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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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HAYYHAA CTATbA

Cpena ucciie1oBaHU ONEePALMOHHO-BbIYUCINTEIbHON
APXUTEKTYPHI HHPOPMAIUOHHOTO 00eCIIeYeHUs
HU(PPOBOH BAIKTHI HEHTPAJIBHOI0 0aHKA

A.C. AnGbiyeB 1:2: @,
C.A. Kyax 2

1 ®enepansHoe ka3HayericTBo MunucTepcTaa puHaHcos Poccwiickor denepaumm, Mocksa, 101000 Poccusi
2 MUP3A — Poccuiickuii TeXHOIOrmyeckumii yHmeepeuteT, Mocksa, 119454 Poccus
@ AsTOp Ana nepenucku, e-mail: albychev@mirea.ru

Pesiome

Llenu. BHegpeHue n paspaboTka MHHOPMALMOHHO-BbIYUCTIUTENBHON apXUTEKTYPLI U MHOPMaLMOHHOro obecne-
yeHus undpoBO BanoThbl LieHTpanbHoro 6aHka (LIBLLB) cTpaHbl ocHOBbIBalOTCS Ha BbIOOPE NMporpamMmmMHo-anna-
paTHol nnaTdopMbl, BKJOYAS TEXHOOIMU 1 CNOCOObLI B3aMMOOENCTBUS 3/IEMEHTOB BbIHUCIUTENIbHOIO KOMIIEK-
ca. BHegpeHnue TexHonornn UBLB cyliecTBeHHO 3aBUCUT Kak OT ONepauyiOHHO-BbIYNCIINTESIbHOM apXUTEKTYPbI,
Tak 1 OT TEXHOJIOMMYECKMX XapakTEPUCTUK KOHKPETHOW peanv3aumm nHGopMaLoHHOro obecneyennst LmbpoBoi
BaIlOThl, YTO OMNpPenensieT HeoOXo0aAMMOCTb pa3paboTKM COOTBETCTBYIOLLEN cpeabl uccnenoBannii. Liens ctatbn —
pa3paboTka MHPPaCTPYKTYpPbl Cpeabl 3KCNEPUMEHTasIbHbIX NCCIEA0BaHUI ONepaLiOHHO-BbIYUCIINTENIbHOM apXu-
TeKkTypbl HOOPMaLMOHHOro obecneveHuns LIBLIB.

MeToabl. Pa3sutne ULMdpoBbIX TEXHOIOMMIA HE ChOopMUMPOBao cTek peannsauum LIBUB, a komnnekc TexHonornye-
CKNX peannsaumini HaxoauTcs B pa3paboTke BO MHOIMX cTpaHax Mmupa. OcHoBoW st GopMMpPOBaHNS NPOrpamMMHO-
annapaTHoro Komriekca MHGOPMaLMOHHOrO 06ecrneyeHs ABNSIOTCA TEOPETUHECKME U IKCNIEPUMEHTASIbHBIE UC-
CnefoBaHns COBPEMEHHbBIX MHCTPYMEHTOB LIMPPOBOIo ynpasieHnsa TPaH3aKUNaMu.

Pe3ynbTaTtbl. PAaCCMOTPEHbI apXUTEKTYPHbIE U TEXHONOrMYeCcKne KOMMOHEHTbI, COCTaBASOWME OnepaLmnoHHo-
BbIYMCNIUTENbHYIO cpeay LMbPOBOI BanioThbl LEHTPaNbHOro 6aHka: OnepauyiOHHO-BbIYMCIIUTENbHBLIE apPXUTEKTY-
pbl, 6JIOKYENH-TEXHOMOMMW, aIrOPUTMbl KOHCEHCyca, GpopMbl NpeacTaBneHns LM@pPOoBbIX BantoT. NpencrasneHo
5 BapunaHTOB OnepaunoHHO-BbIYMCANTENbHbLIX apxmuTekTyp LUBLB. MNMpoBeneHo nccnenosaHve MHOOPMaLMOHHBIX
MOLeNlen B3auMOLENCTBUSA YHaCTHUKOB TpaH3akumin LUBLB, HanpaBneHHbIX Ha yCTaHOBNEHME CTENEHN BIUAHUS
apXMTEKTYPHOrO PELUEHUSI HA XapakTePUCTUKM BbIYUCIIUTENIBHOINO KOMiekca MHGOPMaLVOHHOIO 0BecneyeHus.
MpoaHananpoBaHbl 0COBEHHOCTU LIMGMPOBLIX BaOT B GOPME aKKkayHTOB 1 TOKEHOB.

BeiBoabl. PaspabotaHa MHOPACTPyKTypa Cpedbl UCCNefoBaHUi OonepaumoHHO-BbIMUCIUTENIBHON apXUTEKTYPbI
vHpopMaumoHHoro obecnederHns LUBLE. Co3naHbl Npeanochbiiki s KOMIMIEKCHOro aHanm3a TeXHONOrMY4ecKnx
XapakTepUCTUK OnepauyioHHO-BblunCcanTenbHOM cpeapl LUIBLUE. lpoBepeH aHannu3 BapuaHTOB OMNepauyoHHO-
BbIYNCNIUTESIbHBLIX apXUTEKTYP. B pesynbTate aHannsa chopmMmpoBaH CBOLHbIV MNepevyeHb XapakTepucTuk npmee-
OEHHbIX apxuTekTyp. B 3aBrcrumocT oT TpeboBaHuii, npeabsiBnsemMblix k LIBLIB, Ha 0CHOBE 3TOro nepeyHst MoxeT
ObITb BbIOpaHa Hanbonee afekBaTHas onepaLioHHO-BbIYNCIUTENIbHAS apXUTEKTYPA.
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Mpo3payHocTb GUHAHCOBOW AeATEeNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBON 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-

HbIX MaTepuanax nim Mmetogax.

ABTOpbI 325BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.

INTRODUCTION

The development of modemn 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.

CB

Bank

Individual/Legal
entity

Individual/Legal
entity

Individual/Legal
entity

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.

CB

CBDC
operator

i i

Bank Bank Bank

Individual/Legal
entity

Individual/Legal
entity

Individual/Legal
entity

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.

CBDC
operator

Individual/Legal
entity

Individual/Legal
entity

Individual/Legal
entity

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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CB
CBDC operator CBDC operator CBDC operator
Segment|Segment ] ISegment|Segment [] Segment|Segment]
1 2 2 3 3 1

Bank Bank
Individual/Legal  Individual/Legal Individual/Legal
entity entity entity

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
aresearch 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:

o0 N;
Rtotal = Z Z (Rinh + Rc )’
i=1 j=1

where O is the number of organizations; N, is the
number of nodes in ith organization; R, is the amount of
resource required for the jth node in the ith organization
to function; R, is the resource overhead for hypervisor
operation, proportional to the allocated resource; R 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, R, = 0, and
R, =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 ESXi' was developed.

The tools used are:

e modified version of Repexlab* for work with
VMWare ESXi,
plug-in vagrant-vmware-esxi
utility program ovfiool?;
system Ansible;
monitor atop®.

3.
s

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

2 https://github.com/md-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.
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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)

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

Table. Characteristics of operational computer architectures

Characteristic Al | A2 | A3 | A4 | AS
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 i e e e =
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 + |+ =1 - -
Operators verify the results of transaction processing — - — - +
Data backup with independent operators e =
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: Al—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.
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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.

Authors’ contribution. All authors equally contributed
to the research work.
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Abstract

Objectives. In order to model and analyze the information conductivity of complex networks having an irregular
structure, itis 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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HAYYHAA CTATbA

JIlunamuka GpopMUpPOBaHUA CBA3eH
B CeTHAX, CTPYKTYPUPOBAHHBIX
HAa OCHOBE MPOTrHOCTHYECKUX TEPMHUHOB

C.0. Kpamapos -2,
O.P. MNonoe 3: @,
n.3. Dxapwes 2,
E.A. NeTtpos 2

T MUNP3A — Poccuiickuii TexHonornyeckuii yansepcutet, Mocksa, 119454 Poccus
2 CypryTckuii rocynapcTBeHHbI yausepcuteTt, CypryT, 628408 Poccus

3 IOxHbINE hepepanbHbii yHuBepcuTeT, PocToB-Ha-/loHy, 344006 Poccusi

@ AsTOp AN nepenvcku, e-mail: cs41825@aaanet.ru

Pesiome

Lenu. Jna MmoaenvMpoBaHus 1 aHanmaa MHGopMaLMoHHOM NPOBOAMMOCTU CITOXHbIX CETEN C HeperynspHoOn CTpyK-
TYpPOV BO3MOXHO NPUMEHEHNE N3BECTHLIX B GU3MKE TBEPAOro Tena METOLOB TEOPUN NEPKONALMM, MO3BOSIAIOLLMX
KONMMYECTBEHHO OLEHUTb, HACKOJIbKO JaHHas CeTb 6113Ka K NEPKOASALNOHHOMY NEPEXOAY, U TEM CaMbiM CHOPMUPO-
BaTb MOJENb NPOrHo3npoBaHusa. OGbEKTOM UCCNef0BaHUS BbICTYNAT MEXAYHapOaHblE MHPOPMALIMOHHbLIE CETU,
CTPYKTYPUPOBAHHbBIE HA OCHOBE C/IOBApElN MOAENbHbIX MPOrHOCTUYECKUX TEPMUHOB, TEMATUYECKM OTHOCSLLMXCS
K NepCneKkTMBHbIM NHPOPMALIMOHHBIM TEXHONOMNSAM.

MeTopabl. NpYMeHeH anropuTMUYECKMA NOOXOM, COrflacHO KOTOPOMY 3aaeTCsl MOC/eA0BaTeIbHOCTb KOMOUHM-
pPOBaHUSA HEOOXOAMMBIX ornepauuii N0 aBTOMaTU3NPOBAHHON 06paboTke TEKCTOBOM MHMOPMALMN BHYTPEHHUMMN
anropUTMamMu cneuvanm3npoBaHHbix 6a3 AaHHbix (B), nporpaMMHbIX cpea 1 000/104ekK, NPeayCMaTPUBAOLLINX UX
VIHTerpaumio Npun nepepaye AaHHbixX. JaHHbI NOAX0A, B HACTHOCTU, BKJIIOHYAET 3Tarbl MOCTPOEHUS TEPMUHOIOIMYE-
CcKoW Mozenun npegMeTHon obnactu B Gubnmorpadudeckon B Scopus, 3aTem 06paboTKy TEKCTOB Ha ECTECTBEH-
HOM $13blke C BbIBOZLOM BU3YaslbHOWM KapTbl HAYYHOro NaHawadTa npeameTHor obnactn B nporpamme VOSviewer n
nanee — c60p pacLUMPEHHbIX AaHHbIX MApPaMeTPOB, XapakTepuUsyloLmx AMHaMnUKy GOopMMPOBaHMS CBA3EN HayYHOW
TEPMUHOJSIOMMYECKOM CETU B NPOrpaMMHON cpene Pajek.

PeaynbTaTtbl. Bu3yanbHbll KknacTepHblA aHanu3, cocTaBnsaowmin B anmHamuke 2004-2021 rr. guanasoH
645-3364 TepMOB KaTteropum «TeXHONOrMM NaMATN N XPAHEHUS AAHHbIX», NHTEFPUPOBAHHbBIX CYMMAapPHO B 23 kna-
CTepa, BbISIBUI aKTMBHOE KlacTepoobpasoBaHre B 061acT Tepma «quantum memory» (kBaHToBasi NaMsaTb), NO3BO-
naouee aoenatb Ka4eCTBEHHbIE BbIBOAbI O TOKaNbHOM ANHAMMKe Hay4HOro naHawadTa. [poBeaeHHbI B nporpaMm-
HoM nakeTe STATISTICA pa3BenoyHblii aHanM3 AaHHbIX CBUAETENbCTBYET O KOPPENAaLUMN NOBeAeHNS BBEAEHHOIO
MHTerparopa knto4yeBbix cnoB MADSTA ¢ 6a30BbIMY TEPMaMU, BKIIOYAS MEPMOAbI SKCTPEMYMOB, YTO NOATBEPXAAET
NPaBUIbHOCTb BbIGOPA METOANKM AeTanm3aumnm UCCNeaoBaHms no rogam.
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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:

5
S= lim N’ (D)
N—>o

where N is the system size (total number of nodes); S, is
the number of nodes in the largest cluster.

Russian Technological Journal. 2023;11(3):17-29

19


https://doi.org/10.32362/2500-316X-2023-11-3-17-29
https://doi.org/10.32362/2500-316X-2023-11-3-17-29

Dynamics of link formation in networks
structured on the basis of predictive terms

Sergey O. Kramarov,
etal.

/

\

Visualization
[Data < GEEEE e @
import
Transformation Modeling

~

/

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

As the probability p increases, there must exist
a critical pg, 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:

s @
Pg = s
s st

S

where mg 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 itallows
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 Scopus!
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 VOSviewer? software environment;

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

! https://www.scopus.com/. Accessed March 01, 2022.
2 https://www.vosviewer.com/. Accessed March 22, 2022.
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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 Pajek?® software product;

6) data processing and visualizing the dynamic
relationships of term network parameters in the
STATISTICA* 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, butalso using dynamic network thesauruses,
one of which is represented by the network encyclopedia
Wikipedia® [14].

At the same time, the desired level of reliability
of the obtained information can be increased by forming
acombined 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 Science?, 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.

3 https://www.wikipedia.org/. Accessed March 15, 2022.

¢ 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 8, (sl.j > 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 s, is calculated using
the association force AS defined in the equation:

Sij
iy

where s; is the similarity of the element of the ith
component; s is the similarity of the element of the jth
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component; s is the similarity of the pair. All the listed o o i
" y . . . k _ (zu) (u=1)
quantities have the dimensionality equal to one. u= z put =e’’* Z T e? , 6)
After calculating the similarity between the elements, k=0 - k!

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

V(xl,...,xn): Zsij

i<j

-

where x,, x; are locations of nodes i and j in two-
dimensionall space; n is the number of the nodes in the

X=X “ are the Euclidean distances between

grid;
nodes i and j, provided that:

Zsij

i<j

2
n(n—1)

X -] =1. (5)

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,
Erdds 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., u¥, where k is the degree of the vertex.

After applying the averaging procedure, the
expression for the probability of the Poisson distribution
of degrees p, in the self-consistency relation for u within
a large graph size can be represented as follows:

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 Erdds 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=1-e%5, (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].

Fromabibliometric pointofview, themethods 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, 1.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 1is 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.

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 g;::::ﬁg:gii
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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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

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.
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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. 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
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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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Pe3iome

LUenun. AktyanbHoM 3aa4eri COBPEMEHHbIX CUCTEM PAAMOCBA3N U TENEBULEHNS SIBNFETCS NOBbILLEHME Ka4eCTBa N KO-
nnyecTBa nepenasaemMon nHdopmaumn. NprMmeHeHrne MHOroMO3ULMOHHBIX CUTHAIOB C aMMINTYAHO-(a30BOoM MaHU-
nynauven (APM) 16-ADM 1 32-ADM B crucTeMax LMbPOBOro CNyTHUKOBOIO TeneBnaeHus ctanaapta DVB-S2 obe-
CMneyunno BO3MOXHOCTb nepeaayn Ha 30% 60sblie AaHHbIX B TEX XE NMOSI0CaxX YacTOT MO CPABHEHMIO C NPeabIayLIUM
ctaHgapTom DVB-S. Takoe yBenmyeHne CKopocTu nepenadm nHdopmaumm onpenennno 6onee xectkme TpedoBaHus
K annapaTtHoMy obecrnedeHunio aTux cuctemM. Jns npuema curHanos APM, kak 1 A1 MHOTUX APYrX CUCTEM, UCMOJTb-
3YIOLLMX KOFepPEeHTHYI0 006pabOoTKy CUrHANOB, BaXHYIO POJib UFPaAET CTabMIbHOCTb PabOThl CUCTEM CUHXPOHU3ALMNN.
Hanunuve norpelHocTer B nx pabote MOXET 3Ha4YMTENIbHO CHU3UTL Ka4eCTBO NpuemMa nHdopmaumn. Lenb paboTtsl —
aHanu3 BANSHUSA NOrpeLHocTer Ga3oBON 1 TaKTOBOM CUHXPOHM3ALMN HA MOMEXOYCTOMYMBOCTL NpUemMa CUrHanos
C aMnanTyaHO-$a30BOM MaHUMYSISALMEN C KONbLEBOW CTPYKTYPOM CUrHA/IbHOrO CO3BE34MS.

MeToabl. Vicnonb3oBaHbl METOAbI CTATUCTUYECKOM PAANOTEXHUKN 1 TEOPUM ONTUMASIBHOIO NpUema CUrHasnoB.
PesynbTaTbl. [IpoBEeAeH aHaNn3 BAVSHUSA NOrpeLHOCTeN HGa30BOM U TaKTOBOW CUHXPOHM3ALMM HA MOMEXOYCTON-
YMBOCTb NpMemMa CUrHanoB C aMnAUTyAHO-(Ha30BON MaHUMNYNALUMEN C KOMbLLEBOW CTPYKTYPOM CUrHASIbHORO CO3BE3-
oms. MonyyeHbl 3aBUCUMOCTN BEPOATHOCTU OUTOBOM OLLMOKN OT BENNYMHBI Pa30BOro CABUIra M CMELLLEHNS TAKTOBbIX
MOMEHTOB. [MpoBefEeHO CpaBHEHNE BIIUSIHUSA MOrPELLHOCTEN CUHXPOHU3ALMN HA KQ4eCTBO Nprema C U3BECTHbIMU
pesynbTaTtaMmn g CUrHanoB C KBaapaTypHOM amnnnTygHom moaynsaumen (KAM).

BbiBOAbI. YCTAHOBNEHO, YTO NPU AOMYCTUMBIX SHEPreTUYEeCKNX notepsx He 6onee 1 ob kputnyeckom hazoBoi No-
rPELLUHOCTbLIO MOXHO CHMTATb BENMUYNHY 2—3 rpayca, a KpuTuieckas TakToBasi MorpeLlHocTsb coctarngeT 3—4%. Ko-
repeHTHbI NpueMHuK curHanos AOM Gonee HyBCTBUTENEH K Ha30BOI MOrPeLIHOCTM OMOPHbLIX KonebGaHuii, 4em aHa-
JIOTMYHBIN NpUeMHUK curHanos KAM, a TakToBble NOrpPeLHOCTU OANHAKOBO CKa3biBAIOTCH Ha Ka4eCTBe npuema aTmnx
CUIHasoB.

KnioueBble cnoea: amnanutygHo-Gasosas MaHUMNyNALUMS, CUHXPOHM3aLuma, da3oBas NnorpeLHoCcTb, TakToBas no-
rPELLUHOCTb, MOMEXOYCTOMYMBOCTb

e Moctynuna: 23.11.2022 ¢ flopa6oTaHa: 14.12.2022 ¢ MpuHaTa k ony6nukosanuio: 03.03.2023

Ans untupoBanusa: Kynukos IM.B., Janr C.X., Kynukos A.l'. BAnsHne norpeLHocTen CUCTEMbI CUHXPOHM3ALMKM Ha No-
MEXOYCTONYMBOCTb MPMEMa CUTHANOB C aMnnanTyaHo-da3oBor MaHunynsuven. Russ. Technol. J. 2023;11(3):30-37.
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Mpo3payHocTb GUHAHCOBOW AeATEeJNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-
HbIX MaTepuanax uam metogax.

ABTOpbI 3a9BASAIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

Russian Technological Journal. 2023;11(3):30-37
31


mailto:kulikov@mirea.ru
https://doi.org/10.32362/2500-316X-2023-11-3-30-37

Effect of synchronization system errors on the reception noise

immunity of amplitude-phase shift keyed signals

Gennady V. Kulikov,
Xuan Khang Dang, Alexey G. Kulikov

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 bands! [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 7 in the form

5;(1) = 4,

Jhicos(wgr +,), 1€ (0,1, i=0,M -1, (1)
where A4, is the average signal amplitude; o, is the
carrier frequency; r; and @; 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 #(f) with parameters

Ny
<n(t)>=0;<n(t)n(ty)>= 7802 -1),

where N, is the one-sided noise power spectral density,
9 is the delta function, and ¢, and #, are moments of time.

The receiver correlators calculate the convolution
integrals

2 (7, VT
J, = A [ 305 )ty i=0,M ~1 )

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

of the received process x(f) = s,(f) + n(¢) with reference
signals s, ..(7). Comparison of the received J; 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 1is found under the condition

Jpy > +9,, 1 i#m; i,m=0,M —1, namely,

M-1
Pesmzl_Hp(‘]m_Ji>6mi)|m’ (3)

=

i

where p(J, —J;> 3, )|, is the probability that the output

l
value of the mth correlator is higher than the output value

of any other (ith) correlator, provided that the mth symbol

. Esm _ESi ES av 2 2
was transmitted; J,. = = (r2-r?)=
N, 0 N 0
Ey log, M 2 92N - .. .
= N—(rm — i) is the decision threshold; E, is the
0

average signal energy per 1 bit of information; and ESm
and Esi are the energies of the mth and ith signal

transmissions, respectively; £, is the average energy
of signal transmissions.

The probabilities p(J,, =J,> 6, )|, can be calculated
by determining the statistical characteristics J; of the
distributions of random processes and their linear
combinations—means m,; and variances D, . [15]:

L, —1,>8)|, :1_Q£ ”Zm. }

0(x) = ﬁ [e2a, 4)

where Q(x) is the Q-function.
The bit error probability using the Gray code can
be found from the relation [13]

£ S : (5)
eb log, M

The presence of errors in the generation of reference
signals s (f) 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 s, (¢) of the reference oscillation
generation unit is caused by additional phase shift ¢,
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0

t=T,
Sretm-1(1) 1
TS
o Ix(t)srefi(t)dt > Channel
’ e Maximum symbol
x(t) Sretil!) T—qp selection unit
—>
TS
e | x5 o (t)clt >
0 t=T,
Srer(f) LI |
TS
f X(8)8,10(t)lt > o
0 t=T,
Srefilf) - Sremm-1(f) T—"
Reference oscillation Clock synchronization
generation unit unit
5 i)
Fig. 1. Flowchart of a multichannel coherent receiver of APSK signals
e.g., due to the nonideality of the characteristics of the 1000
phase-locked loop system:
0000
S (1) = A, 7 cos(wgt + @ +6¢), i=0,M—1 1100
refi 1) = Aay ol +9; +0), 1=U, :
. 0100
Figure 2 presents an example of the effect
of such a shift on the shape of the signal constellation
of'a 16-APSK signal. o o101
In this case, the means m, and variances D, 1111 1101
in expression (4) have the form
0011 0001
E 1011 1001
m,. = %(2%2 cos§—2r, r.cos(q,, —@; — ) —r2 +12),
0 M= 16(4.12)
o E Fig. 2. Change in the signal constellation of a 16-APSK
S av ) ) signal in the presence of phase shift ¢
mi ~ N—O(rm + 177 = 21,1, c08(9,,, = ;).

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).

Itcanbe seen that, ata small phase shiftof ¢ <7/90 (2°),
the bit error probability decreases insignificantly, but
with an increase in the phase shift, the noise immunity
noticeably deteriorates, and at ¢ > /45 = 4°, the P, value
can increase by an order of magnitude. Calculations show
that, for P, = 107* at ¢ = 1/36 = 5°, this is equivalent

to energy losses of about 2.5 and 3.0 dB at M = 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 ¢ = n/60 = 3° and
Py = 1074, the energy losses are 1.0 dB and 1.2 dB,
respectively.
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Fig. 3. Dependence of the bit error probability on the signal-to-noise ratio at phase
shift ¢ of reference oscillations for (a) 16-APSK and (b) 32-APSK signals
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Fig. 4. Dependence of the bit error probability on the phase
shift ¢ of reference oscillations at £,/N, = 13 dB

EFFECT OF THE CLOCK OFFSET
IN THE CLOCK SYNCHRONIZATION UNIT

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

In this case, the convolution integrals

J =— j x(1)r; cos(wyt + ¢, )dt
Ny :

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

0 A, 1 cos(wgt +¢;), t € (E,T),
S =
Aavrj cos(wy? + (pj), tell,, T, +¢),

Srofi (H= Aavri cos((not + (pl.),t € (:‘;,TS +&),

where the subscript j refers to the next channel symbol.

In this case, the means m,, and variances D,
in expression (4) take the form

2F
m,. = %Vm (1 - TEJ (r,,, —r;cos(p,, —@,)) +
0 s

2F
_]\;Oav 7 Té(rm cos(¢; = ¢,,) —
S
- rl.cos((pj —-0;)) - -2 (”n21 _”iz)’
NO
2F
_ 2,2
= ﬁ(lﬁm +r —2rmri cos((pm —(Pi))-

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
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Fig. 5. Dependence of the bit error probability on the signal-to-noise ratio at various clock offsets §/T for (a) 16-APSK
and (b) 32-APSK signals
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Fig. 6. Dependence of the bit error probability
on the clock offset §/T  at £, /N, = 13 dB
Py = 107 already at &/T, = 0.05 (or 5%), the equivalent critical phase error can be considered as around
energy loss is about 1.5 and 2.0 dB at M = 16 and 32, 2°-3°.
respectively. 2) The presence of an error in the clock synchronization
A previous similar analysis of QAM signals [5, 9] unit during the coherent reception of APSK signals
showed that clock errors have the same effect on the can also significantly reduce the noise immunity.
reception quality of QAM and APSK signals. At an acceptable energy loss of no more than 1 dB,
the critical clock error can be considered to be 3—4%.
CONCLUSIONS

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.

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 Authors’ contribution. All authors equally contributed
acceptable energy loss of no more than 1 dB, the  tothe 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 Q, = 1.3 THzand Q, = 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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HAYYHAA CTATb4A

JAucnepcuss ONTHYECKUX XaPAKTEPUCTUK KPUCTAJLIA
Si:PbGeO B TeparepuoBom quamnasoHe

B.P. Bunbik !,
K.A. Bpexos !: @,
M.B. ArpaHar 2,
E.A. Muwmna 1

T MUP3A — Poccuiickuii TexHonornyeckuii yansepcutet, Mocksa, 119454 Poccust
2 O6beAMHEHHBI MHCTUTYT BBICOKMX Temrepatyp Poccuiickoii akagemumn Hayk, Mocksa, 125412 Poccus
@ AsTOp AN nepenucku, e-mail: brekhov_ka®@mail.ru

Pe3iome

Llenu. Ycnexu nazepHon Gunsmkn nocnegHero AecatuneTns NnpuBenn K CO34aHUI0 UCTOYHMKOB OAHOMNEPUOAHbIX
3NEKTPOMArHUTHBLIX UMMYAbCOB OAUTENbHOCTbLIO Nopsaka 1 Nc, 4TO COOTBETCTBYET Teparepuyosomy (TIu) anana-
30HY HaCTOT, C aMNAUTYAOW NONsi B HECKONbKO AecaTkoB MB/cM. OT0 MO3BONNN0 NPUNOXUTL 31EKTPUYECKOE none
K CEMHETO3NEKTPUKY 6e3 3NEKTPOAOB 1 HAbNAATb HE TONbKO BO30OYXAEHME KOrePEHTHbIX (POHOHOB, HO U CBEPX-
ObICTpOE, B cy6NMKoCceKyHAHOM MacLuTabe BpeEMEHU, AUHAMUYECKOE NepeKioveHne nonspusaumm. na obHapy-
XEHNS NepekioyeHns NoNsapmn3anmm NCNob3yeTCcs MeToA Hakaykn-30HAMPOBAHUSA, FAE B KA4ECTBE HAKa4Ky UC-
nonbdyetcsa Tru-umnynbc, a 30HA, ABASETCS ONTUYECKUM. Mepon nepekstoyeHmnsa nonspmaaumn nog gencTBMemM
Tl u-vMnynbca CAYXUT CUFHAN ONTUYECKON BTOPOW FAPMOHUKN, MOCKOJIbKY €€ MHTEHCMBHOCTb MPONOPLMOHabHa
KkBazpaTy nonspudaumn. Jns oueHkn ahOEKTUBHOCTY NEPEKITIOYEHMS TPEDYIOTCS Kak IMHEeNHble (noka3aTenb npe-
JIOMJIEHUS N KOIDDULMNEHT MNOTNOLLEHNS ), TAK U HENVHENHbBIE ONTUYECKME XapaKTEPUCTUKN (KBaapaTuiHas 1 kyouy-
Hasi BOCNPUUMYNBOCTN). 3HAHME NIMHENHBIX ONTUYECKUX XapPaKTEPUCTUK HEOBXOAMMO TakxKe AJist NoObIX NPpYMeEHe-
HUIA paccmaTpuBaeMbIX KpUCTannos B T L -Anana3oHe.

MeToabl. Vicnonb3oBaHa MeToauka TeparepLoBOi CNEKTPOCKOMNUN BO BPEMEHHOW 061acTn, B KOTOPOI Ha Belle-
CTBO HaNpaBngeTCs NMMKOCEKYHAHbIN TI L-UMNynbC, a peructpmpyetcs T u-mmnyabc, NpoLeawmnin Hepes BeLecTBo,
nyTem CTPobUpOBaHMs AeTekTopa GEMTOCEKYHAHBIM ONTUYECKUM MMNybcoM. MccnepnoBaHue Tl u-nHOoYyLMPOBaH-
HOV AMHaAMUKM NapamMeTpa nopsiika B CErHETO3NEKTPUKE MPOBOAMIOCE NYyTEM OETEKTUPOBAHUSA MHTEHCUBHOCTU
HENNHENHO-0NTUYECKOro CUrHana Ha 4acToTe BTOPOM ONTUYECKOM FaPMOHUKN.

PesynbTaThl. Ha KprcTanne repmaHara CBMHLA, NErMPOBaAHHOIO KPEMHUEM, N3MepPEHbI NponyckaHne T L-BOAHbI 1
VWHTEHCMBHOCTb FreHepaL BTOPOM rapMOHWKM BO BDEMEHHOW 1 CNEKTPanbHON 061acTsX, Ha OCHOBaHWM YEro paccym-
TaHbl AMcnepcus KoagbuumeHTa noraoweHns n KyOUYHON HeJIMHEIMHOM BOCNPUMMYMBOCTY B Anana3oHe 0.5-2.0 Tlu.
O6HapyxeHo Hannyne 0bnacT GyHAAMEHTaIbHOrO NOrfoLEeHUs B6M3K HGOHOHHBIX MOZ, a TakKe Pe30HaHCHOE yCu-
neHne KyGrHHON HENMHENHOW BOCIIPUUMYMBOCTU ANS ABYX GOHOHHBIX MOA, Q= 1.3 TMumn Q,=2.0Tlu.

BeiBoabl. [pennoxeHHan metoguka addekTrBHa Ans aHanmM3a MCNepcum ONTUYECKNX XapakTePUCTUK CErHEeTO-
anekTpuyeckmnx kpmctamnos. CyLeCTBEHHO YNy4yLLIEHO CMEKTPabHOE pa3peLleHme, COCTaBnAsIoLEee B AaHHOM pa-
60t1e 0.1 Tl'u, a TakXke TOYHOCTb ONPeAENEHNS HENMHENHOW BOCNIPUNMYNBOCTY 3@ CHET AeTaNlbHOIO aHanM3a JINHen-
HOrO Y HENIMHENHOr 0 BKNaA0B B MUHTEHCMBHOCTb BTOPOW FAPMOHMKU.

KnioueBble cnoBa: teparepLoBoe nasiyd4eHme, CerHeToanekTpukn, CnekTpockonma, reHepauna BTOPOWN onTuye-

CKOW rapMOHUKN
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npospalmocn: d)MHaHCOBOﬁ AeAaTesibHOCTU: ABTOpr HEe nMeloT d)I/IHaHCOBOI‘/JI 3anHTEepPeCoBaHHOCTW B nNpeacTaB/ieH-

HbIX MaTepmnanax nnm MetTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

Lead germanate crystals (PbsGe;O,,, PGO) are
uniaxial ferroelectrics having a Curie temperature
T = 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 7., 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—Ilies 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 Pby(Ge, 1,51 ,4)30;
(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
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optical pulses can be generated at a given frequency. The
resulting frequency-modulated optical chirp irradiates the
OHI1 crystal to generate narrowband THz radiation [15].
The broadband pulse energy of 90 uJ 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 pJ.

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 atthe 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
0f 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,
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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

(e), (f)

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

41



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

Vladislav R. Bilyk,
etal.

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 E, in the
case of a non-ferroelectric crystal, as follows:

129(Eg) oc (0@ + 4 E)2(19)2, (1)

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

120(P(Eqy)) o (B + xS P(EQ)*(I2),  (2)

where ¥ 2w, ®, ®) is crystallographic quadratic

susceptibility; xg)(Zm, Q,m, ) is cubic susceptibility.

Obviously, relations (1) and (2) are identical in the
case of linear dependence of P(E,), 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 /, and quadratic I,
appear, as follows:

3
I, <y Eg. (3a)

3
Iy o= () (Eg ). (3b)
It is these in the Fourier decomposition that give,
respectively, the signals at the fundamental Q and
doubled 2Q) 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 07, 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 x(z)xg) and XS) practically

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

Cubic susceptibility xS) clearly shows two maxima

at Q, = 1.3 THz and Q, = 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

XS) o (-0 —iy)~! 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 Q, = 1.3 THz and
Q, =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.
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HAYHYHAA CTATbA

MeToa cCHHTE3a JJOTM4€eCKOro 3JIeMeHTa,
peajim3yrmero HeckoJbKo GyHKIMI OTHOBPEMEHHO

C.WN. CoBetoB 1: @,
C.®d. Tiopuu 1:2

' [Mepmckuii HaLMOHAaBHBIV NCCEA0BATENLCKUIT MOIMTEXHNYECKMI yHuBepcuTeT, lNepmb, 614990 Poccus
2 Mepmckuii rocynapCcTBEeHHbIN HALMOHATbHBIN NCCEN0BaTeNbCKM yHusepcuteT, [epmb, 614068 Poccus
@ AsTOp AN nepenvicku, e-mail: fizikoz@gmail.com

Pe3iome

Llenb. Ba3oBbili 91eMEHT NpPorpaMmMnpyemMon Norm4eckor nHTerpanbHon cxemsl (MJINC) peanndyet nornyeckue
dyHKLMM € nomMoLLbio Tabnuu nctuHHocTr (LUT). CtpoeHure 06biuHbix LUT no3BonsieT peann3oBbiBaTb TOSIbKO OOHY
NIOTNYECKYIO0 PYHKLMIO HECKOMBbKMX NEPEMEHHbIX B COBEPLLUEHHOW AN3bIOHKTUBHOW HOopMasbHo dopme (COHD).
Mpn 9TOM BCerga ocTaeTcs 4aCcTb HEAKTMBHbIX NepeaaloLLmx TpaH3ncTopoB. Vicnons3osaHmne ogHon LUT ana oa-
HOM OYHKUMKN YCNOXHSAET MacluTabupoBaHue apxmTekTypbl Ha kpucTanne (SoC). Lenbio naHHol paboTel sBnseTcs
paspaboTka cTpykTypbl LUT ans peanmaaumm HECKOJIbKMX TOrMYecknx GyHKLUWIA 04HOBPEMEHHO Ha HEeaKTUBHBbIX MNe-
peaaroLLmx TPaH3UCTOpPax.

MeTopabl. NpuBeneHa aBoaoums CTpykTypbl LUT ong Tpex nepemMeHHbIX, B KOTOPOW YBENNYMBAETCH KOIMYECTBO
OOHOBPEMEHHO peanuayembix GyHKUWA. s peannsauym 4ONOAHUTENBHbLIX GYHKUMIA BbIMOSHEHA OEKOMMIO3NLMS
JIOrMYECKOro yCTPOMCTBA C Pa3fINYHBbIM KONIMYECTBOM NepeMeHHbIX. [TpoBeaeHO MoaenMpoBaHme CTPYKTYp B CU-
CTeMe 31IEKTPOTEXHNYECKOro MoaenmposaHus Multisim.

PesynbTaTtbl. [1pOAEMOHCTPUPOBAHO MOAENMPOBaHME BoNee ABYX IOrMYECKUX PYHKLUMIA HA HEAKTUBHbIX 4aCcTaX
LUT, npu koTopom oToBGpaxeHa ogHoBpeMeHHasi paboTa ABYX U YeTblipex norndyeckux ¢yHkumii. NpreeneHo cpas-
HEHWE CITOXHOCTU A1 Pa3HOr0 KONIMYECTBA MEPEMEHHbIX U KONIMYECTBA peann30oBaHHbIX QYHKLNIA.

BbiBoAbl. Pe3ynbTaThl MOAENVMPOBAHMS OEMOHCTPUPYIOT PaboToCcnocobHOCTL CTPYKTYP LUT, B KOTOPbLIX BbINOJI-
HAETCS HECKOJIbKO NIOrnyeckmnx GyHKumiA. Takum obpasom, npu peanmsaumm A0MNONHUTENbHbLIX GYHKLMIA B HOBOW
CTPYKTYpe TpebyeTcsi MeHbLLEE KONMYECTBO NePealoLLMX TPAH3UCTOPOB MO CPaBHEHMIO C 00bIYHbIM LUT, 4TO yBeE-
nnymBaeT GYHKUMOHANbHOCTb YCTPOMCTBA. HOBOE peLleHmne No3BOsieT yBENNYUTb HACN0 OAHOBPEMEHHO peannay-
eMbIX QYHKLMIA OOHUX U TEX e NEePEMEHHbIX, YTO BaXHO NpY peanusaumm, Hanpumep, KooBbIX Npeobpa3oBaHNiA.

KnioueBble cnoea: MJ/IMC, LUT, nepepatolume TpaH3NCTOPLI, Tabnnua MCTUHHOCTU, Norndeckas GyHKUns

e Moctynuna: 06.12.2022  fopa6oTtaHa: 13.01.2023 ¢ MpuHaTa kK ony6amkoBaHuio: 22.02.2023

Ansa umtnpoBanusa: CosetoB C.U., TiopuH C.d. MeTop, cMHTE3a NIOrMYECKOro 3feMeHTa, PeannayioLero HeCKOIbko
dYHKUMIA ogHOBPeMeHHo. Russ. Technol. J. 2023;11(3):46-55. https://doi.org/10.32362/2500-316X-2023-11-3-46-55

Mpo3spayHocTb pMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTHN B NPEACTaB/IEH-
HbIX MaTepuanax nnvu MeToaax.

ABTOpbLI 3a9BNSI0T 06 OTCYTCTBUN KOHONNKTA MHTEPECOB.

INTRODUCTION which implements some logical function. Modern

LUTs are configurable multiplexers for realization

Field-programmable gate arrays (FPGAs), where  of logic functions with 2” inputs and one output for

a configurable logic unit is used as a basic element,  pvariables[1,2]. The use of existing LUTs for n variables
are currently common in electronic devices. The basic  requires memory cells and 2""! — 2 transistors; in this

element of this block comprises a lookup table (LUT),  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 2"~! 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 transistors! [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.

X4 Xo X3

Ve

ST |
Ef>o

1
1

T
|+
1

'"—IE“_J In_jl__r
.,_;."—' =
l_l
.‘|_:i|
.‘,_:i|
|

L .

-

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:

2(x3%,xd) = dy - X335 X) V d) - X3, %) v
Vdy X3XyX) Vv dy XXXy v dy s X3 Xy Xy v (1)

Vds - X3Xy XV dg - X3X, XV dy - X3, X,

where d, d,, d,, ds, d,, ds, dg, d; are configuration data
of the three variables function z(x;x,x,). By combining
dy, d|, dy, dy, dy, ds, dg, d;, 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].

UIntel® 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).

d2.0 O

di0O
dp 1 O—

d1.1O
(12.2O

d1.2O
d2.3C

d1.SO
d2_4[: =

d;.40—H—71
d2.5 =
-
T

Cascade 1 Cascade 2 Casc-:ade 3

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 (x;):
First function:
21 (53X, x,d) =
=X3 [dl.o XX VXX Vv
vdy X% v g 'xz’CJV (2)
20 [d1_4 Xy XV d) 5 XX V
vd ¢ X% v d) 4 -xle].
Second function:
25 (X3x,xd) =
=X [d2.4(0) XXV d2.5(1) XXV
Vdy g2y XX V dy 73 'xleJ v (3)
VX3 [d2.0(4) XXV dy 5y XXy v
v d2.2(6) "Xy Xy Vv d2.3(7) XX ],
where d; I i=1,22%;j=1,2,3,4, ..., 232", vis the
number of implemented functions.
The setting constant is specified in the format d; Gy

where k defines the number of the function set and
j 1s 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 (x,) 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 (x;) and a second
variable (x,):

First function:

21 (53, ,d) = X3X, [dl.o X vd ~x1] Y
V X3, [du X vd -xl] Vv

_ _ 4)

vy [ dy g K vy s x ]V

V X3, [dm X vd 4 -xl}

dy oO— f

ds00
dp o O—71

d10C

||—‘:“
i

T o _Fr

=

.,;_‘:i|

Fig. 3. Tree of three-variable LUT performing four functions simultaneously
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Table. Setting the logical levels of SRAM cells for a LUT of three variables performing four functions

No. of input Configuration for z; Configuration for z, Configuration for z, Configuration for z,
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

Second function:
2, (3, xd) =
=X3X) [d2,2(0) X Vg X ] v
VX33, [d2.4(2) X Vdy 53 XJ v (5)
vV X3Xy |:d2.6(4) XV d2.7(5) 'xl} v
VX3, [d2.0(6) XV dz.1(7) : xl}
Third function:
z3(x3x,%d) =
= X3% [d3.4(0) X V5 'xl] v
v X3X) [d3.6(2) "XV dy g3 "ﬁ] v (6)
VX, [d3.0(4) XV dy sy x1:| v
v X3X, [d3.2(6) N V50X ]
Fourth function:
2, (53, ,d) =
=X3%) |:d4.6(0) X Vdya) % ] v
VX3, [d4.0(2) "X Vdy 3 ‘xl] v (7)
Vv X3x, [d4.2(4) XV d4.3(5) 'xl] v

v X3%, [d4.4(6) NV dy s 'xl]'

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

LUT SIMLATION

Simulation of a three-variable multifunction LUT
was performed in the National Instruments Multisim?
dynamic simulation system. For the NMOS transistors,
the BSIM 4.8.0>* transistor model was used. The
schematic of the inverter implemented on two field-
effect transistors is shown in Fig. 4.

VDD
Q41
In ’—| Out

4

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.).
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Fig. 5. Diagram of the three-variable LUT performing two functions simultaneously
A modified three-variable LUT scheme for The upper oscillogram corresponds to the “exclusive

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.

OR” function (z,). The lower oscillogram corresponds
to the majority function (z,). 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 2! 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)=
=(2+2)- 2"+ (2" =)+ 2n+2+2=

=2n2 ot 4 o2 =32 4 2p 4 2,
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Fig. 6. Diagram of the three-variable LUT performing four functions simultaneously

Oscilloscope-XSC1 X
Word generator-XWG1 X
Controls Display w'.l:)\')O\)DO000DOODODODDODDODODDOODODOD
Cycle (O Hex 0o |
Burst ‘:Y‘Dec
Ste
2 © sinary
Reset —
Oascn
Set...
Trigger
Internal 5 T 00000000000000000000000000000000
Extemal 00000000000000000000000000000000
Frequency 00000000000000000000000000000000
1 2 kHz 000
- Time Channel_A Channel_B )
00000000000000000000000000000000 LEN Lo Reverse ‘
. T2 ¢+
Ready Trigger
T2-T1 Save
31 0 Ext. trigger
Timebase Channel A Channel B Trigger
Scale: 1 ms/Div Scale: 5 V/Div Scale: 5 V/Div Edge: £ T A
X pos.(Div): 0 Y pos.(Div): 0 Y pos.(Div): -2 Level: ¢ v
Fig. 7. Gray code in Word Generator /T Add 8/A A/BAC 0 DC ac| o oc |- Single | Normal Auto None

Fig. 8. Oscillogram of two functions of three-variable LUT
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Time Channel_A Channel_D Reverse
0.000 s 5.000 V 5.000 V 5.000 V 5.000 V
0.000 s 5.000 V 5.000 V 5.000 V 5.000 V Save
0.000 s 0.000 V 0.000 V 0.000 V 0.000 V GND

Channel_B Channel_C

L+
T2 9
T2-T1

Timebase Channel_A Trigger
. A
Scale: 1 ms/Div Scale: 5 V/Div Gk Edge: £ [R Ext
Ypos.(Div): 2.4 E a B level: o v
(o

X pos.(Div): 0O

Y/T AB> A+8> AC 0 DC - Single  Normal Auto None A> Ext

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)=
=2V —242)- 27 4+ 27y 2p ¢
+ (U —2)2 - +2(2V 1) =
=ovtl.on 4 omtl 4 oy 4 2V (2V - 1),

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
L, (v) and the multifunctional LUT L (v) implementing
v logic functions with the number of variables n = 8 are
shown in Fig. 10.
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As can be seen from the diagram, there is a
complexity benefit in terms of the number of transistors
for amultifunctional LUT inrelation to the corresponding
number for conventional LUTs.

CONCLUSIONS

Thus, the possibility of simultaneous implementation
of 2771 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,
2772 LUTSs 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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HAYHYHAA CTATbA

Crarucruyeckas MOA€JIb ONCHKH
HAJAC/KHOCTH CUCTEM HEPA3PYHIAIOIIECI'0 KOHTPOJIA
Ha OCHOBEC PCIICHUSA OﬁpaTHbIX 3aga4v

A.E. AnekcaHpgpos, C.I. Bopucos, J1.B. ByHuHa, C.C. Bbikosckuii @,
N.B. CtenaHoBa, A.ll. TutoB

MUWP3A — Poccuricknii TEXHOI0rm4eckmnii yHmsepceutet, Mocksa, 119454 Poccus
@ ATOp AN nepenvicku, e-mail: bykovskij@mirea.ru

Peslome

Llenu. KOHTpONb M3HOCA KOHCTPYKTUBHbIX 3/IEMEHTOB 9HEProyCTaHOBOK, B YACTHOCTM TPYyOONMpPOBOAOB aTOMHbIX
3NEeKTPOCTaHUWIA, SBNSETCS HEOTbLEMIEMbIM KOMIMOHEHTOM ob6ecnedyeHnss 6e30MacHOCTU NpU UX aKCryaTauuun.
KoHTposb nyTemM HenocpeacTBEHHOro 06CcNefoBaHNs COCTOSHUSA TpybonpoBoaa TpebyeT, BO-NepPBbIX, [OCTATOYHO
60NbLINX TPY[03aTPaT, BO-BTOPbIX, B HEKOTOPbIX C/lyYasix, BDEMEHHOW 0CTaHOBKW paboTbl. [ToaToMy Npu NnpoBene-
HUN KOHTPOJIbHbIX MEPONPUATUIM NpeaiaraeTcs MCNoNb30BaTb MaTteMaTn4eckoe mogenmposanue. Llens ctatbn —
paspaboTka MaTeMaTnyeckor MOAEN CUCTEMbI AUArHOCTUKN AN OLLEHKN BEPOSTHOCTM 0OHapyXeHnsa nedekToB
Ha OCHOBe peLLeHns obpaTHbIX 3a4ay.

MeToabl. AHanM3npyTcs GMHOMUANbHAA MOAOESb OLLEHKN HaOeXHOCTW KOHTPONs, napameTpuyeckas Moaesb
BepeHca 1 XoBU BEpPOATHOCTU OOHapyxeHus AedeKToB, napameTpuyeckas MOAeSlb Ha OCHOBE UCCNedoBaHus
TecT-06pa3sLoB. B kauecTBe anbTepHaTVBbI AaHHLIM MOAENSAM NPeasiaraeTcs PacyeTHbIN MeTO, OLEHKN HaOeXHO-
CTW CMCTEM HepaspyLLaloLLero KOHTPOJS Ha OCHOBE peLleHus 00paTHOM 3agayun. [Ang onpeaeneHns napaMmeTpos
KPMBOW BEPOSATHOCTU OBHapyXeHUs aedekToB MOAeb UCMONb3yeT AaHHble, NMOJIyYeHHbIE Pa3/INYHBIMU KOHTPO-
nmpylowmmmn 6puragamu 3a 4IMTeNbHbI NEPUOL 3KCMyaTauum 3HeproycTaHoBKM. B ka4ecTBe MCXOOHbIX AaHHbIX
MOXHO MCMNONb30BaTb MNIOTHOCTU pacnpeneneHns nedekToB No O4HON UAN HECKOJIbKUM U3 CNeayloLLmMX XapakTe-
puCTUK: rnybuHe, AnvHe, nnowaam ceveHns gedekra. C noMoLlplo NpegnaraeMon MaTemMaTn4eckor Moaenm Bbl-
NMosHeH HabOop TECTOBbLIX PACHETOB HA OCHOBE OEBATM KOMOUHAUMI NCXOOHbIX AaHHbIX. KOMOUHAUMKM oTanyatoTcs
Mexay coboi KoapdPULMEHTOM AOCTOBEPHOCTN UCXOAHOW CUCTEMbI KOHTPOJIS, NapaMeTpoOM pacrnpeneneHus ae-
beKkToB, YYBCTBUTENIBHOCTLIO CUCTEMbI KOHTPOSIS.

PesynbTathl. [10 nTOram npoBefeHHbIX pacyeToB NOCTPOEHbI KPUBbIE MIOTHOCTY BEPOSATHOCTN OOHaPYXXEHHbIX Ae-
dekToB B 3aBMCUMOCTU OT pa3mepa gedekrta, onpeneneHbl BOCCTaHOBIEHHbIE 3HAYEHMS NapaMeTPOB pacnpeae-
neHnsa nedekToB Npu pasnnyHbIX YCA0OBUSAX UCTMbITAHUIA, COoenaHa OLEeHKa NOrpeLlHOCTN BOCCTAHOBEHNS napame-
TPOB. [1151 OLEHKN CTENEHN HECOBEPLLEHCTBA CUCTEMbI MCMOJIb3YETCS KPMBasi BEPOATHOCTM 0OHapyxxeHus aedekTa
KOHKPETHOW CUCTEMOI KOHTPOJIS.

BbiBoabl. C y4eTOM OrpaHnyeHunii, CBA3aHHbIX C pa3MepoM BbIOOPKK, NpennaraeMas MeToamka, Bo-nepBbIx, No-
3BOJISET NPUMEHSATb Pe3yNbTaThl, MOSYYEHHbIE MO KOHTPOJIIO MeTanna, ¢ 6onbLUeli YyBePEHHOCTbIO, HeM METOAMKM,
MCNOJIb3yEMblE B HACTOSILLLEE BPEMS, BO-BTOPbIX, OLEHNBATbL 9PDEKTUBHOCTb KOHTPOJIS, MPOBOANMOIO OTAESNbHbI-
MK Bpuragammn ucnoitatenen nmbo naboparopusamMmm. B nepcnekTBe 3TO NO3BOJIUT PEKOMEHO0BATL UIN HE PEKO-
MeHO0BaTh MPUBIEYEHME TO NN MHOW Bpuragpl K BbINOJHEHMIO ANArHOCTUYECKMX PaboT.

KnioueBble cnoBa: HepaspyLlaloLnNii KOHTPOJb, HAAEXHOCTb QHEPreTUYECKMX YCTAaHOBOK, MaTeMaTU4eckoe Mo-
OennpoBaHue, CTaTUCTUYEeCKMIA aHann3, obpaTHble 3a4a4n
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npO3pa'~IHOCTb d)l/lHaHCOBOVI AeAaTesibHOCTU: ABTOpr HEe nMeloT d)I/IHaHCOBOI‘/JI 3anHTEepPeCoBaHHOCTW B nNpeacTaB/ieH-

HbIX MaTepmnanax nnm MetTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

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 plant!. 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.

U Requirements for equipment and piping time management
in nuclear power plants. Basic provisions (NP-096-15). http://
www.cntr-nrs.gosnadzor.ru/about/ AKTS/HIT-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 Testing?. 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
defects? 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
organizations*. 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., Miiller C., Pitkinen 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 a; as

PoD(a;) ="t (1)
n

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

Repeated use of formula (1) at different sizes
of defects a; 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, ® = n/N, can be calculated by Bernoulli’s
formula [7, 8]

n. N!
P Cl):_l :—' nl- 1_ N*Vll-’ 2
{ N} nl_!(N_ni)!p (1-p) )

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

Pvs =

N1 N! N-n;
=supip: y ——pli(l-p) " 2l-af,
ni=0”i!<N_ni)!

where (1 — a) 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)+d+s, )

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; & is an additional component, which is due to the
instrumentation used and is defined as the error of the
method used; and ¢ is an additional component, which
is due to the human factor.

According to Berens and Hovey, /4(a) is a random
variable with its mean value, while 6 and € 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 tools’, 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 onreal 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 a; be found in a structure
operating for time ¢. 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, p(a), can be obtained. A dimensional
scale should be chosen as the defect size a;, 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 PoD, g(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 p (a).

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

pf(a): . p,(@)PoDyq(a) ’ )
j P, (@)PoDyg(a)da
9o

where p/(a) is the density distribution of detected defects
by the initial monitoring system, p («) is the real defect
density distribution in the test object, PoDyq(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, a; is the sensitivity of the
initial monitoring system (minimum size of a defect
that can be detected by the initial system), and « is the
dimensional defect scale.

Considering expression (5), the problem of finding
the functions p (a) and PoDyg(a) from the known
distribution function p/(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
p(a) and PoD, ().

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

vy
pa(a):M, ©
j exp(—Aa)da

o

where A is the parameter of the real defect distribution.
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The form of the function PoD,,4(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:

PoDyg(a) =1 —exp(—r(a — a,)), (7)

where 7 is the confidence coefficient of the initial
monitoring system.

The confidence coefficient 7 in formula (7) includes
both the main component of the function PoD,¢(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 a,.

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

pf(a): i exp(—a/k)[l—exp(—r(a—ao))]

I exp(—a/ k)[l - exp(—r(a - a ))] da.

o

It follows from relation (8) that, knowing the
distribution p(a), the following three parameters should
be obtained: the distribution parameter A, the confidence
coefficient r, and the sensitivity a, 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 p(a) should
be noted. Since this function is defined as the product
of the monotonically decreasing function p (a) and
the monotonically increasing function PoD,,q(a), the
function p (a) can be assumed to have a maximum. The
coordinate of the maximum value should be related to the
parameters of the functions p (a) and PoD\,¢(a). Simple
calculations give the abscissa of the point of maximum:

ln(l + ;j
Imax = % _f‘ 9)

Substitution of a , into relation (8) gives the

ordinate of the point of maximum:

PAnar) = Vinax: (10)

These coordinates (a,,., V) €an 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 ¢ into formula (6) gives
almost the same ordinate of the point of maximum

as that in formula (10), i.e.,

pa(amax) = ymax' (1 1)

The ordinates in formulas (10) and (11) exactly
coincide if the used limits of integration in the
expressions are 0 and o. The difference between the y,
values calculated by formulas (10) and (11) depends
on the a, 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 1074,

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

exp(—ia
F(ay, k) =Y —S(—m“) =0. (12
J exp(—Aa)da

o

The unknown parameter @, 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 a,, and using equation (12), the second
unknown parameter, A, can also be found by considering
nonlinear equation (12) in only one parameter A.

The parameter r was found by the method
of successive approximations. Given a set of parameter
values, let us calculate the parameter A value at each r. Let
us divide the initial region of size (a,y, S) into  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

b
jexp(—a / W)da
pglab)=———. (13)
J. exp(—a/\N)da
o
If the total number N 5 of real defects throughout the

region is known, then the number of real defects in the
ith interval is

Nzilzpa(ai’aiﬂ)NaZ‘ (14)
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If the number N j, of detected defects in each

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

n
. 1
N=>» N! . (15
= Z1 / a; + a4 >
= l—exp| —r| —""—aq,

2

Thus, by giving the 7 value and using expression (15),

N 5 is found. Then, using formula (14), the number ¥, ;
of real defects in each (ith) interval is determined.
Further, the parameter A(r) is obtained from the known

N 6’1 values by linear regression.
The A(r) value that is closest to the parameter A 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 Ny real defects with an exponential defect
size distribution with known parameter A. 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 » (confidence coefficient)
and q (sensitivity of the initial monitoring system).
The monitoring detected N defects of different
sizes, which can be sorted by size. The thus-obtained

Table 1. Initial data for modeling

No. of series | Parameter a;, | Parameter A, | Parameter r,
of calculations mm mm ! mm!
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

population of N 5 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 N s = 1000. The pipe wall thickness was chosen
to be S =20 mm.

2.2.1. Determination of parameter a,

The parameter a, 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: A =0.5mm™ !, »=0.1 mm™!, and
a, = 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

iq1
N, = N} j (1-exp(-r(a—ay))da.  (16)

1

Rounding of the number N } 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 a, value (Fig. 2). The parameter
a, can be calculated with the frequency characteristics

rounded either down (a; =0.365) or up (ag =0.309).

The average value of the parameter a,, is aj =0.337.
The initial a;, value is 0.5 mm. The error in calculating
the parameter q;, is da,, = 0.326 or 32.6%.

The parameter a, values can similarly be calculated
at other initial values of the parameters A and . Table 2
presents the results of such calculations.
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Table 2. Results of the recovery of the parameter &3

Initial value of A Confidence coefficient Recovered value af Error 8a,, %
r=0.1 0.189 62.2
L=02 r=0.5 0.303 39.4
r=1.0 0.321 35.8
r=0.1 0.337 32.6
A=0.5 r=0.5 0.402 19.6
r=1.0 0.424 15.2
r=0.1 0.468 6.4
A=1.0 r=0.5 0.460 8.0
r=1.0 0.446 10.0
2 2
£ £
& 0.2r 1 $ 0.2- - _
° °
2 2
5 s
S 01r . 3 0.1 . _
o o
g £ 74
0 5 10 15 0 1 2

Defect size, mm

Fig. 1. Defect size distribution
of detected defects (all series)

2.2.2. Determination of the calculated (recovered)
value X of the parameter A

The parameter A 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
value from Table 2, one can solve nonlinear
equation (12) for A. As aresult, the sought-for parameter

Table 3. Results of the recovery of the parameter X

Defect size, mm

Fig. 2. Two variants of the determination of the
parameter a, with the frequency characteristics rounded
down and up

A 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 » at the above initial parameter values
of the fifth series: A = 0.5 mm™!, » = 0.5 mm™!, and
a,=0.5 mm~ . The number of intervals of division of the

Initial value of A Confidence coefficient Recovered value A Error 5, %
r=0.1 0.199 0.5
r=0.2 r=0.5 0.232 16.0
r=1.0 0.235 12.5
r=0.1 0.529 5.8
A=0.5 r=0.5 0.594 18.8
r=1.0 0.574 14.8
r=0.1 0.969 6.4
A=1.0 r=0.5 1.084 8.4
r=1.0 1.075 7.5

Note. S)is the relative error of calculating the parameter A
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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 » 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 A 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 » was 0.5; i.e., the recovery error of this
parameter is 46%.

My
A1

©
N
T
1

o
o
T
1

Probability density

Il
0 5 10

Defect size, mm

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

I
o

Probability density
o o
N N

| L
0 5 10

Defect size, mm

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 (a, = 0.402 from Table 2, A = 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 » = 0.27:

PP (a) = exp(—0.226 — 0.593a). 17)

Similarly, the parameter » 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].

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

Degree of approximation
of recovered parameter A
. Recovered parameter r, Recovered parameter A, e e vl oy =SOSR,
No. of series 21 1 _
mm mm Ay —A
A =|-2
7“0
1 0.25 0.601 0.012
2 0.26 0.595 1.7-1073
3 0.27 0.593 1.684 - 1073
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

Russian Technological Journal. 2023;11(3):56-69

64



Statistical model for assessing the reliability of non-destructive testing systems

by solving inverse problems

Alexander E. Alexandrov,
etal.

Table 5. Results of the recovery of the confidence coefficient

Initial value of parameter A Confidence coefficient Parameter Error o7, %
r=0.1 0.095 5.0
A=0.2 r=0.5 0.4 20.0
r=1.0 0.9 10.0
r=0.1 0.05 50.0
A=0.5 r=0.5 0.3 40.0
r=1.0 0.7 30.0
r=0.1 0.08 20.0
A=1.0 r=0.5 0.55 10.0
r=1.0 0.80 20.0

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 a, the error was
maximum in the series of calculations with the initial
value A = 0.2 (the maximum error 6a, was 62.2% at
r = 0.1). With increasing parameter » from 0.5 to 1.0,
the error decreased from 39.4 to 35.8%. With increasing
parameter A from 0.5 to 1.0, the error da also decreased:
the minimum value at A = 0.5 was 15.2% at » = 1.0; the
minimum value at A = 1.0 was 6.4% at »=0.1. The error
range was 6.4-62.2%.

When recovering the parameter A, 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 A = 0.5 and
r = 0.1, while the minimum error was 5% at the initial
parameter values A = 0.2 and » = 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 A 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.
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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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JJISl JIOKAJIbHO-HEPABHOBECHBIX IMPOILECCOB
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Pe3slome

Llenun. Mpouecchl nepeHoca 3Heprum B TBEPAbIX TENAaX N Bbi3bIBAEMbIE MU TEMIOBbIE HArPy3kM UMEIOT LLIMPOKOEe
pacnpocTpaHeHne B NpMpoae U TeXHUKE. DTUM OOBbACHAETCHA UCKITIOUYNTENBHO BaXXHOE Hay4yHOEe W MpakTu4yeckoe
3Ha4YeHne NOCTPOEHNSA TEOPUIN YKa3aHHbIX NMPOLECCOB, co3aaHne apPeKkTMBHbIX METOA0B UCCNea0BaHNS pa3BuBa-
€MbIX NPY 3TOM MOAENbHbIX NpeacTaBneHunii. Llenb aTnx nccnegoBaHnii — yCTaHOBIEHNE OCHOBHbIX 3aKOHOMEPHO-
CTel NpoTeKkaHUs 40CTAaTOYHO CNOXHbIX MPOLLECCOB, 0COOEHHO B YCOBUAX MOLLIHBIX 3HEPreTUYEeCKNX BO3AENCTBUMN
B Pa3/IN4HOI0 poaa TeXHONOrn4yeckmnx onepaumsx. K HUM MOXHO OTHECTU NIasMOXUMUYeckyto 06padboTky MaTepu-
anoB, 06paboTKy B MH(PaKpPaCHbIX Neyax 1 rennmoyctaHoBKax, MHTEHCUBHbIM HarpeB MaTepuanos na3epHbIMU NN
3NEKTPOHHbLIMU NlyHaMU, NPUMEHEHME MOLLHbIX PaanaLIMOHHbIX U3ydaTenei ons TepMMYeCckon 3akanky 1 ynpoyHe-
HUS NOBEPXHOCTU N3AENU. B 3TUX CNy4yanx BO3HUKAET Tak Ha3biBaeMbIi TEPMUYECKNI yaap — 0Ha U3 LeHTPaNbHbIX
TEM B TEpMOMEXaHUKe N PU3MKe NPOYHOCTM TBEPAbIX TEN, MMEIOLLAs BaXHOE Hay4HOEe 1 NPaKTUYeckoe 3Ha4YeHue.
Llenb paboTbl — pacCMOTPEThL OTKPLITYIO NPOobemMy Teopun TEMIOBOIO yaapa B TepMunHax 0600LLeHHOW Moaenn
OMNHAMNYECKOM TEPMOYNPYrocTy B YCNOBUSX JIOKaNIbHO-HEPABHOBECHOIO npoLecca nepeHoca Tennotbl. Moaenb
(B 3aBMCMMOCTW OT BUAA U KPUBU3HbBI FPAHNYHOM MOBEPXHOCTN paccMaTpMBaEMOro MaCCUBHOIO Tesia) No3BoNseT
ucenenosatb NPobnemMy B TPEX CUCTEMAX KOOPAMHAT: AeKapToBbl KOOPAMHATLI — MACCUBHOE TENO, OrpaHN4YeHHoe
MJIOCKOV NMOBEPXHOCThIO; chepunyeckme KoopamHaTbl — MaCCMBHOE TeNo C BHYTPEHHeN cdhepuyieckon NonocTbo;
LMNMHOPUYECKME KOOPANHATLI — MAaCCUBHOE TENI0 C BHYTPEHHEN LMNUHAPUYECKON NONOCTbO. PaccmaTpumBatoTcs
TPU BUaa MHTEHCUMBHOIO Harpesa: TemMnepaTypHbIii, TENI0BOW, Harpes cpenoii. CtaBnTca 3aaaya: nonyyYnTb aHanu-
TU4ecKoe peLleHme, MPOBECTU YACTIEHHbIE 3KCMEPUMEHTbI 1 AaTb UX PUINYECKMA aHaNNS.

MeTogabl. /icnonb3oBaHbl METOABI M TEOPEMbI ONEPALMOHHOIO NCHUCTIEHNS, TEOPUS CrieLManbHbIX PYHKLINIA.
Pe3ynbTatbl. Pa3BuTbl 06000LLEHHBIE MOAENBbHBIE NPEACTAaBNEHMS TEMOBOro yaapa B TepMUHAX ANHAMUYECKOM
TEPMOYNPYyrocTu AN NoKaNbHO-HEPaBHOBECHbLIX NMPOLECCOB NepeHoca TenN0Tbl OAHOBPEMEHHO B TPEX CUcTeMax
KOOPAMHAT: AeKapTOBON, CHepnyeckon N ULMnnHapuieckon. Hanmume KpnBn3aHbI FPaHNYHOM NOBEPXHOCTU 006/1aCcTn
TENNOBOro yaapa 060CHOBLIBAET MCXOAHYIO MOCTAHOBKY AMHAMWYECKOWM 3a[a4uM B NepeMELLLEHNAX C UCMNOb30Ba-
HMEM MPeaoXEeHHOro COOTBETCTBYIOLLLErO YPABHEHUSI «COBMECTHOCTU».

BbiBoAbl. MpennoxeHa 06006L1eHHan AnHaMuUyeckas Moaelb TEPMUYECKON peakuym MacCUBHbIX T C BHYTPEHHN-
MW MOJIOCTAMU OJHOBPEMEHHO B AeKapTOBOM, Chepmnieckon 1 LMINHAPUYECKON CUCTEMAX KOOPAMHAT B YCNOBUAX
MHTEHCUBHOIO TeMnepaTypHOro Harpeea, TenJ0BOro Harpeea, Harpesa cpenon. Moaenb paccMoTpeHa B nepemMe-
LLIEHUSIX Ha OCHOBE JI0KasIbHO-HEPABHOBECHOr O TensionepeHoca. MNMoay4eHo aHanMTUYEeCKOe peLleHne ans Hanps-
XXEHUI, NPOBEAEH YACTIEHHbIN 3KCMEPUMEHT; ONMCaH BOJIHOBOW XapakTep pacnpoCTPaHeHUs TEPMOYNPYroi BOJIHBbI.
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MpoBeaeHO CPaBHEHNE C KJTACCUYECKNM peLleHem 6e3 ydeTa IoKasibHOM HepaBHOBECHOCTW. Ha ocHoBe onepaum-
OHHOr 0 peweHna 3agayn npeanoxXeHbl BaXkKHble B MPakTN4eCKOM OTHOLLEeHUN pacHeTHble MHXEeHEePHble COOTHOLLEe-
HUS 0151 BEPXHEN OLLEHKN MaKCUMyMa TEPMUYECKMX HANPSXKEHNIA.

KnioueBble cnoBa: TennoBon yaap, 06006LLeHHas AMHamuyeckas Moaesb, aHannTuyeckoe pelwieHne, TepMmunye-

CKne HanpsaxeHus
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Mpo3payHocTb pHAHCOBOW AeATeNbHOCTU: ABTOP HE MMeeT GUHAHCOBOW 3aNHTEPECOBAHHOCTU B NPEACTaB/IEH-

HbIX MaTepunanax nin metogax.

ABTOp 3asaBnsieT 06 OTCYTCTBUN KOHDNNKTA MHTEPECOB.

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 ¢ is time in region Q =
= {M(x,y,z) € D, t> 0} describing a real solid body—Ilag
behind the temperature gradient 7(M, f) by a value
proportional to relaxation time T, related to the heat

propagation rate vy by relation vy =./a/t.; here,
a is temperature conductivity [9—-15]:

oq(M.,t)

q(M,t) =—hrgradT(M,1) -7, o

> (1)

where A is the thermal conductivity.

The combination of the energy equation for isotropic
solids cp"0T (M ,t) / 6t = divg (M. 1), where ¢ is specific
heat capacity while p* is the density, and Eq. (1) result
in the following hyperbolic transfer equation [16, 17]:

02T (M, 1)

=aAT(M.0) =%, ——3
t

oT (aM 1) ’ 2
t

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 =(ny,ny,n3)be the external normal to S (the vector
continuous on S); 7(M, t) be the temperature distribution
inregion D at ¢> 0; T}, be the initial temperature at which
the region is in the unstrained and unstressed state. Let
cl.j(M, 1), al.j(M, 1), and UM, ¢) be the components of the
stress tensor, strain tensor, and displacement vector,
respectively, satisfying basic equations of (uncoupled)
thermoelasticity (in index notation) [17]:

o, (M, 1)+ F (M, t)=p UM, 1), 3)

ij
g (M, )= (1/2)[Ui’j(M, n+U M, 1], 4)
(sij(M, )= Zusij(M, )+ [he, (M, 1) —

~ (3h+ 20y (T, 1)~ TS, ME D, t>0, (5)
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where p” is density; A, p are isothermal Lame coefficients;
G is the shear modulus; A=2GV/(1 —2v); v is the Poisson’s
ratio, with 2G(1 +v) = E, where E is the Young’s modulus;
oy is the linear thermal expansion coefficient; 3, is the
Kronecker symbol; F(M, t) are components of volume
force; e(M,t)= Ul.’l. (M,t)=¢;(M,t) is the volume
strain, which is related to the sum of normal stresses
o(M,)=c,,(M,t),n=x,y,z by the
relation:

following

M. = "2V 5(M.1) + 3ar [T(M.0) - T, .

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:

e temperature heating

T(M, £) = T(t), MES, t >0 (T.(t) > Ty, 2 0); (7)

e thermal heating

t
1 LT (M, ) P
—|—= exp| —— |dt=
T '[ on |MES p[ T J

ro T (8)
- L ws, .10
7\‘T
e heating by medium
t
L.l'—aT(M’T) |MeS exp(——t — T]dr =
Ty on T, 9)

= {T(M,0)| ye5 = [Ty + S, (NT, =T ]}, 120,

as well as under the action of internal heat sources. Here,
Ay is the thermal conductivity of the material; g(?) is the
heat flux; 4 is the relative heat transfer coefficient; 7 is
1,2>0,

0,1<0.

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

The temperature function 7(M, f) included in (5)
is found from the solution of the boundary-value problem
ofunsteady 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

the ambient temperature; S_ (1) = {

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:

1 de(M.r) 02U, (M., 1)
AU (ML0) + s === O — 5=
20 A0
1-2v) 0Oi

which formally can be written in the following form
of vector equality:

AU(M, 1)+ = grad[dsz(M,t)] -

(/@awM” (10)

_2(1+v)
C(1-2v)

argrad[ 7(M,0)~Ty |,M € D, 1> 0.

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 7(z, #), i = 1, 2, 3 is considered;
thus, U = U, = 0, U, = U(z, t), and Eq. (10) may
be wrltten as f{)llows

0%, (z,1) 1 0% (z,0)

0z v2 or?
P (11)
AT (z,0)~T
:1+V- T [7:(z.0) 0],Z>R,t>0.
1-v Oz
2G(1—-v
Here, Yo = (1( 2)) V(A +2H)/P

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

The desired stress component 6_(z, 7) is related
to displacement by the following relation:

6U z,t
G (2.0)=2G | —— 1-v U, @z0
1 2v 62
(12)
1+v

—o % [T (z,0)— To]}
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The temperature function satisfies three heating
conditions

oTy(z.1) _ , 02T (z,1) . 0T (z,1)
ot o2 Tt (13)
z>R,t>0,

0T;(z,1)
o - (14)
z> R,|Tl.(z,t)| <o,z2R, 120,

T(z.0-0=T>

T(z.0)|,_g=T,. t >0, (15)

= 1
__REXP . — dt=——q,,t>0, (16)
T }“T

1 £ 0T3(z,7) t—1
—I—| _pCXp| ——— [dt=
a z=R
Ty Ty (17)

=W Ty(z.0)| ,_p =T, ], > 0.

1 07, (z,7)
_I 0z

Tro

In the second case, in spherical coordinates (p, o, 0),
region p > R, ¢t > 0 with inner spherical cavity when
heated under conditions of central symmetry 7, = 7 (p, )
is considered; thus, U(P =U,=0, Up = Up(p, f), and (12)
may be written in the following form:

U, (p,1) 2 U, (p,1)
+_ . —
a  p O

(18)

_l+v o dT(p,0) - Tyl

T 2o

,Pp>R,1>0.
1-v

Here,

1-v U (p.0) 2y
: +

1
c ,H)=2G C—X
pp (P-1) {I—ZV op 1-2v p

(19)
1
< Up(put) ==ty [T,.(p,n—To]},

ot op? p Op

‘ 0T, (p,1)
Toa?

O (p.1) _ a[azup,t) L2 aTi(p,t)J_

(20)

,Pp>R, >0,

oT;(p,1)
ot

Ti(p.0) ;== Tp>

B

1=0 21)
<o, p2R, 120,

p=R,

T:(p,1)

T(p.0|pep=T. >0, (22)

-

t
1 +0T,(p,T) 1
__[2— eXp —T— dT:_)\‘_qO’t>0’ (23)
p=R

op

Tro r T

1 j T (p, 1)
op

=R exp{—t_—‘cj dt =
T (24)

| 1500 pop T, |, 1>0.

‘Cro

In the third case, in cylindrical coordinates (7, @, z),
region » > R, t > 0 with inner cylindrical cavity under
radial temperature conditions 7, = T(r, ) is considered;
thus, U,=U, = 0, U, = U(r, t), and Eq. (10) may
be written in the following form:

02U (1) Ll oU . (r,1)

or? r or
1 1 82U (r,1)
——U.(rf)-— —r 2= 25
r2 (1) vg or? ()
O\ T.(r,t)—T;
=1+V~(XT' [l( ) 0:|,r>R,t>0.
1—v or
Then,
—v oU (r,t
o (r)=2G 1-v U.(r )+ Vo
1-2v  or 1-2v
1 1 20
+v
x;U,(nt)—l_zv-aT[T,-W)—ToJ}n
T, (r.t) T (r,t) 1 OT.(r,1)
=a +—- -
ot or? ro or
(27)
02T (r,t
— r.ﬁ’r>R,I>O,
or?
oT(r,t)
(1) g=Tp 7 2 R, =0,
=0 (28)

r>R,

Tl.(r,t)| <o, r 2R, t>0,

T;'(r,t)|r:R:T;;3 t>0’

ex ez t——L >0 29)
r=R p Tr }\‘Tqu s

L OT, (7, -
L FER] e
T (30)

or
=W Ty(r,0)|,_g =T, |t >0.

e 0T, (r,7)
_I or

’Ero

‘Cro
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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.

Inregionz >R, t>0:

vz V2t v_R v ha 2Go(1+V)
§=L,T=L,§0=p—,[3=—p,Bi*=—,ST= T i
a a a vr Vo 1-2v
T.(z,t)—T T, (z,t) T
W,'(E»T):&JZL 3a Wz(aat):&al: 5
Ty (4o / Mp)alvy)
N ,t
Gga(aa‘c)=LZ)7i=la 39 Ggé(&»r)= GZZ(Z ) 9i=2> (31)
Sy (T, - Ty) ST(qO/kT)(a/vp)
1-VU_(z,t
U - Dy
(1+v)0LT(TC—T0)(a/vp)
1-v)U_(z,t
Uy =——VED Gy
(1+V)arp(gg / Mp)a/v,)?
In region p >R, t>0:
2
VP vst VR Vo . ha 2Go(1+V)
ézL,r:L,éozp—,B:—p,Bz =—,Sp=— T ’
a a a Vr Vo 1-2v
T.(p,t)-T, T, (p,t) - T
W,(&a )= l(p ) 0,i=1,3;W2(§,T)=M,I= 5
T~ Ty (4o / A )@l v,)
o, (p.t) G0 (Ps1) ,
Gaé’; (‘:7 'C) £p , 1= 1) 3’ Ggé (E_w T) = £p , 1= 29 (32)
Sy (T, - Ty) ST(qO/kT)(a/vp)
A=v)U,(p.1)
Uj(iﬂr): 2 ’i: s
(1+v)0LT(TC—T0)(a/vp)
A=U,(p.1)
U, (&)= - 7 i=2.
(I+v)or(gy /My )(a/vp)
Inregion >R, t > 0:

v r V2t v_R % 2Ga(1
R W W B LA oap(+v).
a a a VI Y 1-2v
T.(r,t)-T; T, (r,t)—T
M(ﬁ,t)zLM,i=1,3;W2(§,1)=M,i= ,

T, —T, (qo/kT)(a/vp)
o, (rt ) c,. (7t .
ST NS G0 R U O . o) R 33)
St (T, - Ty) ST(qO/XT)(a/vp)
1-v)U . (r,t
(I+Vv)ar (T, = Ty)a/ vp)
1-v)U, . (r,t
Uy (E1) = A=V, (1) >, 1=2.
(I+v)ar(gy / Ap)a/ vp)
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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:

PULET) | dm+] {av,-(a,n ) U,-(é,r)} )

082 o
zzU (& r)éaW(é I)EJ 5 9
- alrz = o ,£>&y, 1>0.
oU.(E,1)
Uj(é: )“Ez =—— =0,
S (35)
£2&, [U,(6.1)| <o, £2€),T20.
{augg, v, (2,171 +v 1 UL, T)} _
5 Vg &g (36)
:Wl.(@,r)‘&:ao,r>0.
W, (&,1) W (E1) W, (ED)
o T e e
o2, (€,7) 7
(ST
_BZ&E—ZZO’E’>§O’T>O'
W, (E,
Wi(‘taaT)T_o:Oa‘:Z‘E;oa# _O:
=0 (38)
W, (& 1)<, E2E,, 120.
Wl(i,t)‘i:%: 1, t>0. (39)
R LUACS) (—ﬂ]d'z—l >0. (40
BZ.(‘; 6& E_Féoexp BZ T » T : ( )
LTM (_ﬂ]d':
N S

= Bi* l:W3 &,1)

E):é(): _1j|, T> O.

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
G&é(é’ 1) in all three cases is related to displacement
U/(&, 1) by the following relation:
ou,(E,t)  (2m+1)
+ x
o0& 1-v)

Xé-Ui(é,r)—Wi(i,r)-

0r (60) =
42)

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

Wi(& p) = [ W (&) exp(-pr)ds,
0

Ui(&,p) = [U; (& v)exp(=pr)dr, (43)
0

6 (6,p) = [ 0 (€ Dexp(-pr)d-,
0

the solution of the thermal problem (37)—(41) may
be written in the following form:

W& p)= £ (s )&y /&K, [ER(P)],

i(p)=yB*p*+p),
CORTEN

where
?,' (E)O,p) =
—1 — > i=l1,
pK,,[E)r(p)]
_ u(p) iZn
p2Km+1 [goﬁ(p)]
Bi*n(p) i3
PAPK,, 1 [EgR(P)]+ BiI(p)K,, [EH(P)]}

Here, K, (2) is the modified Bessel function.
We shall transform relations (34)—(36) into the
image space (43):

d?Ui(s,p) , 2m+1 dUi(Ep) _

de? e dg w
2m+1)~ dw (& p)
_[p2+ az )Ui(éﬁp):d—(:az_y>§0'
dUi(Ep) Cm+ly 1 —
—-U.(&, =
{ & 1-v & ’(ép)L_go 45)
Wi, -
Ui p)| < £28. (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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— 1
Uigp)= é_m[CIKmH (&p) +Cyl,,,1 (&) ] + 7

+(7ipart (Fw p)

Finding a partial solution of Eq. (44) requires
a separate consideration. We have:

— Ui du,
A aTy=a| i) 2miL T g
dg dg g2 dg
Here,
_ 277, TT.
G, = 42U 2m+1 dU;

de2 & dg’ (49)
AW =(B2p? + p)Wi.

The partial solution in (47) is found in the form

Uipart (€, p) = Ad_ﬁl’ where constant 4 is to be found.
Substituting this expression into (44) and using (48)—(49),
1
p*B*-D+p N
of Eq. (44) with allowance for boundary condition (46)
may be written in the following form:

is found. Thus, the general solution

Uit p) = C[i K, . (ép)} -
g” (50)

_@(E.,oap)(ao 1em Km+1 [iﬁ(p)],

where

o; (&0 D)=
n(p)
PPLp(B? -1 +11K,,[E1(p)]
12 (p)
PLp? -1 +11K,,,, [ER(p)]
Bi*E2(p)
PLpB% =) +11[pK,,,; (EoH(p) + BI*i(p)K,, (Eoi(p)]

The following relation is used here:

a
dg

Usingthe 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:

(&K, (EL(p) |=~W(pP)E K ., [ER(P)]

dl1 @m+lyv
d_i{é_’”Km“(&p)} Ty (51)
1 1 =

where

(1-2v)
(1-v)

O(Ep) = EpK, (Ep) + (2m+1)

K (&) (52)

Relations (59)—(60) and the boundary condition (50)
allow determining the constant in (55) along with the
desired displacement. We find:

(& / ©"O[Eon(P) ] K, (EP)F; (E0P)

Ui(&p) = =
& p) o
G 19" K, [E(P) K,y &)1 G )
£5'0(&p)

~(&y /8" 9;(Eg, PIK, 11 [ER(P)].

The desired stress is found, as follows:

See(&:p) _ (& /DOEK,, [Ei(r) ] /1(Eop)
(& /&) O(%p)
L Bi(&-P)O[EH(R)] _ 8,(E, PIO[EG(p) [OEP)
2 E0(Eyp)
~/1(&g> PIK,,, [ER(P)].

The following operational relations for stresses for
all three types of heating may be written:
e temperature heating (i = 1)

S (&1) _ (5 /90&) |
& /D" pOEp)
1(p)®[En(p)] B
P’ [p(B? —1)+11K,, [&GR(p)]
K, [ep)]
PK, [Eon(p)]
_ EpO[g(p) |0 ,
P’ [p(* ~ 1) +11K,, [5H(P)IOE)p)

(53)

e thermal heating (i = 2)

Sz (&) (&) / OR(PIOED)K,, [EH(p)]

/" p*OEPIK,. [ER(P)]

.\ B2 (P)OER(p)) B

P p(B? 1) +11K,,,, [EH(p)]
_R(P)K,,[ER(P)]
Pk, [EGR(P)]

) 2 (P)O(&)OIEH(p)] ,
P [p(B? — 1)+ 1O PIK,, . [ER(P)]

+

(54)
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e heating by medium (i = 3)

5 (&P _ (& /é)@)(ép)
(éo 1eym P®(§0p)
K, [Eoi(p)]Bi*i(p) .
[me+1 (Eor(p)) + Bi*i(p)K,,, (Egi(p))I
L B
&p*p(B? -1 +1]
OlEH(p)] (55)
meH (Eo(p)) + BIi(p)K,,, (EoR(p)]
__BE(p)
EP2p(B* -1 +1]
B[, 1(p)1O(Ep)
[me+1 (EoR(p) + BIFR(P)K,,, (EoR(P)IOGEyp)

B Bii(p)K,,[Eo1(p)]
PLPK,, 1 (Eoi(p) + BiI(p)K,,, (ER(P)]

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
(5&(&, T) just reach maximum values are considered
in formulating problem (34)—(42), then short times
T 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:

T enp. o
P

K, (p)=

where K| is the modified Bessel function.
The following notations are introduced then:

Cm+11-2v) 1
(1-vg 1 1-p

We shall also introduce a function for this class
of problems that is the Kartashov function

p+4,©)
(P=Vp+4,E)]

4,,(8) =

%m(g’p) =

which is used in finding the originals of found images.
The original of this function may be written in the
following form:

+4,,8)
A (6:1) = A—@O)X
A= A®) e ey +expiro |

v+4,(8)

After transformations, we find:

agg & p)
@ o W1(E p)exp[ —(E—E(p) |+ 56

+W2(E, p)exp[ —(E—Eg)p ],

where at temperature heating (i = 1):

YHPH(P)+ 4, O] 1 } 57

nien= { pPH(p-7) p

Ya(&,p) = {—xm(é p)+
P

2

58
+vﬁ(p)[ﬁ(p)+Am(&o)]%m(é,p)} %)
p

at thermal heating (i = 2):

Y2 (p)[(p) + 4, (E)]
P (p-v)

F1E p) ={ “p(” )} (59)

Wi p) = {H(P)(P - pvz)xm(i, P,

O . (60)
B DNEP) + 4, (50T, (&,p)}

p3
at heating by medium (i = 3):

(8, p) =
{sz 2 (P)E(p) + 4, ()] o
pr(p—y)p+Bi* u(p)]

. B"i(p) }
plp+Biu(p)l])

Bi*u(p)(p =), (& P) .
plp + Bi*i(p)]

BT (D)) + 4y, (G0 (& p)}

¥2(&, p) ={

p[p+Bi'i(p)]

When finding the originals in (56)—(62), attention
should be paid to the value of parameter = v_/vy. Thus,
=0.4 for organic glass and B = 0.7 for quartz and silicon,
that is B < 1; B = 3.4 for steel and = 1.8 for crystals and
aluminum, that is B > 1. The value of parameter 3 plays
the determining role in writing stress intervals céa(zg, 1).
The following is found for stresses:
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atp<1: atp>1:
ot o (6D
(&, /E)mH12 (&, /£y
0, T<(E-&))B, (63) 0, T<(E=E&p),
= oL &), (E-EB<T<(E~&) ~{o &), (E-Ey)<T<(E—EB,
~oQ €D +0R (€1, 1> (E-E)) ~oDEn+0DE 0, T>BE-Ey).

Here, Gg:) (&,7) is the original mage

Pi(E pexp| &~y p? + p /B |, o (&) =Wyl T (E-Eo))

(64)

Turning to the originals, the following analytical relations for stresses in all three cases of heating may be written:

e temperature heating (i = 1)

o (&0 =7 (exp it - (- &)B] - (5~ &g) / 2B} +

. 1((/282)(2)? - (&0
. 2 0 expli(e-©)-(1/28)7] | = 2 f )df’>xn[r—<é—<io>ﬁl+
B et Y@ (-5’
A T
+Y m(&!){ J' exp[y(r‘c')(1/232)1']10((I/ZBZ)\/(T')Z(@io)zﬁz)d‘c'}xn[r(éao)ﬁ]
B (E-€o)B
A T
_ mB(E_v){ J' eXp[—(l/ZBZ)T’]IO ((1/2'32)\/(1')2 _(&_&0)262 )d‘t'}xn[f(‘iao)ﬁl
(E-€p)B

o2 (€1 =, [E - (E-E))

where
V560 =1, (&) + 4, @0){26 [%m @,r')dr'] —Bfexpl-(1/28%) (x — T, (&, V)T’
0 0
o thermal heating (i = 2)

ol (&%) = yPexpl~(1/28%)1ll, ((1/ 2p2) [ — (5 £4)2 2 )n['c —(E—EBl+

2 T
+%{ [ explyz—1)-0/287)71, ((1/252)\/@')2 —(&-£0)*P> )d‘t'}xn[t —(&-£y)B]+
(E-€p)P

+4,, @) {{exprlt— (€~ £)B]-1-[t— (&~ & )Bl} exp(~1/2B?) T+

+§;[3§0 .[ [expy(t—1) —1— (v —1")]exp[—(1/2B%)]
(E-p)B

WOABNEE-CGPR)

% T)MT =G =5 )P

J@)2 - (E—&)?p>

(65)

(66)

(67)

(68)
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Y1 (&1 =1, (50 +

Y1+2B%4,,(E))] j
2B 0

1, (€)Y +74,, ()] (=T, (6, 7)d'; (69)
0

1/2 :

e heating by medium (i = 3). For this case, decomposition of the image f(p) =Pp[1+1/ (B2 p)]1"2 into the binominal
series is used in finding the original. We shall also introduce the following number of notations:

y=1+yB% v, =

Bi*

1
P £ R L
1+ Bi*B 2B(1+ Bi*B)

4 =

Ay =

Y+Y,

_nlr? +(=DBi*4, ()]

_,.h [v* +(y=DBi"4,,(%)]
T+Y, ’

7 +2B4,,(8); 4y =24, (8);

Ay =1 (A+75) =117, —vA+7)BA4,,(E)]-

The desired originals are found, as follows:

W (&1) = 4 {exply(t— (6~ &o)B) — (E—&p) / 2B} +

(1/26) &) - -2 B )

ACE)

' 2y 3 (
0 exp[ y(1-7) = (1/2p?)7']
(§-50)P

+4, <exp[—y2 (t=(E-&)B)—(E—E&,/2B]+

J@? - (6 -gy)?p?
E-& &

dv'xmt—(E-&y)B]+

[ expl=v,y(r=1)—(1/28)7]x
P etom

1 (/287 - 650267

(70)

X

J@? — (e —g0)2p?

E-8& |

+4y xyexp[-(1/2B)(E - )]+ N

(E-Ep)B

dt')xnt— (&Pl +

(/282 @7 - & —)%8?)

j exp[—(1/2p%) '] dr' x

J@? — (6 -g0)2p?

x Mt = (5 =8B

W5 (&) =Y =1 1 (& 7) +2BA,, (50 [ 1, (67T + 4, [exp[ =y, (t— 1), (&, )" (71)
0 0

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 ‘P2 (&, p)exp [—(EEJ -&) 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:

(&, pexp[—(E—Ey)p |« 0, T<E-E,
¥,let-(E-¢)], T>E-E,,

wherefrom it is seen that at point (§ — &), a jump
of function ¥,(&, 1) occurs, whose value is calculated
by the following equation:

[AJ=Tim e 10 ¥ [ 67— (E-Eg) |=
=lim_g, ¥y (E D) =limp, P2 p).

We shall first find the jump value for stresses
0@;(&, T) in coordinates (&, T), then we pass to initial

Russian Technological Journal. 2023;11(3):70-85

80



Developing generalized model representations of thermal shock

for local non-equilibrium heat transfer processes

Eduard M. Kartashov

stresses in initial regions (11)—(30) using transfer
equations (31)—(33). As a result, the following is found
for temperature heating (58):

max

A=

(¢

zz;Gpp;Grr
2Gy(1+v)ar [T, - 1|
(1-2v)
(R/p)2Gy(1+Vv)ar [T, =T (72)
= , m=1/2;
(1-2v)
JR/r2Gy(1+v)ar [T, - T
> m=
(1-2v)

, m=-1/2;

0.

The estimates (72) are valid both for intense
heating (T, > T,) when compressive stresses occur
in the fixed cross-section § = const > &,, and for
cooling (7, < T;)) 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 & = 1
with §,=0.1,v=0.3, B = 0.4 for m = -0.5; 0; 0.5. The
curves for stresses (temperature heating) under the same
data but for f = 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.

o (67) b TSR
Gy gy w7 Do, g
where

ol =-¥;E1: o2& = Vit (E-Ek

Ti‘(éar>=%{exp[r—(&—&o)]qﬁ[iéo —f}

«[E-8
+exp[‘r+(§—§0)]q) ( 2\/;0 +x/;]}+

+4,, (§)<%{6XP(T —(E-¢)@” (F’z_\/éo -k j - (74)

—exp(t+ (& - &) D* [E-’z_\/%‘) + \EH -

BRI,
ﬁexp[ i }(é é())cb(zﬁ ;

0
o (6,7)
(E.>0 /E))n1+l/2

-0.5 -

-1.0 |
—— 1 - half-space
—r——— 2 — spherical cavity
--------- 3 - cylindrical cavity

_1 5 | | | | | | | | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8

Fig. 1. Stress-time dependence in section§=1at§;=0.1,v=0.3,and B =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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0.2
0. (67)
((zao /&_,)m+1/2 0

-0.2

-0.6
-0.8

-1.0

1.2 I | I I

0 0.5 1.0 1.5 2.0

2.5 3.0 3.5 4.0 4.5 50 T

Fig. 2. Stress-time dependence in section§=1at§,=0.1,v=0.3,and (B = 0).
Calculated by equations (73)—(75) for m=-0.5 (curve 1), m = 0.5 (curve 2), and m = 0 (curve 3)

Y3E D=2, =ED+

_,_MJ.\/I—T' Ay (& T)dT. (75)
T o

N

Here,
D*(2) =1-®(2), D(2) = (2 /1) [ exp(—y? )by
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 v and
Voo respectively.

Let us consider the fixed cross-section inside region
£ > &, At B <1, stresses in the cross-section are zero
at the beginning. At the moment © = B(§ — §;), the
thermal stress wave arrives at this cross-section with its
front moving at speed v; the compressive stress occurs
jumping and increases further. At the moment § — &, 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

Gé?(i,‘t) 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.

Keywords: numerical modeling, high-power UV laser pulse interaction with plasma, hybrid reactor with laser initiation

e Submitted: 22.06.2022 ¢ Revised: 07.12.2022 ¢ Accepted: 12.03.2023

Forcitation: Lebo |.G. Mathematical modeling of experiments on the interaction of a high-power ultraviolet laser pulse with
condensed targets. Russ. Technol. J. 2023;11(3):86—103. https://doi.org/10.32362/2500-316X-2023-11-3-86-103

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

The author declares no conflicts of interest.

© I.G. Lebo, 2023

86


https://doi.org/10.32362/2500-316X-2023-11-3-86-103
mailto:lebo@mirea.ru
https://doi.org/10.32362/2500-316X-2023-11-3-86-103

Mathematical modeling of experiments on the interaction

Ivan G. Lebo

of a high-power ultraviolet laser pulse with condensed targets

OB30P

YucjieHHOEe MOeIMPOBAHUE IKCIIEPUMEHTOB
110 B3aUMOACHCTBUI0O MOIIHBIX YJIbTPAa(PUOJIETOBBIX
JIA3ePHBIX UMITYJIbCOB C KOHACHCUPOBAHHBIMUA MHUILIEHSIMH

WU.r. Nle6o @

MUWP3A — Poccuvickuii TEXHOI0rm4ecknii yHmsepceutet, Mocksa, 119454 Poccus

@ AsTOp A1 nepenvcku, e-mail: lebo@mirea.ru

Pe3slome

Lenu. Uenb nccneposaHua — 0630p 1 aHanm3 pe3ynbtaTtoB paboT, MOCBSLEHHbBIX YACTEHHOMY MOOENNPOBAHNIO
9KCMEPVIMEHTORB MO B3aMMOAENCTBUIO MOLLHBIX yiibTpadunoneToBbix (YP) nasepHbIX MMMy/IbCOB C KOHAEHCUPOBAH-
HbIMU MULLIEHAMUW. HaTypHble 3KCnepMeHTbl OblM BbiNoJIHEHbI B Duanyeckom nHctutyTe nm. N.H. Jlebenesa PAH
Ha MoLwHOM KpnToH-dTOp (KrF) nazepe «FAPMYH». AKTyanbHOCTb MCCNegoBaHnii CBA3aHa C TEM, YTO OKCMMEPHbIe
Y®-nasepsbl 9BASAOTCA OAHMM U3 OCHOBHbIX NMPETEHAEHTOB Ha ApaiBep B TepMosiaepHoM peaktope. Puavka B3au-
MOENCTBUA TaKOro U3Ny4eHust ¢ Naas3mor MMeeT CcBoto crneundurky. O6cyxaaeTcs BO3MOXHOCTb MCMNONb30BaHMS
MULLEHEN B BUAE BCTPEYHbIX KOHYCOB B TAKOM S4EPHO-TEPMOSAEPHOM pPeakTope.

MeToabl. [1na MmogennpoBaHns nasep-naasdMeHHbIX MPOLLECCOB NCMNOJb3YITCH PUIMNKO-MaTemMaTnyeckme MoLenu,
narpaHxXeBbl U 3MepoBbl METOANKN, ABYMEPHbIE NPOrpaMmbl B LMANHAPUYECKUX U CHEPUYECKNX KOOPAMHATAX.
PesynbTartbl. [1peacrasneHsl pedynstaTbl YACTEHHOrO MOAENMPOBAHUSA TPEX TUMOB SKCMEPUMEHTOB: @) NPOXUraHue
Y®-nasepom antoMnHMEBbIX DOJIbI PA3IMYHOM TONLLVMHLI; 6) N3ydeHne pa3BUTUS MMOPOAMHAMNYECKOM HEYCTONHYMBOCTHU
MpPW YCKOPEHMM TOHKMX NOSIMMEPHbIX MIEHOK MOLLHLIM Y®d-1MnynbcomM 1 ocobeHHoCcTe popMUpOoBaHUS TYPOYIEHTHOMO
CNost; B) B3aMMOeincTere MOLHbIX YD -1MMynbCoB C ABYXCNONHLIMU MULLIEHSAMU (2IIOMUHKIA + OPrcTeksio) v ccneno-
BaHMe «TOHKMX» CTRYKTYP, GOPMUPYIOLLIMXCS B BELLLECTBE. Ha OCHOBaHNN YNCIEHHBIX PACHETOB NOKA3aHO, YTOo B rmbpus-
HoM peakTope ¢ YP-nasepHbiM ApaliBepoM MOTYT MPUMEHSATLCS MULLEHW B BUAE ABYXCTOPOHHUX BCTPEYHbIX KOHYCOB.
BbiBoAbl. Pa3BuTbl GpU3NKO-MaTEMATUYECKME MOLENN U anpobUpPOBaHbl ABYMEPHbIE MPOrpaMMbl B 9M1EPOBbIX
M NarpaHXeBblX KOOpAMHATax Ha HaTypHbIX SKCNepuMeHTax, No3BOJIAOLLME ONUCLIBaTb GU3NKY B3aMMOOENCTBUS
MOLLHbIX YdD-nasepHbIX MMMY/IbCOB C MULLEHSIMW Pa3/INYHON KOHCTPYKLUMKN. OTO AAaeT BO3MOXHOCTb NPOrHO3MpPO-
BaTb 9KCMNEPVMEHTbI PEakTOPHOro macLutaba.

KnioueBble cnoBa: 4yMcieHHoe MoaennpoBaHmne, B3anMoneiinctane MoLLHbIx YP-nasepos ¢ nia3momn, rubpuaHsie

PeakTopbl C Na3epPHbIM MHUUMNPOBaAHNEM

e Moctynuna: 22.06.2022 e flopa6oraHa: 07.12.2022 ¢ MpuHaTa k ony6nukoBaHuio: 12.03.2023

Ana  unMTUpoBaHuN:

Jle6o W.I. YucneHHoe MoOZenNMpoBaHME 3SKCMEPVMEHTOB MO B3aMMOAENCTBUIO MOLLUHbIX

yNbTPadnoNeToBbIX N1a3ePHbIX UMMYNbCOB C KOHAEHCUPOBAHHbIMU MULLeHaMU. Russ. Technol. J. 2023;11(3):86—103.

https://doi.org/10.32362/2500-316X-2023-11-3-86-103

Mpo3payHocTb pUHAHCOBOMN AeATEeNIbHOCTU: ABTOP HE MMeeT GUHAHCOBOW 3aMHTEPECOBAHHOCTU B NPEACTaBEH-

HbIX MaTepuanax niam MetToaax.

ABTOp 3asBnseT 06 OTCYTCTBUMN KOHMINKTA UHTEPECOB.

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 10'°-10'® W/cm? 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
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compression. To create a fusion reactor, along with high
fusion flare efficiency (gain factor G = EJ/E, >> 1,
where E; is released fusion energy and £, 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 (n = 1-10%).

In Russia [4] and abroad! [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
Y, = (4-5) - 10'7 corresponding to =0.7G was achieved
at this facility in August 2021 [6]>. As well as NIF,
facilities under construction (UFL-2M, Russian Federal
Nuclear Center — All-Russian Research Institute
of Experimental Physics (RFNC—VNIIEF), Russia;
Laser Mégajoule®, France; Shen Guang® China) are
based on solid-state Nd lasers>, 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 E; = 100 J, pulse duration T = 100 ns, and
wavelength A = 0.248 um. 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

I Kritcher A. and HIBRYD-E ICF team. Initial results from
HYBRID-E DT experiment N210808 with >1.3 MJ yield. /FSA
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-Imj.cea.fr/. Accessed February 07, 2023.

4 https:/Issf.cas.cn/en/facilities-view.jsp?id=ff80808 14ff565
99014ff5a31abb004a. Accessed February 07, 2023.

5 The Nd-laser generates radiation in the infrared range
A = 1.06 um, 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 7 is radius-vector module; 0, ¢ is time) and
cylindrical (4tlant_C version: coordinates 7 z, ¢ is time)
geometries.

The equations describing the evolution of the
laser target in the two-temperature approximation may
be written as follows:

dp -
— =—pdivu, 1
o - pdy (1)
du
— =—pgrad P, 2
P =P8 ()
(ﬁ,v]\f):@, (3)
|9
de, o Y
p ” =-F diva+diviV, -0 - R +divS, (4)
de. L
thl:—])idIVll-i—leVVi +0, %)
W,=®, grad T, (6)
W.==,grad T, (7
T -T
(S
Pe:Pe(P, Te):Pi:Pi(p> Ti)’ (9)
7 =Z; - (0; =9, — Pg), (10)

Se = Se(pa Te)a gi = Si(p’ Ti)a

Rself: Rself(p’ Te)’ P = Pi + Pe’ (1 1)

33e = Eee(pa Te)n EBi = &i(Pa Tl)n K = K(pa Te)’ Qo = Q()(pa Te)a

where P, P,, T, T, are electron and ion pressures and
temperatures; p is matter density; u is the hydrodynamic
velocity vector; P is the total pressure; P, P, are electron
and ion pressures; &, €; are electron and ion specific
internal energies; @, @&; are electron and ion thermal
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conductivity coefficients; 9 is the laser radiation flux;
K is the absorption coefficient; Q is the exchange term;
R s 1s the energy sink due to the plasma self-radiation;
Z, is the ion charge average in the Lagrangian cell; ¢;, ¢,
@y, 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 (6 = 0 in the spherical
coordinate system, » = 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]:

a_p+l.arﬂ+ap_w:0
o r or Oz

>

2
opu +l' orpu N opuw® +@ —0, (12)
o r or oz or
8poo+l‘ 6ruw+ 8puco+@=
o r or oz oz
%+l- oru(e+ p) N d(e+ p)o
o r or 0z

0,

=—div gy —div qy .

Here, p is density; p is pressure; V. = u, V, = o are
2
components of the velocity vector V; e=p 8+7J

is the total energy; g = —&, grad T'is the flux of electronic
heat conductivity; ¢; 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 = (y — 1)pe, where ¢ is the specific
internal energy, y is the adiabatic index, and the continuity
equation for each gas component (n components in total):

P;

ot

=divp;V =0, where i=1,n—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 —CO).

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 - 10'2 W/ecm?, while the plasma interaction
efficiency parameter (/ - A?) = 3.4 - 1013 (W/cm?)-um?.

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 pum 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, £) = I,(¢) - 1 (r)
with the transverse intensity distribution having the form
1= Co/exp(r/Rf)z. Here, C,, is the normalization constant

such that 2RI:O Irdr=1,R is the transverse radius

of the calculated region, R.= 49 pm. In both variants, the
laser intensity averaged over the focusing spot is the
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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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Fig. 2. Laser pulse time shape and the results of one-dimensional (1D) and two-dimensional (2D) calculations
and experimental data (a); density isolines at time moments t = 40 ns (up to the moment of foil burning through)
and t = 45 ns (moment of burning through) (b) [12]

same. /, is time dependence of the laser pulse, which has
a trapezoid shape with time moments at tops ¢; = 0 ns,

t,=20 s, 1, = 80 ns, and 1, = 100 ns. [ 1, ()t = Ey,g
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 um (initial density p = 2.7 g/cm?).

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 Lgy, that the SW travels
during the laser pulse duration (SW velocity Vgy, ~ 5 km/s,
¢t~ 100 ns, then Lgy, ~ 500 pm) is much larger than the
focus spot size (2R;= 100 um).

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 um is studied
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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 nsand t = 1150 ns (c) [20]

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 x 7 mm? 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
1=0.1-1.0 GW/cm? 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 um irradiated by laser with intensity
1=10.55-0.65 GW/cm? 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 x 0.7 mm? 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 34 times
greater than in the first case. The density profiles obtained
in numerical calculations at time moments ¢ = 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 = 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.® The initial density

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

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 # = 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 ps, 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:

op O ﬁpJ
—=—|D_—|, 14
ot 62( M oz (14)

where p is density and D is the turbulent mixing
coefficient,

0.5
olnp 1 oP
2P j (15)
p Oz

_72 _
D, —lpoot, o, —[ %
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Here, o, is the increment of hydrodynamic instability

ol
development derived in [22], Lp = 1/ anp is the density
Z

gradient scale, and / (x/) is the turbulent pulsation size
and depends on the width of the turbulence zone x/.
The authors of [21] suggest that

lp = G‘Lmix’ (16)

where L. is the current size of the turbulent zone (L, = x/
in the experiment in Fig. 3a), while the value of a 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=—-—-—and L_ are taken from the numerical
p Oz P

calculation results using the Atlant C software.

It should be noted that the estimate L . =~
~ a*ln(p,/p,)gt* is made in [21] for the case of contact
between two incompressible media (p, and p,) 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) - 10'2 cm/c? on the front side; (2) the layer
is decelerated in the atmosphere, g = —(1-2) - 10'! cm/c?
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 o (alfa)
is varied so that by the time the dense layer is flying
past the slit, its width AL (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 ¢ = 1150 ns when the layer is “seen”
through the slit is given.

Time = 1150 ns

1.alfa=0.27,delta_ L=1.15mm
2.xI=0.7 mm, delta_L =6.25 mm

1004

03 -02 -0.1 00 01 02 03
Z,cm
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, x/ is a grid cell size, I, = x/ [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 pm 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 pm. In the plexiglass,
extended craters about 1 mm long are observed, while
one or two narrow channels over 100—600 pm long are
formed near its top (Fig. 5) [16, 23].

1 mm

Narrow
channel

Shock
wave

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
R;= 50 um at Gaussian intensity distribution in the spot;
the absorbed laser pulse energy 40 J; aluminum foil
100 um thick and having initial density 2.7 g/cm? with
plexiglass having initial density 1.19 g/cm? behind it;
calculation area is a cylinder having radius R, = 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 1072 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 Z, = 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. 7. Density p(R, Z), g/cm?3 (a) and temperature T(R, Z), 102 eV (b) fields calculated
for time moment t = 30 ns [23]
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Fig. 8. Distribution of density p and temperature T in the plasma along the axis OO, (R = 0)
at time moment t = 37 ns (a); dependence of density p on radius R at this moment at Z, = 1 cm (b) [23]

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 7,
for the thermal mechanism (in units of 10'* W/cm?)
is given in [24], as follows:

Here, temperature 7 is given in keV units (~11.6 min
degrees), the plasma longitudinal channel scale L | and
emission wavelength A are given in um, while Z, is the
average ion charge. The typical plasma parameters for
conditions ofthe discussed experiments are the following:
Z,=4-6, Lpl =1000 pm, 7= 0.1 keV and A = 0.25 pm,
whence 7, >2 - 1010 W/em?.

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

7522 are focused. However, the intensity perturbation
Iy 22 10° (Per / p)3 7 (17)  threshold in this case is two orders of magnitude greater
Z; Lpl 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
equations’.

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

2 2 r?
E“(r,z)=Ej exp( 22)
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):

], where E 1is electric

0Ot
)

e(z,r)=¢g4(2) +B(2)- 72, B (18)

r=0

the following equation for describing the dimensionless

a(z)
o

details in [27, 28]):

beam radius f = may be written as (see more

df 1dsy df 2
gg—=+———=—"7-——-B(2)f. 19
042 2 dr do (nzagf3 a2 (19)
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:

2
B(2) =(°’—p] Ho_ oy

o) 242
/7 (20)
2 €n(0
a=— g =g3 [09
8m, - T, £y(2)
In case of a thermal mechanism:
2 2
B(2) [“’pj off  [e® 1
z)=| — _v | =
o | 8y I3 \ey(z) 12
Xole 0( ) f @1
9 va o
16 o272

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

where o is high-frequency electrical conductivity;
v.; is the effective frequency of electron-ion collisions.

Equations (18)—(21) are solved numerically
on the given density profiles p(z) and the fixed value
of electronic temperature 71(z).

The laser radiation and plasma parameters are taken
from [23]: 7 =5 - 102 W/em?, p.. = 0.1354 g/cm?,
T(z) = 0.1 keV, ion charge Z; = 6, and plasma length
0 <z<0.1 cm. The exponential density profile is given:
p =P exp(—B(0.1-2)), B=40cm .

The evolution of the dimensionless radius of beam
Ji, along the OZ axis for initial beam a, = 35 (1) and
100 pm (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 (f,. > 1).

The beam having initial radius 100 pm has decreased
to dimensions £ < 1073. The calculation is discontinued.
The beam with initial radius 35 pm begins to increase
in cross section after reaching the minimum value
of f=2-1073. The first focus occurs at plasma density
p =0.00243 g/cm?, i.e., p/p,, = 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 a, =
=10 um, /=5 - 10'© W/cm?. In this calculation series,
P, = 0.0677 g/em?; T(z) = 1 keV; and ion charge
Z; = 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 /- 22> 1014 (W/cm?)-um? 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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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.
(@)/=5-10"2W/cm2, (b) /=5- 10" W/cm?2[26]

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,
n is the laser efficiency; f is the conversion efficiency
of thermal energy into electrical energy; ¢ is the
fraction of energy providing reactor operation; f'is the
frequency of laser shots; E; is the energy in the laser
pulse; W, = fKE| is the thermal power generated in the
reactor; W, 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; (I/m — 1)fE; is the laser
pumping energy loss. In order to “close” the energy
cycle, the following inequality should be fulfilled:

(1 - ¢)B(0.2 + 0.8M)G > 1/ 22)
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Fig. 10. Structural diagram of the hybrid
nuclear-thermonuclear station [32, 33]

It follows from (22) that the gain factor should be
G>lat$=02,p=0.4,1=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 T, = 100 ns and
a series of short pulses with 7, = 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/cm?) 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 R )
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 increased®.

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 A¢lant 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.

;2 345 6: 54 32
— B | s
RO R1 R2 Hmin F’z R1 RO

Au-foil
Foam

Fig. 11. Scheme of the two-sided conical target (a)
and its irradiation by long + short laser pulses,
0,0, is the symmetry axis (b); (c) central part of
the conical target. 7 is laser beams (long pulses)
accelerating the trigger, 2 is the trigger dense layer,
3is 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, 77 is the
gold target chamber with conical channels along
the 0,0, axis, and 050, is the axis passing through
target center in the plane perpendicular to symmetry
axis 0,0, [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 0,0, axis through which the
symmetry plane perpendicular to the O,0, 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 O,0, 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 ¢, = 0, £, = 100 ns, and
t3 = 101 ns; (2) in the form of a curved trapezoid with
the tightened front smoothly rising (¢, — ¢, = 12 ns) and
with a subsequent rectangular pulse (¢; — ¢, = 10 ns).
The targets have the form of truncated cones with aspect
ratios Ry/R_. = 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™.

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
apowerful 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.

R&D | ETD  DPER , DCR
| I

' n~103! n>10* (1-)-B-K-1/n>0

;_f:1Hz; f>1Hz | n>108
KG) > 1 ksol| 7> 1Hz
1 510 50 100 [*N$]
-Lt.c-Et.k_(02+08ma
EDT EDr

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),
E,,—driver energy, and E, —laser pulse energy. Ey = E;

There are several criteria for characterizing fusion
efficiency:

1) O = EJE = 1 is the “physical threshold of fusion
reactions,” when the released fusion energy Eequals
the energy invested in the DT plasma from the third-
party source E;

2) G = EJE,, “gain” is gain or “flash criterion.” As a
rule, this coefficient is an order of magnitude smaller
than Q at the same E, 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 1is the reactor gain factor
allowing also for the energy gain M due to fission
reactions;
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4) Cp = (1 - ¢)BK — 1/n 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 this!? [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 arepetition 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).

Atthe 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. /FS4
Virtual Meeting. September 2021. LLNL-PRES-826367. P. 16.
https://www.aps.org/units/maspg/meetings/upload/obenschain-
11172021.pdf. Accessed February 07, 2023.

REFERENCES

1. Basov N.G., Krokhin O.N. Conditions for heating up of
a plasma by the radiation from an optical generator. Sov.
Phys. JETP. 1964;19(1):123-126. Available from URL:
http://www.jetp.ras.ru/cgi-bin/dn/e_019 01 _0123.pdf

2. Basov N.G., Lebo 1.G., Rozanov V.B. Fizika lazernogo
termoyadernogo sinteza (Physics of Laser Thermonuclear
Fusion). Moscow: Znanie; 1988. 172 p. (in Russ.).

3. Atzeni S. Laser driven inertial fusion: The physical basis
of current and recently proposed ignition experiments.
Plasma Phys. Control Fusion. 2009;51(12):124029.
https://doi.org/10.1088/0741-3335/51/12/124029

4. Garanin S.G., Bel’kov S.A., Bondarenko C.V. The concept
of building a laser installation UFL-2M. In: Doklady 39
Mezhdunarodnoi (Zvenigorodskoi) konferentsii po fizike
plazmy i upravlyaemomu termoyadernomu sintezu (Proc.
39th Intern. (Zvenigorod) Conf. on Plasma Physics and
Control. Thermonuclear Fusion). Zvenigorod; 2012.
P. 17 (in Russ.).

5. Moses E.I. and NIC Collaboration. The National
Ignition Campaign: status and progress. Nucl. Fusion.
2013;53(10):104020. https://doi.org/10.1088/0029-5515/53/
10/104020

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 (Cp > 0)
and ensuring resource n > 10% 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.

ACKNOWLEDGMENTS

The study was performed within the National
Center for Physics and Mathematics, Gas Dynamics and
Explosion Physics Program on the topic “Investigation
of Physical Processes during Controlled Thermonuclear
Fusion and in Stellar Systems.”

CNMNCOK IUTEPATYPbI

1. bacos H.I', Kpoxun O.H. VYcimoBus pasorpesa Ias-
MBI HW3Iy4YeHHEM ONTHYecKoro reneparopa. KITd.
1964;46(1):171-175.

2. bacos H.I'",, JIebo I.I"., PozanoB B.b. @usuxa nazeproco
mepmosioeprozo cunmesa. M.: 3nanue; 1988. 176 c.

3. Atzeni S. Laser driven inertial fusion: The physical basis
of current and recently proposed ignition experiments.
Plasma Phys. Control Fusion. 2009;51(12):124029.
https://doi.org/10.1088/0741-3335/51/12/124029

4. T'apanun C.I', benskoB C.B., bonnapenko C.B. Konmen-
sl HOCTpoeHus jazepHoi ycraHoBku YOJI-2M. B c0.:
Jloknaowr XXXIX Mescoynapoonoii (36erucopoockoii)
KoHghepenyuu no gusuke naazmMbl U YNpasisemomy mep-
Mos0epromy cunmesy. 3seruropon; 2012. C. 17.

5. Moses E.I. and NIC Collaboration. The National
Ignition Campaign: status and progress. Nucl. Fusion.
2013;53(10):104020. https://doi.org/10.1088/0029-5515/
53/10/104020

6. Ebrardt J., Chapt JM. LMJ on its way to fusion. J.
Phys:  Conf. Ser: 2010;244(3):032017. https://doi.
org/10.1088/1742-6596/244/3/032017

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

98


https://www.aps.org/units/maspg/meetings/upload/obenschain-11172021.pdf
https://www.aps.org/units/maspg/meetings/upload/obenschain-11172021.pdf
http://www.jetp.ras.ru/cgi-bin/dn/e_019_01_0123.pdf
https://doi.org/10.1088/0741-3335/51/12/124029
https://doi.org/10.1088/0029-5515/53/10/104020
https://doi.org/10.1088/0029-5515/53/10/104020
https://doi.org/10.1088/0741-3335/51/12/124029
https://doi.org/10.1088/0029-5515/53/10/104020
https://doi.org/10.1088/0029-5515/53/10/104020
https://doi.org/10.1088/1742-6596/244/3/032017
https://doi.org/10.1088/1742-6596/244/3/032017

Mathematical modeling of experiments on the interaction
of a high-power ultraviolet laser pulse with condensed targets

Ivan G. Lebo

6. Ebrardt J., Chapt JM. LMJ on its way to fusion. J.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Phys: Conf. Ser: 2010;244(3):032017. https://doi.
org/10.1088/1742-6596/244/3/032017

. Le P.S., Hopkins B.L.F., Divol L., et. al. Fusion energy

output greater than the kinetic energy of an imploding
shell at the National Ignition Facility. Phys. Rev.
Lett.  2018;120(24):245003.  https://doi.org/10.1103/
PhysRevLett.120.245003

. Clery D. Laser-powered fusion effort near ‘ignition’.

Science. 2021;373(6557):841.
science.373.6557.841

https://doi.org/10.1126/

. Clark D.S., Casey D.T., Weber C.R., et al. Exploring

implosion designs for increased compression on the
National Ignition Facility using high density carbon
ablation. Phys. Plasmas. 2022;29(5):052710. https://doi.
org/10.1063/5.0087052

He X.T., Zhang W.Y., and Chinese ICF Team. Advances
in the national inertial fusion program in China. EPJ Web
of Conference. 2013;59:001009. https://doi.org/10.1051/
epjconf/20135901009

Zhen W., Wei X., Zhu Q., Jing F., et al. Laser performance
of the SG-III laser facility. High Power Laser. Sci. Eng.
2016;4:e21. https://doi.org/10.1017/hpl.2016.20

Lebo 1.G., Tishkin V.F. Issledovanie gidrodinamicheskoi
neustoichivosti v zadachakh lazernogo termoyadernogo
sinteza (Investigation of Hydrodynamic Instability in
Problems of Laser Thermonuclear Synthesis). Moscow:
Fizmatlit; 2006. 304 p. (in Russ.). ISBN 5-9221-0683-X

Kuzenov V.V., Lebo A.L, Lebo 1.G., Ryzhkov S.V.
Fiziko-matematicheskie modeli i metody rascheta
vozdeistviva moshchnykh lazernykh i plazmennykh
impulsov na kondensirovannye i gazovye sredy
(Physical-Mathematical Models and Numerical Methods
of Simulation of High Power laser and Plasma Pulses
Interaction with Condense and Gas Medias). Moscow:
BMSTU; 2015. 327 p. (in Russ.). ISBN 978-5-7038-
4183-9

Samarskii A.A. Teoriya raznostnykh skhem (Difference
Scheme Theory). Moscow: Nauka; 1990. 616 p. (in Russ.).
ISBN 5-02-014576-9

Samarskii A.A., Popov Yu.P. Raznostnye metody resheniya
zadach gazovoi dinamiki (Difference methods for solving
problems of gas dynamics). Moscow: Nauka; 1992. 422 p.
(in Russ.). ISBN 5-02-014577-7

Zvorykin V.D., Lebo 1.G. Laser and target experiments
on KrF GARPUN laser installation at FIAN. Laser
Part. Beams. 1999;17(1):69-88. https://doi.org/10.1017/
S0263034699171064

Richmyer R.D. Taylor instability in shock acceleration
of compressible fluids. Commun. Pure Appl. Math.
1960;13(2):297-319. https://doi.org/10.1002/cpa.3160130207
Meshkov E.E. The instability of two gases surface,
which accelerated by shock wave. Izvestiva AN SSSR.
Ser.  Mekhanika Zhidkosti i Gaza. 1969;5:151-158
(in Russ.). Available from URL: https://mzg.ipmnet.ru/ru/
get/1969/5/151-158

Zvorykin V.D., Lebo 1.G. Application of a high power
KrF laser for the study of supersonic gas flows and the
development of hydrodynamic instability in layered
media. Quantum Electron. 2000;30(6):540-544. https://
doi.org/10.1070/QE2000v030n06ABEH001761

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Le P.S., Hopkins B.L.F., Divol L., et. al. Fusion energy

output greater than the kinetic energy of an imploding
shell at the National Ignition Facility. Phys. Rev.
Lett.  2018;120(24):245003.  https://doi.org/10.1103/
PhysRevLett.120.245003

. Clery D. Laser-powered fusion effort near ‘ignition’.

Science. 2021;373(6557):841.
science.373.6557.841

https://doi.org/10.1126/

. Clark D.S., Casey D.T., Weber C.R., et al. Exploring

implosion designs for increased compression on the
National Ignition Facility using high density carbon
ablation. Phys. Plasmas. 2022;29(5):052710. https://doi.
org/10.1063/5.0087052

He X.T., Zhang W.Y., and Chinese ICF Team. Advances
in the national inertial fusion program in China. EPJ Web
of Conference. 2013;59:001009. https://doi.org/10.1051/
epjconf/20135901009

Zhen W., Wei X., Zhu Q., Jing F., et al. Laser performance
of the SG-III laser facility. High Power Laser. Sci. Eng.
2016;4:e21. https://doi.org/10.1017/hpl.2016.20

Jle6o W.I', Tumikun B.®. Hccredosanue cudpoduramu-
4ecKoll HEeYCMOUYNUBOCIMU 8 3a0a4ax NA3ePHO20 MePMo-
sa0epHozo cunmesa. M.: ®uzmariut; 2006. 304 ¢. ISBN
5-9221-0683-X

Kyzenos B.B., JIe6o A.H., Jle6o N.I"., Peixkos C.B. Qu-
3UKO-MamemamuiecKue MoOeiu U Memoobl paciema 603-
Oeticmausi MOWHbIX 1A3ePHLIX U NIA3MEHHbIX UMNYIbCOS
Ha KoHOeHcuposanHvle U 2azosvlie cpeovi. M.: 13n-Bo
MITY um. H.D. baymana; 2015. 327 c. ISBN 978-5-
7038-4183-9

Camapckuit A.A. Teopus pasnocmusix cxem. M.: Hayka;
1990. 616 c. ISBN 5-02-014576-9

Camapckuit A.A., Tlonos O.I1. Pasnocmuvie memooul
pewenus 3adau 2azo6oi ounamuxu. M.: Hayka; 1992.
422 c. ISBN 5-02-014577-7

Zvorykin V.D., Lebo 1.G. Laser and target experiments
on KrF GARPUN laser installation at FIAN. Laser
Part. Beams. 1999;17(1):69-88. https://doi.org/10.1017/
S0263034699171064

Richmyer R.D. Taylor instability in shock acceleration
of compressible fluids. Commun. Pure Appl. Math.
1960;13(2):297-319. https://doi.org/10.1002/cpa.
3160130207

Memikos E.E. HeycToitaunBoCTh rpaHuUITBEI pa3iena AByX ra-
30B, yCKOpsieMO# ynapHo# BosnHoW. M3eecmus AH CCCP.
Cep. Mexanuka oscuokocmu u eaza. 1969:;5:151-158.
URL: https://mzg.ipmnet.ru/ru/get/1969/5/151-158
3Bopeikud B.JI., Jlebo W.I. TlpuMeHeHHE MOIIHOTO
KrF-nazepa s uccinenoBaHMsl CBEPX3BYKOBBIX Tede-
HUH ra3a ¥ pa3BUTUS THAPOIUHAMHYECKHX HEYCTOWUH-
BOCTEH B CIIOMUCTBIX cpenax. Keanmosas snexmponuxa.
2000;30(6):540-544.

Lebol.G., Zvorykin V.D. The study of turbulent mixing zone
development in laser shock tube experiments. Phys. Scr.
2008;2008(T132):014018.  https://doi.org/10.1088/0031-
8949/2008/T132/014018

benenskuii C.3., ®pankun E.C. Teopust TypOyaeHTHOrO
nepemenuBanus. Tpyovt @UAH. 1965;29:207-233.
Opankun E.C. HccnenoBaHue yCTOMYMBOCTH MPOM3-
BOJIBHOTO OIHOMEPHOTO THAPOANHAMHYECKOTO TEUCHHSI.
Tpyovt PUAH. 1965;29:250-256.

Russian Technological Journal

.2023;11(3):86-103
99


https://doi.org/10.1088/1742-6596/244/3/032017
https://doi.org/10.1088/1742-6596/244/3/032017
https://doi.org/10.1103/PhysRevLett.120.245003
https://doi.org/10.1103/PhysRevLett.120.245003
https://doi.org/10.1126/science.373.6557.841
https://doi.org/10.1126/science.373.6557.841
https://doi.org/10.1063/5.0087052
https://doi.org/10.1063/5.0087052
https://doi.org/10.1051/epjconf/20135901009
https://doi.org/10.1051/epjconf/20135901009
https://doi.org/10.1017/hpl.2016.20
https://doi.org/10.1017/S0263034699171064
https://doi.org/10.1017/S0263034699171064
https://doi.org/10.1002/cpa.3160130207
https://mzg.ipmnet.ru/ru/get/1969/5/151-158
https://mzg.ipmnet.ru/ru/get/1969/5/151-158
https://doi.org/10.1070/QE2000v030n06ABEH001761
https://doi.org/10.1070/QE2000v030n06ABEH001761
https://doi.org/10.1103/PhysRevLett.120.245003
https://doi.org/10.1103/PhysRevLett.120.245003
https://doi.org/10.1126/science.373.6557.841
https://doi.org/10.1126/science.373.6557.841
https://doi.org/10.1063/5.0087052
https://doi.org/10.1063/5.0087052
https://doi.org/10.1051/epjconf/20135901009
https://doi.org/10.1051/epjconf/20135901009
https://doi.org/10.1017/hpl.2016.20
https://doi.org/10.1017/S0263034699171064
https://doi.org/10.1017/S0263034699171064
https://doi.org/10.1002/cpa.3160130207
https://doi.org/10.1002/cpa.3160130207
https://mzg.ipmnet.ru/ru/get/1969/5/151-158
https://doi.org/10.1088/0031-8949/2008/T132/014018
https://doi.org/10.1088/0031-8949/2008/T132/014018

Mathematical modeling of experiments on the interaction
of a high-power ultraviolet laser pulse with condensed targets

Ivan G. Lebo

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

[Original Russian Text: Zvorykin V.D., Lebo LG.
Application of a high power KrF laser for the study
of supersonic gas flows and the development of
hydrodynamic instability in layered media. Kvantovaya
Elektronika. 2000;30(6):540-544 (in Russ.).]

Lebo I.G., Zvorykin V.D. The study of turbulent mixing
zone development in laser shock tube experiments.
Phys.  Scr.  2008;2008(T132):014018.  https://doi.
org/10.1088/0031-8949/2008/T132/014018

Belen’kii S.Z., Fradkin E.S. Theory of turbulent mixing.
Trudy FIAN = Proceedings of the Lebedev Physics
Institute. 1965;29:207-233 (in Russ.).

Fradkin E.S. The investigation of the arbitrary 1D
hydrodynamic flow stability. Trudy FIAN = Proceedings of
the Lebedev Physics Institute.1965;29:250-256 (in Russ.).
Zvorykin V., Lebo 1., Shutov A., Ustinovskii N. Self-
focusing of UV radiation in 1 mm scale plasma in a
deep ablative crater produced by 100 ns, 1 GW KrF laser
pulse in the context of the ICF. Matter Radiat. Extremes.
2020;5(30):03540. https://doi.org/10.1063/1.5142361
Craxton R.S., Anderson K.S., Boehly T.R., et al. Direct
drive inertial confinement fusion: A review. Phys. Plasmas.
2015;22(1):110501. https://doi.org/10.1063/1.4934714
Craxton R.S., McCrory R.L. Hydrodynamics of
thermal self-focusing in laser plasmas. J. Appl. Phys.
1984;56(1):108. https://doi.org/10.1063/1.333742

Lebo I.G. About the modeling of light beam self-focusing
in plasma at the irradiation of the target by power UV laser.
Russ. Technol. J. 2021;9(1):79-86 (in Russ.). https://doi.
org/10.32362/2500-316X-2021-9-1-79-86

Akhmanov S.A., Sukhorukov A.P., Khohlov R.V.
Self-focusing and diffraction of light in nonlinear
medium. Sov. Phys. Usp. 1968;10(3):609-636. https://
doi.org/10.1070/PU1968v010n05ABEH005849
[Original Russian Text: Akhmanov S.A., Sukhorukov A.P.,
Khohlov R.V. Self-focusing and diffraction of light
in nonlinear medium. Uspekhi Fizicheskikh Nauk.
1967;93(1):19-70 (in Russ.). https://doi.org/10.3367/
UFNr.0093.196709¢.0019]

Sodha M.S., Tripathi V.K. Nonlinear penetration of an
inhomogeneous laser beam in an overdense plasma. Phys.
Rev. 4. 1977;16(5):2101-2104. https://doi.org/10.1103/
PhysRevA.16.2101

Basov N.G., Subbotin V.I., Feoktistov L.P. Nuclear reactor
with laser fusion neutron source. Vestnik Rossiiskoi
Akademii Nauk = Bulletin of the Russian Academy of
Sciences. 1993;63(10):787-884 (in Russ.).

Basov N.G., Belousov N.I., Grishunin P.A., et al. Hybrid
reactor based on laser thermonuclear fusion. Sov. J.
Quantum Electronics. 1987;17(10):1324-1332. https://
doi.org/10.1070/QE1987v017n10ABEH010765
[Original Russian Text: Basov N.G., Belousov N.I.,
Grishunin P.A., Kalmykov YuK., Lebo 1.G., Rozanov V.B,,
Sklizkov G.V., Subbotin V.I., Finkel’shtein K.I.,
Kharitonov V.V., Sherstnev K.B. Hybrid reactor based
on laser thermonuclear fusion. Kvantovaya Elektronika.
1987;14(10):2068-2081 (in Russ.).]

Zvorykin V.D., Lebo I.G., Rozanov V.B. On the feasibility
of the production of a source of the thermonuclear
neutrons on the basis of a KrF laser. Bulletin of the
Lebedev Physical Institute. 1997;9:15-22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zvorykin V., Lebo 1., Shutov A., Ustinovskii N.
Self-focusing of UV radiation in 1 mm scale plasma in a
deep ablative crater produced by 100 ns, 1 GW KrF laser
pulse in the context of the ICF. Matter Radiat. Extremes.
2020;5(30):03540. https://doi.org/10.1063/1.5142361
Craxton R.S., Anderson K.S., Boehly T.R., et al. Direct
drive inertial confinement fusion: Areview. Phys. Plasmas.
2015;22(1):110501. https://doi.org/10.1063/1.4934714
Craxton R.S., McCrory R.L. Hydrodynamics of
thermal self-focusing in laser plasmas. J. Appl. Phys.
1984;56(1):108. https://doi.org/10.1063/1.333742

Jle6o N.T. O monenupoBanuu caMo(OKYCHPOBKH CBETO-
BOTO My4YKa B IUIa3Me MPU OOTyYSHHH MHUILICHEH MOIHBIM
VABTpaduOIeTOBBIM Jazepom. Russ. Technol. J. 2021;9(1):
79-86. https://doi.org/10.32362/2500-316X-2021-9-1-79-86
AxmanoB C.A., CyxopykoB A.Il., Xoxmos P.B. Camo-
(dokycupoBka 1 qudpakis CBeTa B HEIMHEWHOI cpe-
ne. Y®H. 1967;93(1):19-70. https://doi.org/10.3367/
UFNr.0093.196709¢.0019

Sodha M.S., Tripathi V.K. Nonlinear penetration of an
inhomogeneous laser beam in an overdense plasma. Phys.
Rev. A. 1977;16(5):2101-2104. https://doi.org/10.1103/
PhysRevA.16.2101

Bacos H.T., Cy66orun B.U., ®eokrucror JLII. Snep-
HBI peakTop C Ja3epHbIM TEPMOSACPHBIM HCTOYHH-
KOM HEHTPOHOB. Becmuux Poccuiickoii akademuu Hayk.
1993;63(10):787-884.

bacos H.I', benoyco H.U., I'pumryrnn [1.A., Kanmer-
koB IO.K., JIebo W.I', Pozano B.Bb., Ckmusko I'B.,
Cy606o0tun B.U., ®unkensiureitn K.1., Xapuronos B.B.,
Iepcrues K.b. [uOpuaHblii peakrop Ha OCHOBE Ja3ep-
HOTO TEPMOSIEPHOTO CHHTE3a. K6anmosas sneKmpoHuxa.
1987;14(10):2068-2081.

3BopeikuH B.J1., JIe6o W.I"., Po3anos B.b. O Bo3MOXHO-
CTH CO3/IaHHsI UCTOYHHMKA TEPMOSICPHBIX HEHTPOHOB Ha
ocHoBe KrF-maszepa. Kpamkue coobwenus no ¢usuxe.
1997;(9-10):20-29.

Jle6o WN.T', Ucae E.A., Jlebo A.U. [IByXCTOpOHHSS Jia-
3epHasi KOHUUECKas MUIICHb JUTsl HEHTPOHHOTO UCTOUHH-
Ka SIEepHO-TEPMOSIEPHOTO peakropa. Keanmosas snex-
mponuxa. 2017;47(2):106—-110.

Jomnronesa I'B., JIe6o W.T. K Bomnpocy o pa3pabotke Heil-
TPOHHOTO MCTOYHHUKA ISl SJICPHO-TEPMOSIICPHOTO peaK-
TOpa ¢ Jla3epHBIM BO30YyXIeHUEeM. Keanmosas anexmpo-
nuxa. 2019;49(8):796-800.

Honronesa I'B. Metoasl pacuera IBWKEHUS IBYyXTEM-
HEepaTypHOrO W3IIy4Yarollero rasa. Bompocbl amomHol
nayku u mexuuxu. Cep. Memoouxu u npoepammul duc-
JIEHHO20 peuleHus 3a0ay MAamemamuieckou QU3UKU.
1983;2(13):29-33.

BenbkoB C.A., Jloaronesa I'B. Moxenb cpenHero nona
JUTSL pacyeTa KHHETHUKH MOHU3AIK, HACeJIeHHOCTEH BO3-
Oy»KIICHHBIX YPOBHEH M CIEKTPATbHBIX KOIPPUIIHEHTOB
neperoca mnmydenuss B mporpamme CH/IL. Bonpocwr
amomnou nayku u mexuuxu. Cep. Memoouxu u npoepam-
Mbl YUCTIEHHO20 PeuleHUsl 3a0ay Mamemamu4eckoil gpusu-
ku. 1992;1:59-61.

Jonronesa I'B., Jle6o A.N., Jlebo N.I. Moaenuposa-
HHUE CKaTUsl TEPMOSICPHBIX MUILICHEH Ha YpOBHE dHEp-
run nasepa nopsaka 1 MJx. Mamem. moderuposanue.
2016;28(1):23-32.

100

Russian Technological Journal

. 2023;11(3):86-103


https://doi.org/10.1088/0031-8949/2008/T132/014018
https://doi.org/10.1088/0031-8949/2008/T132/014018
https://doi.org/10.1063/1.5142361
https://doi.org/10.1063/1.4934714
https://doi.org/10.1063/1.333742
https://doi.org/10.32362/2500-316X-2021-9-1-79-86
https://doi.org/10.32362/2500-316X-2021-9-1-79-86
https://doi.org/10.1070/PU1968v010n05ABEH005849
https://doi.org/10.1070/PU1968v010n05ABEH005849
https://doi.org/10.3367/UFNr.0093.196709c.0019
https://doi.org/10.3367/UFNr.0093.196709c.0019
https://doi.org/10.1103/PhysRevA.16.2101
https://doi.org/10.1103/PhysRevA.16.2101
https://doi.org/10.1070/QE1987v017n10ABEH010765
https://doi.org/10.1070/QE1987v017n10ABEH010765
https://doi.org/10.1063/1.5142361
https://doi.org/10.1063/1.4934714
https://doi.org/10.1063/1.333742
https://doi.org/10.32362/2500-316X-2021-9-1-79-86
https://doi.org/10.3367/UFNr.0093.196709c.0019
https://doi.org/10.3367/UFNr.0093.196709c.0019
https://doi.org/10.1103/PhysRevA.16.2101
https://doi.org/10.1103/PhysRevA.16.2101

Mathematical modeling of experiments on the interaction
of a high-power ultraviolet laser pulse with condensed targets

Ivan G. Lebo

32.

33.

34.

35.

36.

37.

38.

39.

[Original Russian Text: Zvorykin V.D., Lebo LG,
Rozanov V.B. On the feasibility of the production of a source of
the thermonuclear neutrons on the basis of a KrF laser. Kratkie
Soobshcheniya po Fizike. 1997;(9-10):20-29 (in Russ.).]
Lebo 1.G., Isaev E.A., Lebo A.I. Two-sided conical
laser target for a neutron source of a hybrid nuclear-
thermonuclear reactor. Quantum Electronics.
2017;47(2):106—-110. https://doi.org/10.1070/QEL16277
[Original Russian Text: Lebo 1.G., Isaev E.A., Lebo A.L
Two-sided conical laser target for a neutron source of
a hybrid nuclear-thermonuclear reactor. Kvantovaya
Elektronika. 2017;47(2):106—-110 (in Russ.).]

Dolgoleva G.V., Lebo I.G. On the issue of neutron
source development for a nuclear-thermonuclear reactor.
Quantum Electronics. 2019;49(8):796-800. https://doi.
org/10.1070/QEL16953

[Original Russian Text: Dolgoleva G.V., Lebo IL.G.
On the issue of neutron source development for a
nuclear-thermonuclear reactor. Kvantovaya Elektronika.
2019;49(8):796-800 (in Russ.).]

Dolgoleva G.V. Methods of simulation of two temperature
irradiated gas. Voprosy Atomnoi Nauki i Tekhniki. Ser.
Metodiki i Programmy Chislennogo Resheniya Zadach
Matematicheskoi Fiziki. 1983;2(13):29-33 (in Russ.).
Bel’kov S.A., Dolgoleva G.V. The model of average
ion for the simulation of ionization kinetics, excited
levels and spectral radiation transfer coefficients in
SNDP program. Voprosy Atomnoi Nauki i Tekhniki. Ser.
Metodiki i Programmy Chislennogo Resheniya Zadach
Matematicheskoi Fiziki. 1992;1:59—61 (in Russ.).
Dolgoleva G.V., Lebo A.L, Lebo I.G. Simulation of a
thermonuclear target drive at the 1 MJ laser energy level.
Math. Models Comput. Simul.2016;8(4):438-445. https://
doi.org/10.1134/S2070048216040062

[Original Russian Text: Dolgoleva G.V., Lebo A.L,
Lebo I.G. Simulation of a thermonuclear target drive at the
1 MJ laser energy level. Matematicheskoe Modelirovanie.
2016;28(1):23-32 (in Russ.).]

Krasyuk LK., Semenov A.Yu., Charakhch’yan A.A. Use
a conic targets in Inertial confinement fusion. Quantum
Electronics. 2005;35(9):769-777. https://doi.org/10.1070/
QE2005v035n09ABEH006128

[Original Russian Text: Krasyuk LK,
Semenov A.Yu., Charakhch’yan A.A. Use a conic targets
in Inertial confinement fusion. Kvantovaya Elektronika.
2005;35(9):769-777 (in Russ.).]

Zvorykin V.D., Didenko N.V,, Ionin A.A., etal. GARPUN-MTW:
A hybrid Ti:Sapphire/KrF laser facility for simultaneous
amplification of subpicosecond/nanosecond pulses relevant
to fast-ignition ICF concept. Laser Part. Beams. 2007;25(3):
435-451. https://doi.org/10.1017/S0263034607000559
Zvorykin V.D., Levchenko A.O., Ustinovskii N.N.
Amplification of subpico second UV pulses in the
multistage ~ GARPUN-MTW  Ti:sapphire—KrF-laser
system. Quantum Electronics. 2010;40(5):381-385.
https://doi.org/10.1070/QE2010v040n0SABEH014241
[Original Russian Text: Zvorykin V.D., Levchenko A.O.,
Ustinovskii N.N. Amplification of subpico second UV
pulses in the multistage GARPUN-MTW Ti:sapphire—
KrF-laser system. Kvantovaya Elektronika. 2010;40(5):
381-385 (in Russ.).]

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Kpactok N.K., CemenoB A.I1O., Yapaxubsia A.A. Vcromnb-
30BaHME KOHHYECKMX MHIIEHEH B HCCIIEIOBAHMAX II0
MHEPLUHUATLHOMY TEPMOSZICPHOMY CHHTE3y. Keanmosas
anexkmponuka. 2005;35(9):769—777. URL: https://www.
mathnet.ru/links/a64472a2c¢6918195785286b47b113907/
qe6128.pdf

Zvorykin V.D.,DidenkoN.V.,IoninA.A., etal. GARPUN-MTW:
A hybrid Ti:Sapphire/KrF laser facility for simultaneous
amplification of subpicosecond/nanosecond pulses relevant
to fast-ignition ICF concept. Laser Part. Beams. 2007;25(3):
435-451. https://doi.org/10.1017/S0263034607000559
3BopeikuH B.J1., JleBuenko A.O., Yerunosckuit H.H. Yeu-
JICHHE CYOITMKOCEKYHIHBIX YD UMITYJTLCOB B MHOTOKACKa/I-
Hoi nazeproii Ti:candup—KrF-cucreme TAPITYH-MTB.
Keanmosas snekmponuxa. 2010;40(5):381-385.
Heysaxae B.E. Mamemamuueckoe mooenuposarue mypoy-
nenmnoeo nepemewusanus. Cuexxurck: POAL-BHUUTO®;
2007. 160 c. URL: https://math.csu.ru/new_files/students/
lectures/ur_mat fiz/neyvajaev_mat _model.pdf
Hemepxunkuit H.B. Tuopoounamuueckue neycmouiuu-
eocmu u mypoynenmmnoe nepevewiuganue eewjecms. Jla-
b6opamoprnoe moodenuposarnue. Capon: POAI-BHUNDD;
2018. 245 c. ISBN 978-5-9515-0377-0

Slaunkuna }O.B., Craunenxo B.I1., Kosznos B.M. Mame-
Mamuueckoe Mooenupoganue mypOyneHmHo20 nepeme-
wueanus 8 coicumaemvix cpeoax: B 2-x T. T. 1. Capos:
POALI-BHUND®; 2019. 357 ¢. ISBN 978-5-9515-0421-0
Slaunkuna FO.B., Cranenxo B.I1., Kosznos B.M. Mame-
Mamuueckoe Mooenuposanue mypOyIeHmHo20 nepeme-
wueanus 8 coicumaemvix cpeoax: B 2-x T. T. 2. Capos:
POALI-BHUND®; 2020. 407 c. ISBN 978-5-9515-0458-6
Pasun A.H. Mooenuposanue mypoynenmnozo nepeme-
wusanus 6 eazoewix ciotxax. Capos: POAL-BHUNDD;
2020. 290 c. ISBN 978-5-9515-0434-0

JIe6o N.I., O6pyues 1.B. MozaenupoBaHue IByMEPHBIX
BUXPEBBIX TEUCHWH B IMJIMHAPHYECKOM KaHaje C IO-
MOIIIBIO MapaUIeNbHBIX BBIYMCICHUH Ha CYNEePKOMIIBIO-
tepe. Russ. Technol. J. 2022;10(1):60-67. https://doi.
org/10.32362/2500-316X-2022-10-1-60-67

Obenschain S., Lehmlerg R., Kehne D., et al. High-
energy krypton-fluoride laser for inertial fusion. Appl.
Opt. 2015;54(31):F103-F122. http://dx.doi.org/10.1364/
A0.54.00F103

Sethian J., Obenschain S. Fusion energy with krypton
fluoride lasers and direct drive targets. Fusion Sci. Technol.
2012;61(1T):41-46. https://doi.org/10.13182/FST12-A13394
Wolford M.F., Sethian J.D., Myers M.C., Hegeler F.,
Giuliani J.L., Obenschain S.P. Krypton fluoride (KrF)
laser for inertial fusion energy. Fusion Sci. Technol.
2013;64(2):179-186. https://doi.org/10.13182/FST12-502
Bodner S.E. The path to electrical energy using laser
fusion. High Power Laser Science and Engineering.
2019;7:e63. https://doi.org/10.1017/hpl.2019.51

Schmitt A.J., Obenschain S.P. The importance of laser
wavelength for driving inertial confinement fusion targets.
I. Basic physics. Phys. Plasmas. 2023;30(1):012701.
https://doi.org/10.1063/5.0118080

Schmitt A.J., Obenschain S.P. The importance of laser
wavelength for driving inertial confinement fusion targets.
II. Target design. Phys. Plasmas. 2023;30(1):012702.
https://doi.org/10.1063/5.0118093

Russian Technological Journal

.2023;11(3):86-103
101


https://doi.org/10.1070/QEL16277
https://doi.org/10.1070/QEL16953
https://doi.org/10.1070/QEL16953
https://doi.org/10.1134/S2070048216040062
https://doi.org/10.1134/S2070048216040062
https://doi.org/10.1070/QE2005v035n09ABEH006128
https://doi.org/10.1070/QE2005v035n09ABEH006128
https://doi.org/10.1017/S0263034607000559
https://doi.org/10.1070/QE2010v040n05ABEH014241
https://www.mathnet.ru/links/a64472a2c6918f95785286b47b113907/qe6128.pdf
https://www.mathnet.ru/links/a64472a2c6918f95785286b47b113907/qe6128.pdf
https://www.mathnet.ru/links/a64472a2c6918f95785286b47b113907/qe6128.pdf
https://doi.org/10.1017/S0263034607000559
https://math.csu.ru/new_files/students/lectures/ur_mat_fiz/neyvajaev_mat_model.pdf
https://math.csu.ru/new_files/students/lectures/ur_mat_fiz/neyvajaev_mat_model.pdf
https://doi.org/10.32362/2500-316X-2022-10-1-60-67
https://doi.org/10.32362/2500-316X-2022-10-1-60-67
http://dx.doi.org/10.1364/AO.54.00F103
http://dx.doi.org/10.1364/AO.54.00F103
https://doi.org/10.13182/FST12-A13394
https://doi.org/10.13182/FST12-502
https://doi.org/10.1017/hpl.2019.51
https://doi.org/10.1063/5.0118080
https://doi.org/10.1063/5.0118093

Mathematical modeling of experiments on the interaction

of a high-power ultraviolet laser pulse with condensed targets

Ivan G. Lebo

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Neuvazhaev ~ V.E.  Matematicheskoe — modelirovanie
turbulentnogo  peremeshivaniya (The mathematical
modeling of turbulent mixing). Snezhinsk; 2007. 160 p.
(in Russ.). Available from URL: https://math.csu.ru/new_files/
students/lectures/ur_mat fiz/neyvajaev_mat model.pdf
Nevmerzhitskii N.V. Gidrodinamicheskie neustoichivosti
i turbulentnoe peremeshivanie veshchestv. Laboratornoe
modelirovanie (Hydrodynamic instability and turbulent
mixing of matters. The laboratory modeling). Sarov;
2018. 245 p. (in Russ.). ISBN 978-5-9515-0377-0
YanilkinYu.V., Statsenko V.P., Kozlov V.I. Matematicheskoe
modelirovanie  turbulentnogo  peremeshivaniya v
szhimaemykh sredakh (The mathematical modeling of
turbulent mixing in compressed matters): in 2 v. V. 1.
Sarov; 2019. 357 p. (in Russ.). ISBN 978-5-9515-0421-0
Yanilkin Yu.V., Statsenko V.P., Kozlov V.I. Matematicheskoe
modelirovanie  turbulentnogo  peremeshivaniya v
szhimaemykh sredakh (The mathematical modeling of
turbulent mixing in compressed matters): in 2 v. V. 2.
Sarov; 2020. 407 p. (in Russ.). ISBN 978-5-9515-0458-6
Razin A.N. Modelirovanie turbulentnogo peremeshivaniya
v gazovykh sloikakh (The modeling of turbulent mixing in
gas layers). Sarov; 2020. 290 p. (in Russ.). ISBN 978-5-
9515-0434-0

Lebo 1.G., Obruchev I.V. The modeling of two-
dimensional vortex flows in a cylindrical channel
using parallel calculation on a supercomputer. Russ.
Technol. J. 2022;10(1):60-67 (in Russ.). https://doi.
0rg/10.32362/2500-316X-2022-10-1-60-67

Obenschain S., Lehmlerg R., Kehne D., et al. High-
energy krypton-fluoride laser for inertial fusion. Appl.
Opt. 2015;54(31):F103-F122. http://dx.doi.org/10.1364/
A0.54.00F103

Sethian J., Obenschain S. Fusion energy with krypton
fluoride lasers and direct drive targets. Fusion Sci.
Technol. 2012;61(1T):41-46. https://doi.org/10.13182/
FST12-A13394

Wolford M.F., Sethian J.D., Myers M.C., Hegeler F.,
Giuliani J.L., Obenschain S.P. Krypton fluoride (KrF)
laser for inertial fusion energy. Fusion Sci. Technol.
2013;64(2):179-186. https://doi.org/10.13182/FST12-502
Bodner S.E. The path to electrical energy using laser
fusion. High Power Laser Science and Engineering.
2019;7:e63. https://doi.org/10.1017/hpl.2019.51

Schmitt A.J., Obenschain S.P. The importance of laser
wavelength for driving inertial confinement fusion targets.
I. Basic physics. Phys. Plasmas. 2023;30(1):012701.
https://doi.org/10.1063/5.0118080

Schmitt A.J., Obenschain S.P. The importance of laser
wavelength for driving inertial confinement fusion targets.
II. Target design. Phys. Plasmas. 2023;30(1):012702.
https://doi.org/10.1063/5.0118093

102

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


https://math.csu.ru/new_files/students/lectures/ur_mat_fiz/neyvajaev_mat_model.pdf
https://math.csu.ru/new_files/students/lectures/ur_mat_fiz/neyvajaev_mat_model.pdf
https://doi.org/10.32362/2500-316X-2022-10-1-60-67
https://doi.org/10.32362/2500-316X-2022-10-1-60-67
http://dx.doi.org/10.1364/AO.54.00F103
http://dx.doi.org/10.1364/AO.54.00F103
https://doi.org/10.13182/FST12-A13394
https://doi.org/10.13182/FST12-A13394
https://doi.org/10.13182/FST12-502
https://doi.org/10.1017/hpl.2019.51
https://doi.org/10.1063/5.0118080
https://doi.org/10.1063/5.0118093

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

About the author

Ivan G. Lebo, Dr. Sci. (Phys.-Math.), Professor, Department of Higher Mathematics, Institute of Artificial
Intelligence, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow, 119454 Russia). E-mail:

lebo@mirea.ru. RSCI SPIN-code 9416-5542, https://orcid.org/0000-0001-8341-9453
006 aBTOpPE

Jle6o UeaH NepmaHoOBMY, A.¢.-M.H., npodeccop, kadenpa BbicLIen MaTeMaTkm VIHCTUTyTa MCKYCCTBEHHOIO
mHtennekta Gre0Qy BO «MUP3A — Poccuinckunii TexHonorndecknin yansepcutet» (119454, Poccusa, Mocksa, np-T
BepHaackoro, g. 78). E-mail: lebo@mirea.ru. SPIN-kon PVHL]L 9416-5542, https://orcid.org/0000-0001-8341-9453

Translated from Russian into English by Kirill V. Nazarov
Edited for English language and spelling by Thomas A. Beavitt

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


mailto:lebo@mirea.ru
https://orcid.org/0000-0001-8341-9453
mailto:lebo@mirea.ru
https://orcid.org/0000-0001-8341-9453

Russian Technological Journal. 2023;11(3):104-116 ISSN 2500-316X (Online)

Philosophical foundations of technology and society

MupoBo33penuecKne OCHOBbI TEXHOJIOTHH H 00111eCTBA

UDC 378.147:372.881.1
https.//doi.org/10.32362/2500-316X-2023-11-3-104-116 @)y |

REVIEW ARTICLE

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

Nadezhdal. Chernova @, Ekaterina A. lvanova, Nadezhda B. Bogush,
Nataliya V. Katakhova

MIREA - Russian Technological University, Moscow, 119454 Russia
@ Corresponding author, e-mail: chernova@mirea.ru

For

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 anon-
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. Arecommendation 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.

Keywords: testing, entrance test, learning a foreign language from scratch, language skills, abilities
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Pe3iome

Uensb. Llenb nccnenosaHmsa — paspaboTtka cneumanbHOro BXoAHOro Tecta s CTydeHTOB-NePBOKYPCHUKOB, Ha-
YMHAKOLLNX N3yYaTb HOBbI 1S HUX MHOCTPaHHbIM A3bIK. [N AOCTUXEHUS 3TON LLenn Obil NPpOBEOEH aHanmM3 Hay4y-
HbIX PaboT No NpobnemMam, KacaloLMMCH TECTUPOBAHNSA A3bIKOBbIX/NIMHIBUCTUYECKMX CNOCOOHOCTEN, MOTMBaLINMA
K 00Y4YEHMI0 MHOCTPaHHOMY SA3bIKY; O4EePYEH KPYr napamMeTpoB TECTUPOBAHUS, HE CBSA3AHHbIX C U3YYEeHUEM KOHKPEeT-
HOro A3blka, 0aHaKo AP dEePEeHUMPYIOLLMX CMTOCOOHOCTM N MOTUBALMIO K €r0 N3YHEHMIO; COCTaB/IEH BOMPOCHUK Ha
OCHOBE BbISIB/IEHHbIX NapamMeTpoB. MNony4eHHbI TeCT anpoOupoBaH B rpynne CTyAeHTOB, YPOBEHb CNOCOOHOCTEN U
MOTMBMPOBAHHOCTM KOTOPbIX onpeaesneH. No ntoram pesynbtaTtoB TECTUPOBAHNSA U YXKE U3BECTHbLIX OMMNUPUYECKNX
3HaHWI O CTyAeHTax CKOPPEKTUPOBaHbI TECTOBbLIE 3a0aHMSA, BEPUPULIMPOBAHHBIE MO YPOBHIO U HAanpaB/eHNio noa-
roTOBKM OOy4atoLLMXCs.

MeTogabl. [1ns onmcaHns cneumanbHOro BXoAHOro TecTa A1 CTyAeHTOB-NEePBOKYPCHNKOB, MPUCTYNAOLLMX K U3yde-
HMIO HOBOIO MHOCTPAHHOIO A3blka B HEN'YyMaHUTAapHOM BY3€e, CO3[aHa TeCTOBas TEXHOJIOTMS BbIIBNIEHUS KOTHUTUB-
HbIX, MCUXONIOMMYECKNX, MHTENNEKTYasIbHbIX, MOTUBALMOHHbIX XapakTePUCTUK A3bIKOBOM JIMYHOCTM 00Oy4atoLLMXCS,
Ha OCHOBaHMN KOTOPOI pa3paboTaHbl NapaMeTpbl TECTUPOBaAHUS, CO3aHbl BapnaTuUBHbIE PAa3HOYPOBHEBLIE O/TIOKN
BBOJHOIO TECTA.

Pe3ynbTaTbl. B norvke 3asBfeHHOro akcnepumMeHTa npoBeaeHa Bepudurkaums NCXoQHOro BapuaHTa TecTa, ero
anpobauus B rpyrnnax CTyaeHTOB-NMepPBOKYPCHUKOB N0 OKOHYaHMM 00y4eHuns B nepBoM cemecTpe. OugHmBaHne nx
noTeHUMana B U3y4eHUmM MHOCTPaAHHbIX A3bIKOB pacCMaTpMBanioCb B KA4ECTBE SKCMEPTHOM OLEHKN ANs onpeaene-
HUS HAOEXHOCTU 1 BannagHocTu TecTta. C yyueTomM Bepudmrkaumm nposeaeHa nocneayroLlas Koppekums Kak caMmmnx
TECTOBbIX 3aJaHWI, TaK M1 OTBETOB Ha HUX.

BbiBogbl. Npy NMPOrHO3MPOBaHMN YCMNELIHOCTU MHOA3bIYHOM y4eOHOM OeATeNbHOCTU CTYAEeHTOB, 3a4MCNEHHbIX
B rpynnbl N0 U3Y4EHMIO MHOCTPAHHOIO A3blka C HYJIEBOIO YPOBHS, cyYMuTaeM LefiecoobpasHbiM U NPOAYKTUBHbLIM
npoeeaeHne NoaobHOro poaa TeCTUPOBaHUA Nepen HavanoM NepBoro cemecTpa. o ntoram NpeasioxXeHHonm ana-
FHOCTUKN BECbMa akTyasnbHOM nNpeacTaBnseTca pa3padoTka NnepcoHNGULMPOBaAHHbBIX aaanTUBHbIX NPOrpamMm MHO-
A3bIYHOM MOArOTOBKM TakMX CTYAEHTOB B HEA3bIKOBOM BY3€.

KnioueBble cnoBa: TecTmMpoBaHue, BXOOHOW TECT, n3y4yeHne MHOCTPaHHOI O A3blka C HYJIA, A3blKOBbIE cnocobHoCTn

e Moctynuna: 21.11.2022 e flopa6oTraHa: 09.12.2022 ¢ MpuHaTa k ony6nukosaHuio: 09.03.2023

Ansa umtnpoBanua: Chernova N.I., lvanova E.A., Bogush N.B., Katakhova N.V. Technology for determining non-humanities
university students’ cognitive-and-psychological characteristics. Russ. Technol. J. 2023;11(3):104-116. https://doi.
org/10.32362/2500-316X-2023-11-3-104-116

Mpo3payHocTb GUHAHCOBOM OEATESNIbHOCTU: ABTOPbI HE NMEIOT (PUHAHCOBOW 3aMHTEPECOBAaHHOCTY B NPEeACTaBeH-
HbIX MaTepuanax uivM MeToaax.

ABTOpPbI 3a9BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.
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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 based! [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

' 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.).
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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:

o 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);

e 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 method? [20],
the word semantics method [15, 16, 51], and the remote
associates test® [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—mneodymium).

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)

Theword ‘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 — ...
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,PM,1, ...

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

; number — ...;

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 [ 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
areduced level of development of linguistic and general
intelligence.
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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
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