�

� � � ��
�

�
� �

� � �� ��
�

�
� �

� � � ��
�

�
� �

�

d x

x x d x d x

x x d

3 7 3 1

3 2 3 0 4 1 3 1 5 1

3 2 3 2

. ( )

. ( ) . ( )

. (66 1 3 3 7 1) . ( ) .� � ��
�

�
�x d x
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Fourth function:

	

z x x x d

x x d x d x

x x d x
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3 2 4 6 0 1 4 7 1 1
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�

�
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�
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x x d
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3 2 4 4
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. (66 1 4 5 7 1) . ( ) .� � ��
�

�
�x d x

� (7)

The configuration levels derived from the 
decomposition of the four functions: exclusive OR (z1), 
majority (z2), disjunction (z3), and conjunction (z4) are 
shown in Table.

LUT SIMLATION

Simulation of  a three-variable multifunction LUT 
was performed in  the National Instruments Multisim2 
dynamic simulation system. For the NMOS transistors, 
the BSIM 4.8.03, 4 transistor model was used. The 
schematic of  the inverter implemented on  two field-
effect transistors is shown in Fig. 4.

VDD

In

Q41

Q42
Out

Fig. 4. Field-effect transistor inverter diagram 
(In the diagrams that follow, the designations adopted 

in the GOST 2.710-815 standard are used.)

First of  all, we  consider the general diagram 
of implementation of LUT for two functions (exclusive 
OR, majority) as shown in Fig. 5.

2  https://www.multisim.com/. Accessed November 17, 2022.
3  Microwind & Dsch Version 3.5. https://www.yumpu.com/

en/document/view/40386405/microwind-manual-lite-v35pdf-
moodle. Accessed November 17, 2022.

4  Mead C.A., Conway L. Introduction to  VLSI Systems. 
Reading, MA, Addison-Wesley Publishing Co.;1980. 426 p. https://
www.researchgate.net/publication/234388249_Introduction_to_
VLSI_systems. Accessed November 17, 2022.

5  GOST 2.710-81. Unified system for design documentation. 
Alpha-numerical designations in  electrical diagrams. Moscow: 
Standartinform; 2008 (in Russ.).

Table. Setting the logical levels of SRAM cells for a LUT of three variables performing four functions

No. of input Configuration for z1 Configuration for z2 Configuration for z3 Configuration for z4

1 0 0 1 0

2 1 1 1 1

3 1 0 1 0

4 0 0 1 0

5 1 1 0 0

6 0 1 1 0

7 0 0 1 0

8 1 1 1 0

https://www.multisim.com/
https://www.yumpu.com/en/document/view/40386405/microwind-manual-lite-v35pdf-moodle
https://www.yumpu.com/en/document/view/40386405/microwind-manual-lite-v35pdf-moodle
https://www.yumpu.com/en/document/view/40386405/microwind-manual-lite-v35pdf-moodle
https://www.researchgate.net/publication/234388249_Introduction_to_VLSI_systems
https://www.researchgate.net/publication/234388249_Introduction_to_VLSI_systems
https://www.researchgate.net/publication/234388249_Introduction_to_VLSI_systems
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A modified three-variable LUT scheme for 
performing four functions simultaneously  (exclusive 
OR, majority, disjunction, and conjunction) is  shown 
in Fig. 6 (see p. 52). 

The input setting signal of  the SRAM cells was 
set with the dynamic switches according to  Table. 
The high voltage level  (VDD 5V) corresponds to  the 
logical variant, while the low voltage level  (GND 0V) 
corresponds to logical zero.

The variable signals were set using the Word 
Generator, in  which a  three-bit Gray code is 
set (Fig. 7). Since the Word Generator has a frequency 
of 1 kHz, it requires 8 ms to completely pass the given 
Gray code.

Function outputs are connected to the oscilloscope.
The results of  the simulation of  two and four 

functions are shown in Figs. 8 and 9 respectively.

The upper oscillogram corresponds to the “exclusive 
OR” function  (z1). The lower oscillogram corresponds 
to the majority function (z2). Each time division of the 
oscilloscope corresponds to  one combination of  the 
Gray code.

In contrast to the basic three-variable LUT diagram, 
which uses only one half of the transmitting transistors, 
the proposed new circuit additionally uses the inactive 
part at 2n−1 high order variables.

Complexity in  terms of  the number of  LUT 
transistors depending on the number of variables n, n ∈ N  
is calculated as follows: 

L n

n

n n

n n

n n n

1

1

2 1 1

2 2 2 2 2 2 2 2

2 2 2 2 3 2 2

( )

( ) ( )

�

� � � � � � � � �

� � � � � � � �

�

� � � 22.

Fig. 5. Diagram of the three-variable LUT performing two functions simultaneously
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Fig. 6. Diagram of the three-variable LUT performing four functions simultaneously

Fig. 7. Gray code in Word Generator

Fig. 8. Oscillogram of two functions of three-variable LUT
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Fig. 9. Oscillogram of four functions  
of three-variable LUT

To calculate 2v functions in  the proposed scheme 
we obtain the complexity: 

L v n

n
v

v n n

v v v

v

( , )

( )

( )( ) ( )

�

� � � � � � �

� � � � � �

�

� �

�

2 2 2 2 2 2

2 2 2 1 2 2 1

2

1 1

1

�� � �� � � � � �1 1 12 2 2 2 2 1n n v vn ( ).

Thus, for example, implementing four logic 
functions (v = 2) of the same variables (n = 4) requires 
two LUTs for a  total use of  212  transistors, while, 
in  the proposed LUT design, which implements all 
four functions, the number of  required transistors 
is 192. 

The complexity diagrams representing the usual LUT 
Lv1(v) and the multifunctional LUT Lv(v) implementing 
v logic functions with the number of variables n = 8 are 
shown in Fig. 10.

2.75 · 104

2.475 · 104

2.2 · 104

1.925 · 104

1.65 · 104

1.375 · 104

1.1 · 104

8.25 · 103

5.5 · 103

2.75 · 103

02	 3	 4	 5
v

Lv(v)

Lv1(v)

Fig. 10. Comparison of the complexity 
of a conventional LUT and a multifunctional LUT

As can be  seen from the diagram, there is  a 
complexity benefit in terms of the number of transistors 
for a multifunctional LUT in relation to the corresponding 
number for conventional LUTs.

CONCLUSIONS

Thus, the possibility of simultaneous implementation 
of 2n−1  logic functions on  inactive parts of  the circuits 
of  the transmitting transistors in  the FPGA, which 
increases the functionality of the device, is demonstrated. 
In order to implement the same number of logic functions, 
2n−2 LUTs are required. Despite the additional cost, there 
is  a benefit in  terms of  complexity as  compared to  the 
number of required transistors.
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Abstract
Objectives. The wear monitoring of metal structural elements of power plants—in particular, pipelines of nuclear 
power plants—is an essential means of ensuring safety during their operation. Monitoring the state of the pipeline 
by direct inspection requires a considerable amount of labor, as well as, in some cases, the suspension of power 
plant operation. In order to reduce costs during monitoring measures, it is proposed to use mathematical modeling. 
This work aimes to develop a mathematical model of a diagnostic system for assessing the probability of detection 
of defects by solving inverse problems.
Methods. A binomial model for assessing the reliability of monitoring, comprising the Berens–Hovey parametric 
model of the probability of detection of defects and a parametric model based on studying test samples, was analyzed. 
As  an alternative to  this binomial model, a  computational method for assessing the reliability of  non-destructive 
testing systems by solving an inverse problem was proposed. To determine the parameters of the defect detection 
probability curve, the model uses data obtained by  various monitoring teams over a  long period of  power plant 
operation. To serve as initial data, the defect distribution density over one or more of the following characteristics 
can be used: depth, length, and/or cross-sectional area of  the defect. Using the proposed mathematical model, 
a series of test calculations was performed based on nine combinations of  initial data. The combinations differed 
in the confidence coefficient of the initial monitoring system, the parameters of the distribution of defects, and the 
sensitivity of the monitoring system.
Results. The calculation data were used to  construct curves of  the probability density of  detected defects 
as a function of the defect size, recover the values of the defect distribution parameters under various test conditions, 
and estimate the error of recovering the parameters. The degree of imperfection of the system was estimated using 
the curve of the detection probability of a defect by a certain monitoring system.
Conclusions. Under constraints on the data sample size, the proposed methodology allows the metal monitoring 
results to  be applied with greater confidence than currently used methods at  the same time as  evaluating the 
efficiency of monitoring carried out by individual test teams or laboratories. In future, this can be used to form the 
basis of a recommendation of the involvement of a particular team to perform diagnostic work.

Keywords: non-destructive testing, reliability of power plants, mathematical modeling, statistical analysis, inverse 
problems
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Статистическая модель оценки  
надежности систем неразрушающего контроля  

на основе решения обратных задач
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Резюме 
Цели. Контроль износа конструктивных элементов энергоустановок, в  частности трубопроводов атомных 
электростанций, является неотъемлемым компонентом обеспечения безопасности при их  эксплуатации. 
Контроль путем непосредственного обследования состояния трубопровода требует, во-первых, достаточно 
больших трудозатрат, во-вторых, в некоторых случаях, временной остановки работы. Поэтому при проведе-
нии контрольных мероприятий предлагается использовать математическое моделирование. Цель статьи – 
разработка математической модели системы диагностики для оценки вероятности обнаружения дефектов 
на основе решения обратных задач. 
Методы. Анализируются биномиальная модель оценки надежности контроля, параметрическая модель 
Беренса и  Хови вероятности обнаружения дефектов, параметрическая модель на  основе исследования 
тест-образцов. В качестве альтернативы данным моделям предлагается расчетный метод оценки надежно-
сти систем неразрушающего контроля на основе решения обратной задачи. Для определения параметров 
кривой вероятности обнаружения дефектов модель использует данные, полученные различными контро-
лирующими бригадами за длительный период эксплуатации энергоустановки. В качестве исходных данных 
можно использовать плотности распределения дефектов по одной или нескольким из следующих характе-
ристик: глубине, длине, площади сечения дефекта. С помощью предлагаемой математической модели вы-
полнен набор тестовых расчетов на основе девяти комбинаций исходных данных. Комбинации отличаются 
между собой коэффициентом достоверности исходной системы контроля, параметром распределения де-
фектов, чувствительностью системы контроля.
Результаты. По итогам проведенных расчетов построены кривые плотности вероятности обнаруженных де-
фектов в зависимости от размера дефекта, определены восстановленные значения параметров распреде-
ления дефектов при различных условиях испытаний, сделана оценка погрешности восстановления параме-
тров. Для оценки степени несовершенства системы используется кривая вероятности обнаружения дефекта 
конкретной системой контроля.
Выводы. С учетом ограничений, связанных с размером выборки, предлагаемая методика, во-первых, по-
зволяет применять результаты, полученные по контролю металла, с большей уверенностью, чем методики, 
используемые в настоящее время, во-вторых, оценивать эффективность контроля, проводимого отдельны-
ми бригадами испытателей либо лабораториями. В перспективе это позволит рекомендовать или не реко-
мендовать привлечение той или иной бригады к выполнению диагностических работ.

Ключевые слова: неразрушающий контроль, надежность энергетических установок, математическое мо-
делирование, статистический анализ, обратные задачи
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INTRODUCTION

One of  the most important issues in  the operation 
of  large power plants is  ensuring the safety of  their 
use. In  order to  solve this problem, it  is necessary 
to ensure the integrity of the structures of nuclear power 
plants, including equipment and piping, over the entire 
working life of  the power plant1. Regardless of  the 
types of nuclear power plants and operating conditions, 
damage to  the structural elements of  nuclear power 
plants (including cracks) is detected almost every year. 
The problem can be  described in  terms of  insufficient 
knowledge of damage models and mechanisms, which 
corresponds to the impossibility of solving this problem 
at the design stage.

One approach to  solving this problem is  to create 
a  system for maintaining a  given level of  reliability 
by  carrying out periodic diagnostics of  the technical 
state of the most critical objects of the operated power 
plant, i.e., the organization and performance of  works 
for non-destructive testing of  metal of  equipment and 
piping. Based on the current state of the tested objects, 
the future situation can be predicted and a decision taken 
to  terminate or  continue the further operation of  the 
objects.

1. STATISTICAL MODELS FOR ASSESSING  
THE RELIABILITY OF NON-DESTRUCTIVE 

TESTING SYSTEMS

In order to assess the current state of the objects 
being tested, it is necessary to measure the reliability 
of  non-destructive testing. In  order to  obtain such 
a  metric, the probability-of-detection  (PoD) curve 
is used [1, 2] to describe the defect size distribution 
of  the defect detection probability. In  practice, this 
curve can depend on  many factors, including the 
capabilities of the method and monitoring equipment 
at  a selected sensitivity, the location and geometry 
of  the defect, and the properties of  the material. 

1  Requirements for equipment and piping time management 
in  nuclear power plants. Basic provisions  (NP-096-15). http://
www.cntr-nrs.gosnadzor.ru/about/AKTS/НП-096-15.pdf. 
Accessed December 15, 2022 (in Russ.).

Human factors are also taken into account, among 
which are staff fatigue, stressful situations, and 
difficult inspection conditions.

For constructing the PoD curve, the monitoring 
results are used as  experimental data. These can 
be obtained using systems similar to those described 
in the literature [3–5] and materials of the American 
Society for Nondestructive Testing2. The monitoring 
system used in  this case can be  used to  detect both 
real defects formed during the operation of equipment 
and piping of  a power plant, and artificially created 
defects with specified dimensions. Artificially created 
defects3 should have the same features as real defects. 
The most suitable are samples of  real objects with 
real cracks formed during operation. The types 
of  fracture—ductile and brittle—are also taken into 
account [6].

In general, the assessment test methodology 
only provides qualitative conclusions about the 
ability of  the non-destructive testing system to detect 
defects. Most works give results only for the averaged 
PoD curves obtained by  testing the same object 
by  different laboratories. An  example is  the results 
of  interlaboratory comparative non-destructive tests 
that were conducted in 2018–2019 by nuclear industry 
organizations4. Data obtained by nine laboratories was 
not suitable for use in the construction of PoD curves 
for individual laboratories due to  the small number 
of measurements for a single defect size. In this case, 
an averaged PoD curve was drawn based on the results 

2  Bouis J. NDT to  evaluate crevice corrosion initiation 
sites in alloy pipe and tubing. The NDT Technician. 2022;21(1). 
https://blog.asnt.org/ndt-to-evaluate-crevice-corrosion- 
initiation-sites-in-alloy-pipe-and-tubing/. Accessed December  15,  
2022.

3  Kanzler D., Müller C., Pitkänen J., Ewert U. Bayesian 
approach for the evaluation of  the reliability of non-destructive 
testing methods: combination of  data from artificial and real 
defects. Proceedings: 18th World Conference on Nondestructive 
Testing WCNDT. Special Issue. e-Journal of  Nondestructive 
Testing  (eJNDT). 2012;17(7). http://www.ndt.net/?id=12748. 
Accessed December 15, 2022.

4  Analytical report No. 532/789-2019  “On conducting 
interlaboratory comparative non-destructive tests in organizations 
of the nuclear industry under the program P.MSI.NKSS-533/009-
2018,” Part 2. Moscow: ROSATOM, VNIINM; 2019 (in Russ.).
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of  all nine laboratories. This situation is  typical for 
constructing PoD curves.

The output characteristic of  the monitoring 
system used is  a signal  (peak voltage or  amplitude), 
which is  compared with a  threshold value and can 
be  interpreted as  a function of  the size of  the defect. 
Comparative analysis between the output signal of  the 
monitoring system and defects of  known size a  gives 
estimate PoD(a) of  the probability-of-detection curve. 
The PoD(a) estimate can be  found from the number 
of monitoring events performed by the initial system for 
a given size ai as

	 PoD a
n
ni
i( ) ,=  � (1)

where PoD(ai) is the probability of detection of a defect 
of size ai, ni is the number of defects of size ai detected 
during the monitoring, and n  is  the total number 
of defects of size ai in the test sample.

Repeated use of  formula  (1) at  different sizes 
of  defects ai  gives the defect size distribution of  the 
frequency of detection of defects.

1.1. Binomial model for assessing the reliability 
of the monitoring system

Let us  assume that a  given general population 
contains a  fraction of  defects of  a given size. Then, 
taking N  objects from this population and studying 
them using the initial monitoring system, it  can 
be  hoped that, with an  increase in  the number N, all 
defects of  a given size will be detected. In  this case, 
each experiment can be considered as an independent 
trial, while the frequency of  occurrence of  an 
event, ω  =  ni/N, can be  calculated by  Bernoulli’s  
formula [7, 8]

	 P
n
N

N
n N n

p pi

i i

n N ni i� �
�
�
�

�
�
�
�

�
� �!

!( )!
( ) ,1  � (2)

where p is the probability of detection of a single defect.
The lower confidence bound on  the probability 

of  detection at  a given confidence level and a  given 
sample size can be obtained by solving the equation

p
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where (1 − α) is the lower confidence bound on a given 
probability, and MS  refers to  the monitoring system 
used.

Having obtained a  solution to  equation  (3), the 
probability detecting a  defect of  a given size above 
0.9  can be  ensured with a  given confidence interval 
of 95% if all 29 defects of 29 given defects are found 
in 29 trials. Such tests can additionally be used to assess 
the monitoring system: by setting the number of checks 
and assuming that all defects will be  found by  the 
monitoring system being tested, the detection probability 
can be determined at a given confidence interval. If the 
lower confidence interval for a  fraction of  detected 
cracks exceeds the specified detection probability value, 
then the monitoring system is considered to provide the 
required level of reliability.

However, as  already noted  [9, 10], the use of  a 
binomial model to assess the reliability of the monitoring 
system can lead to serious problems. These arise when 
constructing a  PoD curve with changing defect sizes. 
In  this case, the confidence bounds on  the PoD curve 
have a  very unstable behavior, which depends on  the 
chosen analysis method. Moreover, the PoD curve 
throughout the range of defect sizes can be constructed 
only if  the number of  defects is  sufficiently large due 
to  the need to multiply the defect sample size for one 
defect size by the number of points required to construct 
the PoD curve.

1.2. Berens–Hovey parametric model  
for the PoD curve

As an  alternative to  the binomial model, 
a parametric model was proposed for constructing the 
PoD curve. Berens and Hovey [11, 12] used a different 
statistical framework to  represent the PoD curve as  a 
mathematical function. The statistical model proposed 
by Berens and Hovey [12] is based on a representation 
of  the output signal of  the monitoring system as  the 
main component  (characterizing the changes in  the 
average signal from one defect to  another), together 
with a  random component  (describing the changes 
in  the signal when testing the same defect). The 
properties of  the material, the location of  the defect, 
and its orientation, which are represented by the main 
component, do  not change from one test to  another. 
The random component is due to the human factor and 
the instrumentation used. In  turn, the instrumentation 
depends on  the method, methodology, and equipment 
for monitoring at a selected sensitivity. A possible way 
to improve the confidence of, e.g., ultrasonic testing was 
described previously  [12]. It  is important to  note that 
the human factor is subjective and can change for many 
reasons, whereas instrumentation factors have objective 
characteristics, which can be  assessed in  terms of  the 
error of the method used.

In accordance with the above ideas, Berens and 
Hovey  [13] proposed a  statistical model, in which the 
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response signal of the monitoring system is divided into 
separate components. These components can be written 
as the following functional relationship

	 a h a � � �( ) ,� �  � (4)

where a  is the output signal of the monitoring system; 
h(a) is  the main component, which characterizes the 
average change in the signal as a function of the defect 
size; δ  is an additional component, which is due to  the 
instrumentation used and is  defined as  the error of  the 
method used; and ε  is  an additional component, which 
is due to the human factor.

According to Berens and Hovey, h(a) is a random 
variable with its mean value, while δ and ε are random 
variables with zero means.

1.3. Parametric model of the PoD curve based 
on the results of statistical processing of test 

samples

The proposed model can only be used in equation (4) 
for constructing the PoD(a) curve if the sizes of defects 
and their distribution are known in advance, i.e., if the 
defects are artificially created as test samples. These data 
can be obtained from the results of non-destructive tests 
in organizations of the nuclear industry [14].

This method of  constructing the PoD curve can 
be referred to as a direct method. However, organizing 
and conducting such tests involve significant costs. Since 
the data obtained from the results of such tests are limited, 
only data on  the average PoD are typically presented. 
In this case, the averaging of the data complicates their 
further use for solving practical problems and makes 
it  impossible to  make an  individual assessment of  the 
confidence by different laboratories.

As was noted  [9], this is  a big drawback because 
individual assessments by  different laboratories allow 
one to  identify more reliable laboratories and use their 
experience in further work. Additional difficulties arising 
in the construction of PoD curves were described in the 
literature [15]. The noted shortcomings require the search 
for alternative methods for estimating the PoD curve.

2. STATISTICAL MODEL FOR ASSESSING THE 
RELIABILITY OF NON-DESTRUCTIVE TESTING 
SYSTEMS BY SOLVING INVERSE PROBLEMS

As an alternative to direct methods, computational 
methods based on solving inverse problems [16], as well 
as computer simulation tools5, can be used.

5  Genc K. Simulating reality: Going beyond counting pores and 
cracks in additive-manufactured parts. FOCUS The NDT Technician. 
2020;19(2). 3 p. https://www.asnt.org/-/media/Files/Publications/TNT/
TNT_19-2.pdf?la=en. Accessed December 15, 2022.

The PoD curve is constructed using data on real defects 
found by testing metal structures. An essential component 
is the selection of a sample of initial data [18, 19].

Let defects of different sizes ai be found in a structure 
operating for time t. After constructing the defect size 
distribution of  the frequency of  detection of  defects for 
the obtained sample  (Fig. 1), the density distribution 
of detected defects, pf(a), can be obtained. A dimensional 
scale should be chosen as  the defect size ai, e.g., depth, 
length, or cross-sectional area of the defect. Because of the 
imperfection of the monitoring system used, some of the 
defects remain undetected. As mentioned above, the degree 
of imperfection of the monitoring system is characterized 
by the probability-of-detection curve PoDMS(a), where the 
subscript MS refers to a certain monitoring system.

The set of  detected and undetected defects 
is described by the initial random defect size distribution. 
Let us  call this distribution the real defect density 
distribution and denote it pa(a).

In accordance with the introduced definitions, the 
expression for the density of  detected defects has the 
form

	 p a
p a PoD a

p a PoD a da
f

a

a
a

S( )
( ) ( )

( ) ( )

,�

�

MS

MS

0

 � (5)

where pf(a) is the density distribution of detected defects 
by the initial monitoring system, pa(a) is the real defect 
density distribution in  the test object, PoDMS(a) is  the 
probability-of-detection curve for the initial monitoring 
system MS, S  is  the maximum size of  a defect that 
can occur in  the test object, a0  is  the sensitivity of  the 
initial monitoring system  (minimum size of  a defect 
that can be detected by the initial system), and a is the 
dimensional defect scale.

Considering expression (5), the problem of finding 
the functions pa(a) and PoDMS(a) from the known 
distribution function pf(a) can be posed. Such a problem 
is  an inverse problem  [19–21]. To  solve this problem, 
it is necessary to know the specific form of the functions 
pa(a) and PoDMS(a).

The distribution function of the real sizes of defects 
should theoretically be exponential because the number 
of  defects increases with a  decrease in  the size scale. 
Under this assumption, let us  write the real defect 
distribution density as

	 p a
a

a da
a

a

S( )
exp

exp

,�
�� �

�� ��

�

�

0

 � (6)

where λ is the parameter of the real defect distribution.

https://www.asnt.org/-/media/Files/Publications/TNT/TNT_19-2.pdf?la=en
https://www.asnt.org/-/media/Files/Publications/TNT/TNT_19-2.pdf?la=en
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The form of  the function PoDMS(a) was chosen 
so that it has few parameters, but takes into account the 
features of statistical model (4) proposed by Berens and 
Hovey. With these requirements in mind, the following 
form was used:

	 PoDMS(a) = 1 – exp(−r(a − a0)), � (7)

where r  is  the confidence coefficient of  the initial 
monitoring system.

The confidence coefficient r in formula (7) includes 
both the main component of  the function PoDMS(a) 
of  the defect size and the additional component due 
to the human factor [22], which is found from the results 
of statistical processing of the initial sample. The same 
is valid for the parameter a0.

Substitution of formulas (6) and (7) into relation (5) 
gives

p a
a r a a

a r a a
f ( )

exp( / ) exp

exp / exp

�
� � � �� �� ��

�
�
�
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�

�

1

1

0

0
��
�

�
�� da

a

S

0

.  � (8)

It follows from relation  (8) that, knowing the 
distribution pf(a), the following three parameters should 
be obtained: the distribution parameter λ, the confidence 
coefficient r, and the sensitivity a0 of the initial monitoring 
system. The construction of  the PoD curve of  several 
independent variables was described in the literature [23].

2.1. Calculation procedure

An important feature of  the function pf(a) should 
be noted. Since this function is defined as  the product 
of  the monotonically decreasing function pa(a) and 
the monotonically increasing function PoDMS(a), the 
function pf(a) can be assumed to have a maximum. The 
coordinate of the maximum value should be related to the 
parameters of the functions pa(a) and PoDMS(a). Simple 
calculations give the abscissa of the point of maximum:

	 a a

r

rmax

ln

.� �
��

�
�

�
�
�

0

1
�  � (9)

Substitution of  amax into relation  (8) gives the 
ordinate of the point of maximum:

	 pf(amax) = ymax. � (10)

These coordinates  (amax,  ymax) can be  determined 
from the experimentally obtained density distribution 
of detected defects (Fig. 1).

An additional feature of the selected functions should 
also be noted. Substitution of amax into formula (6) gives 
almost the same ordinate of  the point of  maximum 
as that in formula (10), i.e.,

	 pa(amax) = ymax. � (11)

The ordinates in  formulas  (10) and  (11) exactly 
coincide if  the used limits of  integration in  the 
expressions are 0 and ∞. The difference between the ymax 
values calculated by  formulas  (10) and  (11) depends 
on the a0 value and the chosen value of  the maximum 
defect size S in the region under study. At S > 20 mm, 
the relative error of the difference between these values 
does not exceed 10−4.

In essence, this means that the probability density 
distribution function pa(a) passes through the point 
of  maximum of  the density distribution of  detected 
defects pf(a). Using this property, the nonlinear equation 
for the unknown parameters a0 and λ can be written:

	 F a y
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The unknown parameter a0 can be found from the 
experimentally obtained density distribution of detected 
defects as the intersection of the curve of the distribution 
of detected defects with the abscissa axis. Knowing the 
obtained value a0  and using equation  (12), the second 
unknown parameter, λ, can also be found by considering 
nonlinear equation (12) in only one parameter λ.

The parameter r  was found by  the method 
of successive approximations. Given a set of parameter r 
values, let us calculate the parameter λ value at each r. Let 
us divide the initial region of size (a0, S) into n intervals. 
The choice of  the number of  intervals and their sizes 
is  determined by  a preliminary analysis of  the initial 
sample. According to  formula  (6), the probability that 
real defects of sizes from a to b are in the interval (a, b) 
has the form

	 p a b

a da

a da
a

a

b
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S( , )

exp( / )
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If the total number NaΣ of real defects throughout the 
region is known, then the number of real defects in the 
ith interval is

	 N p a a Na
i

a i i a� � ��, .1 � � (14)
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If the number N f
i  of  detected defects in  each 

interval is known, then the total number of real defects 
can be found from the expression

	 N N
r
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Thus, by giving the r value and using expression (15), 
NaΣ is found. Then, using formula (14), the number Na

i  
of  real defects in  each  (ith) interval is  determined. 
Further, the parameter λ(r) is obtained from the known 
Na
i  values by linear regression.

The λ(r) value that is closest to the parameter λ value 
found from equation (12) is the initial parameter r value.

2.2. Test calculations

The accuracy of  the above calculation procedure 
was checked by  test calculations on  models. In  this 
case, data modeling offers an important advantage: the 
results of  the calculations can be  compared with the 
known behavior of the general population, which cannot 
be done by comparing only laboratory data. Some issues 
of the quality of the recovery procedure were described 
previously [24, 25].

Let the initial data be a given structure containing 
a  total of  NaΣ real defects with an  exponential defect 
size distribution with known parameter λ. The current 
state of  the structure is  assessed by  a non-destructive 
testing system with known PoD(a) of  given form  (7) 
with known characteristics r  (confidence coefficient) 
and a0  (sensitivity of  the initial monitoring system). 
The monitoring detected NaΣ defects of  different 
sizes, which can be  sorted by  size. The thus-obtained 

population of NaΣ detected defects is the initial sample, 
which was processed according to  the proposed 
procedure. The obtained values were compared with 
the initial data. To  study the effect of  a combination 
of  values of  the initial parameters on  the recovered 
characteristics, the initial data were grouped for nine 
series of  calculations  (Table  1). For all the selected 
series, the total number of  real defects was assumed 
to be NaΣ = 1000. The pipe wall thickness was chosen 
to be S = 20 mm.

2.2.1. Determination of parameter a0
The parameter a0  was determined by  finding 

the point of  intersection of  the curve of  the density 
of detected defects with the abscissa axis. The density 
curve was approximated by  a parabola constructed 
through two points, including the point of  maximum 
of the initial density of detected defects. The following 
initial parameters of the fourth series were chosen as an 
example of calculation: λ = 0.5 mm−1, r = 0.1 mm−1, and 
a0 = 0.5 mm.

The initial parameters were used to  plot the real 
defect density curve by formula (6). After specifying the 
number of intervals of division of the initial region (at 
n = 27), the number of real defects within the obtained 
intervals is  found from formula  (14). Knowing the 
number of  real defects within the obtained intervals, 
the number of  detected defects in  each interval can 
be calculated using the dependence

	 N N r a a daf
i

d
i

a

a

i

i
� � � �� �

�

� 1 0

1

exp( ( )) .  � (16)

Rounding of the number N f
i  to an integer gives the 

initial sample of detected defects grouped by their size. 
The obtained values of detected defects can be rounded 
down  (truncation of  the fractional part if  it is  less 
than  0.5) and up  (increase to  the next integer if  the 
fractional part is  greater than or  equal to  0.5), which 
leads to two different frequency distributions (Fig. 1, red 
and blue columns).

For the obtained distribution, let us  choose two 
points (first and third), including the point of maximum 
of the density, and draw a parabola through them. The 
point of  intersection of  the parabola with the abscissa 
axis gives the parameter a0 value (Fig. 2). The parameter 
a0 can be calculated with the frequency characteristics 
rounded either down ( a0 0 365� � . ) or up ( a0 0 309� � . ). 
The average value of  the parameter a0  is  a

0
0 337s = . .  

The initial a0 value is 0.5 mm. The error in calculating 
the parameter a0 is δa0 = 0.326 or 32.6%.

The parameter a0 values can similarly be calculated 
at other initial values of the parameters λ and r. Table 2 
presents the results of such calculations.

Table 1. Initial data for modeling

No. of series 
of calculations

Parameter a0, 
mm

Parameter λ, 
mm −1

Parameter r, 
mm−1

1 0.5 0.2 0.1

2 0.5 0.2 0.5

3 0.5 0.2 1.0

4 0.5 0.5 0.1

5 0.5 0.5 0.5

6 0.5 0.5 1.0

7 0.5 1.0 0.1

8 0.5 1.0 0.5

9 0.5 1.0 1.0
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2.2.2. Determination of the calculated (recovered) 
value λ~  of the parameter λ

The parameter λ was determined from equation (12). 
The coordinates of  the maximum point of  the sample 
are found using the initial sample of defects  (Fig. 1). 
Knowing these coordinates and using the parameter a

0
s  

value from Table 2, one can solve nonlinear 
equation (12) for λ. As a result, the sought-for parameter 

λ~ is  obtained. Table 3  presents the results of  these 
calculations.

2.2.3. Determination of the parameter r
Let us consider an example of calculating the sought-

for parameter r  at  the above initial parameter values 
of  the fifth series: λ  = 0.5  mm−1, r  = 0.5  mm−1, and 
a0 = 0.5 mm−1. The number of intervals of division of the 

Table 2. Results of the recovery of the parameter a0
s

Initial value of λ Confidence coefficient Recovered value a0
s Error δa0, %

λ = 0.2

r = 0.1 0.189 62.2

r = 0.5 0.303 39.4

r = 1.0 0.321 35.8

λ = 0.5

r = 0.1 0.337 32.6

r = 0.5 0.402 19.6

r = 1.0 0.424 15.2

λ = 1.0

r = 0.1 0.468 6.4

r = 0.5 0.460 8.0

r = 1.0 0.446 10.0

Table 3. Results of the recovery of the parameter λ~

Initial value of λ Confidence coefficient Recovered value λ
~

Error δλ
~
, %

λ = 0.2

r = 0.1 0.199 0.5

r = 0.5 0.232 16.0

r = 1.0 0.235 12.5

λ = 0.5

r = 0.1 0.529 5.8

r = 0.5 0.594 18.8

r = 1.0 0.574 14.8

λ = 1.0

r = 0.1 0.969 6.4

r = 0.5 1.084 8.4

r = 1.0 1.075 7.5

Note. δλ
~
 is the relative error of calculating the parameter λ

~

Defect size, mm

Pr
ob

ab
ili

ty
 d

en
si

ty

0.2

0.1

0 5	 10	 15

Fig. 1. Defect size distribution  
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Fig. 2. Two variants of the determination of the 
parameter a0 with the frequency characteristics rounded 

down and up
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initial region was specified as n = 36. Figure 3 presents 
the constructed frequency characteristic of  detected 
defects for this series. By  setting different values 
of the parameter r for the initial frequency distribution 
of  detected defects, the corresponding distributions 
of  real defects were obtained. Figure 4  shows one 
of  the obtained distributions of  real defects. The real 
distribution was processed by  linear regression, while 
the parameter λ values were calculated at a given value 
of  r. Table 4  presents the results of  such calculations 
for the fifth series. Comparison of  the obtained results 
with the parameter value  (0.954) recovered earlier for 
this series gave a  close value of  0.579; the parameter 
r values was taken to be 0.27. Note that the initial value 
of the parameter r was 0.5; i.e., the recovery error of this 
parameter is 46%.

Defect size, mm
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ty

0.2

0.1

0 5	 10

Fig. 3. Defect size distributions of the frequency and 
density of detected defects for the fifth series

Table 4. Results of the recovery of the parameter λ~ at various confidence coefficients

No. of series Recovered parameter r, 
mm−1

Recovered parameter λ
~
, 

mm−1

Degree of approximation  
of recovered parameter λ

~
  

to reference value λ0 =0.594,

��
� �
�

�
�0

0

1 0.25 0.601 0.012

2 0.26 0.595 1.7 · 10−3

3 0.27 0.593 1.684 · 10−3

4 0.28 0.588 0.010

5 0.29 0.585 0.015

6 0.30 0.579 0.025

7 0.33 0.568 0.044

8 0.35 0.560 0.057

9 0.4 0.541 0.089

10 0.5 0.502 0.155
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Fig. 4. Defect size distributions of the frequency and 
density of real defects for the fifth series

The black line in  Fig. 4  was constructed 
by formula (6) at the calculated parameters of the fifth 
series (a0 = 0.402 from Table 2, λ = 0.594 from Table 3). 
The red line was constructed by  approximation using 
formula (17) obtained from the linear regression of the 
real distribution at r = 0.27:

	 p a aa
exp ( ) exp . . .� � �� �0 226 0 593  � (17)

Similarly, the parameter r  values were recovered 
and the errors for the remaining calculation series 
were calculated. Table 5  presents he  results of  the 
calculations.

The features of the implementation of the developed 
procedure were described in  more detail in  the 
literature [26].
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3. ANALYSIS OF THE OBTAINED RESULTS

Comparison of  the obtained modeling results and 
the given initial values of  the parameters suggests the 
following conclusions.

When recovering the parameter a0, the error was 
maximum in  the series of  calculations with the initial 
value λ  = 0.2  (the maximum error δa0  was 62.2% at 
r = 0.1). With increasing parameter r  from 0.5  to 1.0, 
the error decreased from 39.4 to 35.8%. With increasing 
parameter λ from 0.5 to 1.0, the error δa0 also decreased: 
the minimum value at λ = 0.5 was 15.2% at r = 1.0; the 
minimum value at λ = 1.0 was 6.4% at r = 0.1. The error 
range was 6.4–62.2%.

When recovering the parameter λ, the error in  all 
the series of calculations, which did not exceed 18.8%, 
ranged from 0.5 to 18.8%.

When recovering the parameter r, the maximum 
error was 50% at the initial parameter values λ = 0.5 and 
r = 0.1, while the minimum error was 5% at the initial 
parameter values λ = 0.2 and r = 0.1. The error range 
was 5–50%.

The obtained results of numerical modeling showed 
the fundamental possibility of  using the developed 
procedure to determine both the probability-of-detection 
curve and the probability distribution of actual defects 
from the monitoring results.

4. CONCLUSIONS

In this work, the following features of the proposed 
procedure were identified:

1)	The recovery of the probability distribution of real 
defects is  based on  statistical processing of  only 
the fraction of the experimental values of the initial 
sample that determine its extreme value.

2)	The obtained extreme value of the initial sample can 
be used to directly determine the parameter λ of the 
real defect distribution by  solving a  nonlinear 
equation.

3)	The recovery of the confidence curve (determination 
of  the parameter r) uses the entire initial sample 
to solve the inverse problem, which belongs to the 
class of problems of interpretation of observational 
or diagnostic data [16–18].
The developed procedure makes it  possible 

to  use metal monitoring data both for analyzing 
the current state of  equipment and piping, as  well 
as  for predicting their future behavior with greater 
confidence than currently used methods. This 
is  primarily due to  the possibility of  using the 
procedure to  assess the reliability  (determine the 
probability-of-detection  (PoD) curve) for individual 
test teams directly from the results of  experimental 
tests. An individual assessment of the efficiency of the 
monitoring carried out by  the laboratory also allows 
the identification of bad and good test teams, whereas 
the averaging of the results when constructing the PoD 
curve excludes this possibility.

However, it  should be  noted that the developed 
methodology only supplements currently existing 
methods of  assessment tests, but does not replace 
them.

An important application of  the developed 
procedure is  to analyze large data arrays obtained 
by  metal monitoring in  power plants. In  this case, 
groups of defects can be formed depending on various 
factors, including types of  structural elements, 
operating conditions, materials used  (stainless steel, 
black steel, composite welded joints), monitoring 
systems, as  well as  the quality of  work performed 
by different test teams.

Table 5. Results of the recovery of the confidence coefficient 

Initial value of parameter λ Confidence coefficient Parameter r Error δr,  %

λ = 0.2

r = 0.1 0.095 5.0

r = 0.5 0.4 20.0

r = 1.0 0.9 10.0

λ = 0.5

r = 0.1 0.05 50.0

r = 0.5 0.3 40.0

r = 1.0 0.7 30.0

λ = 1.0

r = 0.1 0.08 20.0

r = 0.5 0.55 10.0

r = 1.0 0.80 20.0
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Abstract
Objectives. Processes of  energy transfer in  solids and resultant thermal loads are widespread in  nature and 
technology. This explains the scientific and practical significance of constructing a theory of these processes, as well 
as developing effective methods for studying the modeled concepts developed on this basis. The purpose of such 
studies is to determine basic flux patterns of complex processes occurring especially under conditions of powerful 
energy impacts in various technological operations. These include plasma-chemical processing of materials, their 
processing in infrared furnaces and solar plants, intense heating of materials carried out by laser or electron beams, 
and the use of powerful radiation emitters for thermal hardening and hardening of the surface of products. In these 
cases, the phenomenon of thermal shock arises, forming one of the central topics in thermomechanics and strength 
physics of solids. The present work considers an open theoretical problem of thermal shock in terms of a generalized 
model of dynamic thermoelasticity under conditions of a locally nonequilibrium heat transfer process. Depending 
on the type and curvature of the boundary surface of the considered massive body, the model can be used to study 
the problem in  three coordinate systems: cartesian coordinates—a massive body bounded by  a flat surface; 
spherical coordinates—a massive body with an  internal spherical cavity; cylindrical coordinates—a massive body 
with an  internal cylindrical cavity. Three types of  intensive heating are considered: temperature heating, thermal 
heating, and heating by  medium. Following the development of  an analytical solution, the results of  conducted 
numerical experiments are presented along with their physical analysis.
Methods. The study applies methods and theorems of  operational calculus according to  the theory of  special 
functions.
Results. Generalized model representations of thermal shock are developed in terms of dynamic thermoelasticity 
for locally nonequilibrium heat transfer processes simultaneously in three coordinate systems: Cartesian, spherical, 
and cylindrical. The presence of curvature of the boundary surface of the thermal shock area substantiates the initial 
statement of the dynamic problem in displacements using the proposed corresponding “compatibility” equation.
Conclusions. A  generalized dynamic model of  the thermal reaction of  massive bodies with internal cavities 
simultaneously in Cartesian, spherical, and cylindrical coordinate systems under conditions of intense temperature 
heating, thermal heating, and heating by medium is proposed. The model is considered in terms of displacements 
based on local nonequilibrium heat transfer. A numerical experiment carried out according to the obtained analytical 
solution for stresses forms a basis for a description of the wave nature of the propagation of a thermoelastic wave. 
A comparison with the classical solution is made without taking into account local nonequilibrium. The calculation 
of engineering relations carried out on the basis of the operational solution of the problem is important in practical 
terms for the upper estimate of the maximum thermal stresses.

Keywords: heat stroke, generalized dynamic model, analytical solution, thermal stresses
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НАУЧНАЯ СТАТЬЯ

Развитие обобщенных модельных  
представлений теплового удара  

для локально-неравновесных процессов  
переноса теплоты

Э.М. Карташов @

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: professor.kartashov@gmail.com

Резюме 
Цели. Процессы переноса энергии в твердых телах и вызываемые ими тепловые нагрузки имеют широкое 
распространение в  природе и  технике. Этим объясняется исключительно важное научное и  практическое 
значение построения теории указанных процессов, создание эффективных методов исследования развива-
емых при этом модельных представлений. Цель этих исследований – установление основных закономерно-
стей протекания достаточно сложных процессов, особенно в условиях мощных энергетических воздействий 
в различного рода технологических операциях. К ним можно отнести плазмохимическую обработку матери-
алов, обработку в инфракрасных печах и гелиоустановках, интенсивный нагрев материалов лазерными или 
электронными лучами, применение мощных радиационных излучателей для термической закалки и упрочне-
ния поверхности изделий. В этих случаях возникает так называемый термический удар – одна из центральных 
тем в термомеханике и физике прочности твердых тел, имеющая важное научное и практическое значение. 
Цель работы  – рассмотреть открытую проблему теории теплового удара в  терминах обобщенной модели 
динамической термоупругости в  условиях локально-неравновесного процесса переноса теплоты. Модель 
(в зависимости от вида и кривизны граничной поверхности рассматриваемого массивного тела) позволяет 
исследовать проблему в трех системах координат: декартовы координаты – массивное тело, ограниченное 
плоской поверхностью; сферические координаты  – массивное тело с  внутренней сферической полостью; 
цилиндрические координаты – массивное тело с внутренней цилиндрической полостью. Рассматриваются 
три вида интенсивного нагрева: температурный, тепловой, нагрев средой. Ставится задача: получить анали-
тическое решение, провести численные эксперименты и дать их физический анализ.
Методы. Использованы методы и теоремы операционного исчисления, теория специальных функций.
Результаты. Развиты обобщенные модельные представления теплового удара в терминах динамической 
термоупругости для локально-неравновесных процессов переноса теплоты одновременно в трех системах 
координат: декартовой, сферической и цилиндрической. Наличие кривизны граничной поверхности области 
теплового удара обосновывает исходную постановку динамической задачи в перемещениях с использова-
нием предложенного соответствующего уравнения «совместности».
Выводы. Предложена обобщенная динамическая модель термической реакции массивных тел с внутренни-
ми полостями одновременно в декартовой, сферической и цилиндрической системах координат в условиях 
интенсивного температурного нагрева, теплового нагрева, нагрева средой. Модель рассмотрена в переме-
щениях на основе локально-неравновесного теплопереноса. Получено аналитическое решение для напря-
жений, проведен численный эксперимент; описан волновой характер распространения термоупругой волны. 
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INTRODUCTION

The present work continues the author’s earlier 
research described in [1, 2]. Within the generalized model 
of  dynamic thermoelasticity, the open problem of  the 
thermal response to heating of a massive body bounded 
from the inside either by a flat surface (an elastic half-
space in the Cartesian coordinate system), or a cylindrical 
surface  (an elastic space in  the cylindrical coordinate 
system with an inner cylindrical cavity), or a spherical 
surface  (an elastic space in  the spherical coordinate 
system with an inner spherical cavity), is studied. Three 
cases of intense heating of the body (region) boundary 
are considered: temperature heating, thermal heating, 
and heating by medium.

The development of  generalized models involving 
numerous practical applications is  one of  the 
insufficiently studied directions in  thermal shock 
theory. The specificity of such research lies, on the one 
hand, in  the relative simplicity of  initial mathematical 
models, and on  the other, in  computational difficulties 
in obtaining the desired result. Moreover, the obtained 
relations have obvious relevance for solving numerous 
practical situations. 

The study is  conducted under the conditions 
of locally nonequilibrium heat transfer processes [3–8]. 
Two circumstances are considered. During high-
intensity heating of  solids causing thermal shock, heat 
fluxes q M t( , ), —where t  is  time in  region Ω  =  
= {M(x, y, z) ∈ D, t > 0} describing a real solid body—lag 
behind the temperature gradient T(M,  t) by  a value 
proportional to  relaxation time τr  related to  the heat 
propagation rate vT  by relation v aT r� / ;�  here, 
a is temperature conductivity [9–15]:

	 q M t T M t q M t
t

( , ) ( , )
( , )

,� � �
�

�
� �T rgrad � (1)

where λT is the thermal conductivity. 

The combination of the energy equation for isotropic 
solids c T M t t q M t�* ( , ) / ( , ),� � � div  where c is specific 
heat capacity while ρ* is the density, and Eq. (1) result 
in the following hyperbolic transfer equation [16, 17]:

	
�
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T M t
t

a T M t T M t
t

( , )
( , )

( , )
,� �r

2

2
� (2)

containing not only the first, but also the second derivative 
of the temperature over time. As a consequence, Eq. (2) 
describes wave processes—in  this case, wave heat 
transfer. While issues of correct formulation of boundary 
value problems for Eq.  (2) have been considered 
relatively recently  [16], a  number of  issues related 
to associated thermal problems require further study.

DEFINING RELATIONS OF DYNAMIC 
THERMOELASTICITY

Let D  be  the finite or  partially bounded convex 
region of space M(x, y, z) describing the real solid body 
and being in  the thermally stressed state; S  be  the 
piecewise smooth surface bounding region D; 
n n n n= ( , , )1 2 3 be the external normal to  S  (the vector 
continuous on S); T(M, t) be the temperature distribution 
in region D at t > 0; T0 be the initial temperature at which 
the region is in the unstrained and unstressed state. Let 
σij(M, t), εij(M, t), and Ui(M, t) be the components of the 
stress tensor, strain tensor, and displacement vector, 
respectively, satisfying basic equations of  (uncoupled) 
thermoelasticity (in index notation) [17]:

	 σij,j(M, t) + Fi(M, t) = ρ*Ui(M, t),� (3)

	 εij(M, t) = (1/2)[Ui, j(M, t) + Uj,i(M, t)], � (4)

σij(M, t) = 2μεij(M, t) + [λεii(M, t) − 

	 − (3λ + 2μ)αT(T(M, t) − T0)]δij, M ∈ D, t > 0,� (5)
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where ρ* is density; λ, μ are isothermal Lame coefficients; 
G is the shear modulus; λ = 2Gν/(1 – 2ν); ν is the Poisson’s 
ratio, with 2G(1 + ν) = E, where E is the Young’s modulus; 
αT  is the linear thermal expansion coefficient; δij is  the 
Kronecker symbol; Fi(M, t) are components of volume 
force; e M t U M t M ti i ii( , ) ( , ) ( , ),� � �  is  the volume 
strain, which is  related to  the sum of  normal stresses 
� �( , ) ( , ), , ,M t M t n x y znn� �  by  the following 
relation:

	 e M t
E

M t T M t T( , ) ( , ) ( , ) .�
�

� ��� ��
1 2

3 0

�
� �T � (6)

The thermal stress state of  region D  at  t > 0  may 
arise under various modes of thermal effect on boundary 
S, creating a thermal shock. These may include the most 
common in practice cases:

•	 temperature heating

	 T(M, t) = Tc(t), M ∈ S, t > 0 (Tc(t) > T0, t ≥ 0);� (7)

•	 thermal heating
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•	 heating by medium
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as well as under the action of internal heat sources. Here, 
λT is the thermal conductivity of the material; q(t) is the 
heat flux; h is the relative heat transfer coefficient; Tc is 

the ambient temperature; S t
t
t� �
�
�

�
�
�

( )
, ,

, .

1 0

0 0

Also, the cases of  solid cooling can be  equally 
considered.

The temperature function T(M, t) included in  (5) 
is found from the solution of the boundary-value problem 
of unsteady thermal conductivity for Eq. (2) with boundary 
conditions (7)–(9). Relations (3)–(6) are general relations 
of  dynamic thermoelasticity linking stresses, strains, 
displacements, and temperature. When passing to specific 
cases, it  is necessary to  transform  (3)–(6) into the so-
called compatibility equations either in  stresses or  in 
displacements and to  write the corresponding problem 
of dynamic thermoelasticity for these equations. For the 
case considered in the paper, it is necessary to take into 
account the effect of the solid boundary surface curvature 

on  the temperature and the corresponding temperature 
stresses. Here, the more convenient mathematical model 
is the “compatibility” equation in displacements covering 
the cylindrical, spherical, and Cartesian coordinate 
systems, simultaneously. 

Substituting the right parts of  (5) into (3)  (without 
volume forces) and using further  (4) and  (6), the 
following three equations may be written after a number 
of long transformations:

�U M t e M t
i

G
U M t
ti
i( , )

( )

( , )
( )

( , )

( )

(

�
�

�
�

�
�

�

�
�

�
�
�

�1

1 2

2 1

1 2

2

2�
�

� �T

��)

( , )
, , , ,�

� ��� ��
�

�
T M t T

i
i x y z0

 

which formally can be  written in  the following form 
of vector equality:
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It should be noted that it is necessary to equate the 
corresponding components in  the vector record of  the 
left and right parts in (10) in the inverse transition.

Let us  further consider practical cases of  dynamic 
thermoelasticity based on  Eq.  (10). In  the first case, 
in  Cartesian coordinates  (x, y, z), region z  >  R, t  >  0 
bounded by  the flat surface whose temperature state 
is described by function Ti(z, t), i = 1, 2, 3 is considered; 
thus, Ux  =  Uy  =  0, Uz  =  Uz(z,  t), and Eq.  (10) may 
be written as follows: 	
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� � �  is  the 

speed of expansion wave propagation in elastic medium, 
which is close to the speed of sound.

The desired stress component σzz(z,  t) is  related 
to displacement by the following relation: 
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The temperature function satisfies three heating 
conditions
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In the second case, in spherical coordinates (ρ, φ, θ), 
region ρ  >  R, t  >  0  with inner spherical cavity when 
heated under conditions of central symmetry Ti = Ti(ρ, t) 
is considered; thus, Uφ = Uθ = 0, Uρ = Uρ(ρ, t), and (12) 
may be written in the following form:
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In the third case, in cylindrical coordinates (r, φ, z), 
region r > R, t > 0 with inner cylindrical cavity under 
radial temperature conditions Ti = Ti(r, t) is considered; 
thus, Uφ  =  Uz  =  0, Ur  =  Ur(r,  t), and Eq.  (10) may 
be written in the following form:
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Then,
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Such cases of intense heating of the surface area (real 
body) are of considerable practical interest, for example, 
in  the following cases: surface dielectric heating; 
calculation of  thermal stresses in  the cylinder walls 
of  steam machines and internal combustion engines; 
in the theory of automatic temperature control systems; 
in  the studying the sound frequency region of  metals 
at high or very low surface temperatures; numerous cases 

of  abrupt change in  the surface temperature of  space 
and aviation objects; in  the mechanical engineering 
industry when working at  various experimental 
facilities to determine the temperature state of samples; 
etc.  [6]. Of  undoubted practical importance for the 
theory of  thermal shock is  representing all three cases 
simultaneously in  three coordinate systems within the 
framework of the generalized model. 

The following dimensionless variables may be introduced to avoid unnecessary inconvenience.
In region z > R, t > 0:
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In region ρ > R, t > 0: 
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In region r > R, t > 0: 
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GENERALIZED MATHEMATICAL MODEL  
OF THE PROBLEM AND ITS ANALYTICAL 

SOLUTION

Assuming the boundaries of  the region free 
of stresses, the generalized model of  the problem may 
be written as follows:
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Here, i  =  1  at  m  =  −0.5, i  =  2  at  m  =  0.5, and 
i = 3 at m = 0. It should be noted that the desired stress 
σξξ(ξ,  τ) in  all three cases is  related to  displacement 
Ui(ξ, τ) by the following relation:
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The solution of  the generalized problem  (34)–(42) 
in order to study, for example, the impact of the region 
geometry on the kinetics of corresponding thermoelastic 
stresses is an open problem of thermal shock theory. Its 
solution is given below.

According to Laplace, in the image space
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the solution of  the thermal problem  (37)–(41) may 
be written in the following form:
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Here, Km(z) is the modified Bessel function.
We shall transform relations  (34)–(36) into the 

image space (43):
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	 U pi ( , ) , .� � �� � � 0 � (46)

The general solution of equation (44) consists of the 
general solution of  homogeneous equation and the 
partial solution of inhomogeneous equation:
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Finding a  partial solution of  Eq.  (44) requires 
a separate consideration. We have:
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Here,
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The partial solution in  (47) is  found in  the form 
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�  where constant A is to be found. 

Substituting this expression into (44) and using (48)–(49), 
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 is found. Thus, the general solution 

of Eq. (44) with allowance for boundary condition (46) 
may be written in the following form:
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The following relation is used here:
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Using the properties of Bessel functions, the following 
important relation being of  fundamental importance 
for finding an  analytical solution of  the generalized 
problem (34)–(42) is found after transformations:
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Relations (59)–(60) and the boundary condition (50) 
allow determining the constant in  (55) along with the 
desired displacement. We find:
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The desired stress is found, as follows:
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The following operational relations for stresses for 
all three types of heating may be written:

•	 temperature heating (i = 1) 

	

� �

� �

� � �

�

� ��

� �

�� ( , )

( / )

( / ) ( )

( )

( ) ( )

[ (

p p
p p

p p
p p

m
0

0

0

2 2 1

� �

�
� �

�

�

�

�

)) ] [ ( )]

( )

[ ( )]

( ) ( ) (

�
�

�
� �

�

�
�� ��

1 0

0

0

K p

K p
pK p

p p p

m

m

m

� �

��
� �

� � � �� � ))

[ ( ) ] [ ( )] ( )
;

� � � � �p p K p pm
2 2

0 01 1� � �

� (53)

•	 thermal heating (i = 2)
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•	 heating by medium (i = 3)
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The inverse transformation in  (53)–(55) turns 
out to  be rather cumbersome resulting in  the complex 
and hard to  see expressions. But if  inertial effects 
of  a microsecond duration  [17] during which stresses 
σξξ(ξ,  τ) just reach maximum values are considered 
in  formulating problem  (34)–(42), then short times 
τ corresponding to large p in images, that is immediately 
after the thermal shock, may be considered. For this, the 
asymptotic representation of  cylindrical functions for 
large p is used in (53)–(55), as follows:
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We shall also introduce a  function for this class 
of problems that is the Kartashov function
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which is used in finding the originals of found images. 
The original of  this function may be  written in  the 
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After transformations, we find:
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where at temperature heating (i = 1):
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at thermal heating (i = 2):
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at heating by medium (i = 3):
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When finding the originals in  (56)–(62), attention 
should be paid to the value of parameter β = vp/vT. Thus, 
β = 0.4 for organic glass and β = 0.7 for quartz and silicon, 
that is β < 1; β = 3.4 for steel and β = 1.8 for crystals and 
aluminum, that is β > 1. The value of parameter β plays 
the determining role in writing stress intervals σξξ(ξ, τ). 
The following is found for stresses:
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at β < 1:
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at β > 1:
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Turning to the originals, the following analytical relations for stresses in all three cases of heating may be written:
•	 temperature heating (i = 1)
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where

	 �2 0

0

2 1 2( , ) ( , ) ( ) ( , ) exp[ (� � �� � � � � � � � � � �
�

� � � �
�

�
�
�

�

�
�
�
� ��m m mA d 22

0

) ( )] ( , ) ;� � � � � �
�

� � � �� m d � (67)

•	 thermal heating (i = 2)
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•	 heating by medium (i = 3). For this case, decomposition of the image � � �( ) [ / ( )] /p p p� �1 1 2 1 2 into the binominal 
series is used in finding the original. We shall also introduce the following number of notations:
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The desired originals are found, as follows:
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Thus, the resulted relations  (63)–(71) complete 
solving the practically important problem on the thermal 
reaction of  the massive body with internal cavities. 
In  addition to  the developed approach, the highly 
effective method of  estimating the value of  thermal 
stresses practically not applied earlier in  the theory 
of thermal shock may be specified.

As follows from the operational solution of the dynamic 
problem, the presence of term �2 0( , )exp ( )� � �p p� ��� ��  
in (56) shows the possibility of proposing the computational 
engineering formula for the upper-bound estimate of  the 
temperature stress through the stress jump in  (70) at  the 
front of the thermoelastic wave. For this, the lag theorem [6] 
is used in the following form:
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wherefrom it  is seen that at  point  (ξ –  ξ0), a  jump 
of  function Ψ2(ξ,  τ) occurs, whose value is  calculated 
by the following equation:
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We shall first find the jump value for stresses 
σξξ(ξ,  τ) in  coordinates  (ξ,  τ), then we  pass to  initial 
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stresses in  initial regions  (11)–(30) using transfer 
equations (31)–(33). As a result, the following is found 
for temperature heating (58):
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The estimates  (72) are valid both for intense 
heating  (Tc  >  T0) when compressive stresses occur 
in  the fixed cross-section ξ  =  const  >  ξ0, and for 
cooling (Tc < T0) when more dangerous tensile stresses 
occur.

PHYSICAL ANALYSIS OF THE SOLUTION

Figure 1 shows the stress (63), (65)–(67) (temperature 
heating) vs. time curves in the fixed cross section ξ = 1 
with ξ0 = 0.1, v = 0.3, β = 0.4 for m = −0.5; 0; 0.5. The 
curves for stresses (temperature heating) under the same 
data but for β = 0, i.e., for the case of classical Fourier 
phenomenology based on parabolic type equations, are 
shown in Fig. 2. 

It would be  of interest to  compare these 
two approaches, namely to  describe the effect 
of hyperbolicity of the dynamic problem (i.e., the effect 
of  local disequilibrium in  the system) on  the value 
of temperature stresses. We shall write out the solution 
of  the “parabolic” problem of  thermal shock under 
temperature heating for all three areas described above, 
considering that this part of the research is also of great 
practical interest and is also an open problem so far. 

� � �

� �
� � �

� � �

�
��

��

,

( / )
( , )

, ,

/

( )� �
� �

� �
�

0
1 2

1 00

m

                

��� � � � � �( )
( , ), ,

2
0   � �

�
�
�

��
(73)
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Fig. 1. Stress–time dependence in section ξ = 1 at ξ0 = 0.1, v = 0.3, and β = 0.4.  
Calculated by equations (63), (65)–(67) for m = −0.5 (curve 1), m = 0.5 (curve 2), and m = 0 (curve 3)
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Fig. 2. Stress–time dependence in section ξ = 1 at ξ0 = 0.1, v = 0.3, and (β = 0).  
Calculated by equations (73)–(75) for m = –0.5 (curve 1), m = 0.5 (curve 2), and m = 0 (curve 3)
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Here, 

� � �� � � � ��( ) ( ), ( ) ( / ) exp( )z z z y dy
z

1 2 2

0

�  

is the Laplace function.
As it follows from the graphs, considering the finite 

speed of heat propagation results in a significant change 
in the pattern of dynamic temperature stresses compared 
to  the data in  Fig. 2. In  contrast to  (73), relation  (63) 
shows the presence of two stress jumps, one occurring 
at  the front of  the heat wave and the other occurring 
at the front of the elastic wave moving at speeds vT and 
vp, respectively.

Let us consider the fixed cross-section inside region 
ξ > ξ0. At β < 1, stresses in  the cross-section are zero 
at  the beginning. At  the moment τ  = β(ξ − ξ0), the 
thermal stress wave arrives at this cross-section with its 
front moving at speed vT; the compressive stress occurs 
jumping and increases further. At the moment ξ − ξ0, the 
longitudinal elastic wave approaches the cross-section, 
thus causing a jump change in the stress and its further 
decrease.

The curves in Fig. 1 also show another interesting 
result: the most “vulnerable”  (in terms of  thermal 
reaction) is the region with inner spherical cavity. In all 

three cases (m = −0.5; 0; 0.5) the resulting stresses are 
compressive. Estimates (72) clearly show that the near-
surface layers (near the boundary of the body (region)) 
are most susceptible to thermal shock. As for the thermal 
shock in  the classical case  (Fig. 2), the highest 
compression stresses are characteristic of  the massive 
body bounded by flat surface  (m = −0.5). In  this case, 
after passing the expansion wave  (due to  function
� � ���

( )
( , )

2  in  (72)), the stress passes into the region 
of  positive  (tensile) values and then rapidly decreases 
reaching quasi-static values.

CONCLUSIONS

The developed generalized model represents 
thermal shock in  terms of  dynamic thermoelasticity 
to  describe locally nonequilibrium processes of  heat 
transfer. An analytical solution of the (open) generalized 
problem of  the thermal reaction of  massive bodies 
with internal cavities simultaneously in  Cartesian, 
cylindrical, and spherical coordinate systems under 
temperature heating, thermal heating, and heating the 
boundary of  solid by  medium is  obtained. Numerical 
experiments showing the effect of local nonequilibrium 
on  the kinetics of  temperature stresses  (compared 
to  the classical Fourier phenomenology) have been 
carried out. The calculated engineering relations for 
the upper boundary of  temperature stresses during 
intense temperature heating have important practical 
applications.
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Abstract
Objectives. The paper aimed to  review and analyze the results of  works devoted to  numerical modeling 
of experiments on the interaction of high-power ultraviolet (UV) laser pulses with condensed targets. The experiments 
were carried out at GARPUN, the powerful KrF-laser facility at  the P.N. Lebedev Physical Institute of  the Russian 
Academy of Sciences (Moscow). The relevance of the research is related to the use of excimer UV lasers as a driver 
for a thermonuclear reactor. Physical aspects of laser–plasma interaction, including those related to the possibility 
of using two-sided cone target in a fission–fusion reactor, are discussed.
Methods. The research is based on physico-mathematical models, including Euler and Lagrange. 
Results. The mathematical modeling of three types of natural experiments is presented: (1) burning through different 
thicknesses of Al foils by high-power UV  laser; (2) studying hydrodynamic instability development at  the UV  laser 
acceleration of thin polymer films and features of turbulent zone formation; (3) interaction of high-power UV laser 
pulses with two-layer targets (Al + Plexiglas) and study of fine structures. Numerical modeling showed that a hybrid 
reactor with UV laser driver can use targets in the form of two-sided counter cones.
Conclusions. Physico-mathematical models are developed along with 2D codes in  Lagrangian and Eulerian 
coordinates as confirmed in  the results of natural experiments. The models can be used to describe the physics 
of high-power UV laser pulses interacting with various targets and forecast the results of reactor-scale experiments. 
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ОБЗОР

Численное моделирование экспериментов 
по взаимодействию мощных ультрафиолетовых 

лазерных импульсов с конденсированными мишенями

И.Г. Лебо @

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: lebo@mirea.ru 

Резюме 
Цели. Цель исследования – обзор и анализ результатов работ, посвященных численному моделированию 
экспериментов по взаимодействию мощных ультрафиолетовых (УФ) лазерных импульсов с конденсирован-
ными мишенями. Натурные эксперименты были выполнены в Физическом институте им. П.Н. Лебедева РАН 
на мощном криптон-фтор (KrF) лазере «ГАРПУН». Актуальность исследований связана с тем, что эксимерные 
УФ-лазеры являются одним из основных претендентов на драйвер в термоядерном реакторе. Физика взаи-
модействия такого излучения с плазмой имеет свою специфику. Обсуждается возможность использования 
мишеней в виде встречных конусов в таком ядерно-термоядерном реакторе.
Методы. Для моделирования лазер-плазменных процессов используются физико-математические модели, 
лагранжевы и эйлеровы методики, двумерные программы в цилиндрических и сферических координатах.
Результаты. Представлены результаты численного моделирования трех типов экспериментов: а) прожигание 
УФ-лазером алюминиевых фольг различной толщины; б) изучение развития гидродинамической неустойчивости 
при ускорении тонких полимерных пленок мощным УФ-импульсом и особенностей формирования турбулентного 
слоя; в) взаимодействие мощных УФ-импульсов с двухслойными мишенями (алюминий + оргстекло) и исследо-
вание «тонких» структур, формирующихся в веществе. На основании численных расчетов показано, что в гибрид-
ном реакторе с УФ-лазерным драйвером могут применяться мишени в виде двухсторонних встречных конусов. 
Выводы. Развиты физико-математические модели и  апробированы двумерные программы в  эйлеровых 
и лагранжевых координатах на натурных экспериментах, позволяющие описывать физику взаимодействия 
мощных УФ-лазерных импульсов с мишенями различной конструкции. Это дает возможность прогнозиро-
вать эксперименты реакторного масштаба. 

Ключевые слова: численное моделирование, взаимодействие мощных УФ-лазеров с плазмой, гибридные 
реакторы с лазерным инициированием

• Поступила:  22.06.2022 • Доработана: 07.12.2022 • Принята к опубликованию: 12.03.2023

Для цитирования: Лебо И.Г. Численное моделирование экспериментов по взаимодействию мощных 
ультрафиолетовых лазерных импульсов с конденсированными мишенями.  Russ. Technol. J. 2023;11(3):86−103. 
https://doi.org/10.32362/2500-316X-2023-11-3-86-103

Прозрачность финансовой деятельности: Автор не имеет финансовой заинтересованности в представлен-
ных материалах или методах.

Автор заявляет об отсутствии конфликта интересов.

INTRODUCTION

Laser thermonuclear fusion (LTF) research has been 
conducted in Russia and abroad since the 1960s [1]. Using 
powerful laser pulses, targets containing a  deuterium-
tritium (DT) mixture are heated and compressed. As a 
result, fusion reactions occur in the compressed fuel (for 
more details on the physics of laser fusion, see [2, 3]). 

A  number of  important requirements are imposed 
on  the laser  (“driver”): the energy in  the pulse should 
be  equal to  a few megajoules; the radiation intensity 
on the target surface should be 1015–1016 W/cm2 in the 
visible or ultraviolet wavelength range; the laser pulse 
of  10–100  ns  duration should have a  given temporal 
intensity “profiling”; and the target must be  exposed 
to  good uniformity to  reduce instability during fuel 

mailto:lebo@mirea.ru
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compression. To create a fusion reactor, along with high 
fusion flare efficiency  (gain factor G  =  Ef/Elas  >>  1, 
where Ef is released fusion energy and Elas is absorbed 
plasma energy of the laser pulse) requires that the driver 
can operate in  the frequency mode  (1–10  Hz) with 
a large resource and high efficiency (h ≈ 1–10%).

In Russia  [4] and abroad1  [5–11], powerful laser 
facilities are being built to  initiate thermonuclear 
microbursts and conduct research in  this field 
of  knowledge. The NIF  (National Ignition Facility, 
Lawrence Livermore National Laboratory, USA) 
laser facility built for LTF purposes has been 
in operation since 2012. A record fusion neutron yield  
Yn = (4–5) · 1017 corresponding to ≈0.7G was achieved 
at  this facility in  August 2021  [6]2. As  well as  NIF, 
facilities under construction (UFL-2M, Russian Federal 
Nuclear Center – All-Russian Research Institute 
of  Experimental Physics  (RFNC–VNIIEF), Russia; 
Laser Mégajoule3, France; Shen Guang4, China) are 
based on solid-state Nd lasers5, which currently appear 
to  be the most promising in  terms of  demonstrating 
single thermonuclear microbursts. However, this type 
of  laser has serious disadvantages in  terms of creating 
a driver for a thermonuclear reactor. While gas excimer 
lasers offer a number of advantages, such as functioning 
directly in  the ultraviolet wavelength range, the ability 
to operate with a pulse repetition rate greater than 1 Hz, 
as well as a wide generation frequency bandwidth, these 
types of lasers also have disadvantages.

Due to  the high cost  (in the region of  $10  bn), 
systematic research is  required to  support the right 
decisions when deciding to  build the driver for 
a  fission reactor. The GARPUN facility hosted at  the 
P.N. Lebedev Physical Institute of the Russian Academy 
of  Sciences  (FIAN) serves to  produce a  hot dense 
plasma. This is  based on  an excimer KrF-laser with 
pulse energy EL ≈ 100 J, pulse duration τ = 100 ns, and 
wavelength λ = 0.248 μm. For interpreting experimental 
data, physico-mathematical models and programs have 
been developed to solve problems involved in interaction 
of  powerful laser pulses with condensed and gaseous 
targets, as  well as  predicting new LTF target designs. 
Below is  the review of  studies on  the mathematical 

1  Kritcher A. and HIBRYD-E ICF team. Initial results from 
HYBRID-E DT experiment N210808 with >1.3 MJ yield. IFSA 
Virtual Meeting. September 2021. LLNL-PRES-826367. P. 16. 
https://www.aps.org/units/maspg/meetings/upload/obenschain- 
11172021.pdf. Accessed February 07, 2023.

2  In  December 2022, reports appeared on  the Internet that 
G ≈ 1.5 was obtained at the NIF facility in the United States!

3  https://www-lmj.cea.fr/. Accessed February 07, 2023.
4  https://lssf.cas.cn/en/facilities-view.jsp?id=ff8080814ff565

99014ff5a31abb004a. Accessed February 07, 2023.
5  The Nd-laser generates radiation in  the infrared range  

λ  = 1.06  µm, and expensive complex devices are required 
to convert to 2nd and 3rd harmonics.

modeling of three series of experiments performed at the 
GARPUN facility, as well as the study of targets in the 
form of counter cones being promising for LTS purposes.

BRIEF DESCRIPTION 
OF THE PHYSICO-MATHEMATICAL MODELS 

AND TWO-DIMENSIONAL PROGRAMS ATLANT 
AND NUTCY

The Atlant software package  [12] consists 
of  programs simulating the dynamics and energy 
transfer in laser plasma in spherical (Atlant_Sp version: 
coordinates ř is radius-vector module; q, t is time) and 
cylindrical (Atlant_C version: coordinates r, z, t is time) 
geometries.

The equations describing the evolution of  the 
laser target in  the two-temperature approximation may 
be written as follows: 
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εe = εe(ρ, Te), εi = εi(ρ, Ti),

	 Rself = Rself(ρ, Te), P = Pi + Pe,� (11)

æe = æe(ρ, Te), æi = æi(ρ, Ti), K = K(ρ, Te), Q0 = Q0(ρ, Te),

where Pe, Pi, Te, Ti are electron and ion pressures and 
temperatures; r is matter density; u  is the hydrodynamic 
velocity vector; P is the total pressure; Pe, Pi are electron 
and ion pressures; ee, ei  are electron and ion specific 
internal energies; æe, æi  are electron and ion thermal 

https://www.aps.org/units/maspg/meetings/upload/obenschain-11172021.pdf
https://www.aps.org/units/maspg/meetings/upload/obenschain-11172021.pdf
https://www-lmj.cea.fr/
https://lssf.cas.cn/en/facilities-view.jsp?id=ff8080814ff56599014ff5a31abb004a
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conductivity coefficients; ϑϑ  is  the laser radiation flux; 
K is the absorption coefficient; Q is the exchange term; 
Rself is the energy sink due to the plasma self-radiation; 
Zi is the ion charge average in the Lagrangian cell; φi, φr, 
φfr are rates of ternary ionization, ternary recombination, 
and photorecombination. 

The pressure and zero heat flux are set at  the 
outer boundary, while heat fluxes and zero velocity 
components in  the direction normal to  the boundary 
are set on  the axis of  rotation  (q = 0  in  the spherical 
coordinate system, r = 0 in the cylindrical one) and zero 
symmetry planes. The initial conditions can be arbitrary.

The solution of  equations  (1)–(11) is  performed 
numerically using additive accounting schemes for 
physical processes.

The Atlant program suite, which has been developed 
during the last four decades, consists of several programs 
with the following features:  (1) the physical model 
is  based on  the dense high-temperature laser plasma; 
(2)  a  two-dimensional Lagrangian coordinate system 
is used; (3) the modular principle of program writing; 
(4)  all programs are written in  FORTRAN language. 
More detailed information on  the Atlant software 
package can be found in [12, 13].

The NUTCY software  [12] allows solving 
numerically gas dynamics equations in two-dimensional 
cylindrical  (r, z, t  is  time) geometry in  Eulerian 
coordinates [12]:
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Here, ρ is density; p is pressure; Vr = u, Vz = ω are 

components of  the velocity vector V; e � �
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2
 

is the total energy; qT = −æe grad T is the flux of electronic 
heat conductivity; qL is the flux of laser radiation.

A one-temperature approximation is used, i.e., it is 
assumed that the relaxation time between the electronic 
and ionic components is short compared to  the typical 
time of change in  the basic thermodynamic quantities. 
The system of  equations  (12) is  supplemented by  the 
equation of state p = (γ − 1)ρε, where ε  is  the specific 
internal energy, γ is the adiabatic index, and the continuity 
equation for each gas component (n components in total):

	
�
�

� �
�

�i
it

div V 0,  where i n� �1 1, . � (13)

If the gas contains two components, it  would 
be convenient to solve the continuity equation for the 
mixture  (the upper equation of  the system  (12)) and 
then the equation for one of the components (13). Then, 
the first component concentration C  is  determined, 
while the second component concentration is  equal 
to (1 − C).

This program also uses the modular  (block) 
principle for writing the program using the FORTRAN 
programming language.

For solving equations  (12),  (13), total variation 
diminishing differential schemes of  increased 
approximation order (gas dynamics block) and implicit 
schemes for taking into account electronic thermal 
conductivity are used  [13]. Methods for solving 
such problems have been developed at  the Institute 
of  Mathematical Modeling and the Keldysh Institute 
of  Applied Mathematics of  the Russian Academy 
of  Sciences  [12, 14, and 15] with direct participation 
of the author.

MODELING EXPERIMENTS ON BURNING FOIL 

Experiments on  burning through aluminum foils 
were carried out at  the GARPUN facility  [16]. The 
intensity of  the radiation incident on  the target was  
I  ≈ 6  ·  1012  W/cm2, while the plasma interaction 
efficiency parameter (I · λ2) ≈ 3.4 · 1013 (W/cm2)·μm2.

At fixed parameters of  incident laser flux on  the 
aluminum foil  (target), the thickness of  this foil 
is varied. After placing a screen behind the foil, the time 
delay between the appearance of glow on the screen and 
the time of the appearance of plasma glow on the front 
surface of the target is measured (Fig. 1).

In the experiments, burning through aluminum 
foils down to 300 μm is observed during the laser pulse 
duration.

Figure 2a shows the temporal shape of the laser pulse 
and compares the results of  numerical calculations 
performed using the NUTCY program (solid curves) with 
experimental data  (vertical red bars). The yellow curve 
shows quasi-dimensional calculations  (when the 
distribution of  radiation intensity in  the transverse 
direction is set as a constant value). The blue line shows 
the results of  fully two-dimensional calculations where 
the intensity is set in the following way: I(r, t) = I1(t) · Ir(r)  
with the transverse intensity distribution having the form 
Ir = C0/exp(r/Rf)

2. Here, C0 is the normalization constant 

such that 2 1
0

0� I rdrr
R
� � , R0  is  the transverse radius 

of the calculated region, Rf = 49 μm. In both variants, the 
laser intensity averaged over the focusing spot is  the 
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same. I1 is time dependence of the laser pulse, which has 
a trapezoid shape with time moments at tops t1 = 0 ns, 

t2 = 20 ns, t3 = 80 ns, and t4 = 100 ns. I t dt E10
( ) �

�
� las  is absorbed laser energy.

The foil density isolines are shown in Fig. 2b. In this 
calculation, the initial thickness of  the aluminum foil 
is 200 μm (initial density ρ = 2.7 g/cm3). 

Figure 2a shows good agreement between two-
dimensional calculations and the experimental data 
on the “penetration time”, but a significant discrepancy 
with the results of one-dimensional calculations. Along 
with the evaporation of outer layers towards the incident 
radiation  (directly connected with the burning-through 
process), the most likely explanation for this is  the 
effect of  diverging cone-shaped shock waves  (SWs) 
formed near the crater apex, which plays an  important 
role in  such foil “drilling”. These “move apart” cold 
dense layers to  increase the penetration depth of  laser 
radiation [16].

In this case, the distance LSW that the SW travels 
during the laser pulse duration (SW velocity VSW ~ 5 km/s, 
t ~ 100 ns, then LSW ~ 500 μm) is much larger than the 
focus spot size (2Rf ≈ 100 μm).

MODELING EXPERIMENTS ON TURBULENT 
LAYER DEVELOPMENT DURING LASER 

ACCELERATION OF THIN FILMS

The Richtmyer–Meshkov instability that develops 
when SWs pass through the contact surfaces of  two 
gases or plasma results in the rapid evolution of initially 
small perturbations of  interface surface of  two media 
to  the formation and the development of  a turbulent 
layer  [17, 18]. Studying the laws of  turbulence 
development in  the physics of  extreme state of matter 
is an extremely important task in inertial thermonuclear 
fusion in cosmology and astrophysics [2].

Using powerful laser pulses, it  is possible 
to  accelerate dense unevaporated layers to  velocities 
of  ~10–100  km/s. It  has been proposed to  accelerate 
such layers in special transparent cells filled with a gas 
or two gases separated by a thin film. The development 
features of  hydrodynamic instabilities of  the contact 
boundary perturbations and transition into the turbulent 
state may be studied in such “laser shock tubes” [19].

In the second series of experiments, the development 
of  the turbulent layer during laser acceleration of  thin 
Lavsan™ films with a  thickness of  1–50  μm  is studied 
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Fig. 1. Plasma glow obtained through a slit using the photoelectronic recorder as a function of time (left);  
scheme of the experiment (right) [12]
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at  the GARPUN facility. The targets are placed inside 
a  vacuum chamber filled with air or  argon with initial 
pressure of  0.0002–1.0  bar. Laser radiation is  focused 
into the 7 × 7 mm2 square spot using a prism raster, thus 
ensuring irradiation uniformity not worse than 1–2%. The 
intensity of laser radiation on the target surface is varied  
I = 0.1–1.0 GW/cm2 by attenuating the power of the incident 
light beam. The slit of  the electron photochronograph 
is  parallel to  the film surface and is  located at  different 
distances behind it. The “registograms” of  a film with 
initial thickness d = 5 µm irradiated by laser with intensity 
I = 0.55–0.65 GW/cm2 in the air at atmospheric pressure are 
shown in Figs. 3a and 3b. The slit is placed at the distance 
of 3.5 mm behind the initial position of the film. In Fig. 3a, 
homogeneous radiation falls on  the target surface, while 
in  Fig. 3b, the radiation passes through the wire mesh 
with a mesh size of 0.7 × 0.7 mm2 placed in front of the 
film at the distance of ~1 cm. This provides a given scale 
of  the intensity nonuniformity. In  the second case, the 
thickness of the dense layer flying past the slit is 3–4 times 
greater than in the first case. The density profiles obtained 
in numerical calculations at time moments t = 50 ns and 
t = 1150 ns are shown in Fig. 3c. The density maxima are 
combined in one point for easy comparison. The vertical 
dashed line is the shock front at time moment t = 1150 ns.

The process of  laser acceleration of  the film 
is simulated using the cylindrical version of  the Atlant 
software package. It is shown that numerical calculations 
accurately reproduce the dynamics of  the film flight. 
The velocity is  ~3–4  km/s at  the moment when the 
dense layer flies past the slit.6 The initial density 

6  By the time t = 50 ns, the boundary of the air–CH layer accelerated 
to 4–5 m/s. Then the dense layer moved by inertia, gradually expanding 
and transferring part of the energy to the environment.

Fig. 3. Schematic of experiments (left) and images of the accelerated layer obtained with slit sweep in the case 
of uniform (a) and nonuniform (b) irradiation, ∅ is a side of a square-shaped laser beam; numerical calculation results 

of the density distribution along the OZ axis at time moments t = 50 ns and t = 1150 ns (c) [20]
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of  the film is 1 g/cm3. During flight, the layer density 
should be  noted to  decrease with time due to  thermal 
expansion, as  well as  due to  the purely geometrical 
factor of  increasing the surface of  the layer boundary. 
By  the moment t  = 1150  ns  (when the layer reaches 
a  distance of  3.5  mm  from the initial position), the 
density maximum is 0.1 g/cm3. By this point, the width 
of the dense layer has increased compared to the initial 
one  (Fig. 3c). The development of  turbulent mixing 
during laser acceleration and braking of the layer by the 
surrounding air results in an additional increase in  the 
film thickness. Thus, at a layer flight velocity of ~3 km/s 
and time of flight past the slit of ~0.5 μs, the layer width 
is 1.5 mm, while in  the calculation with no allowance 
for turbulent mixing, it  is an  order of  magnitude 
smaller (Fig. 3c). In the experiments with the perturbed 
laser flux  (Fig.  3b), the layer thickness is  3–5  times 
greater.

For modeling turbulence, the turbulent mixing 
model described in [21, 22] is used. In this model it is 
assumed that the turbulent layer develops according 
to the laws of diffusion, but with empirical coefficients 
obtained from natural experiments. Thus, the turbulent 
diffusion equation may be written as follows: 
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where ρ  is  density and Dm  is the turbulent mixing 
coefficient,

	 D l
z

P
zm t t� �

�
�

� �
�
�

�

�
�

�

�
��� �

�
�

2

0 5
1

,
ln

.

.

� (15)



92

Russian Technological Journal. 2023;11(3):86–103

Ivan G. LeboMathematical modeling of experiments on the interaction  
of a high-power ultraviolet laser pulse with condensed targets

Here, wt is the increment of hydrodynamic instability 

development derived in [22], L
z�
�

�
�
�

1
ln

 is the density 
gradient scale, and lp(xl) is the turbulent pulsation size 
and depends on the width of the turbulence zone xl. 

The authors of [21] suggest that

	 lp = αLmix,� (16)

where Lmix is the current size of the turbulent zone (Lmix ≈ xl  
in the experiment in Fig. 3a), while the value of α should 
be given a priori.

A program has been written that allows equation (14), 
(15) to be solved making allowance for (16). 

The averaged values of  layer acceleration 

g P
z

� � �
�
�

1
�

and Lρ  are taken from the numerical 

calculation results using the Atlant_C software.
It should be  noted that the estimate Lmix  ≈  

≈ α4ln(ρ1/ρ2)gt2 is made in [21] for the case of contact 
between two incompressible media (ρ1 and ρ2) in the field 
of  constant acceleration g  (the acceleration is  directed 
from the less dense medium toward the more dense one).

There are two stages of  film acceleration:  (1) when 
exposed to  a laser pulse, the layer is  accelerated due 
to reactive and thermal pressure from the vaporized plasma 
side, g = +(3–4) · 1012 cm/c2 on the front side; (2) the layer 
is decelerated in  the atmosphere, g = −(1–2)  · 1011 cm/c2  
on  the back side of  the layer. The data are taken from 
numerical calculations in the Atlant_C software.

In numerical calculations, the value of  α  (alfa) 
is  varied so  that by  the time the dense layer is  flying 
past the slit, its width DL (delta_L) is equal to the value 
measured in the experiment [20].

The “broadening” due to  turbulent mixing of  the 
layers accelerated by the laser pulse in the case of the first 
and second types of film irradiation is shown in Fig. 4. 
The time moment t = 1150 ns when the layer is “seen” 
through the slit is given.

Time = 1150 ns
1. alfa = 0.27, delta_L = 1.15 mm
2. xl = 0.7 mm, delta_L = 6.25 mm
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Fig. 4. Density of the accelerated layers obtained 
in calculations: 1—film is irradiated by a laser flux without 
flux perturbation, 2—introducing flux perturbation by dint 

of the grid, xl is a grid cell size, lp = xl [20]

MODELING EXPERIMENTS ON IRRADIATION 
OF TWO-LAYER TARGETS AND FORMATION 

OF FINE STRUCTURES

In the third series of experiments, two-layer targets 
are irradiated in the form of a 100 µm aluminum layer 
followed by a ~5 mm plexiglass layer. The laser beam 
is incident on the aluminum side. The focus spot radius 
on  the target surface is  50–70  µm. In  the plexiglass, 
extended craters about 1 mm long are observed, while 
one or two narrow channels over 100–600 µm long are 
formed near its top (Fig. 5) [16, 23]. 

Laser 
beam

Crater

Narrow 
channel

Shock 
wave

1 mm

Fig. 5. Two-layer target after laser irradiation. 
The incident laser beam is shown on the left [23]

Calculations of  the interacting laser pulses with 
targets are performed using the NUTCY software. In the 
calculated area, laser beams propagate strictly along 
the OZ axis, while refraction and self-focusing of light 
beams are not considered. The problem statement for 
modeling experiments is shown in Fig. 6.

The following parameters are used: focus spot radius 
Rf = 50 µm at Gaussian intensity distribution in the spot; 
the absorbed laser pulse energy 40  J; aluminum foil 
100 µm thick and having initial density 2.7 g/cm3 with 
plexiglass having initial density 1.19  g/cm3  behind it; 
calculation area is a cylinder having radius R0 = 0.5 mm 
and length OZ = 1.5 cm.

The two-dimensional distributions of  density and 
temperature of  the matter obtained in  calculations in  the 
NUTCY software are shown in  Fig. 7. The length scale 
(R and Z) is given in units of 10−2 cm. The temperature scale 
is given in units of 100 eV. The corresponding density and 
temperature intervals are shown in the tables on the right and 
are represented as tonality in the figure (white–gray–black).

The plasma density and temperature distribution 
along the OZ  axis as  well as  the density distribution 
along the radius at Z0 = 1 cm (the initial position of the 
condensed matter–plasma boundary) is shown in Fig. 8.

Calculations in the NUTCY software allow modeling 
processes of  forming the flaring plasma and extended 
crater in  the condensed target. However, additional 
considerations and the development of  a physical 
and mathematical model are required to  explain the 
appearance of narrow channels in plexiglass.

The primary reason for the formation of  narrow 
channels in  plexiglass is  the development of  self-
focusing of  the laser beam in  the plasma due to  the 
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Fig. 6. Problem statement: temporal shape of the laser pulse (a); target parameters (b) [23]
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Fig. 8. Distribution of density ρ and temperature T in the plasma along the axis OO1 (R = 0)  
at time moment t = 37 ns (a); dependence of density ρ on radius R at this moment at Z0 = 1 cm (b) [23]
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thermal mechanism. In  the presence of  the extended 
plasma, due to  small perturbations of  the laser beam 
intensity near the axis, the region of high temperature 
arises, thus resulting in “squeezing” of the plasma in the 
transverse direction. Due to  refraction, beams gather 
toward the axis, in  turn resulting in  further formation 
of the low-density channel in the plasma. In case of small 
perturbations, an estimate of the threshold intensity Ith 
for the thermal mechanism  (in units of  1014  W/cm2) 
is given in [24], as follows: 

	 I T
Z Lth cr

i pl

� �2 105 3
5 2

2 2
( ) .� �

�
� (17)

Here, temperature T is given in keV units (~11.6 mln 
degrees), the plasma longitudinal channel scale Lpl and 
emission wavelength λ are given in μm, while Zi  is the 
average ion charge. The typical plasma parameters for 
conditions of the discussed experiments are the following: 
Zi = 4–6, Lpl = 1000 μm, T = 0.1 keV and l = 0.25 μm, 
whence Ith ≥ 2 · 1010 W/cm2.

It is also possible to use a strictional (ponderomotive) 
mechanism of  self-focusing, where the channel 
of  reduced density is  formed due to  the action 
of ponderomotive force in  the plasma in which beams 
are focused. However, the intensity perturbation 
threshold in this case is two orders of magnitude greater 
than in the case of thermal self-focusing.
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In order to more accurately account for the above-
mentioned effects in nonuniform plasma, it is necessary 
to  use mathematical modeling methods involving the 
development of new programs to  calculate the plasma 
dynamics equations together with nonlinear Maxwell 
equations7.

The results of  numerical modeling of  laser beam 
self-focusing according to the simplified model of laser 
beam evolution in  the conducting medium are given 
in  [26]. This model implies the Gaussian distribution 
of  radiation intensity in  cylindrical beam 

E r z E r
a z
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�
�  where E  is  electric 

intensity in  the laser beam, a(z) is  effective radius 
changing as the radiation propagates along the OZ axis.

Assuming that the permittivity depends on  the 
law (paraxial approximation): 
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the following equation for describing the dimensionless 

beam radius f
a z
a

=
( )

0

 may be  written as  (see more 

details in [27, 28]): 
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The first term on the right in equation (19) describes 
beam diffraction, while the second term describes self-
focusing. 

In case of strictional (or ponderomotive) mechanism: 
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In case of a thermal mechanism: 
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7  The numerical modeling results of  thermal self-focusing 
of  the laser beam in  plasma at  the 3rd harmonic of  Nd-laser  
(λ = 0.35  μm) are given in  [25] where the geometric optics 
model is used for describing the propagation of laser beams in a 
weakly heterogeneous medium  (λ << Lρ), but without paraxial 
approximation and hypothesis of the beam quasi-stationarity.

where σ  is  high-frequency electrical conductivity;  
νei is the effective frequency of electron-ion collisions.

Equations  (18)–(21) are solved numerically 
on  the given density profiles ρ(z) and the fixed value 
of electronic temperature T(z).

The laser radiation and plasma parameters are taken 
from  [23]: I  = 5  ·  1012  W/cm2, ρcr = 0.1354  g/cm3,  
T(z) = 0.1  keV, ion charge Zi  = 6, and plasma length  
0 ≤ z ≤ 0.1 cm. The exponential density profile is given: 
ρ = ρcr ∙ exp(−B(0.1 – z)), B = 40 cm−1.

The evolution of the dimensionless radius of beam 
fth along the OZ  axis for initial beam a0 = 35  (1) and 
100  μm  (2) is  shown in  Fig. 9a. In  both cases, self-
focusing of light beams is observed due to the thermal 
mechanism. The strictional mechanism does not 
appear (fstr > 1).

The beam having initial radius 100 μm has decreased 
to dimensions f < 10−3. The calculation is discontinued. 
The beam with initial radius 35 μm begins to  increase 
in  cross section after reaching the minimum value 
of f = 2 ∙ 10−3. The first focus occurs at plasma density 
r = 0.00243 g/cm3, i.e., ρ/ρcr ≈ 0.2.

The development of  thermal self-focusing of  the 
laser beam in the crater plasma formed during irradiation 
of the condensed target by the high-power laser results 
in  increasing intensity by  2–3  orders of  magnitude. 
Further, the strictional mechanism near the critical 
surface may already dominate.

The beam evolution in  the case of  the 
ponderomotive  (strictional) self-focusing development  
is  shown in  Fig. 9b. The initial beam radius a0  =  
= 10 µm, I = 5 · 1016 W/cm2. In this calculation series, 
ρcr = 0.0677  g/cm3; T(z) = 1  keV; and ion charge 
Zi  = 12. In  this case, it  can be  seen that the self-
focusing increases much faster due to  the strictional 
mechanism  (red line) than due to  the thermal 
mechanism (blue line).

When condition I ∙ λ2 > 1014 (W/cm2)·μm2 is fulfilled, 
“hot spots” arise near the critical surface where fluxes 
of  above-thermal electrons are formed  [2, 3]. These 
electrons penetrate deep into the cold condensed matter 
whose trace is  observed in  the discussed experiments 
near the crater top (Fig. 5).

The physico-mathematical models and numerical 
programs described above, which have been tested 
in experiments carried out using the powerful KrF-laser 
facility at  GARPUN, reproduce the experimental data 
at a good level of accuracy with different types of targets 
and under various conditions of  natural experiments. 
These circumstances allow the predictive mathematical 
modeling results of planned large-scale experiments (at 
the level of absorbed laser energy ~1 MJ) to be treated 
with confidence.
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(а) (b)

Fig. 9. Changing dimensionless beam radius on exponential plasma density profile: blue lines denote thermal 
mechanism; red line denotes strictional mechanism; and black line denotes density profile.  

(а) I = 5 · 1012 W/cm2, (b) I = 5 · 1016 W/cm2 [26]
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ON POSSIBLE TARGET DESIGN  
IN THE FORM OF A DOUBLE-SIDED CONE  

FOR AN EXCIMER DRIVER

It is conditionally possible to distinguish four main 
directions of  promising applications of  thermonuclear 
microbursts initiated by  laser pulses. These are: 
(1) modeling substance behavior in laboratory conditions 
at  very high energy concentrations and consequences 
of  nuclear explosions, testing of  corresponding 
numerical programs, as  well as  other applied tasks; 
(2) nuclear power engineering and development of new 
reactor types;  (3) modeling astrophysical phenomena; 
and (4) development of rocket engines for interplanetary 
flights [2]. Generally speaking, the driver requirements 
for each of these directions can differ significantly. In the 
present paper, only the second direction is discussed.

It was stated in the introduction that, to date, no final 
choice has been made regarding the type of driver for 
the laser fusion reactor. At  the first stage, the reactor 
function according to a hybrid scheme when the main 
energy is  apparently obtained through the fission 
of  heavy element nuclei  (uranium), with this process 
being controlled by neutron fluxes from thermonuclear 
microbursts initiated by laser flares [29, 30]. This type 
of  reactor is  safer than those based on  nuclear fission 
reactions only, since its “assemblies” are subcritical; 
moreover, the frequency of  laser shots can decrease 
as  fissile elements accumulate in  blankets. The fuel 
of  such reactors does not require pre-enrichment 
of uranium, since its power cycle can start with natural 
uranium U238. Since the driver itself can be placed in an 
adjacent building at  the distance of  about 10  m  from 
the reactor, the fission chain reactions can be  quickly 
silenced by turning off the laser. It is possible to organize 
the fissile element production regime in such a way that 
the retrieval of the reactions would be an extremely rare 

procedure carried out directly on the plant premises or in 
another specially equipped location. In  this way, the 
probability of terrorist takeover of these resources would 
be  minimized, and the rooms where the radioactive 
elements are stored would be  reliably protected from 
potential bomb blasts.

Nuclear reactions produce unique elementary 
particles including neutrinos and positrons. External 
magnetic fields allow the selection of charged particles 
and their temporary storage [2].

As mentioned above, the solid-state Nd-laser 
is  planned to  achieve high gain factors in  a single 
thermonuclear microburst  (G >> 1  is  “ignition”). 
To  achieve large values of  G, it  is necessary 
to  compress the fuel to  densities 1000  times 
greater than the density of  the liquid DT  mixture 
in  order to  initiate the fusion combustion wave. 
Due to  development of  hydrodynamic instability 
and mixing  [2], such conditions have not yet been 
achieved in  inertial thermonuclear fusion targets. 
On the other hand, achieving G ~ 1 is an independent 
goal of  practical importance. Indeed, Fig. 10  shows 
a schematic of the nuclear-thermonuclear power plant 
with laser excitation of fusion microbursts [30]. Here, 
η is the laser efficiency; β is the conversion efficiency 
of  thermal energy into electrical energy; ϕ  is  the 
fraction of energy providing reactor operation; f is the 
frequency of laser shots; EL is the energy in the laser 
pulse; Wt = fKEL is the thermal power generated in the 
reactor; Wn is the power, which a consumer gets (netto-
power); K = (0.2 + 0.8M)G is the reactor energy gain 
factor; M  is  the energy multiplication factor in  the 
reactor uranium blanket;  (1/η − 1)fEL is  the laser 
pumping energy loss. In  order to  “close” the energy 
cycle, the following inequality should be fulfilled: 

	 (1 – ϕ)β(0.2 + 0.8M)G > 1/η.� (22)
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Wn = (1 − ϕ) ∙ β ∙ Wt − f ∙ EL ≥ 0

(1/η − 1) ∙ f ∙ EL ϕ ∙ β ∙ Wt

Laser Reactor Generator

f ∙ EL/ η Wt = (0.2 + 0.8 M) ∙ G ∙ f ∙ EL

Fig. 10. Structural diagram of the hybrid  
nuclear-thermonuclear station [32, 33]

It follows from (22) that the gain factor should be  
G ≥ 1 at ϕ = 0.2, β = 0.4, h = 0.05, and M = 60. The use 
of  a conical target and KrF-laser as  the hybrid reactor 
driver is proposed in [31]. The laser pulse would consist 
of two long parts (accelerating) pulse with τ1 ≈ 100 ns and 
a series of short pulses with τ2 ≈ 0.01–0.1 ns. Due to the 
deformation of cone walls by strong SWs formed near its 
apex, it  is virtually impossible to  achieve compression 
of the fuel to densities significantly exceeding the normal 
wall density (i.e., 10–20 g/cm3) in such a target design; 
however, this is not required for achieving gain factors 
G ~ 1. Short laser pulses injected through special holes 
near the cone apex would carry out local retention and 
additional heating of the compressed fuel.

The schematic of  the two-sided conical target and 
its irradiation with laser beams taken from  [32, 33] 
is  shown in Fig. 11. The upper part of Fig. 11a shows 
an axial section of the target. The trigger (outer radius R0) 
consists of  polymer material 2  and a  low-density 
substance (foam, aerogel) 3 required for “smoothing out” 
ablative pressure disturbances at  the initial stage of  the 
trigger acceleration. The low-density layer reduces the 
impact of small-scale disturbances of the laser flux, which 
can develop in the extended plasma due to self-focusing 
and forced Brillouin–Mandelstam scattering  (BLS) 
and affect the stability of the flight. Next is a thin layer 
of gold 4, followed by vacuum 5 and 6 comprising a layer 
of condensed DT fuel. The thin gold layer in the trigger 
increases the fuel compression ratio (in one-dimensional 
calculations). Using cryogenic DT  fuel also allows the 
compression ratio to be increased8. 

The general scheme of  the target in  the form 
of counter cones is shown in Fig. 11b, while its central 
part is shown separately in Fig. 11c. The layer of low-
density substance  (foam in  Fig. 11c) for “smoothing 
out” perturbations of  ablative pressure of  short pulses 
is located at the cone apex between the thin inner gold 
layer and the target outer chamber.

To achieve the level G ~ 1, it is sufficient to compress 
the condensed fuel by  30–50  times compared to  the 
density of the liquid DT mixture. The entire compression 
process occurs mainly on the incident and reflected SW; 

8  The impact of  the development of  self-focusing 
and hydrodynamic instabilities is  not considered directly 
in calculations.

under these conditions, it may be expected that mixing 
would not result in  a catastrophic situation  (i.e., in  a 
decrease in  the neutron yield by  orders of  magnitude 
compared to the results of one-dimensional calculations).

The calculation results performed in  the spherical 
version of  the Atlant_Sp software are given in  [32], 
while those carried out in  SND program developed at  
RFNC–VNIIEF  [34, 35] are given in  [33]. It  should 
be  noted that the comparative calculations carried out 
earlier using the Atlant_Sp and SND programs show close 
results at the same formulation of physical problems [36].

Numerical calculations show that thermonuclear 
yield G ~ 1 can be achieved in such a target design using 
pulses in the “long + short” mode at the level of absorbed 
laser energy ~1 MJ.
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Fig. 11. Scheme of the two-sided conical target (a) 
and its irradiation by long + short laser pulses, 

O1O2 is the symmetry axis (b); (c) central part of 
the conical target. 1 is laser beams (long pulses) 

accelerating the trigger, 2 is the trigger dense layer, 
3 is the foam layer, 4 is the thin gold layer, 5 is the 

vacuum gap, 6 is the cryogenic DT fuel layer, 7 is short 
laser pulses, 8 is the shell–trigger, 9 is holes for short 
pulses, 10 is the thermonuclear microburst, 11 is the 

gold target chamber with conical channels along 
the O1O2 axis, and O3O4 is the axis passing through 

target center in the plane perpendicular to symmetry 
axis O1O2 [32, 33]
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The calculations assume that cone walls are 
absolutely elastic and heat-resistant. The formation of the 
“shell–wall” boundary layer is not considered there. The 
problem has perfect symmetry with respect to  the top 
of the truncated cone (the O3O4 axis through which the 
symmetry plane perpendicular to  the O1O2 axis passes 
is shown in Fig. 11c). The process of compression and 
initiation of  thermonuclear reactions in  such targets 
may be conventionally divided into two stages. At  the 
first stage, a long laser pulse accelerates the trigger that 
moves to the top of the cone and compresses the DT fuel. 
When the SW reaches the apex of the truncated cone and 
is reflected there, a series of short pulses (total duration 
about ~0.1  ns, total energy ~10% of  the main heating 
pulse) is injected through the holes into the target in the 
plane perpendicular to  the O1O2  axis. The purpose 
of these pulses is to ensure the dynamic retention of the 
compressed fuel and its additional heating  (second 
stage).

The following two series of calculations of the target 
compression by  a long pulse of  KrF-laser of  various 
time shapes are performed: (1) in the form of a triangle 
with time moments at  tops t1  = 0, t2  = 100  ns, and  
t3 = 101 ns; (2) in the form of a curved trapezoid with 
the tightened front smoothly rising (t2 – t1 = 12 ns) and 
with a  subsequent rectangular pulse  (t3  – t2  = 10  ns). 
The targets have the form of truncated cones with aspect 
ratios R0/Rmin = 10–20 (Fig. 11a). The gain factor G > 1.

Thus, using UV  laser pulses with energies 
of ≈2 MJ and targets in  the form of  counter truncated 
cones allows providing the “thermonuclear flare”9.

DISCUSSION OF RESULTS  
AND CONCLUSIONS

The main elements of  the scheme discussed in  the 
paper are individually tested in small-scale natural and 
numerical experiments.

Experiments with conical laser targets performed 
at  the Prokhorov General Physics Institute of  the RAS 
on  a solid-state infrared laser are described in  the 
review [37].

The amplification of  picosecond pulses generated 
by  the Ti:sapphire laser together with long UV  pulse 
is  tested at  the GARPUN-MTV facility  (FIAN, 
Russia) [38, 39].

The impact of  hydrodynamic instability and 
interaction with the wall during laser acceleration of the 
trigger in  the conical channel remain insufficiently 
studied; this is  also the case with the development 
of  self-focusing and BLS in  the extended plasma. 
Semiempirical physico-mathematical models and 
software packages are developed based on  numerical 
calculations and natural experiments carried out 

9  We shall mean G = 2–3 by “flash.”

on  various laboratory benches  [40–44]. Direct 
mathematical modeling of these phenomena requires the 
use of  high-performance supercomputers and parallel 
computing algorithms. Such work is being carried out, 
in  particular, at  the MIREA – Russian Technological 
University [45].

In the USA, the ELECTRA program for constructing 
a powerful KrF-laser-based LTF research facility operating 
in frequency mode has been announced [46–51].

The physico-mathematical models and programs, 
which adequately describe the model data from 
experiments performed at  the GARPUN laser facility, 
provide a basis for target designs for future large-scale 
reactor-scale experiments.

Figure 12  shows the proposed scenario for the 
development of laser fusion research as applied to the 
creation of  a power plant: the first stage is  research 
and development  (R&D), while the second stage 
is  the experimental and technological development 
(ETD), the third stage is  the development of  a pilot 
and experimental reactor (DPER), and the fourth stage 
is the development of a commercial reactor (DCR). The 
abscissa axis shows the estimated costs of overcoming 
these stages.

Q ≤ 1

n ~ 103

f ~ 1 Hz f > 1 Hz n > 108

f > 1 Hz
K ≥ 0

K(G) ≥ 1

n > 104
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Fig. 12. Assumed scenario for the development 
of inertial fusion research (drawn by the Author).  

n—resource, f—frequency of microbursts, *N$—capital 
expenditure, N = 1—expenditure of R&D stage (footstep), 
EDr—driver energy, and EL—laser pulse energy. EDr = EL

There are several criteria for characterizing fusion 
efficiency: 

1)	 Q = Ef/EDT = 1 is the “physical threshold of fusion 
reactions,” when the released fusion energy Ef equals 
the energy invested in the DT plasma from the third-
party source ET;

2)	 G = Ef/EDr, “gain” is gain or “flash criterion.” As a 
rule, this coefficient is an order of magnitude smaller 
than Q at the same Ef, since a significant part of the 
energy is  “lost” with the vaporized inert material 
of  the target and does not get into the compressed 
fuel;

3)	 K =  (0.2  +  0.8M)·G is  the reactor gain factor 
allowing also for the energy gain M due to fission 
reactions;
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4)	 CE = (1 – ϕ)βK – 1/η is the “plant energy efficiency” 
parameter.
At the R&D stage, the main challenge is the physical 

threshold of thermonuclear reactions. American scientists 
have managed to achieve this10 [7] to approach the value 
G ~ 1 at the NIF facility. On this basis, it can be said that 
they are ready to move to the second stage, i.e., ETD.

Overcoming this stage requires a repetition frequency 
of laser pulses at the level of f ~ 1 Hz and the consequent 
feeding of  targets into the focus of  laser beams at  the 
same frequency, as well as providing “resource n,” i.e., 
uninterrupted operation of the entire system at least for 
an hour (n ~ 103).

At the ETD stage, it is necessary to provide K(G) ≥ 1,  
i.e., to check the possibility of  the blanket functioning 
in  the frequency mode of  loads, as  well as  “some 

10  Kritcher A. and HIBRYD-E ICF team. Initial results from 
HYBRID-E DT experiment N210808 with >1.3 MJ yield. IFSA 
Virtual Meeting. September 2021. LLNL-PRES-826367. P. 16. 
https://www.aps.org/units/maspg/meetings/upload/obenschain- 
11172021.pdf. Accessed February 07, 2023.

resource” n ~ 103, i.e., ensuring the functioning of  the 
whole reactor for a  certain period of  time without 
stopping or interrupting operations.

At the DPER stage, it  is necessary to  reach the 
level of  “closing” the reactor power cycle  (CE > 0) 
and ensuring resource n  > 104, i.e., the uninterrupted 
operation of  such an  experimental reactor for several 
hours (possibly even days).

The final stage is the development of a commercial 
reactor. Such a reactor could operate non-stop for several 
decades and would be  economically viable compared 
to other sources of energy.
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Abstract
Objectives. The purpose of this work was to create a special entrance test for first-year students starting to learn 
a new foreign language. To achieve the research objective, the study analyzed data on testing language/linguistic 
proficiency and motivation for learning a foreign language. A range of test parameters identifying both abilities and 
motivation to learn a foreign language in general, but not related to learning a specific language, were highlighted. 
The identified parameters were used to inform a questionnaire tested on a group of students, whose level of abilities 
and motivation had already been ascertained. The findings about students were compared with the already known 
empirical data to support the improvement of test items.
Methods. To describe a special entrance test for first-year students starting to learn a new foreign language in a non-
humanities higher education institution, a test technology for identifying certain cognitive, psychological, intellectual, 
motivational characteristics of a student’s language personality was created. The developed test parameters served 
as the basis for constructing several heterogeneous test blocks.
Results. The initial version of the test obtained was verified by pilot testing first-semester-first-year students. Expert 
assessments of the foreign language potential learning on the part of students were used to evaluate the reliability 
and validity of the test. A subsequent correction of tasks and responses was carried out in light of the verification 
results.
Conclusions. A recommendation to conduct this kind of testing prior to the first semester with the aim of forecasting 
the success of foreign-language educational activities of students enrolled in the foreign language study group from 
the “starter” level is formulated. The results of such diagnostics can be used to draw up personified adaptive training 
programs within the educational process.
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Резюме 
Цель. Цель исследования – разработка специального входного теста для студентов-первокурсников, на-
чинающих изучать новый для них иностранный язык. Для достижения этой цели был проведен анализ науч-
ных работ по проблемам, касающимся тестирования языковых/лингвистических способностей, мотивации 
к обучению иностранному языку; очерчен круг параметров тестирования, не связанных с изучением конкрет-
ного языка, однако дифференцирующих способности и мотивацию к его изучению; составлен вопросник на 
основе выявленных параметров. Полученный тест апробирован в группе студентов, уровень способностей и 
мотивированности которых определен. По итогам результатов тестирования и уже известных эмпирических 
знаний о студентах скорректированы тестовые задания, верифицированные по уровню и направлению под-
готовки обучающихся.
Методы. Для описания специального входного теста для студентов-первокурсников, приступающих к изуче-
нию нового иностранного языка в негуманитарном вузе, создана тестовая технология выявления когнитив-
ных, психологических, интеллектуальных, мотивационных характеристик языковой личности обучающихся, 
на основании которой разработаны параметры тестирования, созданы вариативные разноуровневые блоки 
вводного теста.
Результаты. В логике заявленного эксперимента проведена верификация исходного варианта теста, его 
апробация в группах студентов-первокурсников по окончании обучения в первом семестре. Оценивание их 
потенциала в изучении иностранных языков рассматривалось в качестве экспертной оценки для определе-
ния надежности и валидности теста. С учетом верификации проведена последующая коррекция как самих 
тестовых заданий, так и ответов на них. 
Выводы. При прогнозировании успешности иноязычной учебной деятельности студентов, зачисленных 
в  группы по изучению иностранного языка с нулевого уровня, считаем целесообразным и продуктивным 
проведение подобного рода тестирования перед началом первого семестра. По итогам предложенной диа-
гностики весьма актуальной представляется разработка персонифицированных адаптивных программ ино-
язычной подготовки таких студентов в неязыковом вузе.

Ключевые слова: тестирование, входной тест, изучение иностранного языка с нуля, языковые способности
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1. INTRODUCTION

Traditional methods for foreign language teaching 
at non-humanities universities do not always produce 
the necessary results to support the future professional 
activity of students. One common problem faced 
by teachers is the need to establish a basic level of 
knowledge, skills and abilities of a number of students 
in order to bring them to the level required for their 
subsequent advancement through the curriculum, which 
greatly complicates the educational process of teaching 
a foreign language.

Currently, numerous studies aimed at developing 
innovative technologies in the field of foreign language 
training of students are being carried out. Adaptive, 
personalized technologies for teaching foreign languages 
are being introduced [1–3]. Since each applicant has 
a different initial knowledge base and background, 
opportunities for mastering educational material vary 
considerably. Therefore, there is a need to focus on a 
student’s personal characteristics, helping him or her to 
build an individual trajectory for successful language 
acquisition [4, 5]. At the same time, this approach need 
not violate the boundaries of an integral system of 
educational standards, curricula, and learning objectives.

In order to determine the initial level of foreign 
language proficiency of those entering a university, 
some kind of entrance lingua-didactic testing is 
typically carried out to form language groups having the 
corresponding level of language preparation. Along with 
the various test forms (input, current, intermediate, final) 
to determine the level of students’ knowledge, there is a 
considerable amount of published scientific literature on 
the issue [6–9].

For this reason, entrance testing becomes an 
important initial stage in the formation of a student’s 
portfolio, forming the basis on which their further 
educational activities can be planned. In the pedagogical 
literature, however, the question of how entrance tests 
are used to determine the initial level of language 
training obtained in a secondary school is still under 
discussion [10–14].

The practice of teaching a foreign language at a 
technical university demonstrates that students entering 
a university with existing knowledge of one foreign 
language sometimes have to learn another foreign 
language from scratch. In this context, existing entry 
tests are not applicable. In order to implement an 
adaptive approach, it is necessary to divide the groups 
of students into subgroups in accordance with their 
potential for learning a foreign language. Thus, there is 
a need to develop a special test within the framework 
of adaptive technologies that cover the most important 
personal characteristics: psychological, cognitive and 
linguistic along with the level of motivation in language 
learning.

To date, a relatively small number of researchers 
are developing the issue from the above-described 
perspective. The following studies are closest to the 
matter under consideration [15–17]. Some researchers 
recommend that the testing of language abilities should 
be carried out in the process of foreign language activity, 
that is, if a student does not know the basics of foreign 
language acquisition, then the identification of his or her 
innate language abilities becomes problematic [18–20]. 
However, other researchers consider that linguistic 
understanding is formed prior to targeted language 
acquisition [21, 22], on which the existing psychological 
tests for identifying language abilities are based1 [23–30]. 
In this work, we use such described tests as a section of 
the questionnaire.

The purpose of the present study was to create a 
special entrance test for first-year students who are 
beginning to learn a new foreign language. To achieve 
the goal of the study, the following theoretical research 
methods were applied and the subsequent problems 
were solved:

1)	analyze the scientific literature on the issues related 
to testing linguistic abilities and motivation to learn 
a foreign language;

2)	outline a range of testing parameters, which are not 
related to the study of a particular language, but 
instead reveal the ability and motivation to study it;

3)	design a questionnaire based on the identified 
parameters;

4)	try out the obtained test on a group of students, whose 
level of abilities and motivation is already known, 
in order to compare test results with already known 
empirical (expert) knowledge about the students;

5)	adjust test items if necessary.
In investigating the psychological, personal, 

psychophysiological characteristics of applicants, the 
present work considered the entrance testing of students 
prior to enrolling them in a group for studying a foreign 
language from scratch. The theoretical significance of 
this work is due to the lack of a single test relating to the 
lingua-didactic type for applicants’ preliminary testing. 
The practical relevance of the work is determined by 
the need to obtain certain preliminary personalized data 
about students who begin to learn a foreign language 
from scratch.

2. MATERIAL AND METHODS

The study was carried out within the scope of an adaptive 
approach, requiring the development of technologies 
for individualization of learning. The material for this 
comprised a special entrance test designed for diagnosing 

1  As well as: Tarasova E. Test na lingvisticheskuyu intuitsiyu 
(Linguistic intuition test). https://subscribe.ru/group/obo-vsyom-
ponemnogu/15246393/. Accessed January 31, 2022 (in Russ.).

https://subscribe.ru/group/obo-vsyom-ponemnogu/15246393/
https://subscribe.ru/group/obo-vsyom-ponemnogu/15246393/
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the particular cognitive, psychological, linguistic and 
motivational characteristics of students setting out to learn 
a new foreign language at a non-linguistic university. As 
part of the experimental methodology, the test was tried 
out on the first-year students whose language abilities 
had already been assessed by teachers. The methodology 
included a comparison of the results of the entrance test 
with the expert assessments of students’ knowledge and 
capabilities to serve as a basis for adjusting test tasks and 
interpreting answers to them.

3. THEORETICAL BACKGROUND

3.1. Individual psychological characteristics  
and their diagnosis

In addition to tests examining the level of students’ 
knowledge in terms of their foreign language competence, 
tests are used to determine the general level of language 
proficiency and speech activity, as well as to identify 
linguistic abilities [6, 8, 10, 21, 31, 32]. Within the 
framework of adaptive technologies, the development 
of tests aimed at identifying applicants’ individual 
psychological characteristics, [33, 34] namely memory, 
attention, motivation, thought processes, and emotional 
states, are of great importance.

Many tests have been developed and designed to 
investigate human cognitive abilities related to language 
learning. However, a number of researchers point to 
various inadequacies in the available tests, which cannot 
be used to evaluate intellectual abilities in general, but 
only some intellectual skills and thinking features (in the 
epistemological sense [35]) formed at the time of testing.

Tests for “the success of the verbal functioning 
of an individual in the society” include the following 
questions:

•	 firstly, on general intelligence (“the ability to logical 
reasoning, planning, problem solving, abstract 
thinking, the ability to understand complex ideas, 
the speed of learning and the ability to benefit from 
the experience gained,” linguistic, spatial abilities);

•	 secondly, on verbal abilities (definition of 
concepts, mental analysis and synthesis in verbal 
form, the establishment of verbal similarities and 
differences) [36, p. 127].
Also of interest in this connection are the Wexler scales 

to detect mental abilities, including verbal and nonverbal, 
which are used to define various features of memory, 
thinking, attention, and visual perception [33, 37].

The tests developed by John B. Carroll and Stanley 
Sapon aimed at identifying special cognitive abilities—
mechanical associative memory (rote associational 
memory), the ability to recognize and derive rules 
(inductive ability), phonetic coding ability, and the 
perception of grammatical relations (grammatical 
sensitivity)—are also relevant [23, 24].

Tests for studying the motivational sphere of 
personality [38–40] have also been created. However, such 
tests, which are mainly designed for schoolchildren and 
job seekers, are underapplied to university students [41].

3.2. Language abilities and their diagnostics

The issue of determining linguistic abilities 
and giftedness has been repeatedly raised in the 
psycholinguistic literature [18, 23, 36, 42–46]. However, 
while various indicators of the general giftedness of 
learners [20, 33, 47, etc.] and conditions for assessing 
linguistic abilities [19, 31, 48, 49] have been described 
in detail, a universal common approach is yet to be 
developed.

Linguistic ability/giftedness is also diagnosed by 
the following verbal-semantic methods: free associative 
experiment [50], associative-translation method2 [20], 
the word semantics method [15, 16, 51], and the remote 
associates test3 [52, 53].

Linguistic tasks for new interpreters [17] combine 
linguistic, mathematical and logical methods of 
language research in one task that allows a subject’s 
understanding of the language structure and the laws of 
its functioning to be evaluated. This collection of tests 
determines linguistic abilities along with the ability to 
apply logical reasoning and linguistic thinking. 

Paul Pimsleur’s language aptitude battery [28] 
is aimed at identifying potentially underperforming 
students before they start learning foreign languages. 
Pimsleur highlights three factors that determine the 
success of mastering foreign languages: (1) the level 
of speech development, determined by using the 
“Vocabulary” test (individual lexicon in one’s native 
language); (2) motivation and interest in learning a 
foreign language; (3) sound difference and quasi-signal-
based communication.

L.A. Khokhlova’s complex psychological and 
diagnostic approach to the study of students’ language 
abilities is based on the hypothesis of M.M. Gohlerner 
and G.V. Eiger [21], showing that speech transformations, 
interverbal connections, and generalizations are 
formed faster and easier in the presence of linguistic 
talent [21, 54].

There is also a psychophysiological instrumental 
method for determining linguistic talent (using functional 
magnetic resonance imaging along with neurolinguistic 
programming), which has its own specifics [31, 54].

2  As well as: Romanovskaya N.V. Yazykovaya sposobnost’ 
kak determinanta ponimaniya inoyazychnogo teksta (Language 
ability as a determinant of understanding a foreign language 
text). Abstract of thesis. Tver; 2004 (in Russ.).

3  Remote Associates Test (RAT) test as adapted by 
T.V. Galkina, L.G. Alekseeva, L.G. Khusnutdinova; for adults, by 
A.N. Voronin.
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Thus, the tests available today are typically used to 
diagnose a person’s characteristics from only one point 
of view, which means that they are homogeneous. As 
such, there is still no unified multi-component test for 
preliminary testing of applicants enrolling in a group 
for beginner learners of a foreign language. In their 
work when developing the test, the present authors 
have analyzed and taken into account achievements 
of domestic and foreign researchers who have studied 
various aspects of the linguistic personality.

4. STUDY AND RESULTS

The development stages of the test considered 
in this paper correlate with the standard stages of any 
professional test compilation [55–57]:

1.	  Determination of the testing goals, i.e., diagnosing 
the linguistic potential of an applicant who enrolled 
in a group for learning a foreign language from 
scratch.

2.	  Selection of the educational material content. 
For this purpose, an analysis of the cognitive, 
psychological, motivational, some intellectual and 
individual characteristics of a student’s personality, 
needed for the successful mastering a foreign 
language was carried out.

3.	 Compilation and assignment of test items. 
Test examination—the compiled test is 
heterogeneous; the developed tasks are assembled 
into several blocks referring to various aspects of 
the applicant’s linguistic and intellectual abilities; 
an independent expertise is carried out by the 
teachers of the Foreign Languages Department 
of the RTU MIREA to evaluate the qualitative 
characteristics of the test items in accordance with 
certain parameters.

4.	  Approbation of test tasks, i.e., after the design of 
the developed test tasks, a single multi-component 
test was offered to first-year students.

5.	  Determination and calculation of quality 
indicators for the test items, which implies 
testological investigation of both individual test 
items and the test as a whole, statistical processing 
of approbation results, establishing quantitative 
values of the characteristics of the tasks proposed 
and the definition of a normal distribution.

6.	  Task rejection and preparation of the test— tasks 
that caused severe difficulties for the majority of 
subjects or, on the contrary, were successfully and 
quickly passed by all the test takers, were replaced 
by other ones or excluded from the test.

7.	  Second approbation and preparation of the final 
version of the test.
The content of the developed test corresponds to the 

scheme of any closed-type test and includes:

1)	instruction for test takers, which includes information 
about the number of questions and time to complete 
the test, score per each answer, etc.;

2)	test questions;
3)	correct answers (at the teacher’s disposal);
4)	evaluation parameters.

When developing the test, the authors sought to 
comply with the necessary requirements for the test, 
such as:

1)	validity;
2)	sufficient reliability;
3)	compactness.

When writing the test, attention was paid to the 
possibility of conducting it under certain conditions. 
An important component in the content of the test 
was a system for objective evaluation in scoring, 
as well as considering the test’s rationality and 
complexity.

The developed test is aimed at identifying the 
psychological and cognitive characteristics of a student, 
on which basis a model is then created in the individual 
trajectory of each student learning the foreign language 
from scratch [58].

The questionnaire consists of several blocks 
affecting various aspects of the linguistic personality and 
general learning competence of students. The included 
questions are aimed at defining:

1)	level of development of language abilities;
2)	responsiveness to a given practical task;
3)	ability to analyze, synthesize, generalize and 

compare, establish logical relationships, select 
elements from a whole;

4)	individual memory features required for language 
learning;

5)	level of student’s motivation in language learning.
The amount of time to complete the test has also to 

be taken into account.
The first block contains tasks aimed at identifying 

the ability to work with linguistic signs and concepts, 
for example, decipher anagrams, find synonyms and 
antonyms for the given words, and fill in gaps in words, 
in texts, and proverbs. Despite the fact that the test 
questions relate to the Russian language, the correctness 
of the answers to them demonstrates general linguistic 
abilities.

Here are some examples.
Fill in the missing words in the text:
For centuries, people have been sure that a magnet 

must be a metal. Even a quarter ... ago, hardly ... could 
assume that such ... can ... others ... They ... did not think 
about it—they do not exist in nature. Moreover, the idea 
to synthesize magnets ... be ... fantastic.

Ferromagnetic substances can ... into magnetically 
soft and magnetically hard ones, depending on how 
they ... or retain their magnetic properties.
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A soft magnetic substance is the substance made 
of ferromagnetic material, which ... in that it loses its 
magnetic properties after magnetization and ... from 
the external magnetic field. Magnetically soft material 
requires pure iron and low carbon steel.

A hard magnetic substance is the substance … of 
ferromagnetic material, which differs in that after ... 
it retains its magnetic properties for a long time after 
removal from the external magnetic field of the magnet. 
Hard magnetic materials are, for example, permanent 
magnets (Sm—samarium, Nd—neodymium).

Solve the anagrams and eliminate the extra word:
ALETB	 ECGINLI	 RHCIA	 DRAWOBRE

The second block contains tasks that test the lexical 
potential of a particular student, including his ability 
to put the right word in a certain context. These tasks 
include identifying an extra concept, selecting suitable 
words, hyponyms, and hypernyms, defining concepts, 
and describing polysemantic words. For example, a task 
like this:

Replace the dots with a word that would mean the 
same as the words outside the brackets:

Kind of sport (...) a container
Find the word that is different in meaning from the 

rest:
Laurel
Triumph
Vertex
Fiasco
Choose synonyms or antonyms for the words:
amorphous—reduced / defined / limited / hostile
Which series has a negative value?

1)	hell, angry, illegal, ex-president
2)	importance, antimony, invisible, reduction
3)	encourage, uncertain, inversion, indifferent
4)	countertops, irrigation, unpaid, demilitarize

Generalize and restrict concepts, i.e., find a more 
general concept (hypernym) and a more specific one 
(hyponym) for each given concept:

Adverb (part of speech; syntax; adverb measures; 
speech; verb)

In the following tasks, analyze the concepts, i.e., 
identify essential and random features:

Human anatomy (academic subject, science, boring 
lesson, complex science, studies a person, part of natural 
science)

The word ‘garden’ is given and the words in parentheses 
(plants, gardener, dog, fence, land). From the words in 
brackets, you need to choose words that denote the main 
features (without which a given concept cannot exist).

Find pairs of concepts that are in causal relationships 
with each other:

Ice formation, north, frost, weather, snow
For each concept, select such concepts that are in a 

functional relationship with it:

Drawing – ...; lake – ...; bee – ...; number – ...;  
task – ... .

The third block presents in our opinion the most 
characteristic tasks to a certain extent reflecting some 
intellectual abilities of a subject. This included tasks for 
establishing logical connections, determining common 
semantic and lexical and grammatical characteristics 
between words, identifying errors, establishing language 
patterns, etc.

After analyzing the chain of letters, you need to find 
the missing letter:

W, T, P, M, I, ... .
After analyzing the chain of letters, you need to 

insert the missing letter:
A	 D	 G
D	 H	 L
H	 M	 ?
Insert the missing word:
BOOKS (KIDS) DIG
SIEGE ( ... ) MAY
Which series consists of internationalism words?

1)	revolution, sport, science, nation
2)	electric, ferment, molecule, experiment
3)	exhibition, atom, today, actor
4)	insert, automobile, computer, word

Which of the following statements represents a point 
of view?

Life has a beginning and an end.
Cucumber is 90% water.
Artificial fibres worsen our lives.
The oceans cover two-thirds of the Earth’s surface.
Which word does not refer to the other two?
think, see, hear
When developing questions regarding the definition 

of memory features, we relied on the methods available 
in psychological science.

In particular, simple introspective questions were 
asked, such as Do you have a good memory? Do you 
memorize poems easily? After reading a one-page story, 
can you retell it in detail?

We used the method of preliminary diagnosing 
short-term memory by the known method of ten words, 
as well as memorizing sentences related and unrelated to 
each other for 15–30 s.

Long-term memory was diagnosed using the same 
10 words and sentences, but written by the subjects 
after 40–60 min of testing on other tasks and without 
repeating them.

The fifth block of questions concerned the 
applicants’ motivation in foreign language learning. 
This block included introspective questions such as: 
what is more important for you grades or knowledge?, 
Specific questions about the personal goal of language 
learning—I will need French: 1) for traveling and  / 
or communicating with French-speaking friends;  
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2) in the future profession; 3) to be an educated person; 
4)  speak another language is just great; 5) I do not 
think I will need it, I have no choice, I have to study a 
foreign language at the university, otherwise I won’t get 
a diploma; 6) Maybe I do not need French, but I just 
got tired of learning a foreign language that I had at 
school; 7) ... I may not need it, but I really like French; 
8) I need a foreign language because I prefer to watch 
foreign films and read books in the original).

General questions were asked in a veiled form 
to affect the latent character traits, but relate to the 
motivational aspects of the subject’s behaviour. 

(In my behaviour at my future job, I need to follow 
the principles:

1) I need to move up the career ladder; 2) Work is a 
forced necessity in order to live; 3) The most important 
thing is gaining credibility and recognition; 4) It is 
necessary to strive to comfortable environment; 5) It 
is important to find something exciting at work; 6) One 
should constantly improve in his work).

The amount of time spent by a subject to complete 
the test is not a separate block, but is included in the 
study and evaluated using a scoring system. Here, it 
is hypothesized that the faster and more successfully a 
test is passed by the subject, the higher that subject’s 
linguistic potential; the more time spent on passing 
the test when it was not very successful, the less the 
linguistic potential. There are cases of successful test 
completion by subjects who spent more time than was 
allocated. The explanations for such results can include 
natural slowness, search for information from extraneous 
sources due to an inability to do the test from memory, 
increased distraction and attention deficit.

While the listed factors do not contribute to the 
successful acquisition of a foreign language within the 
narrow framework of the curriculum at a technological 
university, they affect the number of points received.

There are examples of quick but unsuccessful 
completions of a test, which can be explained by a student’s 
frivolous attitude to the matter at hand, which also does not 
contribute to the success of learning of a foreign language.

All five blocks of the test are combined into a single 
test presented to students. The amount of time spent on 
its execution is measured. Points are summed up. For a 
single entrance test, one can get up to 100 points: those 
who score 70–100 points go to the advanced subgroup 
of the experimental group, those who score 55–69 points 
go to the middle subgroup, and those who score less than 
55 points join the third subgroup for weak students.

5. DISCUSSION

The predictive test under consideration was 
constructed by teachers of English and French for 
the preliminary diagnosis of the psychological and 

cognitive potential of students who had just entered 
RTU MIREA (Institute of Information Technologies, 
Institute of Artificial Intelligence, Institute for Advanced 
Technologies and Industrial Programming, Institute 
of Management Technologies, Institute of Radio 
Electronics and Informatics). This contingent of students 
was enrolled to study a foreign language from the 
starting level. At the time of admission to the university 
and the beginning of classes, teachers know neither the 
students’ cognitive and psychological characteristics 
nor their linguistic abilities. For the successful language 
mastering, it is advisable to conduct preliminary 
diagnostic of a linguistic personality. 

Prior to testing applicants, the final version of the 
developed test was tested on first-year students at the 
end of the first semester, when the level of their language 
potential becomes obvious.

The test was offered to 71 first-year students of 
RTU  MIREA. 22 students received high scores, 32—
average scores, while 17 were awarded low scores.

In order to process the results and determine the 
validity of the test for its further use among applicants, 
the differentiating power of test items was analyzed 
based on the correlation coefficient of each item with the 
final score obtained for the entire test. This coefficient, if 
it is more than 0.5, distinguishes between advanced and 
lagging students.

Having compared and analyzed the results of testing 
and the abilities of students demonstrated in foreign 
language classes, we can conclude that, in general, the 
diagnostic results were to be expected. However, there 
were some discrepancies—the number of students who 
studied well turned out to be slightly larger than the 
number of students who received higher test scores. 
This can be explained by the fact that applicants who 
studied the foreign language at the institute for two or 
three years had enrolled to study it from scratch. This 
contingent of students mastered the program faster and 
more successfully. This can be explained by the fact 
that students of non-linguistic universities are subject to 
different language proficiency requirements than those 
for students of language universities.

We would like to pay special attention to the block 
of the test concerning motivation. The test results 
showed that the motivation to learn a foreign language 
is often determined by pragmatic social factors: getting 
a higher education, obtaining good employment, etc. In 
such cases, a student’s progress in learning activities at 
various stages of language learning will obviously be 
less successful.

Diagnostics of some intellectual abilities of 
RTU  MIREA first-year students under testing shows 
that, in general, students have a normal and sometimes 
a reduced level of development of linguistic and general 
intelligence.



111

Russian Technological Journal. 2023;11(3):104–116

Nadezhda I. Chernova, 
et al.

Technology for determining non-humanities university students’  
cognitive-and-psychological characteristics

6. CONCLUSIONS

The created diagnostic technology for studying 
the general intellectual, linguistic, and motivational 
components of a first-year student’s linguistic personality 
is aimed at predicting the success of foreign language 
learning activities, developing and implementing 
personalized adaptive training programs and using them 
in the educational process based on diagnostic results.

Statistical calculations were carried out with respect 
to the normal distribution, standard deviation, variance, 
degree of difficulty and correctness of tasks and answers 
to them, as well as correlations and homogeneity within 
individual test blocks, considering the reliability and 
validity of each block. The initial version of the test was 
adjusted in accordance with the results of calculations. 
Thus, the results of the conducted research support 
the belief that the final version of the test, aimed 
at preliminary diagnosis of linguistic abilities and 
motivation of applicants, was sufficiently accurate to 
reflect the characteristics of the linguistic personality 
in order to adequately distribute the students by rank. 
This means that the obtained test results can be used to 
personify foreign language teaching from starter level at 
a non-linguistic university.

Alongside the actual practice of conducting classes 
in such groups, the test results demonstrate that the 
language learning process is greatly facilitated by 
the presence of at least minimal existing knowledge, 
skills and abilities on the part of a student studying a 
foreign language from scratch. On this basis, we believe 
that when forming student groups, it is advisable 
to determine both the subject’s score for predictive 
testing and the presence of at least minimal knowledge, 
abilities and skills in a chosen foreign language. If an 

applicant has certain knowledge, abilities and skills, 
but received an average score on the main test, he or 
she should, nevertheless, be taken in the strong student 
group. If a student receives a low score for testing, it is 
necessary to conduct diagnostics in the corresponding 
foreign language in order to determine the level of his 
knowledge, abilities, and skills. This fact is important, 
since it is known from teaching experience that the level 
of foreign language proficiency remains quite low even 
after ten years of learning a foreign language, never 
mind a period of two-three years of language learning in 
a secondary school.

The results of the pre-diagnostic testing in the 
framework of the adaptive learning technologies at 
the very initial stage of teaching a foreign language 
to non-linguistic students support certain conclusions 
on the organization of further language learning. 
Although the results cannot be claimed to comprise 
an absolute criterion of effectiveness in mastering 
the foreign language, carrying out such assessments 
of the psychological and cognitive characteristics of 
future students in terms of their personal potential and 
motivation to learn a language will certainly contribute 
to the improved quality of foreign language teaching 
at a technological university starting from the first 
semester.
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