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H,0, SENSOR BASED ON MOSFET WITH ACTIVE BACK-GATE PART
OF SUBSTRATE

O. Kutova, M. Dusheyko, T. Obuhova, N. Maksimchuk, T. Borodinova, V. Timofeev

Abstract. Sensors based on MOSFET with por-Si layer at the back-gate part and with H2O2 catalyst
(Pt-nanoparticles) investigation was done. Back-gate changes were done by MASE technology. The
porous structure analysis, measurement dimension of Pt nanoparticles was performed. And also we
represented the influence thus nanoparticles for sensor sensitivity. Using approximation output curves
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at different concentration H,0,, we calculated sensitivity of our sensor and it’s reach at least 0,135 pA/
ppm. The energetic activity of the catalytic reaction H202 was calculated. And also we calculated the
influence of this effect on the experimental results.

Keywords: MOSFET, sensor, hydrogen peroxide, porous Si, Pt-nanoparticles

CEHCOP HEPEKHUCY BOJHIO HA OCHOBI MJIH-TPAH3UCTOPA 3 AKTUBHUM
IIAPOM B OBJIACTI HNIAKJIAIKHU

O. Kymosa, M. /[yweiixo, T. Obyxoea, H. Maxcumuyx, T. Bopoodinosa, B. Tumoghees

Anorauis. IIposeneno pocnimkenns cencopis H O, na ocnosi MJIH-Tpan3ucTopis 3 mapom
MOPUCTOrO KPEMHIIO Ta KaTaji3aToOpoM MEpPEeKUCy BOIHIO (HAHOUYACTMHKAMU IIJIATUHM) HA 3BOPOTHIM
CTOPOHI MiAKIAAKU B 005acTi 3aTBOpy. Moaugikalist TUIbHOI CTOPOHU CEHCOpa BUKOHYBAJIACS IILISIXOM
MeTaJI-CTUMYJIbOBAHOTO XIMIYHOTO TpaBiieHHs. [IpoBeieHo aHasi3 mopUCTOi CTPYKTYPH, BUMIPIOBAHHS
PO3Mipy HAaHOYACTHHOK IUIATUHU Ta X BIJIMB Ha YyTIMBICTh ceHcopa. Ha ocHOBI anpokcumaltii BOJIbT-
aMIEPHUX XapaKTEPUCTHK MPU PI3HUX KOHIEHTPALISAX MMEPEKHUCY BOIHIO OOYUCICHO YYTIUBICTh
ceHcopa, 1o ckiajgae He mexe 0,135 MxA/ppm. Po3paxoBaHo eHepreTHUHY aKTUBHICTh peakiiii
karajituanoro posnany H O, Ta ii BIUIMB Ha pe3ynbTaTh €KCIIEPUMEHTY.

Kurouosi ciioBa: MJIH-Tpan3ucrop, ceHcop, epeKrc BOIHIO, TOPUCTHIA KpeMHil, Pt HaHOYaCTUHKU

CEHCOP IIEPEKHUCH BOAOPOJA HA BA3E MOII-TPAH3UCTOPA C AKTUBHBIM
CJIOEM B OBJIACTH INIOJJIOXKIKHN

O. Kymosa, M. /[yweiixo, T. Obyxoea, H. Maxcumuyx, T. Bopoounosa, B. Tumoghees

AnHoTtanus. beio nposeaeHo ucciaenoBanus ceHcopoB Ha 6aze MJIH-tpan3ucTopoB co cioem
MOPUCTOTO KPEMHHUSI U KaTalu3aTOpOM MepeKrcH Bogopoa ( HAHOYACTUIIAMU TJIaTUHBI) HAa 00paTHON
CTOPOHE MOJJIOKKHU CO CTOPOHBI 3aTBopa. M3MeHeHus ThUIbHON CTOPOHBI CEHCOpa MPOU3BOAUIACH
MCTOAOM MECTAJI-CTUMYJIMPOBAHHOI'O XUMHUYCCKOI'0 TPAaBJICHUS. HpOI/I?;Be)IeHo aHaJIn3 HOpI/ICTOfI
CTPYKTYpPBI, ©3MEPEHO pa3Mep HAHOYACTHUIl MJIATHHBI U UX BIMSHHE HA YYyBCTBUTEIHLHOCTH CEHCOPA.
Hcrnonb3ys annpokcuMaluy BOJIbT-aMIIEPHBIX XapaKTEPUCTUK IIPU PA3HBIX KOHLIEHTPALUAX [IEPEKUCH
BOJIOPOJIa PACCYMTAHO YYBCTBUTEIBLHOCTh CEHCOpA, KOoTopas cocTtapisieT He MeHee 0,135 MkA/ppm.
Paccuntano SHEPreTHYECKYI0 aKTUBHOCTh PEaKMu Karanutudeckoro pacnaga H O, Ta ee pausnue
Ha pe3yJIbTaThl DKCIEPUMEHTA.

Kuarwuessblie cinioBa: M/IH-Tpan3ucrop, ceHCOp, MEPEKUC BOJOPOA, TOPUCTHIM KpemHui, Pt Ha-
HOYACTHIIBI
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Introduction

The application of hydrogen peroxide (H,O,)
in many technological processes, in particular in
medicine and agriculture, is based on its oxidizing
properties. The process of H,O, dissociation in
aqueous solutions occurs freely. A rate of the dis-
sociation can be accelerated using liquid catalysts,
both anions and cations, as well as solids (coal,
metals, salts and metal oxides). Also, the process of
catalytic H,O, dissociation is effected by the pH of
the media as well as by the state the active surface.
In cells of plants, animals and humans body the
catalytic H,O, dissociation occurs under influence
of catalase and peroxidase enzymes, which, unlike
catalysts of nonbiological origin, have extrimly
high catalytic activity and specificity.

The detection and control of H O, concentra-
tion are very important for pharmacy, medicine,
industry. Moreover, H,O, is used for bleaching,
for the treatment of wastewater, in the petro-
chemical, woodworking and paper industries,
thus playing an important role in the modern
industrial world. Nowadays hydrogen peroxide
sensors are also widely used as a chemical sensor,
since hydrogen peroxide is a product of many
biological reactions, including the peroxidase
and catalase mediated dissociation [1]. The level
of hydrogen peroxide in food products makes it
possible to assess the degree of pollution with
pesticides, which in turn allows to determine the
quality of these products. Another field of H,O,
sensors application H O, is an immuno-enzymat-
ic analysis based on peroxidase.

Basic modern methods determining the
concentration of hydrogen peroxide are based
on chemical reactions or refractometry, which
require special knowledge and equipment. How-
ever, there is a need in such sensors for household
and outdoor condition, which are required to be
cheap, simple in use and reliable. Usually for such
purposes electrochemical reactions based on the
interaction of hydrogen peroxide with metals [1-4]
are used. Therefore, the development of a high-
sensitive hydrogen peroxide sensors is still a chal-
lenging problem.

In our study a combination of a porous silicon
structure and deposition of platinum nanoparticles
was proposed. Such combination enhances a sen-
sitivity of the sensor due to a significant increase
of surface area of the porous layer.

Methods

The developed sensor is based on metal-
insulator-semiconductor (MIS) field-effect tran-
sistor with p-type channel. Field-effect transistor,
was produced on silicon wafers doped with
phosphorous (n-type), resistance 4.5 Q/[1 ,with
(100) orientation and thickness of 450 um were
used. Si0,-CeO, system was used as gate dielec-
tric with thicknesses of SiO, and CeO, layers of
10 nm and 50 nm, correspondingly were used as
a gate dielectric. Silicon oxide was grown on a
substrate by thermal oxidation of the silicon, then
a thin cerium oxide film was deposited on the sur-
face by the method of “metallic mirror» oxidation.
Aluminum was used as an ohmic contact to p-Si.

Pt nanoparticles were obtained by chemical
reduction of PtCl *and ascorbic acid ions. In a
mixture of aqueous solutions H,PtCI -6H,O
(CPt=200 mg / dm’) and C H,O, (5-10° mol/dm”*)
quasipheric particles with an average size of 26
nm were formed for 24 hours at 40°C. [5].

A porous silicon structure formed on the back
side of the field-effect transistor with deposited
on it catalyst, Pt nanoparticles, simultaneously
serves as an working and sensitive area of the
sensor. Such structure was formed in two stages:
first, a dosed drop of a solution of nanoparticles
was applied on a silicon surface. Then the metal-
stimulated chemical etching of silicon was
performed in a solution of 5M NF + 0,3M H,O,
at room temperature for 90 minutes. As a result
of this process, the etching of silicon under the
nanoparticles Pt occurs in the (100) direction [6,7].
Images of the Pt nanoparticles on the back side
of the sensor (Fig. 1) were obtained with electron
microscope JEM 2000FXII, the scanning electron
microscope JEOL, JEM 2100 HR and the Atomic-
force microscope (SOLVER Nano), respectively.

itk g
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SEl 20KV

(d)
Fig.1 SEM images of platinum nanoparticles on the
back side of the field-effect transistor (a) with reso-
lution of 2000 (b), 5000 (c¢) and a three-dimensional
image of the sensor’s functional area the with po-
rous silicon and Pt nanoparticles (d).

The sensor’s functional area containing a
layer of porous silicon and immobilized in it Pt
nanoparticles is shown on Fig. 2.

8

por-Si with Pt
nanoparticles

|

Drain J" Ve

Gate o1 T1
[Source, le
PHYWE Vs 3 [Background EH

Vg (G0

 Keithley
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Ves(<0)
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Fig. 2 Sensor structure (a) and measurement
electrical circuit (b).

Electrical circuit for the main measurements of
the sensor at different concentrations of hydrogen
peroxide is shown on Fig 2.

The experiment was carried out at room
temperature (18°C) in the concentration range
of 25-100 ppm. Solutions of hydrogen peroxide
were prepared by diluting H O, 60%, produced
by Grupa Azoty Zaktady Azotowe «Pulawy» S.A.
The reverse bias of voltage equal to 11.5 V was
selected from the drain-gate characteristics of the
transistor (Fig. 3). The operating drain-source
voltage was in range of 3-4 V.

70 _
Vds=3V .
[ |
60| /
|
50) {
!
T a0 "
= i
30| /'
u
|
20| -
/
"
10| -
2 1 3 70 2
VgV

Fig. 3. A drain-gate characteristic of the transistor
with Pt nanoparticles.
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Results and Discussion

During the reaction of catalytic H,O, disso-
ciation an exchange of electrons between the
catalyst and hydrogen peroxide occurs in solution,
which leads to extraction of charge carriers from
the substrate and, consequently, to changes in
the conductance of the channel. Offset of the
threshold voltage or change of the drain current
can serve as an indication of reaction of the sensor
to change the hydrogen peroxide concentration.
With an increase in the H,O, concentration the
level of positive charges on the sensor surface
rises as a result of H,O, dissociation. Since a
p-channel MOS transistor is used, an increase in
the positive charge on the its active surface leads
to the extraction of electrons from the substrate,
which increases the channel conductance which,
in turn, leads to increase drain current.

The sensor’s response to various concentrations
of hydrogen peroxide was studied using I-V curves
in the drain- source voltage range of 3-4V (Fig. 4a).

The dependence of the drain current on the con-
centration of hydrogen peroxide is approximated by
a reverse exponential function (Fig. 4b), apparently
due to the saturation of the sensitive region with
products of the reaction at high concentrations.
This problem can be overcomed by increasing the
gate size and sensitive area of the sensor.

* S
R o

1d=170-46,79"exp(-C/0,28)

T 00 400 600 00 1000 1200 1400 1600 1800
VésV C.ppm

(a) (b)
Fig.4. Output characteristics of the transistor at
hydrogen peroxide concentrations of 25-100 ppm
(a) and the dependence of the drain current on the
concentration H,0, at V= 3.04V (b).

TdpA

(b)

(a)

Fig.5. Temperature dependence of the sensor:

I-V characteristics at different temperatures (a);

and temperature dependence of drain current at
V,=3,04V (b).

In addition to measuring the I-V characteristics,
a study of the temperature dependence of the drain
current was performed, which demonstrated the
linear dependence of resistance on temperature
(Fig. 5). The temperature coefficient was about
2.9 nA/°C. To take into account the influence of
temperature during measurement of low H,O,
concentrations it is reasonable to incorporate a
temperature sensor to our sensor. As a result of
the dissociation of 1.2 g hydrogen peroxide, only
0.3 mJ of heat is emitted, and for heating of a plate
to 1 °C 0.2 J of energy is required. The obtained
calculations of the energetic activity of hydrogen
peroxide indicate that the reaction of catalytic dis-
sociation of such volume of H,O, does not affect
the temperature change of the sensor structure
itself, and, thus, does not influence the results of
sensor operation.

Also, to increase the sensitivity of the structure
the substrate thickness should be reduced before
formation of the porous silicon layer.

Conclusions

In this study a prototype of the transistor
based on MOS transistor was proposed and
produced. This prototype is controlled not through
a reference electrode as in standard model, but
through the change of the electrical potential of
a modified back side of a substrate as a result of
the electrochemical reaction on the surface of the
porous silicon with platinum nanoparticles. The
sensitivity of the proposed sensors is at least of
0.135 pA/ppm, and the temperature coefficient is
of 2.9 pA/°C. Such characteristics create the pos-
sibility to use this sensor not only for the direct
determination of hydrogen peroxide concentration,
but also expands the range of its applications, for
example, for the detection of other biochemical
substances of interest.
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Summary

Determination and control of hydrogen peroxide concentration are very important in pharmacy,
medicine, and other industries. So there is a need of simple, low-cost and reliable sensors for field and
everyday use.

In the paper sensor based on the p-channel field-effect transistor of metal-insulator-semiconductor
type improved with a combination of porous silicon structure with platinum nanoparticles is proposed.

Porous silicon active structure was formed on the rear side of FET. The structure was formed in two
steps: first, a dosed drop of Pt nanoparticles solution was applied on a silicon surface by spin coating
and after this metal-assisted chemical etching was performed.

Unlike conventional FET sensors control is providing not by comparison electrode but by changes
of a potential of a modified rear side of the substrate via reaction on a porous silicon surface. During
catalytic decomposition of hydrogen peroxide electrons exchange occurs in solution between catalyst
and hydrogen peroxide. Increasing peroxide concentration leads to increase of positive charges quantity
on working area surface. As p-channel MIS FET is used, the positive charge in the working area
increase electron extraction from the substrate and consequently increase channel conductivity and
drain current. The sensitivity of proposed sensors is up to 0,135 pA/ppm, and temperature coefficient
is 2,9 pA/°C.

Such results allow using this sensor not only for direct hydrogen peroxide detection but also for
detection of biological substances.

Keywords: FET, sensor, hydrogen peroxide, porous silicon, Pt nanoparticles
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Pedepar

BusHaueHHs Ta KOHTPOJIb KOHIIEHTPALlli TIEPOKCUTY BOJHIO HA CHOTO/HI € BAXKJIMBUMHU B (PapMaKosIo-
rii, MEIUIMHI Ta IHIIUX rairy3sx. Tomy HeoOXiIH1 MPOCTi, HEAOPOT1 Ta HA/IIHHI CEHCOPH JUIS 3arajibHUX
1ab0opaTOpHUX JOCIIHKEHb Ta MOBCSAKIEHHOTO BUKOPHUCTAHHSI.

B crarTi 3anponoHoBaHO 3BHYaiiHa CTPYKTypa CEHCOpPY Ha OCHOBI P-KaHAJIBHOIO MOJIOBOTO TPaH-
3UCTOpPA TUITY METaJlI-/1eJIEKTPUK-HAIIBIIPOBIIHUK, ajle MOAN(DIKOBaHUM HIISIXOM KoMOiHallli MOpUcTol
CTPYKTYpH KPEMHIIO 3 HAHOYACTUHKAMH TUIaTHHU.

AxTHBHa 00J1aCTh 3 IOPUCTUM KpeMHieM Oyia cpopmoBaHa Ha 3BOpoTHiit cropoHi M/IH-Tpan3ucropa.
[{s mpouenypa BinOyBanacs B JiBa €Talu: CIIOYaTKy, JO30BaHa Kparwisi pO3YMHY HaHOYACTUHOK Pt Ha-
HOCHJIaCh Ha MOBEPXHIO KPEMHIIO, @ HA HCTYITHOMY KpOIIl IPOBOJMIIM METaJl CTUMYJIbOBaHE XIMIUHE
TpaBJICHHS.

Ha BimMminy Bij 3BU9aitHUX ceHCOpiB HAa ocHOBI M/IH-TpaH3ucTopiB, BIATYK CEHCOPY PEECTPYBaBCS
HE 3 BUKOPHCTaHHSM €JIEKTpo/ia MOPIBHSAHHS, a IIUIIXOM peecTpallii 3MIHU HOTEeHII1aTy MOAU(IKOBAHOT
TUJIBHOI CTOPOHU MIJKIIAAKH, SIK Pe3yJIbTaT peakliii BIUIMBY MOPUCTOI MOBEPXHI KPEMHIIO 3 HAHOYACTHH-
kamu Pt. [Ti gyac karamiTHYHOTO pO3KIIa Ty TIEPEKUCY BOTHIO BiIOYBAE€THCS OOMIH €JIEKTPOHAMH B PO3YHHI
MIDXK KaTajli3aTopoM 1 MePEKUCOM BOJTHIO.

3011bLLIEHHS KOHIIEHTpALllT IEPEKUCY MPU3BOIUTH JI0 30UIbIIEHHS KIJIbKOCTI TO3UTUBHUX 3apsiiiB B
pobouiit obnacti. OCKUIbKY BUKOPUCTOBYBABCS p-KaHabHUNA MJIH-TpaH3ucTop, To MO3UTUBHUMI 3apsi y
po0OoUiii 30H1 301IBIITY€E €KCTPAKIIIIO EIEKTPOHIB 3 TiIKIIAIKH 1, SIK HACIIIOK, M1ABHIILY€ MPOBITHICTH KaHa-
JIy Ta CTpyM CTOKY. Uy TNIMBICTh 3alpONOHOBaHUX JaT4MKiB opiBHIOE 0,135 MKA/ppm, a TeMneparypHuit
KoedirieHT ckiianae Becyoro e 2,9 MkA/°C. Taki pe3ysbraTi 3aporoHOBaHOTO CEHCOPa JI03BOJISIIOTh
BUKOPUCTOBYBATH HOro He nuiie [yt BussiaeHHss H O,, ane Takox /Ui BUSBICHHS 01070TTYHUX PEUOBHH.

272
Kurouosi cioBa: M/IH-tpansucrop, H O,, nopuctuii kpemHiii, Pt HaHoyacTku
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PO3POBKA AMIIEPOMETPUYHOI BIOCEHCOPHOI CUCTEMM J1JIs1
OJHOYACHOI'O BUMIPIOBAHHA ITIPYBATY I JIAKTATY

A. B. Tononvuikosa, /. B. Knuscnuuxosa, 1. C. Kyuepenxo, C. B. /[3a0e6uu, O. O. Conoamxkin

AHoranisi. B po6oTi onmrcano po3poOky 610CEHCOPHOT CUCTEMHU, IO CKIAAAETHCS 3 JBOX MOHO-
OloceHCOpIB Ha OCHOBI MIPYBAaTOKCHIA3H Ta JIAKTATOKCHJIA3M Il BU3HAYEHHS TIPYyBaTy Ta JAKTaTy,
BiamoBiHO. [l iMMoOiTizalii eH3UMIB y CKJIazi O10CeIeKTUBHOI MeMOpaHu OyJI0 BUKOPUCTAHO Me-
TO/ 3axoruieHHs1 B nomiMep PVA-SbQ Ha moBepxHi aMIepoMeTpUYHOTO MepeTBoproBava. Sk mepe-
TBOPIOBaYl BUCTYMAIH TUIATHHOBI JUCKOBI €leKTpoau. B poboti Oymo miaiOpaHo €auHI YMOBH BH-
TOTOBJICHHS Ta (YHKIIIOHYBaHHS MOHOO10CEHCOPIB /IS MOEAHAHHS iX y 610CEHCOpHY cucTemy. bymo
JIOCITIPKEHO ONTUMAaJIbHI YMOBH IMMOO1ITI3allii €H3UMIB Ta TapaMeTpu Oy(PEepHOTO pO3YUHY IS OJTHO-
yacHOi poboTu OioceHcopis, 30kpeMa pH, OydepHy eMHICTh Ta i0HHY cuiy. [lepeBipeHo mepexpec-
HUH BILTUB CyOCTpaTiB Ta KO(aKTOpiB HA poOOTY eH3MMIB. bioceHCOpHA cucTeMa XapaKTepru3yBajach
rapHOIO OTepaIliiHOI CTaOUIBHICTIO Ta BIITBOPIOBAHICTIO BIATYKIB Ha MipyBar Ta jakraTr. OTpumaHi
aHATITUYHI XapaKTePUCTUKH 010CEHCOPHOT CUCTEMH CB1TUaTh MPO MOXIIMBICTD i1 BUKOPUCTAHHS JIJIst
aHaJI3y JIAKTaTy Ta MipyBaTy B pealbHUX O10JIOTIYHUX PiUHAX.

KurouoBi ciioBa: nakrar, mipyBat, 6i0c€HCOpHA cucTeMa, IMMOO1TI30BaHI €H3UMHU, JIAKTAaTOKCH/Ta-
3a, MpyBaTOKCH/1a3a

© 4. B. TomonbHikoBa, /1. B. Kamwknukosa, I. C. Kydepenko, C. B. /I3saesuu, O. O. Connarkin, 2017
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DEVELOPMENT OF AMPEROMETRIC BIOSENSOR SYSTEM FOR SIMULTANEOUS
DETERMINATION OF PYRUVATE AND LACTATE

Ya. V. Topolnikova, D. V. Knyzhnykova, I. S. Kucherenko, S. V. Dzyadevych, O. O. Soldatkin

Abstract. This article describes the development of a biosensor system consisting of two
monobiosensors based on pyruvate and lactate oxidases for determination pyruvate and lactate,
respectively. For the enzymes immobilization in the bioselective membrane, the method of capturing
into PVA-SbQ polymer on the surface of amperometric transducer was used. Platinum disk
electrodes served as the transducers. The processes of production of both monobiosensors as well as
the conditions of their operation were identical, which makes their integration into a single system
possible. The conditions of enzymes immobilization and parameters of buffer solution (pH, buffer
capacity, ionic strength) were optimized and universalized for simultaneous operation of biosensors.
The cross influence of substrates and cofactors on enzymes was examined. The biosensor system is
characterized by high degree of operational stability and reproducibility to responses to pyruvate and
lactate. The obtained analytical characteristics of the biosensor system testify to the possibility of
efficient usage for lactate and pyruvate analyses in real biological fluids.

Keywords: lactate, pyruvate, biosensor system, immobilized enzymes, lactate oxidase, pyruvate
oxidase

PA3PABOTKA AMIIEPOMETPUYECKOW BUOCEHCOPHON CUCTEMBI
JJIs1 OJHOBPEMEHHOTI'O UBMEPEHUS IIMPYBATA U JIAKTATA

A. B. Tononvnukosa, /. B. Knuocnuxosa, U. C. Kyuepenko, C. B. [[3a0eeuu, A. A. Cordoamxun

AHnHoTauus. B pabore onucana pa3pabdoTka OMOCEHCOPHON CUCTEMBI, COCTOSIIAs U3 IByX MOHO-
OMOCEHCOPOB Ha OCHOBE MUPYBATOKCUIA3bl U JIAKTATOKCHJIA3bl [T ONpE/IEICHUs MUpyBaTa U Jlak-
TaTa, COOTBETCTBEHHO. J1s1 mMMoOunu3anuu (GepMeHTOB B OMOCEIEKTUBHYIO MeMOpaHy ObLI Hc-
MOJIb30BaH METOJ 3axBara ¢pepMeHTOB B monumMep PVA-SbQ Ha moBepXHOCTH aMIIEpPOMETPUIECKOTO
npeoOpaszoBatensi. B kauecTBe mpeoOpa3oBaTesnieil BBICTYAIN IIATHHOBBIE TMCKOBBIE JIEKTPOAbL. B
pabote mogoOpaHbl €AMHBIE YCIOBUS M3TOTOBJICHUS U (YHKIIMOHUPOBAHUS MOHOOMOCEHCOPOB ISt
00bEIMHEHUS B €IMHYI0 OMOCEHCOPHYIO CHCTeMY. Bbin mogo0paHbl ONTHUMAIbHBIE YCIOBHUS HUM-
MoOmnm3anuu (pepMeHTOB, MapameTpsl OydepHoro pactBopa, Takue kak pH, OydepHas eMKOCTh U
WOHHAs CWJIa, JJIsi OJHOBPEMEHHOW paboThl OuoceHcopoB. Takxke ObLIO MPOBEPEHO MEPEKPECTHOE
BIMSIHUE CyOCTpaTroB M Ko(akTopoB Ha (pepMeHTHl. buoceHcopHas cucreMa xapakTepHU3UpOBaslach
XOpOIIEH OnepanroHHON CTaOMIBHOCTBIO U BOCIIPOM3BOAMMOCTBIO OTKJIMKOB Ha JIAKTAT M MUPYBAT.
[Tony4yeHHbIe aHAMTHYECKUE XapAaKTEPUCTHKH OMOCEHCOPHON CHCTEMBI CBHJETEILCTBYIOT O BO3-
MOXXHOCTH €€ YCIEIIHOTO HCIIONB30BaHUs JJIsl aHAIM3a JIaKTaTa U IMHpyBaTa B PeabHBIX OMOJIOTH-
YeCKHUX 00pa3iax.

KiroueBble cjioBa: jakrat, mUpyBaT, OMOCEHCOpHAs CUCTEMa, UMMOOMIN30BaHHbIE (DEPMEHTHI,
JAKTaTOKCH/1a3a, TMPYBAaTOKCH1a3a
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1. BCTYII

[TipyBar — 11e opraHi4Ha KMCJIOTa, 10 € OJTHOIO
3 KJIFOYOBUX MOJIEKYJ y 0araThox 010XiMIUHHMX
nursixax. [lipyBar yTBOPIOETHCS SIK KiHIIEBUH MTPO-
JIYKT TIIIKOII3Y, 1 32 aepOOHUX yMOB MOXKE OyTH
Jlaj1l OKMCHEHHH 10 alleTUI-KOCH3UMY A, KM
Bcrynae B ki Kpebca. Jlakrar yTrBOoproeTbes 3
MipyBaTy B MpOIleci aHaepOOHOTo MIIIKOJII3Y, Ta
€ MapKepoM TiNoKcii B KIITUHAX, TKAHUHAX Ta
Oionoriynux piguHax. Tak, MPOAYKIlis JTaKTaTy
3pOCTa€ MPH CTaHaX, 3a SAKUX 301IBITYETHCS 1H-
TEHCUBHICTh aHaepoOHOro MeTaboi3My BHACIHI-
JIOK TIMOKCIi — HAIPHUKIIa] TeMOpariyHoMy LIOKY,
eMOo0JIii, AMXaabHUX po3iafax. TpuBaa Tinokcis
CIPUYMHSE TATOJIOTIUHI MIPOLECH HA BCIX PIBHIX
(byHKIiOHYyBaHHS 010JOTIYHOTO OpraHi3My, a Ti-
MTOKCIsl MO3KY € OCTAaTOYHOI TMPUYHHOIO CMEPTI.
[TigBuIIeHHS PIBHSA JIAKTaTy BUHHMKA€E TaKOXK MpPU
MOPYIICHHI POOOTH CUCTEMH KIIIPEHCY JIaKTaTy —
PO3I1aIiB NIEUiHKHM, HUPOK, IlyKpoBOMY aiaderti [1].

Konnenrpauis mipyBary y KpoBi y HOpMi CKJia-
nae Big 40-50 mo 100 mxmons/i [1], [2]. ITigBu-
IIIEHHS PiBHS MipyBaTy BUHUKAE SIK MPH T ABHUIIIC-
HOMY HOTO yTBOPEHHI NPH MOCHJICHHI aepoOHUX
MpOILECiB, TaK 1 MPU HEAOCTATHIN yTuiizamii B
mipyBaTaeriporeHa3HoMy Komruiekci. OaHak Haj-
JIMILOK MipyBaTy IBUAKO MEPETBOPIOETHCS B JIaK-
TaT MpH MepeBakKaHHI aHACPOOHMX TPOIIECIB Ta
aIeTHUII-KOCH3UM A - TIpY TIepeBaykaHH] aepOOHMUX
npoteciB [3]. ToMy oriHKa KOHIEHTpaLlii mipyBary
0e3 BpaxyBaHHS PIBHS CyITyTHIX METaOOIIITIB HE €
BaroMUM JI1arHOCTUYHUM KPUTEPIEM.

PiBenb nakTary y KpoBi y HopMi Bapitoe Big 0,5
10 2,2 mmonb/n [1]. Ilix yac iHTeHCHBHEUX (i3my-
HUX HAaBaHTA)XEHb LIl MOKa3HUK MOXKE J0csATa-
] 12-25 MMOJIB/NI, OIHAK Y HOPMIi BiH 3HUKAE 31
MIBUIKICTIO TiprOr3HO 320 MMomw/mxrom. [4] me-
PEBaXHO 3aBISIKH NIEYIHKOBOMY METa0oI1i3My Ta
NEpeTBOPEHHIO B MipyBar. OJHaK NIpu MOCTIHHIN
rineprpomyKiii JJakTaTty B TKaHUHAX abo marolo-
TisIX CUCTeMH YTHITI3allii, Yac ICHyBaHHS TilepIiak-
taremii HabaraTo OUTBILIMI 1 caMe 11e € MiJCTaBOIO
JUIS HETaTUBHOTO MPOTHO3Y. ToMy BUMIipIOBaHHS
PIBHS JIaKTaTy B AMHAMII]I BUKOPUCTOBYETHCS B BiJI-
TICHHSX peaHiMallii Ta IHTeHCUBHOI Tepamii 1uis
OLIIHKH TSDKKOCTI CTaHy TMaIli€eHTa, IPOTHO3Y MMO-
BIPHOCTI IIIOKOBUX CTaHIB Ta KOJIATICY 1 CMEPTHOCTI
narfieHTiB [5], [6]. Takoxx nuHAMIKa PIBHS JAKTATy
B KPOBI BUKOPHCTOBYETHCS JUIsl OLIHKU €(DEeKTHB-
HOCTI JTIKYBaHHSI, Ta CIIOCTEPEKECHHS aJIeKBaTHOCTI

OTPUMYBAHOTO JIiKyBaHHs B yaci. Tak, cralinbHa
KOHLIEHTpAIIisl JJAKTaTy B KpOB1 OLIbILE 5 MMOJIB/JI
Ha ¢oHi TspKKoTo anuao3y (pH kposi mentre 7,35)
nae iporao3 80% cmepTHOCTI [6].

[linBunieHa KOHLIEHTpallis [ipyBaTy CIIOCTEPI-
racThCs y Bumajakax nediuury siraminy B, pec-
MipaTOPHOTO aJIKajao3y (Pi3KOro 3HMKEHHS PiBHS
JIBOOKHCY BYTJICIIIO B KPOBI, IO CYTIPOBOIKY€ETHCS
niaBHUIIeHHSIM pH), OTpy€HHS] MUIII IKOM Ta PTYT-
TIO, Ta MATOJOTISAX MEYIHKH, TAKUX SK aJIKOTOJIb-
HUM 1IMpo3, renatut, Tomo [7]. Takox mokazaHo
301JIbIIIEHHST KOHIICHTpAIIii MipyBaTy y CHPOBATII
KPOBI Ta CJIMHI XBOPUX Ha paK pOTOBOT MOPOKHH-
HU y 2-2,8 pa3u. O1iHKa KOHIIEHTpAIlil mipyBaTy
PO3MIISIAETHCS SIK HOBUM METOJ CKPUHIHTY PaKy
[8], [2]. Toni sik TpUBaJIMiI MOHITOPUHT JaKTa-
Ty 3aCTOCOBY€THCS B KJIIHIYHINA TIPAKTHUIIl HEBIA-
KJIQJHOI Teparrii, MOHITOPHHT TipyBary JI0 CHUX ITip
He BNpoBajpkeHo. Lle moB's3aH0 3 TpyaHOIAaMH,
OB’ SI3aHUMHU 3 CEJIEKTUBHICTIO METONY, OCKIJIbKU
KJIIHIYHA KOHIICHTpAIIisl MipyBaTy € HU3BKOIO, a
KOHIICHTPAILlisl eeKTPOaKTUBHUX 1HTEpdepepy-
IOYMX PEYOBUH JIOCTATHHO BHUCOKA 1 TICPEBHIIYE
KOHIICHTPAIIIIO MipyBary.

B nanmii yac BUMIprOBaHHS KOHIIEHTpAIIiT JTaK-
TaTy B JIaOOPATOPHIN J1arHOCTUL NIEPEBAKHO 00-
MEXYETHCSI CTAaHIAPTHUMU (HOTOMETPUYHUMH Ta
KOJIOpPUMETPUIHUMU MeTonamu. Lle HalimaBHimIi
Ta HaWCIIEBII METO/IH, SIK1, IPOTE, MAIOTh HU3BKY
YyTJIUBICTh Ta CENIEKTUBHICTh MOPIBHIHO 3 €H3UMa-
TUYHUMU MeToiaMu. Jly>ke 4acTo Jyis BU3HAYCHHS
JIAKTaTy B KJIHIII, 30KpeMa B BIIIUICHHSIX peaHiMa-
111, BAKOPUCTOBYIOTh METO/IH, 1110 BUKOPUCTOBYIOTh
SH3MMAaTUYHY PEAKIIIO JIAKTaTACTipOreHasu, mpu
akiil yrBoproetbess HAJIH. Konuentpanis HAJITH
BUMIPIOETHCS METOJaMH CTIEKTpodoTomMeTpii 3a
JOBKUHU XBUITi 340 HM, 1110 KOPENIOE 3 KOHIICHTpa-
LI€I0 JTAKTATY y 11asmi [7].

BusHaueHHs mipyBaTy HaTOMICTh y KIIHIYHIN
MPAKTHULI MEPEBAXKHO 3/1IHCHIOETHCS Pa3OM 3 BH-
3HAYCHHSIM 1HIIMX METaOOJIITIB — JaKTaT, aJIaHIH,
anetmi-koeH3uM A. KpiMm Toro, KoHIeHTpaIis
nipyBary B 010JIOT1YHHMX PiZJUHAX € BITHOCHO HU3b-
KOIO TIOPIBHSIHO 3 1HIIMMH MeTalosiTaMu, TOMY
METO/l IOBUHEH HE JIUIIe MaTH BUCOKY YYTIIHU-
BICTh, a U CTIMKICTh IO YHCICHHHUX 1HTEepdepe-
pyrounx pedoBuH. ToMy mepeBakarOuuMu IS
BU3HAUCHHS MipyBaTy € €H3UMaTUYHI METOMH,
TAKOXK XOPOIIi pe3yIbTaTy OKa3ye piluHHA XPO-
matorpadist Ta AMP.
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Jlns 3acTocyBaHHS y KJIIHIYHIN M1arHOCTUII
HeoOXIJIHA BUCOKA CEJICKTUBHICTD, IIBUJIKICTL Ta
MMPOCTOTA BUMIPIOBAHHS, a TAKOXK MIHIMAJTbHUN
Yac Ha MiArOTOBKY IpoOu abo BiACYTHICTh TAKOi
miarotoBku. [{luM ymoBam Haiikpaiie BiAmoBiga-
I0Th eJIeKTpoxiMiuHi 6ioceHcopu. CItijy TPUHATITHO
3ayBa)KUTH, 110 CaMe eJIEeKTPOXiMiyHi OioceHcopu
MarOTh BHCOKY CEJICKTUBHICTh Ta OTHY 3 HalKpa-
[IUX Yy TIUBOCTEN MOPIBHSIHO 3 HIIUMHU METOAMU
BU3HAUEHHSI 010JI0T1YHO 3HAYMMHX MOJICKYI.

Ha croroani Bizjoma HU3Ka 610CEHCOPIB IS
BHUMIPIOBAHHSI JIAKTaTy Ta MIPyBarTy, SIK y Xap4oBii
MIPOMHKCIIOBOCTI, TaK 1 JJIsl KIIIHIYHOT {IarHOCTUKH.
Tax, Monosik ef al. po3poOuin amrnepoMeTpuy-
HUM 010CEHCOp 3 BUKOPUCTAHHSIM OJIHOIIAPOBHUX
BYIVICLIEBUX HAHOTPYOOK JJIsi BUMIPIOBaHHS KOH-
LEHTpAIlii JJaKTaTy y BUHI Ta XapuyOBUX MPOAYKTaX
[9]. Gajovic et al. po3pobunu 6GioceHCcop A BU-
3HAUEHHsI MipyBaTy y CHPOBATIIl KPOBI HA OCHOBI
pexombiHaHTHOI mipyBaTtokcuaasu [7]. Enexrpoak-
THBHA TTOBEPXHsI MiKpoeeKkTpoa Oymna 30ibIe-
Ha IIJITXOM eNEKTPOOCAKEHHS YepHI TUTATHHHU.
OnHak cucTeM 4u MYJIBTHO10CEHCOPIB ISl OJJHO-
YaCHOTO BUMIPIOBaHHS KOHIIEHTpALlill JTaKTaTy Ta
nipyBary, ki Oyiau 0 anmpoOoBaHi pu pooOoOTI 3
CHUPOBATKOIO KPOBI, 10C1 HE OyJIO OMUCAHO.

Tomy MeToro 1aHoi poboTH Oysia po3poOka aM-
NePOMETPUYHOI 010CEHCOPHOT CUCTEMH ISl OJTHO-
YaCHOTO BU3HAYCHHS JIAKTATY Ta MipyBaTy VIS T10-
JTAJTBIIIOTO 3aCTOCYBAHHS Y KITIHIYHIHN JIIarHOCTHIT.

2. MATEPIAJIU I METOAN
Mamepianu

B po00Ti BUKOPUCTOBYBaJIM JTAKTaTOKCHU1a3y
(JION) i3 Pedicoccus sp. (K® 1.1.3.2) 3 akTuB-
HIiCTIO 35 0f. aKT. Mr"', IaKTaT HaTpil0, MipyBa-
tokcunaszy (IIOM) 3 Aerococcus sp. (KO 1.2.3.3)
3 aKTHBHICTIO 54 0. aKT. MI"!, mipyBaT HaTpilo,
Ouyaumii cupoBaTKOBUH anbOyMiH, hoTomomimMep
MOJIIBIH1JIAJIKOTOJIb, [0 MICTUTh CTUPUIIIIPUAU-
HoBi rpynu (PVA-SbQ), 25% Boauuii po3unx
rryrapoBoro anbieriay, Mg(NO,), ra HEPES
BupoOHunTBa Sigma—Aldrich Chimie. Bukopuc-
toByBaBcs TiamiHmnipodocdar (TIID) BupodbHH-
urBa «Biofarmay (niodinizar 1 npuroTyBaHHs
PO3UMHIB s 1H €K1ii). [HII1 HeopraHiuHi co-
JYKH, 110 BUKOPHCTOBYBAJIUCS B POOOTI, Oynu
BITYM3HSHOTO BUPOOHULITBA TAa MaJIU CTYIiHb
YUCTOTH «X9» Ta «U/1a».
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MiKpOYacCTHHKH CHJIIKAIITY Oyl CHHTE30BaHi
MITYYHO 332 METOJMKOIO, OTICAHOO B TIOTICPEIHIH
po6orti [10].

Koncmpykuisa amnepomempuunux nepemeo-
prosauis

[1natuHOB1 JUCKOBI €JEKTPOIM BUTOTOBIISIIUCH
B HaIlIii J1abopaTopii 3a HACTYITHO TEXHOJIOTIETO:
IIMATOYOK TUIATHHOBOTO IPOTY niameTpom 0,5 MM
1 IOBKMHOIO 3 MM TIOMIIIIaBCS B 3BY)KEHHI 3 OJTHO-
10 OOKY CKIISTHUI KariJIissp 3 30BHIIIHIM Ji1aMeTPOM
3,5 MM, Micys 4OTO 3BYKEHUH KiHEIb Kalspy i3
TUIATHHOIO Y CEePEe/IMHI TepPMETHU3YBABCs 3aIlat0BaH-
HSM B MOJyM’1 mayibHUKA. EnexTpuyHe 3’ e qHaHHA
TUTaTHHU 3 TIPOBITHUKOM Y BUIJISAL CPiOHOTO Jpo-
Ty 3a0€3MeqyBaioCh HU3bKO-TEMIIEPATYPHUM 3a-
MarOBaHHSIM 32 JIONOMOrolo criaBy Byna. Binkpu-
TUW KiHEUb €JIEKTPOY 3alIOBHIOBABCS CTIOKCH/I-
HOIO CMOJIOIO0, YaCTHHA TPOBITHUKA 3HAXOMIIACH B
CepeauHI KalIspy, a YaCTUHA 3aJIMIIAIach 330BHi,
70 HBOTO B CBOIO YepPTy MPHUIIAIOBABCS MIiTHUN
KOHTAaKT, HEOOX1THUHN 11l 3’ €AHAHHS 3 BUMIPIO-
BaJILHOIO yCTaHOBKOIO. [lepen mepiiim BUKOpHC-
TaHHSIM, poOOYa YaCTHHA EJIEKTPOAY 31 BIAsSHOIO
IUIATUHOIO MPOXOJMJIa MEeXaHiuHy 0OpoOKy Ha
Ha)KJIaUHOMY TIarepi Ta 3a JOMOMOTOI0 aJlFOMiHi-
eBoi mactu. IIpu HeoOXiqHOCTI, pobdoua MoBepXHs
TUTATHHOBOTO €JIEKTPO/Ia MMOHOBIIOBAIACS 32 JI0-
MTOMOTOO TIOBTOPHOTO ILUTI(YBaHHS.

Memoouka eumiprosanns

BukopucToByBasnach TpuUeIEKTPOAHA CXeMa
aMIepoMeTpuyHoro aHaiizy. Poboui amnepome-
TPUYHI TIEPETBOPIOBAYl HA OCHOBI IJIATHHOBHUX
JUCKOBUX €JEKTPOAIB, JOTOMIKHUHN IIaTHHO-
Buii enextpon ta Ag/AgCl enekTpoa NOPiBHAHHS
(xJmopcpiOHUI) T AKITIOYATHCH A0 MMOTEHIIIOCTATY
PalmSens (Palm Instruments BV, Higepnanam).
8-mu xaHanbHUM npuctpiit (CH-8 multiplexer,
Palm Instruments BV, Hinepianawu), 1o miakito-
4yaBCs 710 MOTEHII0CTATY, JO3BOJISB OTPUMYBa-
TH CUTHAJIM OJIHOYACHO 3 8 poOOYMX €JIEeKTPO/IIB,
MpoTEe 3a3BUYAl 10 HHOTO OyJIu MmigKtodeH1 2-3
poboui enekrponu. Bigcrans Mixk TOTOMiXKHUM
IJIATUHOBUM €JIEKTPOJIOM Ta yciMa pobouumu
OGioceHcopamu B MPOIIECi BUMIPIOBaHHS OyJa OJ1-
HAKOBOIO 1 CKJajaana npubauszno 5 mm. Bumipu
MIPOBOJIMJIM 32 KIMHATHOI TEMIEPaTypH y BIAKPH-
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Tik BUMIpIOBaJIbHIN KOMIpIi 00’€MOM 2 MJI MIpH
MOCTIITHOMY MepeMillyBaHHI Ta IPH HOCTIHHOMY
notenuiani +0,6 B BiznocHo Ag/AgCl enextpona
nopiBHsIHHS. B sikocTi pobounx OydepiB BUKOpPHUC-
toByBanu 25 MM HEPES, pH 7,4, Ta 50 MM ¢oc-
darawmii 6ydep, pH 6,5, 10 Akux, 3a HEOOXIAHOCTI,
J0J1aBaJId KO(AKTOPH MipyBaTOKCUIA3H — 10HH
MmarHito, TII® Ta ionn pocdopnoi kucioTu. Yci
JOCTIKEHHS TPOBOAMIIMCH IIIOHAHMEHIIIE Y TPHOX
MOBTOPHOCTSIX.

Memoouxka nanecennsa 0ioceneKkmueéHux
Mmemobpan

biocenekTuBHI eneMeHTH 610CEHCOPIB OTPUMY-
BaJIX IUISIXOM 1IMMOO1I13amil eH3UMIB 1 JOIIOMIXK-
HUX PCUYOBHH HA MMOBEPXHIO aMIIEPOMETPUIHOTO
nepeTBoproBada. BuxigHuii po3unH a1 iMMo0i-
mizanii makraTokcuaasu MictuB 8 % (TyT 1 mami —
Macosa vactka) JIOI, 4 % BCA,10 % rminepony
B 100 MM docdarnomy Oydepi, pH 6,5. Buxin-
HUM po34MH JUIs iIMMOO1TI3aLii mpyBaTOKCHIA3U
mictuB 20% I1OM, 5% BCA, 10% raiuepoay B
100 MM docdarnomy Oydepi, pH 6,5. I'minepon
JoJjaBaiy, o6 cTadinizyBatu pepMeHTH BIPO-
JIOBXK iX iIMMoOuTi3aIii Ta 3amo0irta nepemadac-
HOMY BHCHXAHHIO KpaIlIi 1 MOJIMIIATHA aJre3ito
MeMOpaHHU 0 TOBEPXHi epeTBOPIOBAYA.

Hamu Gyno Bukopuctano 3 METOAUKH 1MMO-
oimizamii en3umiB. ITicas koxxkHOI iIMMOOITI3alli],
6ioceHcopH BiIMHUBAJIU B pobouomy OydepHOoMy
PO34MHI Bij HE3B  I3aHUX KOMIIOHEHTIB O10CeIeK-
TUBHOI MeMOpaHHU.

Immobinizayia wnaxom nonepeunozo 3uiu-
6AHHA 3A OONOMO2010 2JIYMAPOBO20 A1b0E2i0y

Buxignuit po34nH, 110 MICTUB €H3UMU, 3MIIITY-
Basu 3 0,7% a6o 0,3% BOIHUM PO3UMHOM TITyTa-
POBOTO ajbJerily (3MUBAIOYOT0 areHTy) y Mporio-
puii 1:1. Oxpasy micist HpOro CyMmilll HAHOCHIIA Ha
po0oui MOBEPXHI MEPETBOPIOBAUIB Ta BUCYIITYBAIH
npotarom 40 XB. Ha MOBITPi 32 KIMHATHOI TeMIIe-

parypu.

Immoobinizayia wmnaxom aocopoyii na
no6epxXHi CUNIKATIMHUX YACMUHOK

[Tepen npoBeneHHAM aacopOIii MpoBOIUIN
Mo (IKalliI0 TOBEPXHI IEPETBOPIOBAYIB CHIIIKA-

aitoM. [l iboro BukopuctoByBanu 10 % cycrien-
3110 CWJIIKAMITY y TUCTUIILOBaHIN Bofl. HeBenukmii
00’em (0,165 MKIT) po34unHY CHITIKAIITY HAHOCHIIN
Ha YyTJIMBY YaCTHHY €JIEKTPO/a, Micis YOro mepe-
TBOproBay HarpiBayiu 10 100°C BrpomoBxk 5 XB. y
TepMmocTari. Taka TemnepaTypa He BILIMBaja Ha
CHJIIKAJIIT Ta HA pOoOOUi XapaKTEpPUCTHKH TIEPETBO-
proBada. B pe3ynbrari 115010, Ha IEPETBOPIOBAYAX
dbopmyBagBcs map cuiikamity. [ToTiM Ha 9y TIUBY
00JIaCTh HAHOCHJIM PO3YMH €H3UMY Ta O4iKyBaJX
15 xB. aiis amcopOrii €eH3UMY Ha CHUTIKATITI.

Immoobinizayia winaxom 3axonneHHsA eH3UMY
6 pomononimepi PVA-SbQ

BuxigHuii po3unH, 1m0 MiCTUB €H3UMH, 3Mi-
myBanu 3 13,3 % Boauum pozuunom PVA-SbQ
y niporioptii 1:1. Oapasy micist 1Isoro CyMminr Ha-
HOCWJIH Ha YyTJIMBY MTOBEPXHIO MEPETBOPIOBaYA 1
ONpPOMiHIOBaJM i1 ynbTpadionaeToM npotsrom 20
xB. 3a jgonomoror YO mamnu KP-4M mis dop-
MyBaHHs MeMOpaH.

3. PE3YJIBTATH TA IX OBGTOBOPEHHSI
Ilpunyun poéomu diocencopnoi cucmemu

[IpomonoBana GioceHCcOpHa cucTeMa CKJajaa-
€THCS 3 TBOX OJTM3BKHX 32 KOHCTPYKIIIEIO aMIIEPO-
METPUYHUX 010CEHCOPIB, K BIAPI3HIIOTHCS JIUIIIS
€H3MMOM B CKJaJi 010CEIeKTUBHOTO €IIEMEHTY.
bioceHncop s BU3HAUEHHS JIAKTaTy MICTHUTh
JaKTaTOKCUa3y, a 6i0ceHcop A BUSHAUCHHS
nipyBary — nipyBarokcunasy. [Ipuniun podoru
610ceHcopiB 0a3yIOThCS HA HACTYIMHUX PEAKIIAX:

JIOA
Jlakrar + O, — ITipysar + HO, (1)
oA,

ITipysar + pocdar + O, — anermwndocdar + CO, +
+H,0, 2)

+0,6 B

HO, — 2H"+0,+2¢ 3)
VY Bumnajaky 6ioceHcopa AJisl BUSHAYEHHS JIaKTa-
TY, TaKTAaTOKCH/1a3a OKUCHIOE JIAKTAT JI0 MipyBary
1 IpY IIbOMY YTBOPIOETHCS IEPOKCHT BOJHIO (pe-

akis 1). [Tpu po6oTi 6iocencopa st BU3HAUCHHS
17
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nipyBary, mipysar i ¢ocdar nepeTBopIOIOTHCS Ha
aneTtwidocdar 3a J0MOMOro0 MipyBaTOKCUAA3U
(peaxktiist 2) 1 MpH BOMY TEX yTBOPIOETHCS TIe-
pokcup BoxHIo. [Ipu mpukiaganHi TO3UTUBHOTO
MOTEHIIATy 10 aMIIEPOMETPUYHHX TIEPETBOPIO-
BauiB, Ha SKi HAHECEHO BIAMOBiAHI PepMEHTH,
YTBOPEHUN MEPOKCH BOJHIO PO3IIETLIIOETHCS
3riiHo peakxuii (3) 3 yTBOPEHHSM €JIEKTPOHIB, SIKI
1 peeCTPYIOTHCS 32 JJOLIOMOTO0 aMIIEPOMETPUYHUX
NEepEeTBOPIOBAYiB Ta POPMYIOTH BIATYK Oi0OCEHCO-
piB. IIpuknazn peanbHUX BIATYKIB 010CEHCOPHOL
CUCTEMU HaBeJieHO Ha Puc. 1.

0,050

T T T T T T T T
0,18

0,045 BioceHcop Ans Bu3HauveHHs nipysaTy

ey hasol
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Puc. 1. Tunosi Binrykmn diocencopis aJisi BU3Ha-

YeHHs MipyBaTy i JaKTaTy Ha 1001aBaHHA cy0cTpa-

TiB. BumiproBanus nposoauimce y 25 MM HEPES

oydepi, pH 7,4, y npucyrnocti 125 mxM Mg*, 500

MKM TII®, 20 MM ioHiB pochopHOI KHCJIOTH; 32

nocriiinoro morenuiaay +0,6 B Bitnocno Ag/AgCl
€JIEKTPO/1a NOPiBHSIHHS.

Hocnioxncennsa mosxcaueocmi immooinizauii
Oiocenekmusnux enemenmie diocencopie 6 00-
HaKOBUX yMO06ax

Hamu Oyno mpoBeneHo MOpiBHAHHA e(ek-
TUBHOCTI TPhOX PI3HUX CIMOCOOIB iMMOO1TI3aIlii.
OCKINTbKHY JTAKTATOKCH 1a3a OLTbII CTabuIbHA 1 He-
BHUOAIIMBA 10 YMOB IMMOOTI3AIlT HI)K TIPYBaTOK-
cuja3a, BUOIp ONTUMAIBHUX YMOB iMMOO1Ti3aIrii
IMPOBOJUBCA JUISl MIPYBAaTOKCUIA3H, MICIs YOTO
OyJI0 IepeBIpeHO pOOOTY JIAKTATOKCUIA3H Y BHU-
OpaHHUX yMOBax.

Crepiry Oyno mepeBipeHo iIMMOO1TI3AII0 eH-
3MMiB METOJIOM ITOTICPEYHOTO 3IIMBAHHS TITyTapo-
BHUM aJbJIeriIoM. biyHKITIOHaTbHUI areHT Ty Ta-
POBUIA aNbJIETi] MICTHTB JIBI aJIbJICT1IHI TPYIIH, SKi
BCTYIAIOTh B PEAKIIIIO 3 BUIbBHUMU aMIHOTpYyTIaMu

18

61nKiB npu HelTpansHOMY pH. st iMMoOimizaii
€H3UMY BUKOPHUCTOBYETHCS 3IIUBAHHS MOJIEKYII
en3uMy Ta bCA 3a 101oMOroro riyTapoBOro ajib-
JIeTi/y, 3 YTBOPEHHSM TOIIMEPHOT MEMOpaHu:

OH

CHO o H
H —N
CH HC—N . HETTSE
[ 2 SCH2)3 ﬁ 25 E
o
G oy
CHO OH

Mix r1yTapOBHUM aJibJEriIoM Ta aMiHOIpyTHa-
MU O1JIKIB YTBOPIOIOTHCSI KOBAJIEHTHI 3B’ A3KH, SIK1
cTiiiki 10 3MiH pH Ta temneparypu. Tomy eHzum
IMMOOUTIZY€ETHCS IOCUTh MILHO, IPOTE MPU LIOMY
3MIHIOETHCS CTPYKTYpa €H3UMY 1 BIIMIOBIIHO 3HU-
KY€EThCS HOTO aKTUBHICTh. TakoX MOXIIHUBE MPO-
cTOpoBe OJIOKYBAaHHS aKTUBHUX IICHTPIB €H3UMIB.
J1o HenloMiKiB JaHOTO METOLy IMMOOLITI3aLlli MOX-
Ha BIJIHECTH 1 TOKCUYHICTH 3IIMBAKOYOr0 areHra.

Le#t meton OyB epexTuBHUM 17151 IMMOOLTI3aIT
JaKTaTOKCUIa3H, OIHAK IpU poOOTi 3 MipyBaTOK-
CHU/1a3010 Bi1H MTOKa3aB HU3bKY aKTUBHICTh EH3UMY
miciast iIMMoOLTI3anii.

Tomy HacTynHuM OyB BUNIPOOYBaHUI METOJ
iMMOO1Ti3a11ii Ha OCHOBI ajcopOIrii eH3umMy Ha
MIKpOYacTHHKax cuiikamty. CroyaTky Ha mepe-
TBOPIOBaY HAHOCHJIM 1P CUJIIKAJITY, HICJIS YOTO
MOJIEKYJIM €H3UMY aJcOpOyBaJICh Ha MOBEPX-
Hi cwtikamiTy. Jlanuit MeToa € 3Ha4YHO KpaluM
JUIS IMMOOULTI3aIii HU3BKO CTAOLILHUX €H3UMIB,
60 npu aacopOLii Mailke He B1I0OyBa€ThCs MOPY-
UIEHHSI TPUBUMIPHOI CTPYKTYpH eH3umy. [Ipore 1
MILHICTh IMMOO1TI3al1ii € HEBUCOKOIO.

TpeTiM BUKOPHUCTAHUM METOJOM iIMMOO1TI3aIli]
Oynia 1HKancynsuis eH3uMy y GoronoiaiMepHii
MemOpani Ha ocHOBI PVA-SbQ. B npomy meromi
B17I0YBa€THCS 3aXOIUIEHHS €H3UMY B CITKY IOJIIME-
Py, fKa YTBOPIOETHCS Bif 4ac oromomaiMepusarii
MoHoMepiB. PVA-SbQ — ue po3uunnuii gpoto-
noJiiMep, SIKUK Mij BIUIMBOM YIIBTPadioneToBoro
CBITJIa IOJIIMEPU3YETHCS Ta YTBOPIOE CITKY, B SKY
3aXOIUII0E MOJIEKYNIH eH3uMy (peakuis 5). Llei
METOJI € HE arPECUBHUM 1 CTIpHsIE KpaloMy 30epe-
YKEHHIO HAaTUBHOI CTPYKTYPH €H3UMY Y ITOPIBHIHHI
3 KOBQJIEHTHUM 3LIMBaHHSIM.
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OCOCH,

)

[TopiBHAHHS XapaKTepUCTUK 010CEHCOPIB,
OTPUMAaHHMX TPhOMa METOJaMH iMMOOLTI3aIi TIi-
pyBarokcuzasu, npuseneHi B Ta6m. 1. Sk BuaHO 3
Tabnuui, MeTo IHKancysuii ensumy B PVA-SbQ
MMOKa3aB BUCOKY Yy TJIMBICTh, ITUPOKUHN JIHIHHUNA
Jiarma3oH Ta HU3bKUH PiBeHb IIyMy MOPIBHSHO 3
iHmmMEu Metonamu. Kpim Toro, mpu iMmmoOimi3artii
eH3umy 3a ydactio PVA-SbQ 6iocencop micus 2
roauH Oe3nepepBHOI poOOTH Maiie HE BTPATUB
aKTUBHOCTI IOPIBHSHO 3 OloceHCOpaMu, BUTO-
TOBJIEHUMH 3a 1HIIAMHA METOAaMU 1IMMOOLII3aril.
Tomy nmmst iMMoOiTI3aIiil MpyBaTOKCHIa3H HATAII
OyJ10 BUKOPHUCTAHO METO/ IMMOO1TI3aIlii 3a yJac-
TI0 PVA-SbQ.

[Ticas uporo Oyno nmepeBipeHO e(hEeKTUBHICTD
MeTony iMMoOiTi3anii 3a yyactio PVA-SbQ ans
OioceHcopa Ha OCHOBI JlakTaToKcuaa3u. Poboui
XapaKTepUCTUKU 010CEHCOPIB CYTTEBO HE BiIpi3-
HSUIMCH BiJ] 610CEHCOPIB HAa OCHOBI JIAKTATOKCUAA-
3", iIMMOO1TI30BaHO1 [Ty TapOBHUM ajbjaerigom. Oj-
HaK OCKUIbKH MipyBaTOKCH/1a3a OUIBII Yy TIMBA JI0
yMOB iMMoOii3altii, Oy;0 06paHo OonTUMaIbHUAN
BapiaHT iMMOO1TI3amii ;s IbOTO eH3uMYy. Tomy
U1 iMMOO1Ti3anii B OJHAKOBUX yMOBaX HaMu
Oys10 00paHo IMMOO1TI3aIlII0 €H3UMIB 32 YYacTIO
PVA-SbQ.

3anexcnicmo pobomu 6iocencopie 6io pH
oyghepnozo po3uuny

Sk BimoMo, KOXeH eH3uM Mae pH-ontumym
cBo€i pobotu. BiamoBigHo, Ayis onTuMizartii po-
00TH 610CEHCOPHOT CHCTEMH HEOOX1THO OYIT0 Mifi-
Opatu Takuii aiana3oH pH pobodoro Oydepa, npu
SKOMY IMMOO1Ti30BaHi JIAKTaTOKCHa3a Ta Mipy-
BaTOKCHAa3a OyIyTh MpalioBaT 3 HaOUIBIIO0
e(hEeKTUBHICTIO.

Tabmmus 1

IHopiBHAHHSA XapaKTepUCTHK 0i0oCeHCOPIB HA OCHOBI MipyBaTOKCHAa31, iMMOOLITiI30BaHOI 32 10-
MOMOI010 Pi3HMX MeTOIiB

Mertox iMMoOii3arii
AHANITUYHI XapaKTEePUCTHKH Azcopbuist | 3axoreH-
. 3mmBaHHg | 3MIUBaHHSA
GioceHcopa Ha us B PVA-
I'A (0,15%) | TA (0,35%) o
CHITIKAJITI SbQ
UyTnmuBicTh, HA/MM 23,6 2,9 11,5 23,7
Jlinifiau#t giama3zon podorn, MM 0,16-4 0,31-11 0,08-6,7 0,01-5
MiniMalbHa MexKa BU3HaYeHHs, MKM 9 170 6,0 5,1
BepxHs Mexxa THHaAMigHOTO
. 11,1 17,0 8,1 6,8
niamasoHy po6oTtu, MM
[Iym 6a30B01 JiHil, HA 0,11 0,13 0,06 0,095
[orpimuicTs BUMiproBaHH, % 16,78 55,43 11,68 6,2
Hpetid 6a3zoBoi miHii, MKM/XB 0,02 0,07 0,05 0,005
Bennuuna Bigryky 6ioceHcopa micis
48,82 70,97 83,61 90,2
2 romuH Oe3nepepBHOI poboTH, %o
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Sk Bimomo, pH-onTuMyM A BITbHUX Ta M-
MOO1J1I30BaHUX €H3UMIB MOXE CYTTEBO BIAPI3HSI-
TUCS Y KUCITY a00 JIy’)KHY CTOPOHU. OCKUTBKH MU
3aCTOCOBYEMO IMMOO1ITI3AIli0 Y [Iapi MoJiMepy,
a JIiTepaTypHi JIaHi [l BUKOPUCTOBYBAaHUX HAMU
€H3UMIB JIAKTaTOKCHIa3H Ta MipyBaTOKCHUIA3H T1e-
PEBAYKHO CTOCYBAJIMCh KOBAJICHTHOTO 3IIMBAHHS,
HEeoOX1JTHO OyJI0 EPEeBIPUTH YU € CYTTEBA 3aJIEK-
HICTB BIATYKY 6ioceHcopa Bia 3minu pH Oydepy,
NpUHAWMHI y Jiana3oHi, IKUM O4iKy€eTbCs s
peanbHUX 3pa3KiB.

Tomy Hamu Oysi0 BU3HAUEHO ONTHUMAJIbHE 3HA-
yeHHs1 pH poGoudoro Oydepy s 000X eH3UMIB Y
iMMoO1TI30BaHOMY cTaHi. s 1iporo Oyio mpo-
BEJICHO BUMIPIOBAHHS BEIMUYUHHU BIATYKY 010CEH-
copa y posunHax i3 3minauM pH (Puc. 2). [{ns
OTO OyJ7I0 BUKOPHCTAHO 0AaraTOKOMITOHEHTHHIA
(“momimikc”) Oydep (50 MM NaH,PO,; 50 MM Te-
Tpabopary Harpito; 50 MM Tpic; 50 MM nTUMOHHOT
KHcoTH) 13 pizHuM 3HaueHHs pH. IlipyBarokcu-
nasa Oyrna iMMoOiTi3oBaHa B moimepi PVA-SbQ,
JIAKTAaTOKCH/1a3a — KOBAJIEHTHUM 3IIIUBAHHSM TITy-
TapOBUM aJIbJIET1IOM.

T T T T T T
350 | 22

300 4
250
200 [ 12

150

Bigryk Ha naktaT, HA

100 i s

VH ‘LegAdiu eH yAITg

50

0 : : : : . : 0
6 7 8 9

pH pobouoro 6ydepy

Puc. 2. Kpuga 3aJie:kHOCTi Biaryky MoHoOioceHco-
piB AJs1 BU3HaYeHHs Jgakrary (1) Ta nipyBary (2)
Big pH po3umnny. bBiocencop Ha ocHOBI nmipyBaToK-
cuiasu npauwosas y 50 MM 6ararokoMInoHeHTHOMY
oydepi, 3 nonaBanusam 125 mxM Mg**, 500 mxM
TII®, Ta 7,5 MM nipyBary. Biocencop ans gakra-
TOKCUIA3U — B TakoMYy 3k Oydepi, 0e3 nonaBaHus
Mg* ta TII®, 3 1 MM aakrary.

Ontumym s iMmoO1ii3oBanoi B PVA-SbQ
mipyBaTokcuaasu ckias Bix 7,1 g0 8,1. Onrumansb-
HUH Jiana3oH 3HadueHb pH ans makraTokcuaasu
MMOYMHABCA Bij 7, HOCSTAIO4H MKy OIU3bKO 7,7.
Aune ockinpku 0610CE€HCOpPHA CHCTEeMa MpHU3Hava-
Jach JIJIs BUMIPIOBAaHHSI CHPOBATKU KPOBi, OyI0

20

BUPIILICHO HaJaJli IpaioBaru 3 pozunHom pH 7,4
AKUHW BiAMoBiAa€e ¢izionoriuHomy. TakuM YMHOM
ONITUMAJTbHI XapaKTEPUCTHUKU O10CEHCOPIB BKITIO-
YaloTh BECh Jiana3oH 3HaueHHs pH KpoBi, K B
(1310J10T1YHOMY, TaK 1 B MMATOJIOTIYHUX CTaHAX,
KM KonuBaeThesd Big 7,3 10 7,5.

Bnnue o6ygpepnoi emnocmi na pooomy
Oiocencopnoi cucmemu

Ocki1bKH O10J0TIYHUM CHCTEMAM y BaXKKUX
MaTOJIOTIYHMX CTaHAX BJIACTHBA 3MiHa OyepHOro
OaJlaHCy, @ XapaKTEepUCTUKUA POOOYOr0 POZUHHY
€ oHUM 3 (paKTOpiB, IO MOXKYTh BILJIMBATH Ha
po6oTy 6i0CEHCOPHOI CHUCTEMH, MTOTPIOHO OyI10
3HAMTH ONTUMAIBHUM Aiana3oH OydepHoi EMHOCTI
po6odoro po3unHy, oo ii KOJIMBaHHS HE BILIMBA-
JIY Ha OJTHOYACHY pOOOTY KOXKHOTO 3 610CEHCOpIB
B ckiazi cuctemu. byno mokazano (Puc. 3), mo
BIATYKU 010CEHCOPIB MPAKTUYHO HE 3ajieXkaTh
B1Jl KOHIIEHTpaIlii OyhepHOTr0 pO3YMHY MPH KOH-
ueHrpaisx oydepy Oinbme 4 MM. Tomy oOuaBa
OloceHCcopH Ta CUCTEMA, 10 3 HUX CKIIAAEThCA,
MOKYTh BUKOPHCTOBYBATUCH ISl BUMIPIOBAHHS
3pasKiB 3 pi3HOIO Oy(hepHOI0 EMHICTIO.

T —
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Biznryk GioceHcopa Ha naktar, %
Bigryk 6ioceHcopa Ha nipysart, %
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Puc. 3. 3anexHicTs BiIryky MoHoOioceHcopa Ha
ocHoBIi JakTaTokcuaa3u (1) Ta mipyBaTrokcuaasu (2)
Bil KoHIeHTpalii OypepHoro po3uuny. Konuenrpa-
uii cyocrparis: 0,5 MM jgakrary Ta 1 MM mipyBary.
BumiproBanus nposoauincs 0ygepi HEPES piznux
KoHUeHTpaniii, pH 7,4, y npucytHocTi 125 MxM
Mg*, 500 mxM TI®, 20 MM ioniB ¢ochopnoi kuc-
JIOTHU 32 NocTiiiHOro moreHuianay +0,6 B BinHocHO
Ag/AgCl enexkTpoaa NopiBHAHHSA.
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Bnaue ionnoi cunu na pooomy édiocencopnoi
cucmemu

VY peanbpHHX 010JIOTIYHUX 3pa3Kax, 30KpeMa
B CHPOBATIIl KPOBI, IPUCYTHS BEJIMKA KITBKICTh
ioHiB, 30kpemMa K*, Na*, Mg*" , CI, iHm1i ioHu op-
raHIYHUX Ta HEOPTaHIYHHUX KHUCJIOT Ta iH. Takox
10HHUH CKJIaJl KPOBI MOXKE CYTTEBO 3MIHIOBATHCH
i yac pizHUX (i310JI0TTYHUX Ta 0COOIMBO MATO-
noriunux nporneciB. Tomy Hamu Oy0 TpOBEIEHO
JTOCHTIPKeHHS CTa0lIbHOCTI BIATYKIB O10CEHCOPIB
B YMOBAaX Pi3HOT 10HHOI CHJIM PO3UUHY.

ExcriepiMeHT pOBOAMIH TOAABAHHSAM JI0 PO-
00401 KOMipKH KOHIIEeHTpoBaHUX po3unHiB NaCl
pizHoro 06’emy (Puc. 4). Konnenrpauii NaCl Bu-
OuMpannch 3 BpaxyBaHHSM MOXJIMBHX BapiaHTIB
PO3BEJICHHS peaJbHUX 010J0TIYHUX 3Pa3KiB.
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Puc. 4. 3ajexHicTh BeTHYNHH BiATyKiB MOHO0IO-
ceHCopiB HAa oCHOBI JakTarokcuaasu (1) Ta mipy-
BaTOKCcUAa3U (2) Big ioHHoi cuin po3unny. Kou-
HeHTpanis Jakraty cranoBuia 1 MM, mipyBary — 1
MM. BumiproBanns npooauiaucst y 25 MM HEPES
oy¢epi, pH 7,4, y npucyrnocti 125 mxM Mg, 500
MKM TII®, 20 MM ioHiB pochopHOI KHCJIOTH; 32
nocTiiiHoro nmorenuiaay +0,6 B Binnocno Ag/AgCl
eJIeKTPOo/Aa NMOPiBHAHHSA.

3Ha4HOI PO301KHOCTI BITYKiB Oi0ceHcCOopa Mpu
pi3Hux KoHueHTpauisgx NaCl He crocrepiraiocs.
Lle cBiTUHUTH PO MOXKITMBICTH BUKOPUCTAHHS JTaHO-
ro GioceHcopa i1 aHami3y O10JIOTIYHUX PiIKH, 0
XapaKTepHU3yIOThCs BapiaOeIbHOI0 10HHOKO CHIIOKO.

Ilepexpecnuii 6naue cyocmpamis diocencopie
Ha pooomy diocencopHoi cucmemu

Sk BiIOMO 3 JiTepaTypH, MipyBaTOKCHIa3a HE
MIPOSIBIISIE CYOCTPATHOI CTICIIU(IUHOCTI JI0 JTAKTaTy,

a JTaKTaTOKCHa3a — JI0 mipyBaty. TuM He MEHIIL,
OCKIJIbKH 010CETIEKTUBHI €JIeMEHTH 010CEHCOPHOIT
CHCTEMH TTOBHHHI MTPAIIOBATH OJIHOYACHO B OJTHO-
MYy 1 TOMY K CEpPEeIOBHILI Ta 3a OAHAKOBHX YMOB,
HaMu OyJI0 IpoaHalli30BaHO NEPEXPECHUN BILIUB
CcyOCTpaTiB MOHOOI0CEHCOPIB Ha BEIMUMHY iX BijI-
rykiB. Byno nokaszano, 1o Ha BiAryk 6ioceHcopa
JUTs. BU3HAYEHHS TipyBaTy HE BIUTMBAE HAasIBHICTD
nakrary (2 MM) y BUMIiprOBabHIli KoMipii. AHa-
JOT1YHO, HasIBHICTH TipyBaty (2 MM) He BITUBa€e
Ha poOoTy OGloceHcopa JyIsl BUSHAYCHHS JTIaKTaTYy.

KpiM TOT0, OCKIJIbKH O10CEHCOp /1711 BU3HAYCH-
HS TipyBary noTpedye 3acToCyBaHHs KO(aKTOPiB,
a came 10HIB (PochOpHOi KUCITOTH, 10HIB MarHiIO
Ta TiamiHmipodocdary, OyJI0 TaKOX MepeBipeHO
X BIUTUB Ha MOHOOIOCEHCOp ISl BU3HAUYCHHS JIaK-
taty. s 1poro Oyso oTpuMaHO KajiOpyBajbHI
KPUBI JIJIS1 BU3HAYCHHS JIAKTATY Y YHCTOMY Oydepi,
a Takox y Oydepi 3 nogaBanHsM Kodakropis (Puc.
5). Kani6pyBanbpHi KpuBi OyJiM OJHAKOB1 He3a-
JISKHO BiJ] HAIBHOCTI UM BiJICYTHOCTI KO(haKTOPIB,
TOMY MO>XHA 3pOOUTH BUCHOBOK, 110 HASIBHICTH Y
po6ouomy Oydepi kopaKTOpiB MipyBATOKCUIAZH
HE BIUIMBA€ Ha BIATYK Oi0ceHcopa A BU3SHAYCH-
HS JTAKTATY.
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Puc. 5. KaniopyBajabHi KpuBi 1)1 BU3HAYEHHS
JJAKTATy OioceHcopa Ha OCHOBI JIAKTATOKCHIA3H,
orpumani: (1) B 25 MM 0Oy¢epi HEPES, pH 7,4; (2)
B 25 MM 0Oydepi HEPES, pH 7,4 3 nonapannsim 20
MM ioHiB ¢ocdopHoi kuciaoru; (3) B 25 MM Oydepi
HEPES 3 nogpaBanusim 20 MM ioHiB ¢ocdopHoi
KkuciaotTu, 125 MM Mg* Tta 500 mxM TI®. Bumi-
PIOBaHHS NPOBOAMJIUCH 32 MOCTII{HOrO MOTEeHUiaxy

+0,6 B BinnocHo Ag/AgCl enexTpoaa NopiBHAHHSA.
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TakuMm YHHOM, TIPY MOETHAHHI B CHCTEMY ISt
OJTHOYACHOI poOOTH, CyOCcTpaTH Ta KOhakTopH o11-
HOTO MOHOO10CEHCOpa HE BIUIMBAIOTh Ha POOOTY
HIIIOTO MOHOOI0CEHCOpa, a OTKE, O10CEHCOPH MO-
KYTb TIPAIFOBATH B CKJIJi CHCTEMH B OJTHAKOBHX
yMOBaxX Ta €IUHOMY Oy(hepHOMY PO3UHHI.

Biomeoproeanicmoe ma onepauiiina cmaoino-
Hicmb 8I02yKi6 DioceHcopie

BaxxnuBum nokasHuKoM poOOTH 010CEHCOPIB €
BIJITBOPIOBAHICTh BIATYKIB. TOMYy MU OTpUMYBaJIH
BIATYKH Ha CyOCTpPaTH MPOTATOM KIJTBKOX T'OJWH
6e3nepepBHOi poOoTH. OHE BUMIPIOBaHHS BlJI-
T'YKy 3aiiMajio 5 XB., TPOMIDKOK MIDK HUMH — 4-5
XB., 32 IIel yac 010CEHCOpH BIIMHUBAIIU Bijg CyO-
CTparTiB, KUJIbKa pa3iB 3MIHIOIOYH poOoUunii Oydep.
[TomiTHOTO MamiHHSA BiATYKiB 32 20 BUMIpIOBaHb
He Bi0yBaJoOCh; BIIHOCHE CepeIHbOKBAPATUIHE
BIIXUJICHHS BIATYKIB Ha JIAKTAT B CEPEAHbOMY
crtanoBuiio 5,0 %, a Ha mipyBat — 6,2 %. Takum
YUHOM, O10CEHCOpHA CHCTEMa BIITBOPIOBAHO TIpa-
I}OBaJIa 3 MOJICJIbHUMHU PO3YMHAMU CyOCTpariB.

TakoX BaXKJIMBUM IMOKa3HUKOM PoOOTH 010-
CEHCOPHOI CHCTEMHU € MOXJINBICTh BUKOPHCTAH-
HS il TPOTATOM TPUBAJIOTO Yacy. TepMmiH poboTu
OioceHcopa 0OMEXY€EThCS TIEPEBAXKHO TEPMIHOM
30epiranHs 010CEIEKTUBHOTO eIEMEHTa, OCKUTBKU
¢di3uuHa yacTuHa Ol0CEHCOpa MOXKE 30epiraTu-
Csl MpakTUYHO HeoOMexeHuil vac. [loctynoBo
iMMOO1Ti30BaH] €H3MMH BTPA4YalOTh aKTUBHICTB,
II0 3PEIITO0 MPU3BOIUTH JI0 BTPATH Uy TJIMBOCTI
6ioceHcopa 110 cyoctpariB. Tomy HacTymHHM eTa-
1IOM Haroi poOoTH OyI10 BU3HAYEHHS OTlepariiiHoi
cTabuibHOCTI O6i0ceHcopHoi cuctemu. [Iporarom
JIHS MM OTPUMYBaJIM 3 BIATYKH Ha BiIMOBiAHI
cyoctparu. Y nepepBi Mk BUMIpIOBaHHIMHU 0i0-
ceHcopu 30epirayimch B cyxoMy ctani mpu +4°C.
Pesynpratn ekcniepuMeHTIB IpoTaroM 14 nHiB
npencTasieHi Ha Puc. 6.

byno nokazano, 1110 MOHOOIOCEHCOD ISl BU-
MIpIOBaHHS JIAKTaTy HE BTPATUB aKTUBHOCTI IiCIIS
14 nuiB 306epiraHHs B cyxomy ctaHi npu +4 °C,
TOJI1 SIK O10CEHCOp /I BUMIPIOBAHHS IMIPyBaTy HA
14 nenp 30epirae 82,3% akruHocTi. L{e cBiAUNTH
PO HEOOX1THICTh KaiOpyBaHHs 010CEHCOPIB ITic-
751 30epiraHHs MPOTATOM Mepioay OLIBIIOro HIX
JIBa THXKHI, a TAKOXK PO TIipIry cTaObUIBHICTH Ti-
PYBaTOKCH1a31 y MOPIBHSHHI 3 JJAKTaTOKCH1A3010.
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Puc. 6. CradinbHicTh Biarykis 6ioceHcopiB Ha 0CHO-
Bi JJakTaTOKCHAA3U Ta mipyBaTokcuaasu Ha 1 MM
JIAKTATy Ta mipyBaTy BilnmoBigHo npotsirom 14 nHiB.
BumiproBanns nposoauaucs y 25 MM HEPES 0y-
¢epi, pH 7,4, 3a nocriiiHoro morenuiaay +0,6 B
BigHocHO Ag/AgCl enexkTpona NopiBHAHHS, 3 /10-
naBanHam 125 mxM Mg, 500 MmxM TII®, 20 MM
ioniB ¢ocdopHoi kucaoTU. YMOBHU 30epiranis — B

cyxomy ctani npu +4 °C.

Ananimuuni xapaxmepucmuku 6iocencopHoi
cucmemu 0J1s 6U3HAYEHHA NIPYy6amy ma 1aKmanty

[Ticast po3pobku Ta ontumizamnii podoru Gio-
CEHCOPHOT1 CUCTEMHU HEOOX1THO OyJI0 BU3HAYUTH
il OCHOBHI aHaNITHYHI XapakTepuctuku (Tabm.
2). MiHnimManapHa MeXa BUMIpPIOBaHHS JIAKTaTy,
sIKa BUMIPIOBAJIACh SIK KOHIICHTPAIIisl JIAKTATY, 110
MPU3BOJIUTH JI0 BIIYKY OioceHcopa B TpU pasu
OUTBIIOTO 32 BEJIMYMHY IIyMy 0a30Boi JiHii, CTa-
HOoBUJIa 3 MKM, MiHIMaJIbHa Me€Xa BUMIPIOBaHHS
nipyBary — 5 MKM. Mexa BUMIpIOBaHHS HECYTTE-
BO 3MIHIOBAJIaCh B 3aJIKHOCTI BiJ] KOHKPETHOTO
Oiocencopa. JliniitHui niama3oH poOOTH Ol0CEH-
copa JUIs BU3HAYEHHsI JIaKTaTy CKJIaJaB Bil 5 MKM
10 1000 MkM, 9yTJIMBICTh JIO JIAKTATy CTaHOBH-
na 204 HA/MM. JlinifiHuii giana3oH OioceHcopa
JUIs BU3HAYEHHs MipyBaTy ckianas Big 10 MkM
10 5 MM, 4yTIuBICTH 70 MipyBaTy CTaHOBHJIA
24 HA/ MM.

B nopaneiomy 6i0ceHCOpHY CUCTEMY IIJIaHy-
€THCSI BUKOPUCTOBYBATH ISl KIIIHIYHOI JiarHOC-
THUKH KOHIICHTpAIlii JaKTaTy Ta mpyBary B 010J10-
rYHUX piAMHAX, 30KpeMa cupoBarii kposi. Kon-
HeHTparis Jakrary B kposi 0,5 10 2,2 MMonb/1 y
HOpPMaJIbHUX YMOBAaX, IIPU MaTOJIOTIYHUX CTaHaX
MOXe 3pOCTaTH A0 5-8 MMOJIb/JI, B 0COOIMBO BaX-
Kkux craHax 10 10-12 mmouns/m.
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Tabmms 2

OcCHOBHI aHAJIITHYHI XapaKTepPUCTUKHU 0i0CEHCOPHOI CHCTEMHM.

. biocencop a4 biocencop ans
AHaliTH4HA XapaKTepUCTUKA )
BU3HAYCHHS MMPYBaTy | BU3HAYCHHS JIAKTATY
MiniManbHa MeXa BU3HAYCHHS
5 3
cyocTparty, MKM
Jliniitnuii giana3ox, MKM 10 - 5000 5-1000
BiarBoproBaHicTh (BiTHOCHA
CepeIHbOKBAPATHYHA PO301KHICTB) 6,2 5,0
BIJI'YKiB OioceHcopa, %
UYac anamisy, XB. 5 5
CrabinpHiCTh U 30€piranHi, THXKHI >?2 >2

KonrnenTpariis mipyBaTy y KpoBi y HOPMi CKJIa1a€e
Bix 40-50 1o 100 MKMOMNB/T, IPU MATOJOTTYHHX
cranax 3poctae 110 200-250 mxmons/in. Tomy He-
00xigHO Oys0 mimiOpaTy Ty KOHIIEHTPAIII0 PO3-
BeJIcHHs Oiomarepiany (CHpPOBAaTKH KpOBI), MpU
SIKIi MOJKHA OIIIHUTH KOHIICHTPAIIIIO 5K JIAKTary,
TaK 1 MmipyBary 3a yMOB OJJHOYaCHOTO BUMIipIOBaH-
Hs1. OCKUIBKM KOHLIEHTpALi] JIaKTaTy Ta MipyBaTy
B CHPOBATII KPOBI CYTTEBO BiPI3HAIOTHCS, HAMU
Oyno Bubpano possenenns 1:10. ITpu mupomy po3-
BE/ICHHI1 BPaXOBY€ThCS BECH J1ara30H MOXKIMBUX
3HAYCHb IIPYBaTy, Ta Jiala30H 3HAYCHD JIAKTATY
Bix 0,5 1o 10 mmons/n. [Ipu nepeBuIieHH1 KOH-
HeHTpaii JakTary y npo6i 10 MMoss/m, ciif mpo-
BECTH MOBTOPHE BUMIPIOBAHHS 3 OLIBIINM PO3-
BEJICHHSIM.

4. BUCHOBKHA

B po6oti po3pobieHo ammepomMeTpudHy 0i0-
CEHCOPHY CHUCTEMY ISl OTHOYACHOTO BUMIpPIOBaH-
HS KOHIICHTpAILi} JTaKkTaTy Ta mipyBary B 0ioJoriv-
HUX pinuHax. /{7 moeHaHHS MOHOOIOCEHCOPiB
y cucTemMy OyJio ONTHMI30BaHO Ta yHi()iKOBaHO
METOJIM BUTOTOBJICHHSI 010CEHCOPIB Ta MTapaMeTpu
pobodoro po3unHy. byno nmpoBeneHO MOpiBHSAHHS
€(eKTUBHOCTI PI3HUX CIIOCO0IB IMMOO1TI3aMi] Mi-
pyBatokcuaasu. [lokazaHo, 1o 3mMiHa mapameTpiB
po6odoro po3unHy (Takux sIK 10HHA cHJja Jia-

na3oHi 1-50 MM NaCl Ta koHIIeHTpaIis poooJo-
ro Oydepy B aiamazoHi 2-25 MM) He BIUIMBa€ Ha
poboTty OioceHcopHoi cuctemu. BusBieHo, 1o
pH ontumMym pobGodoro po3duHy i poOOTH 1M-
MOO1TI30BaHUX €H3UMIB JIXKHTH Y Jliara3oHi Big 7
710 8 Ta MIAXOAUTH JJIsi BUMIPIOBAHHS 010JI0TTYHUX
3pa3kiB. [IpogeMoHCTpOBaHO BiJICYTHICTH Mepe-
XPECHOTO BIUIUBY CyOCTpaTiB MOHOO10CEHCOPIB, a
TaKOX BIUIMBY KOHLIEHTpallii KO()aKTOpiB Ta KOM-
MOHEHTIB Oy(hepHOTO PO3UHHY.

Biocencopna cucrema BijJ3Hayagach BUCO-
KOO BIJITBOPIOBAHICTIO BIJT'YKIB Ta OMEPaIIfHOIO
cTa0inpHIcTIO. JIIHIAHWN Aianma30H BU3HAYEHHS
nakTary ctaHoBuB Bifg 5 MKM 1o 1000 MxM, BH-
3HaueHHs MipyBary - Big 10 MkM 1o 5 MM, 3 miHi-
MaJIbHOIO MEKEI0 BU3HAYEHHS JIaKTaTy — 3 MKM,
nipyBaty — 5 MKM. [IpornoHoBany Gi0oCE€HCOpHY
CUCTEMY B IOJIAJIBIIIOMY IUIAHY€ETHCS BUKOPHUCTO-
BYBAaTH JJI BUMIPIOBAHHS JIAKTaTy Ta MipyBaTy y
peanbHUX 3pa3Kax CUPOBATKHU KPOBI Ta aJanTyBa-
TH /11 BAKOPUCTAHHS Y KJIHIYHIHM 1arHOCTHULIL.

HOJSAKA

Po6ora BukoHaHa 3a (iHaHCOBOI MIATPUMKHU
HAH VYkpainu B pamkax KOMIUIEKCHOI HayKOBO-
TexHI4yHO1 nporpamu «CeHCOpHI MpuiIagu ais
MEIMKO-EKOJIOTIYHUX Ta TMPOMHCIOBO-TEXHOIIO-
TYHUX MOTped: MeTposoriyHe 3a0e3MeUeHHs Ta
JOCTI/IHA eKCILTyaTaLis.
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Summary

Measurement of the lactate and pyruvate levels is of great importance in clinical practice. In par-
ticular, it can be used for diagnostics of lactic acidosis during, respiratory alkalosis, and other illnesses.
The biosensors are promising devices for the determination of lactate and pyruvate concentration.

Aim. The development of a biosensor system for simultaneous analysis of lactate and pyruvate;
selection of optimal conditions for integration of monobiosensors in a single measuring system.

Methods. An amperometric method of analysis was used. Amperometric transducer based on plati-
num disk electrode, auxiliary platinum electrode and Ag/AgCl reference electrode were connected
to PalmSens potentiostat (the Netherlands) by three-electrode measuring circuit. Immobilization of
lactate oxidase and pyruvate oxidase on the surface of amperometric transducer was carried out in the
PVA-SbQ polymer network.

Results. The biosensor system was characterized by high reproducibility and good operational sta-
bility at storage over 14 days. There was no significant effect of changes in ionic strength and buffer ca-
pacity of buffer solution on biosensor work. The pH optimum of the working solution for immobilized
enzymes was found to range from 7 to 8, which is suitable for measurement in biological samples. The
linear range of detection of lactate is 5 uM - 1000 uM, of pyruvate 10 uM - 5 mM, minimum detection
limit of lactate - 3 uM, pyruvate - 5 pM.

Conclusions. A biosensor system for the simultaneous determination of lactate and pyruvate con-
centrations was developed. It can be further used for the substrates detection in real biological fluids.

Keywords: lactate, pyruvate, biosensor system, immobilized enzymes, lactate oxidase, pyruvate
oxidase
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PO3POBKA AMIIEPOMETPUYHOI BIOCEHCOPHOI CUCTEMM JIJIsI
OJHOYACHOI'O BUMIPIOBAHHA ITTPYBATY I JIAKTATY

2

A. B. Tononvnirkosa', JI. B. Knusicnukosa?®, 1. C. Kyuepenxo', C. B. [[3a0esuu’?, O. O. Conoamxin’

! TucTuTyT MOJIeKyIsipHOT Oiosorii Ta renetrkd HAH Vkpainu, By, 3a6onoraoro, 150, 03148,
M. KuiB, Ykpaina, e-mail: topolnyk.ya@gmail.com
2 KuiBchbkuii HallioHANBHU yHIBepcuTeT iMeHi Tapaca IlleBuenka, Byn. Bonogumupceka, 64, 01003,
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Pegepar

BumiproBaHHs piBHS JIaKTaTy Ta MipyBaTy € BOKJIWBHUM Y KIIHIYHINA TPAKTHUIl, 30KpeMa IS Jia-
THOCTHKH JIAKTATalU103y MPH HEBIAKIIQJIHUX CTaHAX Ta PECIipaTOpHOro ankano3y. Ha cboroai icHye
0araro MeTOJMK BU3HAUEHHS KOHIIEHTpALii JJaKTaTy Ta MipyBary, OAHAK HaHOUIbLIY TOYHICTh 3a0€3-
MeYYI0Th 010CEHCOPHI TEXHOJIOTI1, SIKi € BUCOKOCEIIEKTUBHUMH, HE TTOTPEOYIOTh MOMEepPeaHbOT PoOo-
MiATOTOBKH, a TAKOX MPALIOIOTh B PEXKHUMI PEabHOTO Yacy.

MeTtoro nanoi podoTu Oyrna po3poOka 010CEHCOPHOI CUCTEMH JIJIsi OJTHOYACHOTO BUMIPIOBAHHS
JIAKTaTy Ta MipyBaTy, MiA0ip ONTUMAIbHUX YMOB JUIS TIOE€HAHHS MOHOOI0CEHCOPIB Yy O10CEHCOPHY
CHCTEMY Il OAHOYACHOTO BUMIPIOBaHHS JIAKTATY Ta MipyBary.

Metoau nocainkenHs. B po0oTi BUKOPUCTOBYBaJIM aMIEpOMETPUYHHIA METO/] aHali3y. AMIepomMe-
TPHUUHI MIEPETBOPIOBaYl HA OCHOBI IUTATUHOBUX JHCKOBUX €NIEKTPO/IIB, TOMOMIKHUMN IIIATUHOBHM €JIeK-
Tpon Ta Ag/AgCl enekTpoa MOPIBHSHHS 32 TPUETICKTPOIHOK CXEMOKO BUMIPIOBAHHS ITiJ1’ € THYBAJIUCH
1o norenuiocrary PalmSens (Hinepiannan). ImmoOiuni3anis 1akTaTokcHaa3u Ta MipyBaTOKCUAA3H Ha
MMOBEPXHI aMIIEpOMETPUYHOTO MEePETBOPIOBaYA 3/IHCHIOBAIACH 32 JOTIOMOTOI0 iIMMOO1TI3aIlii y CITIT
noiimepy PVA-SbQ.

PesyabraTn gocaigxenns. bioceHcopHa cucTeMa XxapakTepu3yBajlach BUCOKOIO BIITBOPIOBAHICTIO
Ta J0OPOIO OTEpaIlifHOIO CTAOLTBLHICTIO MPH 30epiranHi npoTsaroM 14 mHiB. Byno mokazaHo BiJICyTHICTh
CYTT€BOTO BIUIMBY Ha poO0Ty 6i0oCeHcopa 3MiHH TaKUX MapaMeTpiB OypepHOro po3unHy sK i0HHA CHJIa
Ta OydepHa emHicTh. BusBieno, mo pH ontumym pobodoro Oydepa ajist iMMOO1TI30BaHUX €H3UMIB
JISKUTH y Jiana3oHi Bix 7 70 8 Ta mMAXOAUTh AJIT BUMIPIOBaHHS O10J0TIYHUX 3pa3KiB. JIiHIMHMI mia-
Ma30H BU3HAYCHHS JIAKTaTy CTaHOBUTH BiJl 5 MKM 10 1000 MmxM, BuzHaueHHs mipyBary — Big 10 MM
110 5 MM, 3 MiHIMaJIbHOIO MEKE€I0 BU3HAYEHHSI JJakTaTy — 3 MKM, nipyBaty — 5 MKM.

¥Y3arajibHeHHs] Ta BUCHOBKHU. Po3po6iieHo 06i0ceHCOpHYy CHCTeMY Ui OTHOYACHOTO BU3HAYEHHS
KOHIIEHTpAII} JIaKTaTy 1 mipyBary, SKy MOXHA B TOAAJIBIIOMY BUKOPHCTOBYBAaTH BUMIPIOBAHHS CyO-
CTpaTiB B peaIbHUX O10JIOTTYHHUX PiAMHAX.

KurouoBi ciioBa: nakrar, mipyBar, 610C€HCOpHA cucTeMa, IMMOO1Ti30BaH1 (hepMEHTH, JIAKTAaTOKCH-
Ja3a, mpyBaTOKCHIa3a
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DEFORMATION MODULATION OF ELECTRONIC STATES IN LAYERED CRYSTALS
Y M. Stakhira

Abstract. The paper analyzes the changes in electronic states of a layered crystal caused by shear
deformation of layers under action of the force consisting of both constant and harmonic components.
It is shown that such deformation can change the component of lattice spacing by the magnitude of
one layer thickness. In the frame of adiabatic approximation of the perturbation theory it is calculated
the electronic states, whose degeneracy is removed by deformation perturbation, as well as the time
moments of realization of degeneracy removal.

Keywords: layered crystals, shear deformation, modulation of electronic states

JE®OPMAIIIMHE MOJIYJIIOBAHHS EJTEKTPOHHUX CTAHIB Y IIAPYBATHUX
KPUCTAJIAX

HU. M. Cmaxipa

AHoTaniss. AHATI3YIOTbCSA 3MIHU CTPYKTYpPU €IEKTPOHHUX CTaHIB IIapyBaTOro KpUcCTaja, 3yMOB-
neHi aedopMalliero 3CyBy MIApiB, KA 3MIACHIOETHCS CYyMOIO CTalOi 1 TApPMOHIYHOI CKJIaJOBUX CHIIH.
[Tokazano, mo Taka aedopMmaliisi Kpucrajaa MOXe 3MIHIOBATH CKIIAJOBY MEpPioy IPAaTKU HA TOBIIHHY
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mapy. B agiaGarnunomy HaOnmxeHH1 Teopii 30ypeHb BCTAHOBJIECHI eHEPTETHYHI CTaHU, BUPOKEHHS
SKHUX 3HIMa€eThCs feopManiiHuM 30ypeHHIM, 1 MOMEHTH Yacy Horo peasnisarii.
KuarouoBi ciioBa: mapyBari Kpuctaid, AedopMariis 3CyBY, MOIYJISLIS €JIEeKTPOHHUX CTaHIB

JTE®OPMAIIMOHHOE MOAYJIMPOBAHUE SJIEKTPOHHBIX COCTOSHUM
B CJIOUCTBIX KPUCTAJIJIAX

U. M. Cmaxupa

AHHOTAaNUsA. AHATU3UPYIOTCS U3MEHEHUS CTPYKTYPBI AJIEKTPOHHBIX COCTOSIHUM CIIOMCTOTO KpUC-
Taja, o0ycloBIeHHbIe AedopMalell cBUra CiIoeB, KOTOpas COBEPLIAETCS CyMOM MOCTOSHHOM U
rapMOHHYECKON cocTaBisomux cuibl. [lokazaHo, 4To Takas nedopmanus KpUcTauia MOXKET U3Me-
HATHh COCTABIISIOUIYIO MEPUOJA PEIIETKH Ha TOJIIMHY cios. B aanabarnueckoM NpuOIMKEHUH Te-
OpHUH BO3MYILECHHUN YCTAHOBIIEHBI YHEPreTUYECKUE COCTOSHHUS, BBIPOJKICHUS KOTOPBIX CHUMAETCs
ne(pOpMallMOHHBIM BO3MYIIEHHUEM, U MOMEHTHI BDEMEHHU €T0 PeaTn3aliyH.

Ku1roueBble cj10Ba: CIIOMCTBIE KPUCTAIUIB, Ae(OpMAaLisl CIBUTA, MOIYJISLNS IEKTPOHHBIX COCTOSTHUI

The presence of layers in the crystal structure
of layered of crystals as their structural elements
causes certain features of electronic properties
of these materials. They are clearly displayed in
the electron transfer phenomena and the struc-
ture of interband and phonon absorption spectra.
The role of layers, as structural elements bring-
ing forth the adequate spatial dependence of a po-
tential, in forming the peculiarities of electronic
properties depends on the structure of the layers
and interaction between them. A separate layer in
these crystals can have complex multilevel struc-
ture which is formed by the intense interatomic
interaction [ 1, 2] which leads to a certain isolation
of the layer. This property is manifested in the re-
sidual interaction between the adjacent layers and
conservation of their structure in a wide range of
external influences. It is clearly displayed during
the actions of external deformation forces on the
layered crystals [3-6]. The characteristic changes
in the set of electronic states of layered crystals,
arising from deformation of these materials, are
resulted from the changes in the interaction be-
tween the layers due to approach and relative
shift of the layers. This work is devoted to analy-
sis of the changes, caused by deformation, in the
structure of electronic layers and their dynamics
which are realized in the form of relative shift of
the adjacent layers. It is a continuation of papers
[7, 8] where a mechanism has been proposed for
the formation of spectra of the photoconductivity
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component which is proportional to the product
of light intensity and mechanical stress.

Unlike the deformation of common solids, the
deformation of a layered crystal can be realized
by significant approaching and relative shear the
layers without essential changes in their structure.
Due to such deformation the lattice constant and
interaction between the adjacent layers undergo
changes what results in adequate changes in the
structure of electronic states. For estimation of
these changes we consider the structural de-
formation for the case of a simplified model of
layered crystal whose lattice parameter in the xy
plane of the layer is equal to d_ i dy, and in the

direction z normal to the layer plane —d 2 which

coincides with the thickness of the layer. The
crystal is exposed to the deformation force which
is a sum of the constant /_ and variable harmonic
F -sinQt components and which leads to a relative
displacement between the adjacent layers by the

appropriate distance [ =1/, + [ - sin Q¢ without
substantial changes in the structure of layers and
distance between them. Deformation of the crys-
tal by this force does not change the periodicity of
the lattice in the xy plane but leads to changing the
lattice period in the direction normal to its planes.

Within the model under consideration the lat-
tice constant in the direction normal to the layer
plane is determined by the number n of shifted
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layers per total distance n - / which is equal to
the least number of period d . (d_ is the lattice
constant in the layer plane where the shift oc-
curs). Accordingly, the number # is determined
by the equality N ~dxy=n-l, where N is the smallest
integer for which #» is an integer at given values
of land d . - In the case of multiplicity of the pe-
riod d_ to the shift value, which is reached for

the shlfts [<(d, /2), it is realized the small

values of n and correspondingly the short periods

d,=n-d) of a deformed crystal.

Due to conservation of the layer structure dur-
ing the process of shear deformation the lattice
period d_ can be changed only discretely by the

minimum thickness of one layerd g . This fact

gives rise to complex non-harmonic dependence
of period d_on the shift which is changing con-
tinuously.

Dependence of the lattice parameter d_ of the
deformed crystal on the shift depends substantial-
ly on the ratio of their quantities to the period d
The main requirement of this relationship - the
period d_ should be multiple to the shift /. For a
given shift direction in the layer plane the effec-
tive displacements are selected discrete values of
shifts which results in the corresponding changes
of the period d_of a deformed crystal.

The value of period d_ of the crystal de-
formed by a shift can be changed to integer p
using an additional shift. Changing the period d_
by p units of layer thicknesses is achieved by the
increments

Al =2 n
n+p

- p-l

ALy =Ll 2

pa @)

which gives rise to the increase of period (1) or
its decrease (2).

This property leads to the change in number »
and period d_ of a deformed crystal over the time
by harmonic component of the deforming force
that creates the required increments of shifts.

Time changes of the period d_ of deformation

perturbation,d, =7 -d_, which directly coin-

cide with the time dependence of the correspond-
ing multiplicity n, are caused by the harmonic

component of shift. Relatively to the time start,
Q-¢, = 0, the value of a given fixed displacement
[, to which the multiplicity n corresponds, is
changed by the harmonic component /-sinQt of
the shift to the extreme values /_+ /. During the
process of increasing the harmonic component of
shift, it is realized such its values which are equal

to the increment of shift Al;, what decreases the

multiplicity of n by p units. Accordingly, a de-
crease of the harmonic shift with time is accom-
panied by its values equal to the increment Al
what increases the multiplicity by p.

Deformation of a layered crystal by the force,
whose harmonic component has the period much
longer than the time of elasticity relaxation of a
crystal, results in creating the shifts between the
layers which are harmonic functions of time be-
ing in-phase to the deformed force. If at the ini-
tial time ¢ = 0 the shift between layers created by
the constant component of force is equal to 7,
its increase, caused by growth of the force har-
monic component, occurs within the harmonic
phase range 0 - m, whereas within the range
7 - 2-w a decrease takes place. The time moments,
at which the change of period d,, is realized, are
determined by the following equations

) N
_ Pl =1l -sing,, 3)
n—p
p'lc R “4)
=/, -sin
n+p ° %p.

Variation of the deformation perturbation pe-
riod, which is performed by means of sudden in-
crements of its value by integer number of thick-
ness, is realized only in the time moments when
the shift takes the values with respect to which
the period d_ is multiple of their magnitude. Fig-
ure 1 shows the time changes of the deformation
perturbation period for the specific case of shifts:
[,=0.25,1=0.125,d_=1.

Discrete time change of the period of the
deformation perturbations d_ =n-d; this is
caused by continuous in time the harmonic shift
of layers, gives rise to certain time intervals with-
in the period of harmonics, in which the period
d_remains constant over the time. The value of
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period d_, which is caused by the shift /, remains
unchanged in the time intervals where the value
of harmonic shift is insufficient to change the
multiplicity by unity.

Al / 8

0 /2 n 3n/2 2n

Qt

Fig.1. Schematic depiction of time dependence of
the deformed crystal period.

In relation to the phase origin, ¢ = 0, it refers
the intervals of phase 0 -¢ , © -9, © -¢,, 27 -¢,,

for which
(1. 1
@1 = arcsin| — -
ly, n—-1),

=arcsin I—CL .
2 Iy n+1

Thus, the time dependence of the multiplicity
period d to the value of total shift /, given at the
initial fixed time, is realized by an additional shift
whose magnitude is limited by the amplitude of
the harmonic component shift. As a result of har-
monic dependence of the total shift on time it is
realized the time intervals during which the mul-
tiplicity n varies in opposite directions. At that
the change of multiplicity is always opposite to
the change of harmonic shift.

Deformation of a layered crystal leads to some
changes in the crystal structure, due to which the
appropriate changes of coordinate crystal depen-
dence of the crystal field potential is realized. In
the case of deformation, which results in a rela-
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(6)

tive shift of the adjacent layers, there takes place
a displacement by relatively large distances of
the macroscopic fragments of crystal structure
what can lead to significant changes in the elec-
tronic states. Such deformation of a layered crys-
tal is usually achieved by small external forces
and can be considered as a cause for appearance
of the deformation perturbation of the potential.

Deformation potential perturbation is formed
by the relative shift between the layers and sig-
nificant changes in the interaction between them.
The shift between the layers leads to changes of
the distances between the identical structural ele-
ments of the adjacent layers and thus to change of
the interaction between them and its dependence
on the structure of the layer. The changes by rela-
tive shift of the weak interaction between the lay-
ers in the condition of conservation of their struc-
ture, which leave the deformed crystal in a lay-
ered state, gives rise to changes of the potential
which are considered as a perturbation, leading
to potential changes being considered as a per-
turbation. If a deforming force has low frequency
harmonic component, which provides a quasi-sta-
tionary regime of the process, the period of such
perturbation can depend on the shift between the
adjacent layers and be of a complex discrete func-
tion of time.

The relative shift between the adjacent layers
occurs simultaneously with the harmonic phase
and changes of the perturbation period are real-
ized only at the discrete values of the shift which
arise in the corresponding time moments during
the period of the harmonic. This time-dependent
perturbation allows one to consider its impact on
the electronic states in the adiabatic approxima-
tion of the perturbation theory. In the frame of
this approximation the harmonic component of
the perturbation is considered as slow one against
which the slow (compared with the harmonic pe-
riod) time intervals of changing the perturbation
periodicity are fast components of the time de-
pendence of the perturbation.

The deformation of a crystal by the total har-
monic force leads to a shift of the layers which is
realized in phase with the phase of harmonic com-
ponent of the force. Synphasing to this harmonic
of the time dependence of deformation perturba-
tion period disappears due to the complex non-
linear dependence of perturbation on the shift
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magnitude. Changing the perturbation period by
means of sudden increments of its value is real-
ized only in the time moments at which the shifts
acquire the magnitudes with respect to which
the shift period dxy is multiple to their magnitude.

In particular, the perturbation period cre-
ated by constant component of the force
d _%w d%=n, 40 decreases by the harmonic

zc
c

component due to increasing the total shift in
the time intervals corresponding to the change
of phase from Q-7 = 0 to -7, =  and increases
within the time intervals that correspond to the
difference in the phase of harmonics from = to
2m. As regards to the time origin ¢, = 0, at which
the shift is equal to /,, changing the period of de-
formation perturbation occurs in the phase oppo-
site to that of harmonic.

Thus, the shear deformation of layers gives
rise to forming a set of short time Bragg’s planes
which coincide with the planes of layers, and
their energy location and time of origin are deter-

mined by the value 4 = 2z . As a consequence of
d,

the Bloch’s wave diffraction on these planes there

occur in the corresponding time moments the dis-

continuities in the energy dependence of electron-

ic states E(k) for all wave vectors k, whose k_

component is g = 2z Commensurability g and k_

d
components of wave vectors of the Brillouin zone
allows realization of such gaps in the energy E(k)
in the whole range of energies of the conduction
band. For a given, fixed in time, period of per-
turbation d, the discontinuities in energy depen-
dences occur simultaneously at all energies, when
the wave vectors k have k component satisfying

z

the condition k, :2—7[ m (m=1,23..). Asa
Zl

result of the gaps in the energy dependences on
the wave vector, E (k), in the vicinity of these en-
ergies the density of states changes dramatically
leading to the corresponding changes in the elec-
tronic properties of the crystal. The energy bands,
which appear due to the Bragg’s diffraction, are
forming in the time moments that correspond in a
one-to-one manner to the values of ¢ and can be
identified by its magnitude.

The processes of removing the degeneracy
of energies E(k) by deformation perturbation
give rise to appropriate changes in the structure
of electron states of a deformed crystal. Due to
changes in the coordinate dependence of poten-
tial and its symmetry at the expense of layer shift
the degeneracy is removed for the energies which
depend on wave vectors and have the k. compo-
nent equal to the perturbation period g,. Remov-
ing degeneracy of the energy states leads to the
gaps in the energy dependence on wave vector for
those vectors that have k. component equal to g,
and appropriate changes of electronic properties.
Dynamics of the degeneracy removal and its im-
pact on the structure of electronic states entirely
coincides with the results of Bragg’s diffraction
of the Bloch’s waves.

The shear deformation of layers maintains a
layered structure and basic physical parameters
of the crystal except for changing the component
of lattice period in the direction perpendicular to
the plane of layers which occurs discretely by the
thickness of single layer. This model allows us to
compare the changes in the structure of electron
states that occur in the crystals, whose d_ com-
ponents of the lattice constant differ by integer
number. Under condition of constancy of the de-
formed crystal volume such deformation leads to
the multiple changes in the volume of unit cells
of the reciprocal lattice and the corresponding
changes in the number of allowable values of wave
vectors. Each fixed period of a deformed crystal
corresponds to the exclusive spatial distribution
of structural units and the appropriate interaction
between them, depending on the structure of the
layers. Among the different kinds of changes in
the structure of electronic states induced by layer
shift the gap of the energy functional dependence
on wave vector and time of its realization remains
the same for the considered model of a deformed
crystal.

Structural changes in the energy of electronic
states due to layer shift by controlled deforming
forces can be experimentally established by ob-
serving the time dependence for one period of
harmonic absorption coefficient of the monochro-
matic light, which acts as a monitor. In particular,
this opens an opportunity to estimate the spectral
composition of illuminating light on the basis of
the time dependence of its absorption measured
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by a radio-technical method without using the
dispersion elements. In [7, 8] such changes have
been estimated upon the time spectral dependence
of the piezophotoconductivity current phase shift
with respect to the phase of a deforming force.
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Fig.2. Spectrum of piezophotoconductivity
of In,Se, crystal.

From the view point of practical application of
the presented results of special attention is a spec-
tral distribution of time moments of removing the
degeneracy of energy of electronic states. With
the aim of estimation of practical use of this effect
it has been carried out experimental investigation
of the dependence of the time moments of remov-
ing the degeneracy on the energy of electronic
states. The experiments have been performed on
crystals of the In,Se, semiconductor compound.
In,Se, crystal belongs to the rhombic system in
which weakly interacting layers have a complex
structure. Unit cell of the crystal contains 28 at-
oms between which there are bonds of different
types. In,Se, single crystals were grown by the
Czochralski method, and the samples under study
presented natural cleaved plates. Deformation of
the samples was carried out by the force which
had a low frequency harmonic component. The
force was applied perpendicularly to the plane of
the layers at a small angle to their surface. We
measured the spectra of a piezophotoconductivity
component of conductivity which is proportional
to the product of light intensity and mechanical
stress. The spectrum of this component in the
range of photon energy which corresponds to the
interband transitions in the In,Se, compound is
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shown in Fig. 2. Fig. 3 presents the spectral de-
pendence of the phase shift of the piezophoto-
conductivity component relatively to the phase
of deforming force measured by a phase meter. It
should be noted that there are not physical causes
for occurrence of the phase differences in the pro-
cess under consideration. An imaginary phase
shift results from the sudden change in the mo-
ments of removing the degeneracy of the form
of harmonics which occurs at the corresponding
time moments.
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Fig.3. Spectrum of the phase shift of the piezopho-
toconductivity component relatively to the phase of
deforming force of In Se, crystal.

High sensitivity of the phase values to the
energy of electronic states, do /dE(k), allows us
to conclude that the deformation changes in the
structure of electronic states of layered crystals,
which are caused by a shift of the layers, can be
effectively used for development of electronic an-
alyzers of spectral composition of light and sys-
tems of object recognition.

Summing up the obtained results we come to
conclusion that shear deformation by means of
the deforming force with a harmonic component
results in removing the degeneracy of energies of
the electronic states whose wave vectors have the
o 2

q= d.
Removal of the degeneracy occurs under action
of the potential deformation perturbation subse-
quently in time during the period of the harmonic
in the time moments for which the equality

component equal to the reverse period
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is satisfied.

One-to-one correspondence of the time mo-
ments ¢, to the energies, whose degeneracy are
removed, allows one to identify the energies of
electronics states upon the time moments of the
degeneracy removal. One of the experimental
methods of measuring the time moments of re-
moving the degeneracy of the given energy state
is study of the time dependence of the monochro-
matic light absorption. A sudden change in the
coefficient of interband absorption of the mono-
chromatic light of the known frequency, which
arises due to a sudden change of the interband
electronic state density, can be registered by us-
ing the common radio-technical methods. Time
changes of the absorption coefficient can be con-
trolled by the direct measurements as well as by
changing the physical quantities which depend on
this absorption.

Experimentally the changes of electronic states
structure, caused by the shearing deformation of
layers, can be elucidated via time dependency of
the monochromatic radiation absorbance moni-
tored during the harmonic period. In [7.8] such de-
pendencies were estimated by spectral variation of
shift of the piezophotoconductivity phase with re-
spect to the phase of deformation force. Below we
present the experimental results the component of
the piezophotoconductivity spectra of In,Se, lay-
ered crystal, proportional to the product of a mono-
chromatic light intensity and a value of mechanical
stress. Fig.4 illustrates the spectral dependencies of
synchronized and phase-shifted components of the
piezophotoconductivity current of In,Se, layered
crystal. Fig.5 presents the spectra of piezophoto-
conductivity and phase shift of In,Se, crystal.

The main results on the shearing investigation
deformation allow us to draw the following con-
clusions. The shearing deformation consisting of
both constant and harmonic components leads to
the changes in constituent of lattice parameter d
of a layered crystal. The value d_is varied pro-
portionally to the number of layers as, where n
is an integer number determined by the equation
d = ['n. Minimal values of d_correspond to such
values of shifts [, being divisible to d,

I, arb.un.

1.4
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Fig.4. Spectral dependencies of in-phase (solid line)
and phase-shifted (dash line) components of piezo-
photoconductivity current of In Se, crystal.

The variation of shifts / during the harmonics
period leads to an appearance of a certain number
of new values of d_, which are realized in the cor-
responding time moments ¢ . During the shearing
deformation the value d_changes discretely at the
specific time moments. At that, the time depen-
dency of the deformation perturbated potential
is a sum of the slow component, dependent on
frequency shift, and the short time component
caused by a discrete shift. Those perturbations re-
sult in partial removing degeneration of the elec-
tronic states whose k_component of the wave vec-
tor is determined by (7). Degeneration removal
is realized at the time moments corresponding to
that energy.
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Fig.5. Spectra of piezophotoconductivity and phase
shift between current and deformation force of
In Se, crystal (1 — amplitude, 2 — phase shift).
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One-to-one correspondence of the energies of
the electronic states energies to the time moments
of their degeneration removal allows determin-
ing the energy values by means of radio-technical
measurements of the corresponding time mo-
ments. Such dependencies can be a basis for de-
velopment of radio- technical analyzers of spec-
tral composition of light without using dispersion
elements [9].
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Summary

The paper substantiates the intended creation of the discrete periods of crystalline lattice of layered
crystals due the relative displacement of layers. The shear deformation of the layers retains unchanged
the layered structure and basic physical parameters of the crystal, except for the change of the compo-
nent of the period of crystalline lattice in the direction normal to the plane of the layers, which occurs
discretely by the thickness of one layer. Deformation of a layered crystal gives rise to certain changes
in the crystalline structure due which the corresponding changes in the coordinate dependence of the
crystalline field potential are realized. In the case of deformation, which leads to the relative displace-
ment of adjacent layers, the displacement takes place at relatively large distances of the macroscopic
fragments of the crystalline structure what can lead to significant changes in the electronic states. It is
shown that the main changes caused by the shift of the layers in the structure of electronic states are
due to the processes of degeneration of the energies of these states. The dynamics of the degenera-
tion of electronic states is established what makes it possible to identify them upon the time moments
of removing the degeneracy. It is proved that structural changes of the energies of electronic states
due to the shift of the layers can be experimentally established upon the time dependence during the
harmonic period of the absorption coefficient of the monochromatic light, which plays the role of a
monitor. This, in particular, opens the possibility of evaluating the spectral composition of the illumi-
nating light upon the time dependence of its absorption by means of radiotechnical methods without
using dispersing elements.

Keywords: layered crystals, shear deformation, modulation of electronic states
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JTE®OPMAIIMHE MOJIYJIIOBAHHS EJJEKTPOHHUX CTAHIB
Y IHAPYBATHUX KPUCTAJIAX

H. M. Cmaxipa

JIbBiBCHKMII HallIOHATBHUN YHIBepcUTET iMeHi IBana dpanka,
(aKyJIbTET EJIEKTPOHIKH Ta KOMIT FOTEPHUX TEXHOJIOTIH,
Byn. [paromanosa, 50, 79005, JIbBiB, Ykpaina
stakhira@electronics.lnu.edu.ua

Pedepar

OOrpyHTOBaHO TIJITAHOMIPHE CTBOPEHHS JMCKPETHUX MEPIOJIB KPUCTAIIYHOI IPATKH IIAPyBaTUX
KpPHUCTAJIiB BITHOCHUM 3CyBOM I1apiB. Jledopmallis 3cyBy 1apiB 30epirae mapyBary CTpyKTypy 1 OCHO-
BHI (hi3WYHI MapaMeTpH KpUCTasia 32 BUHATKOM 3MiHA KOMIIOHEHTH MEPi0/1y KPUCTATIYHOI I'PaTKH y Ha-
IPSMKY, HOPMaJIbHOMY [0 TUIOLIMHY [IapiB, SKa BiI0yBA€THCS TUCKPETHO HA TOBIIMHY OJHOTO IIapy.
Jledopmaliis 1apyBaToro KpucTalia Mpu3BOAUTH A0 NEBHUX 3MiH KPUCTATIIUHOI CTPYKTYPH, BHACTIIOK
SKHX peati3yloThCs BIAMOBIIHI 3MiHU KOOPMHATHOI 3aJIE)KHOCTI MOTEHITIaTy KPUCTAIIYHOTO oIS, Y
BUMAAKY Aedopmalii, sska MPU3BOAUTH 0 BIIHOCHOTO 3CYBY CYCIJIHIX IIapiB, BIIOYBa€ThCS TEpe-
MIIIEHHS Ha BIJHOCHO 3HAYHI BiJICTaHI MAaKPOCKOMIYHUX (PparMeHTIB KPUCTAIIYHOI CTPYKTYpPH, 11O
MOXKE TPUBECTH JI0 CYTTEBUX 3MiH €JIEKTPOHHUX cTaHiB. [loka3aHo, 10 OCHOBHI 3MiHHU, CIIPUYHUHEH]
3CYBOM IIIapiB, Y CTPYKTYpPI €JIEKTPOHHUX CTaHIB 3yMOBJICH] IIPOIIECaMU 3HATTS BUPOJKEHHS CHEPT1i
LUX CTaHiB. BcTaHOBIEHO AMHAMIKY 3HATTSI BUPOKEHHS €IEKTPOHHUX CTaHiB, 1110 Ja€ 3MOTI'y 1/IeHTH-
¢bikyBaTH iX 32 MOMEHTaMH Yacy 3HATTS BUPOKEHHS. 3’ sICOBAHO, 10 €KCIIEPUMEHTAIIBHO CTPYKTYPHI
3MIHU €HEPTii eJEKTPOHHUX CTaHIB, K1 3yMOBJICHI 3CYBOM IIapiB KOHTPOJIbOBAHUMH J1€(POPMYIOUH-
MU CHJIaMH, MOXKYTb OyTH BCTAHOBJICHI 32 YaCOBOIO 3aJICKHICTIO IIPOTATOM Iepioy FapMOHIKH Koei-
I[i€HTA MOTJIMHAHHS MOHOXPOMATHYHOTO CBITIIa, SIKE BiJlirpae pois MoHITOpa. Lle, 30kpema, BikpuBae
MOXXJIUBICTh OIIHKH CTHIEKTPAJIBHOTO CKJIAy OMPOMIHIOIOYOTO CBITJA 33 YaCOBOIO 3JICKHICTIO HOTO
MOTIMHAHHS PaAl0TEXHIYHUM CII0COOOM 0€3 BUKOPHCTAHHS TUCTIEPTYIOUUX CIIEMEHTIB.

Kurouosi cioBa: mapysarti kpuctanu, nedopmaiiis 3¢yBYy, MOIYIISALIS €IEKTPOHHUX CTaHIB
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NEW APPROACH AND MICROSYSTEM TECHNOLOGY TO MODELLING DYNAMICS
OF ATMOSPHERE VENTILATION OF INDUSTRIAL CITY AND ELEMENTS OF THE
“GREEN-CITY” CONSTRUCTION TECHNOLOGY

O. Yu. Khetselius, A. V. Glushkov, Yu. Ya. Bunyakova, V. V. Buyadzhi, O. I. Bondar, V. N. Vaschenko,
N. Bykowszczenko

Abstract. We present a new generalized physical-mathematical approach to modelling a natural air
ventilation of the industrial city, which is based on the Arakawa-Shubert model, modified to calculate
the current involvement of the ensemble of clouds. New quantitative approach is based on an new
theory of the atmospheric ventilation combined with hydrodynamic forecast model (with correct
quantitative accounting for the turbulence in an atmosphere of the urban zone) and the Arakawa-
Shubert method of calculating the cumuli convection and shifting cumulus cloud ensemble from
surrounding regions. An advanced mathematical methods for modelling an unsteady turbulence in
the urban area are developed. For the first time methods of a plane complex field theory applied to
calculate the air circulation for the cloud layer arrays, penetrating into the territory of the city. We
also consider the mechanisms of transformation of the cloud system advection over the territory of
the urban area. As illustration of a new approach we present the results of series of the computer
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experiments on the calculation of the ventilation characteristics arising from the natural ventilation
of the wind over the territory of the industrial city of Odessa. All above cited methods and models
together with the standard monitoring, diagnosing and management measures can create a basis for a
comprehensive “Green City” construction technology.

Keywords: atmospheric ventilation, new mathematical models, new microsystem technologies,
“Green City” construction technology

HOBHMHA MIAXIA I MIKPOCUCTEMHA TEXHOJIOI'TSI MOAEJIOBAHHS ITMHAMIKHA
ATMOC®EPHOI BEHTIJIALI TPOMUCJIOBOI'O MICTA TA EJIEMEHTH
TEXHOJIOT'TI BYJIIBHUIITBA "GREEN-CITY"

0. 0. Xeyeniyc, O. B. I'ywkos, FO. A. Bynakosa, B. B. byaoocu, O. I. bondapyw, B. M. Bawenxo,
H. bukoswenxo

AHoTauisg. Mu npeacTaBnsieMo HOBHH y3arajJbHeHUH (Di3MKO-MaTeMaTHYHUN MIAX1J] 10 MOAEIIO-
BaHHI IPUPOAHOT BEHTHJIALIT IPOMHUCIOBOTO MiCTa, IKWH 3acHOBaHUI Ha Mmozeni Apakasa-I1lyGepra,
MO (IKOBAHOI 7151 pO3paxyHKy IMMOTOUHOI yyacTi ancamOmo xmap. HoBHit KiTbKICHUH MiXi/] BKITIO-
Yae BJOCKOHAJICHY TEOPito aTMOC(HEpHOT BEHTUJIALIT B TOE€HAHHI 3 MOAEIUIIO T1APOJMHAMIYHOTO TIPO-
THO3Y (3 IPaBWIBHUM KIJIBKICHUM ypaxyBaHHSM TypOyJeHTHOCTI B aTMOC(hepi MiChKOi 30HH) 1 METO-
noMm ApaxkaBa-1llyOepra po3paxyHKy Ky4KOBO1 KOHBEKIIIT 1 3MILIIEHHs KyIT4acTi XMapHICTh aHCaMOITIO
BiJl OTOUYIOUMX perioHu. Po3pobieHo BOOCKOHAJICHI MaTeMaTHYHI MOJIENI MOJICTIOBAaHHS HECTIHKOi
TypOyJIeHTHOCTI B MiChKiil 30H1. Briepiue ais po3paxyHKy UPKYIISLii MOBITPS A1 MaCUBIB XMapHO-
TO 1Iapy, 10 MPOHUKAIOTh Ha TEPUTOPIIO MiCTa, 3aCTOCOBAHI METOM TEOPIii INIOCKOTO KOMILIEKCHOTO
noJsi. Mu Takok po3mIsgaeMo MexaHi3Mu TpaHchopmallii aBeKIlii XMapHOT CUCTEMHU Ha TEPUTOPIIO
MicTa. B aKocCTi inmocTpariii HOBOTo MiIX0My MU IPEACTABISIEMO PE3YJIbTaTH Cepii KOMITIOTEPHUX EKC-
NIEPUMEHTIB 3 PO3PAXYHKY XapaKTEPUCTUK BEHTHIIALI], 110 BUHUKAIOTh B pPe3yJIbTaTi MPUPOIHOT BEH-
TUIALIT BITpY Haj Teputopiero M. Onecu. Bei HaBeneHi BUIle METOIM 1 MOJIEINI Pa3oM 31 CTaHAApPTHU-
MU 3aX0/IaMU MOHITOPUHTY, 11arHOCTUKH Ta YIIPABIIHHS MOXYTh CTBOPUTH OCHOBY ISl KOMIUIEKCHOT
texHonorii OyaiBaunTea «Green City».

Kuirouosi ciioBa: armocdepHa BeHTHIIALIS, HOBI MaTeMaTU4YHI MOJIENi, HOBI MIKPOCHUCTEMHI TeX-
HoJIOT1i, TexHoJoris OyaiBHUITBA " ['pyH cuth "

HOBBIX MMOAXOA U MUKPOCUCTEMHASA TEXHOJOT WS MOJAEJUPOBAHUSA
JTUHAMUKHA ATMOC®EPHON BEHTUJIALIAU ITPOMBIIIJIEHHOT O T'OPOJIA
N OJIEMEHTbBI TEXHOJIOTYM TIOCTPOEHMUSA "GREEN-CITY"

0. 0. Xeyenuyc, A. B. [mywxos, IO. A. Bynaxosa, B. B. Bysoacu, O. U. Bonoapyw, B. H. Bawenxo,
H. Bvikoswenxo

AHoTanusi. Mpl TipefcTaBiIsieM HOBBIA OOOOIIEHHBINH (DU3UKO-MATEMATHUYECKUN TOAXOA K MO-
JETMPOBAHUIO €CTECTBEHHOW BEHTWIALMM MPOMBIIUICHHOTO TOPOJa, KOTOPbI OCHOBaH Ha MOJAEIH
Apakasa-1lly6epra, MoanpuUIMPOBaHHON ISl pacueTa TEKYyILEero ydacTusi ancaMmosst oomaxkoB. HoBblit
KOJIMYECTBEHHBIN TOXO0J BKIJIIOYACT YCOBEPILICHCTBOBAHHYIO TEOPHIO aTMOC(HEpPHON BEHTWISAIMU B
COYETAHUH C MOJEIBIO THAPOIUHAMUYECKOTO IMPOTHO3a (C MPAaBUIBHBIM KOJIMYECTBEHHBIM Y4YETOM
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TypOyJeHTHOCTH B arMoc(epe ropoackoil 30HbI) U MeTtogoM Apaxkapa-lllyOepra pacuera KyueBoit
KOHBEKIIMM M CMEIIEHUS] Ky4eBOro O0Ja4HOrO aHcamOMsl OT OKpYXAIOUIMX peruoHbl. PazpaboTaHbl
YCOBEPILIEHCTBOBAHHBIC MAaTEMaTHUECKUE MOJIENIM MOJEIMPOBAHUS HEYCTOWYMBOW TypOYyJICHTHOCTH B
TOpPOJICKOM MeCTHOCTH. BriepBbie 11t pacuera HMPKY/SILUMU BO3/AyXa JUII MAacCCUBOB OOJIAYHOTO CIIOf,
MPOHUKAIOIIUX HAa TEPPUTOPHUIO TOPOIA, TPUMEHEHBI METObI TEOPHH TIOCKOTO KOMIUIEKCHOTO TOJIS.
MB&I Taxke paccMaTpuBaeM MEXaHW3Mbl TPAHC(HOPMAIUHU aABEKLIUH 00JaYHON CUCTEMBI HA TEPPUTOPUH
TOPOJICKOM TeppUTOpUH. B KadecTBe MILTIOCTpALMK HOBOTO TOJIX0/1a MBI MIPEICTABIISIEM PE3yIIbTaThI ce-
PHH KOMIBIOTEPHBIX SKCIIEPUMEHTOB I10 PAacyeTy XapaKTePUCTUK BEHTHIISIIIUHU, BOZHUKAIOLIUX B PE3ylb-
TaTe ECTeCTBEHHOW BEHTWIALIUK BETpa Ha/l Tepputopueii . Oxeccol. Bee mpuBeeHHBIE BBIIIE METOBI U
MOJIEIA BMECTE CO CTaH/IApPTHBIMU MEpaMU MOHUTOPHUHTA, IUATHOCTUKH U YIIPABICHUS MOTYT CO3/aTh

OCHOBY JIJIs1 KOMIJIEKCHOU TeXHOJI0TuH cTpoutenberBa «Green Cityy.
KiawueBble ciaoBa: armMocdepHas BEHTHISAIMS, HOBBIE MaTeMaTHYeCKHE MOJENM, HOBBIE
MUKPOCHCTEMHBIE TEXHOJIOTHH, TEXHOJIOTHS TOCTPpOeHus «I'puH cutm»

1. Introduction

The desire to ensure a steady pace of economic
development, which has, the organizational forms
of the globalization of the world economy and in-
dustrialization acquired in recent years, can not be
realized except through an increase in the already
excessive burden on the environment. One of the
negative consequences of these processes, known
as man-made, is, in particular, a catastrophic in-
crease in atmospheric pollution. About 200 mil-
lion tons of carbon dioxide, more than 150 million
tons of sulfur oxide, more than 500 million tons
of hydrocarbons, more than 250 million tons of
fine aerosols (dust), and many other harmful sub-
stances [1-4] annually emit into the atmosphere
as a result of such activities. Although the devel-
opment of global transport and communication
systems rule out the possibility of localization of
human influence on the environment, the big in-
dustrial cities are in the most difficult situation as
here there are focused a huge industrial and trans-
port complex, which is the main source of the en-
vironmental pollution, and including the atmos-
phere. One of the difficult aspects of the problem
is that the composition of the atmosphere of the
city is influenced by many factors, which include
the characteristics of pollution sources, their lo-
cation on the terrain, climatic and meteorologi-
cal parameters, especially the city’s architecture,
processes of energy and transport, dissipative and
relaxation, self-cleaning and regeneration, etc.
[1-15]. A link between the individual factors is
difficult enough, processes are mostly random. It
follows that the solution to the problem of the in-
dustrial cities air protection, in particular, and the

environment as a whole requires a development
of the principally new, comprehensive mathemat-
ical and ecological methods. It should be espe-
cially noted the importance and necessity of the
development of modern methods of correct quan-
titative description of the dynamics of atmospher-
ic venting in large industrial cities, where there
are many companies with technological harmful
emissions into the atmosphere.

At present time there are carried out a num-
ber of different models that allow to estimate the
spatial structure of air pollution in the industrial
cities, including scientific and methodical soft-
ware package ISM (WMO), the American En-
vironmental Protection Agency (AAER USA),
Russian Geophysical Centre (Russia), Centre for
Environment, Health and Welfare KIST (Korea)
etc methods based on the laws of molecular diffu-
sion, as well as a system of regression equations
[1-5]. The most of these models have a number
of fundamental flaws (model flare or molecular
diffusion principle does not work if the atmos-
phere contains elements of convective instability)
and at the application. The majority of the models
are relatively simple and do not take into account
the transience wind field, the mutual influence of
the many sources of pollution and so on. There-
fore, increasing the accuracy of prediction of air
pollution and the underlying surface requires a
development of principally new approach which
takes into account all key physical and chemical
factors etc. The peculiarity of the modern eco-
logical situation is the technological level of use
of laws of nature, associated with the transition
from micro to macro level through molecular and
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atomic levels. It should be especially underlined
that nowadays there are many attempts to develop
so called “green city” construction technologies
throughout the world, however majority of these
research and actions are linked only with the pre-
liminary monitoring and diagnosing measures
(e.g. [9,10]), in particular, development funda-
mental technologies such as 1) monitoring urban/
indoor air pollution and modeling, 2) diagnosing
hazardous urban pollutants and control, and 3)
managing urban environment conditions through
integrated network technology [2,3].

The strategical aim of our research is develop
new “Green City” construction technology that in-
cludes not only monitoring, diagnosing and man-
agement measures, and a group of the physical,
chemical, ecological blocks which allow to create
new clean cities of a future. As a first step, here
we briefly present a new generalized physical-
mathematical model of the natural ventilation of
the industrial city, which is based on the Arakawa-
Shubert model, modified to calculate the current
involvement of the ensemble of clouds.

We present advanced mathematical methods
for modelling an unsteady turbulence in the ur-
ban area. The balance relation’s calculations for
the inside-urban zone turbulence have been carried
out for turbulent regime kinetical energy equation.
For the first time methods of a plane complex field
theory applied to calculate the air circulation for
the cloud layer arrays, penetrating into the terri-
tory of the city. We also consider the mechanisms
of transformation of the cloud system advection
over the territory of the urban area. We present a
new effective scheme for calculation of the ventila-
tion potential and stream’s function of winds in the
urban area. As illustration of a new approach we
present the data of series of the computer experi-
ments on the calculation of the ventilation char-
acteristics arising from the natural ventilation of
the wind over the territory of the industrial city of
Odessa. All calculations are performed with using
“Geomath”, “Superatom” and “Quantum Chaos”
computational codes [2,3,12-16].

2. Mathematical modelling an atmospheric
ventilation of the industrial city

Let us start from the a new generalized model
of the atmospheric ventilation of the industrial
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city, which is based on the Arakawa-Shubert
model, modified to calculate the current involve-
ment of the ensemble of clouds. Moreover we
present a generalization of the Arakawa-Shubert
method for calculation of the cloud work for
situation of the city’s landscape. To calculate the
involving streams (the real involving masses ef-
fect is created due to misbalance of vertical and
down-running streams), reaching the territory of
city, the Arakawa-Shubert equations system for
humidity and warm flow equations are solved
[3,5]. Scheme of ventilation of the urban zone
by air flows in a presence of the cloud’s convec-
tion is presented in Figure 1 and explains the key
physical processes in a system. The area of the
horizontal section of dry thermion should be ap-
proximately equal to the area of the cloud base.

Up zone of thermal air
mass above city

Down f cloud
stream f 1

|

Drawing stream

i
M Ventilation Stream

4 i ing in-
Stream oft Thermion | Flow of drawing in

dry ther- | | of dry cong| 10 dry thermion

mion }| vection
H

City's periphery City’s zone

Figure 1. Scheme of air driving between the city
and its periphery.

It is appropriate to note known effect of crea-
tion of meso-jets which are formed in the venti-
lation currents as the Couette flows. If square of
aa cloud base is smaller than a square of cross-
section of the dry thermion top, than the ventila-
tion current can not be appeared due to a lack of
power of a cloud in the formation of the involve-
ment meso-jets. If a square of the cloud base is
substantially larger than a square of cross-section
of the dry thermion top, a ventilation current cap-
tures several dry thermions, or else compensate
a mass-balance current by an involvement cur-
rent from the periphery of the city. A signal of the
destruction of the thermal air mass over the city
is the appearance of convective cloudiness over
the city territory. Basically convective clouds that
move to the city territory, are formed by ridges
on the secondary fronts or in the lines of convec-
tive instability arising in the synoptic processes,
especially in the areas of the subtropics. Here it
is extremely important to understand proportions
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on the dynamics of the processes occurring in the
city with the processes in the atmosphere over the
city periphery. On top of the thermal mass of the
city there is no restriction in the air exchange in
the absence of a closed circulation there, “border-
ing” heat “hat” of the city [1-3]. However, an ex-
tract of the lower layer of air from the air basin of
the city should take place through a vertical con-
vection current in a dry thermion, as it is indicated
on the scheme in Figure 1.

Otherwise, the process may be in antiphase
state and the involvement currents on the periph-
ery of the city are on the contrary to strengthen an
air circulation around the perimeter of the thermal
ring. It is also possible when in a case of power-
ful extract the convection currents in dry thermals
will not have time to make up for extract from a
top of the thermal mass of the city. As a conse-
quence, in this case it will only be observed thin-
ning of the thermal mass of the city without con-
comitant ventilation of the air lower layers. It is
well known that the city area has a fairly complex
geometric relief, so the application of our method
in its pure form is possible only to a flat surface.
However, the city itself creates complex flow in
the area of the streets inherent in him, parks and
squares. Therefore, the flow of air streams in the
city far from isotropic. The horizontal turbulent
eddies within the city are involving circulation
currents. Therefore, all hypothesizes on the city
isotropic turbulence are really transformed here
into a complex picture of the complex anisotropic
flow vortex structure. It is clear that the turbulent
eddies over the urban area must be in the interac-
tion resonant contact with the turbulent eddies of
cloud-based arrays in order to obtain a success-
ful air ventilation. In fact the currents of the front
convection must coincide with currents of ther-
mal convection of the city in the phase setting.
It is clear from the fact that the antiphase state
of vertical currents of the urban convective cent-
ers with convective currents of the cloud convec-
tion would mean mutually compensating the two
mechanisms. Therefore, the involvement currents
caused by the city convection shall not extinguish
the involvement currents caused by cloud arrays
on the border of the city. Hence one can see a log-
ically clear necessity for a resonance effect in the
involvement currents of both mechanisms men-
tioned herein. In the antiphase case, the involving

currents cancel each other and the city will be in
a state of high-rise convective smog that often oc-
curs and is manifested in the form of a thick haze
over the city.

If A is a work of the convective cloud then it
consists of the convection work and work of down
falling streams in the neighbourhood of cloud:

dA

dA dA ,
—=0= +
dt

dt conv At downstr.

Xmax
a4 = [mg(\)K(A, A )N

dt downstr. 0

(1a)

0

Here m () is an air mass, drawn into a cloud
with velocity of drawing A; if
}"m X
—F0) TR mg (W) + F()=0
0 (1b)

is an mass balance equation in the convective ther-
mik and K(A, L ’) is anucleus of integral equation
(1), which determines the dynamical interaction
between neighbour clouds:

dA

dt downstr:

kmax
B KA )mp(W)ah + F(\)=mp(1)
0
The solution of this Arakawa-Shubert type eq.
with accounting for air streams superposition of
synoptic process is:

2)

ma(A) = F(2)+B | F(s)T(s5:B)ds’

0

(3a)

where I(x, sB) is an resolvent of the integral
eq.(2):
r(h,s8)=>8" K, (19 (3b)
m=1
We determine the resolvent as expansion to the
Loran set cycle in a complex plane (; its centre
coincides with the centre of the urban heating is-
land (spot) and internal cycle with its periphery.
The external one can be moved beyond limits of
the urban recreation zone. As result, one could
obtain a representation for resolvent by the fol-
lowing Fourier expansion:

r=Ye-ay
g S(dg

cn - . il
27 5, (¢ —a)

(4)
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where a is centre of convergence ring of the Lau-
rent series. Equations of atmosphere circulation
above city’s zone can be taken in an approxima-
tion of the “shallow water”. Its solution is given
by solution of the equations (1,2) and addition-
ally can be bound by methods of the plane com-
plex field theory. The cloud masses on the urban
periphery can be defined in the wind field by the
following formula (complex velocity potential):

a _ r{ 1 +§[ 1 1 ]}L
g 2mi|C-Co  oi\G—Co- leC0+kl

+;1L§1rk In(G—by )} ©)

Ve~V =

Here I', —circulation on the vortex elements,
created by clouds; b, — co-ordinates of this form-
ing;  — circulation’s on standard vortexes for the
Carman chain; / — distance between standard vor-
texes for the Carman chain; ¢ - centre co-ordinate
for line of convective perturbations or front di-
vider; C - kI — co-ordinate of beginning for line
of convective perturbation; { - kI — co-ordinate
of the end for this line. Naturally, one could as-
sume further that the possible convective pertur-
bations in the periphery of the city come up to
him in the form of convective ridges. The cited
cloud ridges can be determined in a field of the
vertical currents velocity and associated involve-
ment currents. The method for calculation of the
turbulence spectra inside the urban zone is based
on the standard tensor equations of turbulent ten-
sions (more detailed version will be presented in
separated paper):

5? J (* = ﬁ) aplu; é}p’i”}
—t—— ;- MM +tuuu |+ ———+———=
o au/’ ﬁﬁ d’l, 01{"
= utuk ) uj k
& & dc &

Computing balance relationships for inside-
urban zone is fulfilled on the basis of equation
for kinetic energy of turbulent regime. The kineti-
cal energy of fluctuations is defined as follows:
b? = uju, - The corresponding equation for b is
as follows:

ob  oupb?

—+ +—

(ukuu +2ukp) (7

ot Oxy, Oxy.
=—2uju; ui _ 2 £ 5,0
6xk 90

Interaction:
Reynolds tension-
averaged motion

Turbulent Effect of forces
diffusion  of the tension

Advection Accounting for
swimming

forces
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Here g is the magnitude of the acceleration
vector due to the planet’s gravity, 6, is the equi-
librium potential temperature, 8, p' are departures
from equilibrium values.

Equating the velocity components determined
in the shallow water model and model (5), one
could find the spectral matching between the
wave numbers that define the functional elements
in the Fourier-Bessel series with the source ele-
ment of a plane field theory. At last, let us remind
that any vector field u can be separated into rota-
tional and divergent parts, i.e., u = Ay + u, . If the
vector field is a horizontal w1nd one can define a
current function y, to express the rotational part,
and a velocity potential y, to express the divergent
part. Namely these parameters are of a great inter-
est in applied analysis of an air ventilation in the
urban zone.

3. The numerical results for air ventilation
in Odessa and conclusions

As application of a new approach we car-
ried out the PC simulation results on modelling
the air ventilation for a number of the industrial
cities: Odessa (Ukraine), Trieste (Italy), Aleppo
(Syria). Below we are limited by data for Odessa.
The experiments are fulfilled with using natural
and model data on a cloudiness and convection
intensities. All input data parameters are taken
from [2,3]. Naturally the corresponding model
situations on cloudiness are real and can be by a
basis for the possible recreation measures within
“Green city” construction technology. Basically,
it was assumed that the cloud masses coming to
the city by the lines of convective instability. The
distance between the convective clouds was as-
sumed to be 300 to 700 meters. The results of
computing are presented in Figure 2. In Figure 2a
we present the calculated field of a ventilation po-
tential, which is equivalent to a field of potential
in the complex velocity potential function. Note
that the clouds are designed as black squares. The
figure is oriented so that the sea is in the right part,
the borders of a figure are corresponding to the
borders of Odessa city. Approximately one can
assume that the contours of the complex poten-
tial reflects the variation in time of the velocity
field, namely 0.5 m/s for an hour. Density of cur-
rent lines is adequate to the venting flows speed,
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about 1 m/s to 0.5 cm of gradient in Figure. Analy-
sis of the potential function gives the following: if
v, >0, the velocity rate increases in the direction of
positive foci (and similarly on y). This means that
the potential function draws flow in positive foci.
In figure a field of positive foci are marked with
sign “+” and negative one — by sign”-". Thicken-
ing a current function isolines means increasing
a velocity. The direction of flow is obtained from
the definition of the current function, i.e ., v, >0,
if dp/0y>0. It means an availability of positive
foci of the current function from a flow direction.
The isolines in the figure are not signed, because
modular values depend on many factors, notably
than intensity of convection, which determines the
involvement currents power and a density of the
cloud arrays.
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Figure 2. Potential of ventilation y (a) and current
function v (b) for atmospheric situation, presented
in Figure 2a (Odessa city).

Figure 2a shows the results of computer
simulation of the synoptic situation in Odessa,
when the clouds run from the sea by two lines
of convective disturbances and penetrate deep
into the Gulf of Odessa and the city respectively.
Besides, there are presented the dry thermions
(marked by black circles in the figure) located
in the city area. These dry thermions, on the one
hand, create their involvement currents, but on
the other hand, increase the intensity of the an-
nular heat circulation. In this case (figure 2a)
one can see the picture of penetration of an air
ventilation for most of the city. However, in the
current function field (Figure 2b), the penetra-
tion of ventilation is expressed more weakly. We
considered only one synoptic situation example
for Odessa city, which illustrates quite effective
possibilities of our mathematical models to treat
an atmospheric ventilation in the city (in prin-
ciple, in any of the synoptic conditions). The
knowledge of more or less realistic picture of
the city’s atmospheric ventilation allows further
to carry out appropriate recreational activity to
improve air quality and so on.
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Summary

The aim of the work is to develop and present a new approach and correspondingly a new microsys-
tem technology for advanced analysis, modelling and forecasting the temporal and spatial dynamics
of atmospheric ventilation and apply it to quantitative studying a air ventilation for the concrete large
industrial cities.

We present a new generalized physical-mathematical approach to modelling a natural air ventila-
tion of the industrial city, which is based on the Arakawa-Shubert model, modified to calculate the
current involvement of the ensemble of clouds. New quantitative approach is based on an new theory
of the atmospheric ventilation combined with hydrodynamic forecast model (with correct quantitative
accounting for the turbulence in an atmosphere of the urban zone) and the Arakawa-Shubert method of
calculating the cumuli convection and shifting cumulus cloud ensemble from surrounding regions. An
advanced mathematical methods for modelling an unsteady turbulence in the urban area are devel-
oped. For the first time methods of a plane complex field theory applied to calculate the air circulation
for the cloud layer arrays, penetrating into the territory of the city. We also consider the mechanisms
of transformation of the cloud system advection over the territory of the urban area.

As illustration of a new approach we present the results of series of the computer experiments
on determination of the ventilation characteristics (velocity potential etc) arising from the natural
ventilation of the wind over the territory of the industrial city of Odessa. For example, the results of
computer simulation of the synoptic situation in Odessa, when the clouds run from the sea by two lines
of convective disturbances and penetrate deep into the Gulf of Odessa and the city respectively. The
dry thermions, on the one hand, create their involvement currents, but on the other hand, increase the
intensity of the annular heat circulation.

The approach (all above cited methods and models) together with the corresponding standard mon-
itoring, diagnosing, ecological, economical, logistic and management blocks provides a basis for a
comprehensive “Green City” (or Smart-City) construction technology.

Keywords: atmospheric ventilation, new mathematical models, new microsystem technologies,
“green city” construction technology
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Pedepar

Mertoro po6oTH € po3poOKa Ta MpencTaBIeHHs] HOBOTO IiIXOY Ta, BIANOBITHO, HOBOI MIKPOCHC-
TEMHOI TEXHOJIOTI JIJIsi MOTJIMOJICHOTO aHalli3y, MOJCIIOBAHHS Ta MPOTHO3YBAHHS YaCOBOI Ta MPOCTO-
POBOI TMHAMIKHM aTMOC(EPHOT BEHTHIIALIT Ta 1i 3aCTOCYBaHHS JIJIsl KUTBKICHOTO BUBYEHHS BEHTHIIALIIT
MOBITPS IJIs1 IPHUKJIAZl KOHKPETHUX BETUKUX MTPOMHCIIOBUX MICT.

Mu mnipescTaBisiEMO HOBUM y3arajdbHEHUN (DI3MKO-MaTeMaTHYHUHN MiAX11 10 MOJCITIOBAHHS MPH-
POIHOT BEHTHJIALIIT MPOMKCIIOBOTO MiCTa, KM 3acCHOBaHWI Ha mMojeni Apakapa-IIlybepra, monudi-
KOBaHO{ /U1 pO3paxyHKy IMOTOYHOI y4yacTi aHcamOuto xmap. HoBHii KiTbKICHUH MiXiJ BKIIOYA€E BIO-
CKOHAJIEHY TeOopito arMoc(hepHOi BEHTWIISLII B MOEIHAHH] 3 MOAEIUIIO TIPOAUHAMIYHOTO IPOTHO3Y
(3 MpaBWIBHUM KiTBKICHUM ypaxXyBaHHSIM TypOyJE€HTHOCTI B arMocdepi MIChKOI 30HH) 1 METOAOM
Apakasa-1llyGepra po3paxyHKy Ky4KOBOi KOHBEKII1 1 3MIILIEHHS KyM4yacTi XMapHICTh aHCaMOIIIO BiJl
OTOUYIOYHX perioHu. Po3po0ieHo BIOCKOHATIECHI MaTeMaTHYH1 MOJIEII MOJICTFOBAHHS HECTIUKOI Typ-
OyJeHTHOCTI B MICBKil 30HI. Briepiie 1y po3paxyHKy HUPKYIISIIT TTOBITPS JJIT MacHBIB XMapHOTO
1apy, 110 MPOHUKAIOTh Ha TEPUTOPII0 MiCTa, 3aCTOCOBAHI METOAM TEOPii INIOCKOTO KOMIIEKCHOTO
noJisi. Mu Takoxk po3misgaeMoO MEXaHi3MH TpaHcdopmaliii aiBeKIii XMapHOi CUCTEMHU Ha TEPUTOPIIO
MicTa.

B sKxocTi imocTpariii HOBOro miXoay MM MPEACTABISEMO PE3yAbTaTH Cepii KOMIT IOTEPHHUX EKCIIe-
PUMEHTIB 3 PO3PAXYHKY XapaKTEPUCTUK BEHTUJIALII1, III0 BUHUKAIOTh B PE3yJbTaTI IPUPOIHOT BEHTH-
nsnii BiTpy Haja Teputopieto M. Onecu. Hanpukiman, 70KIaIHO MpoaHaIi30BaHi JaHi KOMIT I0TEPHOTO
MOJICTTIOBAaHHSI CHHONTUYHOI cuTyanii B Ofeci, KoM XMapH MPOTIKAIOTh 3 MOPs IBOMA JIIHISIMU KOH-
BEKTHBHUX HOPYILIEHb 1 IPOHUKAIOTh NHO0KO B OechbKuil 3aTOKy Ta MicTO BianoBiaHo. Cyxi TepMi-
KH, 3 OJJHOTO OOKY, CTBOPIOIOTH iX TTOTOKH 3aJTy4Y€HHSI, ajie, 3 IHIIOro O0KY, 301JIbITYIOTh IHTCHCUBHICTh
KUTBIIEBOI TETJIOBOT IMPKYIIALIT MicTa.

Hosuii niaxig (Bci HaBeIEHI BUILE METOAM Ta MOJEI1) pa3oM 13 BIANOBIIHUM CTaHAAPTHUM MOHI-
TOPUHTOM, J11aTHOCTHUKOIO, EKOJIOTIYHUM, €eKOHOMIYHUM, JIOTICTUYHUM Ta yHPaBIIHCHKUM OJIOKaMU €
OCHOBOIO JJIsI HOBOI T€XHOJIOTIi OyiBHUIITBA ““3eneHoro micta’” (abo “Cmapt-Citi”).

Kuouoi cijioBa: armochepHa BEHTHIISIIIS, HOBI MAaTEeMaTHYH1 MOJIEITi, HOB1 MIKPOCHUCTEMHI TEXHO-
JIOT1i, TEXHOJIOTisI OY/TIBHUIITBA «3€JICHOTO MICTay
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Abstract. We present the elements of a new advanced non-stationary theory of global mechanisms
in atmospheric low-frequency processes, teleconnection effects to modelling global atmospheric
behaviour, dispersion of radionuclides, assessing radioactivity impact of the Fukushima (Chernobyl)
nuclearaccidents onthe environment. The approach is based on the energy, momentbalance relationships
for the global atmospheric low-frequency processes, atmospheric macroturbulence theory, link of
tropospheric waveguides with atmospheric moisture circulation and, accordingly, with the shape of
the atmospheric circulation over the position of the front sections of (atmospheric fronts as the main
drives moisture). Atmospheric moisture cycle is linked with such typical low-frequency process as
the angular momentum balance; the latter accounts violation of the atmosphere rotating balance with
the Earth, which may be under developing meridional processes with the implementation of the mass
transfer of air and steam between the tropical latitudes (with a large linear velocity) and slowly rotating
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air masses of the polar latitudes (a process of slow teleconnection). The approach is realized and
implemented into the new microsystem technology "GeoMath-RadEnv" and focused on the testing
and prediction of the air mass (particles) flows in the global atmospheric picture, determination of
the new predictors for long-term and very long-forecasts of low-frequency atmospheric processes. PC
experiments demonstrated the effectiveness of the approach in applying to modeling the balance of
angular momentum, the transfer of atmospheric masses (moisture flow) with respect to the genesis of
tropospheric waveguides, the continuity of atmospheric circulation forms (telecommunication, front-
genesis). The application of the method to the modeling of global atmospheric behavior, the scattering
of radionuclides after accidents at the nuclear power plant in Fukushima (Chernobyl) demonstrates its
effectiveness, which is confirmed by the physically reasonable agreement between the predicted and
measured spatial distribution of radionuclides in the atmosphere, the direction and dynamics of the
flows of air masses (particles).

Keywords: atmospheric low-frequency processes, energy and angular momentum balance,
teleconnection, global atmospheric behaviour and dispersion of radionuclides, nuclear power plant
accidents and radiation-environmental consequences

HOBUI BAJTAHCOBHUM MIIXIJI 10 MOJAEJTIOBAHHSI MAKPOTYPBYJIEHTHOI

ATMOC®EPHOI TUHAMIKH, TIPOCTOPOBOI'O PO3NOILITY PAJIOHYKJILIIB

B NIOBAJIBHIT ATMOC®EPI, iX BIIJINBY HA HABKOJIMIIIHE CEPE/JIOBUILE
IICJISI IAEPHOI ABAPII HA AEC ®YKYCIMA

A. B. I'nywkos, A. B. Pomanosa, B. B. bysaoacu, E. B. baxynuna, O. IO. Xeyeniyc, A. A. Ceunapernixo,
A. C. Benooonos

AHoTanisi. My nipeicTaBIsiEMO €JIEMEHTH HOBOTO HECTAI[IOHAPHOT TEOPii, 110 ONMUCYE II00aTbHI
MeXaHi3MH B aTMOC(EepHUX HU3bKOYACTOTHUX Mpoliecax, e(hekTH TeIeKOHHEKIIIl Ta 1H. U1 MOAEIIO-
BaHHS 00aIbHOI aTMOC(hepHOi MOBEIIHKH, MPOCTOPOBO-YACOBOTO PO3MOALTY (AucIepcii) paaioHy-
KJI1/IiB, OLIHKHM PaJl0aKTUBHOIO BIUIMBY HACIIJKIB aBapiii Ha aTOMHHUX eNeKTpocTaHlisx Pykycima
(YopHOOWIIb) HA HABKOJIMIIIHE cepenoBuie. Lleit miaxin 3acHOBaHUM Ha BUKOPHCTaHHI 0alaHCOBUX
CIIBBIIHOIIICHB ISl €HEPrii Ta KyTOBOI'O MOMEHTY B TIOOAJbHHUX aTMOC(HEPHUX HU3BKOYACTOTHUX
nporecax, Teopii arMmochepHoi MakpoTypOylIeHTHOCTi, aTMOC(HEPHOT0 BOJIOTO000POTY y MOAAIb-
[IOMY 3B'SI3Ky 3 T€HE3UCOM TPOIMOC(HEpHUX PaTioOXBUIBOBOJIB 1 HACTYHHICTIO (opMm aTMocdepHoi
MUPKYIALIT (TETeKOHHEKIis, TeHe3uC (DPOHTIB), BUSBICHHI HOBUX MPEAUKTOPIB B CEPEIHBO- 1 IOBIrO-
CTPOKOBOMY TPOTHO3YBaHHI JMHAMIKA HM3bKOUACTOTHUX aTMOC(eEpHUX mporieciB. B pamkax Teopii
BHSIBJIICHHH 3B'SI30K TaK 3BaHUX TPOIMOCHEPHUX PaTiOXBUICBOIIB 3 aTMOC(HEPHUM BOJIOTOOOOPOTOM 1
BIJIMOBIAHO 3 OpPMOIO aTMOC(EepHOT HUPKYIALIT uepe3 MonokeHHs GPOHTATBHUX PO3ALTIB (aTMOC-
bepHux GPOHTIB K OCHOBHUX HAKOMHMUYBayiB BOJIOTH). ATMOC(HEpHHI BOJIOr000OpOT MOB'SI3aHUN 3
TaKUM THIIOBO HU3bKOYACTOTHUX MPOIECOM SIK BUKOHAHHS OajlaHCy 10 €Heprii Ta KyTOBOMY MOMEH-
Ty armocepu. OcTaHHIl XapakTepu3ye MOpyIIeHH O0anaHCcy o0epTaHHs aTMocdepu pa3oMm i3 3eM-
JICE0, SIKE MOXE TPOXOIUTH TPU PO3BUTKY MEPUIIOHAIBHUX TPOIIECIB 13 3MIHCHEHHSM MEPCHECEHHS
MacHy TIOBITPS 1 mapa MDK TPONIYHUMH IMHPOTaMH (3 BEIUKOKO JIHIHHOK IIBUAKICTIO) 1 MOBUIBHO
00epTaroThCs MOBITPSIHUMHA MacaMH MPUIOISPHUX MUPOT (MPOoIec MOBLIBHOI TenekoHHekIi). [Tia-
X1/ peani3oBaHU y BUINISAAI HOBO1 MikpocucTeMHoi TexHosorii "GeoMath-RadEnv" 1 opienToBanuit
Ha TECTYBaHHS 1 MPOTHO3YBaHHS MOTOKIB PyXy MOBITPSHUX Mac (4aCTUHOK, PaIiOHYKIIIIB) B IJIO-
OanbHI aTMoCchepHil KapTHHI, BA3HAYCHHS HOBUX MPEAUKTOPIB M1l CEPEAHBO- 1 IOBIO-CTPOKOBOTO
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MPOTHO3YBAaHHs HU3bKOYACTOTHUX arMocgepHux mporecis. [IK-ekcnepumMeHTH TpoJeMOHCTPYBaJIH
e(EeKTHBHICTH MIAXOAY B 3aCTOCYBaHHI /10 MOJIETIOBaHHS 0aJlaHCy KyTOBOTO MOMEHTY, IIEpeHOCy ar-
MocdepHUX Mac (BOJIOroo0OpoTy) MO BiTHOLICHHIO O T€HE3HCY TPONOCHEPHUX PasliOXBUIIEBOIIB,
HACTYMHOCTI opM armMocdepHoi HMUPKYIALIT (Tese3B's130K, (POHT-TeHE3HC). 3aCTOCYBaHHS METOLY
JI0 MOJICITIOBAaHHS IT00ANbHOI aTMOC(EpHOro MOBEAIHKH, PO3CIIOBAaHHS PaJioOHYKIIAIB Mmicis aBapil
Ha aTOMHIi enekTpocTtanuii Pykycima (HopHOOUIb) 1eMOHCTpY€E HOro €(PEeKTUBHICTb, 110 MiATBEp-
JOKYETBCSL (DI3UYHO PO3YMHHMM 3TO/I0I0 MIXK Tepen0adeHnuM 1 BUMIPSHUM MPOCTOPOBUM PO3MOALTIOM
panioHyKJIi1iB B aTMOC(epi, HAPSIMKOM 1 JMHAMIKOIO IOTOKIB PYXy MOBITPSIHUX Mac (4aCTOK).

KarouoBi ciioBa: armochepHi HU3bKOYACTOTHI TpoliecH, OajaHc eHeprii Ta KyTOBUX MOMEHTIB,
TeJIeKOMYHIKallii, mobasibHa aTMoc(epHa MOBE/IiHKa Ta AUCHIePCis paJioHyKIIiIiB, aBapii Ha aTOMHHUX
eJIEKTPOCTAHIIISIX Ta palialliiiHO-eKOIOT14HI HACIAKH

HOBBII BAJTTAHCHBII IMTOAXO0J K MOJAEJNPOBAHMIO MAKPOTYPBYJIEHTHOI
ATMOC®EPHOI JUHAMUKH, TIPOCTPAHCTBEHHOT'O PACTIPE/IEJIEHHS
PAJIMOHYKJINIOB B INTOBAJIbHOII ATMOC®EPE, X BO3IEIICTBHUS HA
OKPYKAIOLYIO CPEJY NOCJIE SIIEPHOI ABAPUU HA ADC ®YKYCUMA

A. B. Imywkos, A. B. Pomanosa, B. B. bysioxcu, E. B, bakynuna, O. IO. Xeyenuyc,
A. A. Ceunapenxo, A. C. berooonos

AnHOTanusA. Mbl npencTaBisieM 3JIEMEHTHl HOBOIO HECTAllMOHAPHOW TEOPUU, ONMUCHIBAIOLIECH
100aJbHBIE MEXaHU3MbI B aTMOC(EPHBIX HU3KOUACTOTHBIX IMpoIieccax, 3PPeKThl TeICKOHHEKIUH U
Jp. U MOZIETTMPOBAHUS I100ATLHOTO aTMOC(HEPHOT0 MTOBEICHUS, AUCTIEPCUU PATUOHYKIIUOB, OIICH-
KM PAaJMOAaKTUBHOIO BO3ACHCTBUA MOCIEACTBUN aBapuil HAa aTOMHBIX JIEKTpocTaHuusax dykycuma
(UepHOOBLIB) OKPYXKAIOILIYIO Cpely. DTOT IMOIXO0] OCHOBAH Ha MCIIOJIH30BAHNHU 0ATaHCOBBIX COOTHO-
IICHUH IS SHEPTHM M YIJIOBOTO MOMEHTA Ul INTOOANbHBIX aTMOC(EpPHBIX HU3KOYACTOTHBIX IPO-
[[ECCOB, TEOPUHU aTMOC(HEepHON MaKpPOTYpPOYICHTHOCTH, aTMOC(HEPHOTO BIAroo0opoTa B JaibHEHIIEH
CBSI3U C TEHE3UCOM TPOMOCHEPHBIX PaTUOBOTHOBOIOB U MPEEMCTBEHHOCTHIO (popMm aTrmocdepHOit
LUPKYJISIHAN (TEJIEKOHHEKIUS, TeHE3UC (PPOHTOB), BBISBICHUHU HOBBIX MPEIUKTOPOB B CPEIHE- U 1011~
rO-CPOYHOM MPOTHO3UPOBAHUHU JTUHAMHKH HHU3KOYACTOTHBIX aTMOC(HEpHBIX MpolueccoB. B pamkax
TEOPHH BBISIBIICHA CBSA3b TAK HA3bIBAEMBIX TPOMOC(EPHBIX PaJinOBOIHOBOAOB C aTMOC(HEPHBIM BIaro-
00OpPOTOM U COOTBETCTBEHHO ¢ (OPMOIl aTMOC(hHEPHOI HUPKYIAILIH Yepe3 MOJI0KeHHE PPOHTATIBHBIX
pasnenoB (aTMochepHbIX GPOHTOB KAK OCHOBHBIX HAKOMUTENEH Bi1ark). ATMoc(hepHbIil B1aroo0opot
CBSI3aH C TAKUM TUITMYHO HU3KOYACTOTHBIM MPOLIECCOM KaK BBIIOJHEHHE OajlaHca 1o SHEPHH U YIIIO-
BOMY MOMEHTY arMocdepsl. [Tocnennuit xapakrepusyeTr HapylieHne 0aganca BpalleHus aTMOChepsI
BMECTE ¢ 3emiieii, KOTOpOE€ MOXKET MPOXOJUTH MPH Pa3BUTHH MEPHIMOHAIBHBIX MPOIECCOB C OCY-
IIECTBJICHUEM MIEPEHOCa MacChl BO3IyXa U Mapa MEX/ly TPOMMYECKUMH MUPOTaMH (C OOJIBILION JIu-
HEIHOI CKOPOCTHIO) U MEUIEHHO BPALAOIIMMUCS BO3AYUIHBIMH MAacCaMH IMPUIIOISPHBIX IIHPOT
(mpouecc MeIeHHOU TesleKoHHEKIUN ). [Tonxo peanu3oBaH B BUJE HOBOM MUKPOCUCTEMHOM TEXHO-
noruio "GeoMath-RadEnv" u opueHTHpOBaH Ha TECTUPOBAHUE U MPOTHO3UPOBAHUE ITOTOKOB JIBUKE-
HUS BO3YIIHBIX Macc (4acTHIl) B TII00aNbHOM aTtMocdepHOit KapTHHE, OIpe/ie/IeHHe HOBBIX MPEIUK-
TOPOB JIJIs CPEAHE- U JJOJITO-CPOYHOTO IPOTHO3UPOBAHUS HU3KOYACTOTHBIX aTMOC(EPHBIX MTPOIECCOB.
[TK-3KcriepuMeHTsl TPOAEMOHCTPUPOBATH APPEKTUBHOCTH MOAX0/AA B IPUMEHEHUH K MOJIEINPOBA-
HUIO OajlaHca YIIIOBOTO MOMEHTA, MIEPEHOCY aTMOCc(hepHbIX Macc (BIaroo60poTa) Mo OTHOLICHHUIO K
TeHE3UCY TPONOC(EPHBIX PaJMOBOIHOBOIOB, IMPEEMCTBEHHOCTH (POpPM aTMOC(HEPHON HUPKYIAIUH
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(Tenecss3b, (poHT-reHe3uc). [IpumeHeHre MeToaa K MOJECIUPOBAHUIO II00AIBHOIO aTMOC(epHO-
ro MOBEJIEHUS, PACCESIHUS PAJJUOHYKIINIOB IOCJE SIEPHON aBapuu Ha aTOMHBIX JIEKTPOCTAHLUAX
@ykycuma (YepHOOBLIb) AEMOHCTPUPYET €ro 3(PPEeKTUBHOCTb, UYTO MOATBEP)KAAETCS (PU3HUECKH
pa3syMHBIM COTJIACHEM MEXTY TPEICKa3aHHBIM ¥ N3MEPEHHBIM IIPOCTPAHCTBEHHBIM pacTIpe/Ie]ICHUEM
pPaIMOHYKIHIOB B aTMoc(depe, HampaBIeHHEM U JTUHAMUKOW TTOTOKOB JIBUKEHHUS BO3IYIIHBIX MaccC

(dactu).

KiroueBble ciioBa: arMoc(hepHble HU3KOYAaCTOTHBIE TIPOIIECCHI, OaJaHC SHEPTHUH U YIIIOBOTO MO-
MEHTa, TEJEeCBs3b, IMI00AbHOE aTMOC(EPHOE MOBECHUE M TUCIIEPCHS PATUOHYKIINIOB, aBapHH Ha
ADC u paananmoOHHO-3KOJIOTUYECKHUE TTOCIEICTBUS

1. Introduction

In development of earlier works [1-7], in this
paper we present the elements of a new advanced
non-stationary theory of global mechanisms in
atmospheric low-frequency processes, telecon-
nection effects to modelling global atmospheric
behaviour, dispersion of radionuclides, assessing
the radioactivity impact of the Fukushima (Cher-
nobyl) nuclear accidents on the environment.
The approach is based on the energy, moment
balance relationships for the global atmospheric
low-frequency processes, atmospheric macrotur-
bulence theory, link of tropospheric waveguides
with atmospheric moisture circulation and, ac-
cordingly, with the shape of the atmospheric cir-
culation over the position of the front sections
of (atmospheric fronts as the main drives mois-
ture). The approach is realized and implemented
into the new microsystem technology “RadEnv-
Math” and focused on the testing and prediction
of the air mass (particles) flows in the global
atmospheric picture, determination of the new
predictors for long-term and very long-forecasts
of low-frequency atmospheric processes. The ap-
plication of the method to the modelling of global
atmospheric behaviour, the scattering of radionu-
clides after accidents at the nuclear power plant
in Fukushima (Chernobyl) demonstrates its ef-
fectiveness, which is confirmed by the physically
reasonable agreement between the predicted and
measured spatial distribution of radionuclides in
the atmosphere, the direction and dynamics of the
flows of air masses (particles).

It should be noted that at present time there are
different, quite consistent approaches to model-
ling global atmospheric processes and respective-
ly the methods of modelling temporal and spatial
dispersion of the radionuclides in atmosphere and
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other geospheres, (look for example, [1-4]). One
should mention such methods as MLDPO (Mod¢le
Lagrangien de Dispersion de Particules d’ordre
0 e Canada), HYSPLIT (Hybrid Single-Particle
Lagrangian Integrated Trajectory Model e United
States), NAME (Numerical Atmospheric-disper-
sion Modelling Environment e United Kingdom),
RATM (Regional Atmospheric Transport Model
e Japan), and FLEXPART (Lagrangian Particle
Dispersion Model e Austria). All the ATDMs are
of a class of models called Lagrangian Particle
Dispersion Models (LPDMs) and others (see, for
example, [7,8] and Refs. therein), nevertheless
quantitatively correct description of the global at-
mospheric processes and modelling temporal and
spatial dispersion of the radionuclides in atmos-
phere after accidents at the nuclear power plants
etc remains very important , actual and hitherto
unsolved problem. The results on the correspond-
ing modelling demonstrate as partly reasonable
agreement of the predicted and measured spatial
distribution of radionuclides in the atmosphere,
the direction and dynamics of the flows of air
masses (particles) as the significant disagreement.

2. Global mechanisms in atmospheric low-
frequency processes, balance of the angular
momentum of the Earth, teleconnection ef-
fects: Effective approach

Here we present the fundamental basis’s of a
new advanced non-stationary approach to global
mechanisms in atmospheric low-frequency pro-
cesses, the balance of the Earth angular momen-
tum, teleconnection effects and atmospheric radio
waveguides. The approach has been realized as a
new geophysical microsystem technology “Geo-
Math-RadEnv” [1-4]. The topics studied are of a
great interest for modern physics of large-scaled
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atmosphere processes (see also Ref. [3-10]). As
the key elements of our theory were in details
presented earlier, here we are limited only by the
key advanced aspects. An advanced non-station-
ary angular momentum balance equation of in
the planetary dynamic movements of air masses
is written in the following standard integral form
[2,4]:

ﬂ © H21 Ho) 21 ) )
E'prdV: [ [ [ poMdgdzdz + | [ [ (p}; - pj Ja cos pzdpda +
200 0g 0
0,27 H

+ [ [ [ zoacos pdgdazz,

@ 00

(1)

where M = Qa’cos@ + uacosp - angular momen-
tum; Q - the angular velocity of rotation of the
Earth; a - radius of the Earth; ¢ - Latitude (¢, - ¢,
- separated latitudinal belt between the Arctic and
polar fronts); A - longitude; u, v - zonal and me-
ridional components of the wind velocity; p - air
density; V - the entire volume of the atmosphere
in this latitude belt from sea level to the average
height of the elevated troposphere waveguide - H
(in notations [139] H = o0); ,’ _ - the pressure
difference between the eastern and western slopes
of the i-th mountains; z - height above sea level;
T, - the shear stress on the surface.

From the point of view of physics, the cycle
of balance of angular momentum in the contact
zones with the hydrosphere and lithosphere be-
comes a singularity. This singularity can be de-
tected through the occurrence of zones of fronts
and soliton-type front. Then the kernel of equa-
tion (1) can be defined in the density functional
ensemble of complex velocity potential [2,3]
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and the complex velocity, respectively, will be
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where w — complex potential; v_— complex veloc-
ity general circulation background (mainly zonal

circulation);b, — coordinates of vortex sources in
the area of singularity; ¢,_— coordinates of the di-
poles in the area of singularity; a_— coordinates of
the vortex points in areas of singularity; M, — val-
ues of momenta of these dipoles;o, — orientation
of the axes of the dipoles; I', q, — values of cir-
culation in the vortex sources and vortex points,
respectively.

In the scheme by Oort [9] the Hadley circula-
tion cell in angular momentum in the north part
runs into a zone of the Arctic front, and at the time
of the lithosphere it is included in the coverage of
the polar front. Convergence of these atmospheric
fronts could then close the cycle of atmospher-
ic angular momentum balance in the same fre-
quency range of atmospheric fluctuations without
giving effect by an ocean and the lithosphere. Of
course, the Hadley tropical cell carries telecon-
nection of the polar front with southern process
by means of the link mechanism which is simi-
lar to link between the tropical and polar fronts
or the Hadley tropical cell with a cell Hadley of
temperate latitudes. The balance of angular mo-
mentum in conditions of the close convergence of
the Arctic and Polar fronts over the ocean (which
is almost always in all seasons and over the conti-
nents in the summer and in the transition seasons)
is largely respected by centrifugal "pull" moisture
along the front section of the polar front to south
of the center of the cyclonic-depressive these.
The physical features of the atmospheric ventila-
tion predetermine the necessary modification of
the well-known Arakawa-Schubert model. The
model includes the budget equations for mass,
moist static energy, total water content plus the
equations of motion (look details in [10]). In [10]
it is also defined a cloud work function which is
an integral measure of the buoyancy force in the
clouds. If 4 is a work of the convective cloud then
it consists of the convection work and work of
down falling streams in the neighbourhood of a

cloud:

dA/dt =d A/dt,,,, +dAldt

conv downstr?

9

“4)

2,

[my K (4,4)dA" .
0

Here A is a velocity of involvement, m (1) is

an air mass flux, K(A, A’) is the Arakawa-Schu-

bert integral equation kernel, which determines
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the dynamical interaction between the neighbours
clouds. The actual form of K(A, ) and F(1)as
well as their derivations are given in Appendix B
[10]. If

L k)

dt downstr.

)‘max (5)
[KA)mp(W)dr + F(L)=0
0

is an mass balance equation in the convective ele-
ment (thermal), then one could write [2]:

my(A)=F(A)+ p .([mB(ﬂ')K(ﬂ,/l’)dﬂ' s

Here f is parameter which determines disbal-
ance of cloud work due to the return of part of the
cloud energy to the organization of a wind field in
their vicinity, and balance regulating its contribu-
tion to the synoptic processes. The solution of the
Eq. (6) with accounting for air stream superposi-
tion of the synoptic processes can be determined
by a resolvent method (see [2-5]:

my(D)=F()+ f [FOT s s, (7

where T(x, sB) is an resolvent of the integral
Eq.(7): )
T(2,s:8)=> p"'K, (4,5): (8)

4

Km(x,s)z

‘max

4
[ &Gt K 8). K2,y 5)dtydt, .. dt,, , (9)

0

nax

The key idea [2] is to determine the resolvent
as an expansion to the Laurent series in a complex
plane C. As result, one could obtain a representa-
tion for resolvent by the following Fourier expan-
sion:

r=Ye,(¢-af

1
= on

|¢j=1

$(C)d¢

Capr

where a is centre of convergence ring of the Lau-
rent series.

Further we consider an advanced spectral ana-
logue for equation of motion for dynamics of the
atmosphere in the low frequency range. As it is
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well known, the shape of the atmospheric circu-
lation changes its position in space, and the in-
tensity of manifestations varies in the period up
to several days, while inside it implemented pro-
cesses, lasting a few minutes, such as precipita-
tion. Hydrodynamic equations are set to reason-
ably high-frequency processes in the atmosphere
of the evolution of the cyclonic type of education
in the period up to two days, but it is not able to
well describe the low-frequency processes such
as change of the circulation forms.

At the same time the macroturbulent atmos-
phere equations are low-frequency ones in its basis
and there is a lot of experience of their decision
on the basis of spectral methods (see [1-3]. This
allows you to use them for our purposes for the
mathematical modeling of the changing forms of
circulation and, respectively, for the mathematical
parameterization homologues circulation [1-3].

In order to solve this task, one should in-
volve coupling moments forecasting model,
which we know from the system of the Reyn-
olds equations with implemented average and
fluctuation motion.

The method for calculating a turbulence
spectra should be based on the standard tensor
equations of turbulent tensions. As usually, it is
convenient to partition velocity u(v,v,w), pres-
sure p, temperature @ etc into equilibrium and
departures from equilibrium values (for exam-
ple: p=p +p’etc). One could write the system of
equations for the Reynolds tensions, moments of
connection of the velocity pulsations with entro-
py ones and the corresponding closure equations.
The technique of using Reynolds tension tensors
of the second rank is well known (for example, in
the form of an analytical representation). The cir-
cuit equations with accounting the Coriolis force
in the analytical form can be rewritten as (accord-
ing [2,3]:

aVIZ
ot

- L) VL) VL) -
a

A, VT + VUL )+ VL 7))+ VUL, 7))+
a

+4a)icos«9ﬁ+&V’LéiCD'),
a (11a)
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vy’ _
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- Z[V’U’L4(U)+ TVL(U)++7 UL, [U)+ VU LU+ (116)
+ VL (@) L[FLZ(V )+20 U’LZ(U’)]—
a 2a

- %[WLI (7)+ TV L7+ +7 UL )+ VUL (7)),
a

where, as usually:

L :%_(—1)'7 ﬁ%ﬂ% ctgo(...) |

b=1,j=1.4; b=-1,j=2,3; b=0, j=5,6.

The simplified modelling (see for example,
[2]) supposes remaining only two operators, say,
in the equation (11c):

or'u :LW,
ot a
expressing @' through ¢ complex potential of the
velocity f, and the velocity components V' - in
terms of functions y of the same velocity po-
tential. We suppose that this procedure should be
replaced by more consistent one that provides an
advanced level of a theory.

Naturally, the equations for tensor of the tur-
bulent tensions:

(12)

au’.u', a e a "o 6p'u’,
- +—(uk-u}u'j+u'ku}u'j)+ A
ot  Oxy 0x; O0x;
ou; — _ou;, [ou, Ou
o J ) 1 ’ 1 J
=iy ———uu —+ p| —+—|
7k ox Juk ox (6}( ox
(13)

The important parameter of the turbulent pro-
cesses is the kinetic energy of turbulent vortices
b* =uju, , which can be found from the equation
(with physical explanations of any term):

A b’ e (5 — —— A, ——
— ( i, +2u,:p')=—2u,:u,f L 28
a &, & &, 6,
Advection  Turbulent Effect of forces Interaction of the
diffusion  of tension Reynolds tension and
averaged motion

Generation for
account for
swimming forces

(14)

Here g is the magnitude of the acceleration
vector due to the planet’s gravity, 6, is the equi-
librium potential temperature, 8, p' are departures
from equilibrium values. The physical content of
any term is presented in Eq. (14).

Velocity’s correlates are determined as fol-
lows [2]:

R Ouu., Ouu Ou,
wlu'uy, = —bA, “Y iy 4 2t X
&, & @ &
- 0 ou.0
w0 = —bay| 28 SO
&,
- 1”2
ul_grz:b;{{é’g }
|
— . — 15
R R (15)
& 3 377,

Here ¢, [,, A, are constants which define the
scales of turbulent vortexes and measure of their
influence on the averaged motion and atmosphere
turbulence anisotropy. Components of tensor of
the turbulent tensions are (v, - spectral modes of
velocity field) [2]:

(16)

X D O Ol Ty, =Y =07,

An effective approach to determination of the
atmospheric flow velocity can be given by meth-
od of a plane complex field theory in a full analo-
gy with the known Karman vortices chain model:

. dr r{ 1 00( 1 1 H
Vy mivy == — + 2 + +
dg 2mi|C-Co j=1\C—Co—kl C—Co+kl
dfn (17)
LS (-
+d§ LE] i In(¢ k)}

Here T, —circulation on the vortex elements,
created by clouds, b, — co-ordinates of these el-
ements, I — circulation on the standard Karman
chain vortices of, / — distance between standard
vortices of the Karman chain, ¢ - co-ordinate of
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the convective perturbations line (or front divid-
er) centre, G - k/ — co-ordinate of beginning of the
convective perturbation line, C +kl— co-ordinate
of end of this line. Equating the velocity compo-
nents determined in the global circulation model
and and model (6), we find the spectral matching
between the wave numbers that define the func-
tional elements in the Fourier-Bessel series with
the source element of a plane field theory.

It is also worth to remind that any vector field
u can be separated into rotational and divergent
parts, i.e.,

u=Vy+us (18)

(the Helmholtz’s theorem). If the vector field is a
horizontal wind, one can define a current function
v, to express the rotational part, and a velocity
potential f; to express the divergent part. Namely
these parameters are of a great interest in applied
analysis of an global atmospheric ventilation.
Below we present the results of test computing
the atmospheric ventilation for a few synoptic
situations in the Pacific ocean region. All calcula-
tions are performed with using of the “GeoMath-
RadEnv” and “Quantum” PC codes [1-5,11-16].

3. Some numerical results and conclusions

Regarding the Fukushima Nuclear power plant
accidents, it is well-known [8] that on March 11th
2011, an earthquake of magnitude 9.0 occurred
off northeastern Japan, causing a tsunami and
damaging the Fukushima Daiichi Nuclear Pow-
er Plant (FNPP1). As a result, radioactive prod-
ucts were released in the atmosphere and other
geospheres (ocean, soils etc). A summary of the
meteorological conditions during the critical
phases of the atmospheric emissions is given in
the WMOTT report (WMO, 2013) and by several
other researchers. According to [8], from March
Oth to 12th a weak low pressure trough over east-
ern Japan caused light rain to be observed and
then a high pressure system moved eastward
along the south coast of the main island of Japan
from the 12th through the 13™; from March 14th
to 15" another weak low pressure trough moved
eastward off the southern coast of the main island
then moved toward the northeast while develop-
ing rapidly after the 15th. In particular, rain was
observed in the Fukushima prefecture during
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the night from 1700 JST1 March 15 to 0400 JST
March 16 (Kinoshita et al., 2011), a time corre-
sponding with significant emissions. High pressure
dominated on March 18th and 19th and the winds
were generally from the west. A low pressure sys-
tem passed over the main island from March 20th
to the 22nd causing moderate rain near Tokyo. It is
well known that the deposition, dispersion of the of
radionuclides in the atmosphere mainly depended
upon many factors such as the source term char-
acteristics including source magnitude and source
height, meteorological condition, atmospheric
circulation on different temporal and spatial time-
scales, the physical and physicochemical property
of specific radionuclide. Regading the Fukushima
nuclear plant accidents, the behavior of Fukushi-
ma-derived radionuclides is attributed to the large
scale atmospheric low-frequency processes (circu-
lation) as according to Refs. [2,5-7] the Fulushima
accidents radionuclides were detected in the north-
ern hemisphere and southern hemisphere within 20
day and one month after the accidents [8].

Further let us present some of our modelling
results taking into account that as we have very
limited space available for this paper. All neces-
sary input data parameters are taken from Refs.
[1-4-7]. Below as illustration, we present the re-
sults of our numerical simulation and experiments
and their analysis is given. Calculation of changes
in the height of elevated tropospheric wave guide
in the form of circulation, M1 (look Figure 1 and
Ref. [2]) gave the average height of tropospheric
waveguide according to the season within the
1500-2500 m; changes desired heights are in the
range of 50-500 m. It is important for long-term
forecasting only a sign of abnormality of heights
of the radiowaveguide and not their numerical
characteristics.

The negative anomalies are observed near
the Asian and American continents, and positive
anomaly - over the Pacific Ocean (Fig. 1). Fig-
ure 2 corresponds to wind flows presented an
anomaly of the stream function, where the direc-
tion of the velocity vector corresponds to the pos-
itive values that were left of the stream (Figure
1b numbers marked velocity values in mx c¢'; the
corresponding values of changes in the function
of the current make - maximum value: ~20x10°
m’s~, ~1.2x10° m?s™"). Analysing results in Fig-
ures 1,2, one could see that a transfer of angular
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momentum along the horizontal moisture transfer
goes from east to west, which corresponds to a
calculated scheme [9], with the main stream of
the West account for the breadth of the Aleutian
Islands, which also corresponds to the results by
Oort et al [9]. Similar results are obtained in Refs.
[2,9] for the shape of the M1, but for the cold
half of the year. It has been found that the rise
height of the raised radio waveguides is shifted to
the north, with a maximum over Japan. This can
be explained by the increase of the temperature
contrast of “Pole - Equator” and the correspond-
ing displacement of the Arctic and polar fronts.
It is important to note that the results obtained
here differ from the analogous results of the cor-
responding stationary theory and simplified non-
stationary one on about 10-15%. This fact con-
firms that a real theory of the studied phenomena
should be by non-stationary one.

Figure 1. Changing the height of the tropospheric
radiowaveguide (see text).
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Figure 2. The stream function for the situation de-
picted in the Figure 1 (see text).

In Figure 3 we present our data on the aver-
age wind velocity (in knots) and the stream func-
tion (continuous lines) at 500 hPa, computed for
the period from 11 March to 22 March, 2011.
The analogous data for the wind velocity and
the stream function have been presented in Ref.
[8]. In whole there is quite complex picture of air
flows and its predetermined that particles, which
were released from Fukushima in different times
and different altitudes above the earth surface had
various trajectories in a full correspondence with
data [8]. The stream has been influencing sig-
nificantly the particles spreading at upper atmos-
pheric levels (in absolute values the average wind
velocity of the jet stream reached the values of
about 20 mx s™'). Analysis of the presented data
show that the modelling results are in a physically
reasonable agreement, though do not reflect in a
full degree the observed picture. Nevertheless,
the main atmospheric dynamical aspects in the
studied period are reflected quite acceptably.

1208 180 1208 L) 0 BOE 1206

Figure 3. The data on the average wind velocity
and stream function (lines) at 500 hPa, computed
for the period 11-22 March, 2011.

In any case the modelling demonstrated the ef-
fectiveness of the approach in applying to study-
ing the large scale atmospheric behaviour, provid-
ed by the energy and angular momentum balance,
the transfer of atmospheric masses (moisture
flow) with respect to the continuity of atmos-
pheric circulation forms (telecommunication,
front-genesis). The application of the method to
the modelling of global atmospheric behaviour,
the scattering of radionuclides after accidents at
the nuclear power plant in Fukushima (Cherno-
byl) demonstrates its quite acceptable potential,
which is confirmed by the preliminary, physically
reasonable agreement between the predicted and
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measured spatial distribution of radionuclides in
the atmosphere, the direction and dynamics of the
flows of air masses (particles). These data in de-
tails will be presented separately.

To conclude, we present the elements of a
new advanced non-stationary theory of global
mechanisms in atmospheric low-frequency pro-
cesses, teleconnection effects to modelling global
atmospheric behaviour, dispersion of radionu-
clides, provided by a radioactivity impact of the
Fukushima (Chernobyl) nuclear accidents on the
atmospheric environment. The approach is based
on the energy, moment balance relationships for
the global atmospheric low-frequency processes,
atmospheric macroturbulence theory, link of trop-
ospheric waveguides with atmospheric moisture
circulation and, accordingly, with the shape of the
atmospheric circulation over the position of the
front sections of (atmospheric fronts as the main
drives moisture). Atmospheric moisture cycle is
associated with the typical low-frequency perfor-
mance of the process as the balance of an energy,
entropy and angular momentum. Last imbalance
characterizes the rotation of the atmosphere to-
gether with the Earth, which may lead to the de-
velopment of meridional processes with the im-
plementation of the mass transfer of air and steam
between tropical latitudes (with a linear velocity)
and slowly rotating air masses of polar latitudes
(in fact it is a slow process teleconnection). Im-
balance on the energy and atmosphere angular
momentum can not remain without consequences
in the atmosphere due to the rather large forces
involved in the desired dynamics. Naturally im-
balance causes the effects of the singularity, i.e.
sharp reaction of the atmosphere in an attempt to
eliminate it. In any case, such a serious impact
on the atmosphere, in principle, can largely cause
change in the form of atmospheric circulation,
which allows quickly to redress the energy and
angular momentum imbalance organization suf-
ficiently rapid moisture transport etc.
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NEW BALANCE APPROACH TO THE MODELING OF MACROTURBULENT
ATMOSPHERIC DYNAMICS, SPATIAL DISTRIBUTION OF RADIONUCLIDES IN THE
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Summary

We present the elements of a new advanced non-stationary theory of global mechanisms in atmo-
spheric low-frequency processes, teleconnection effects to modelling global atmospheric behaviour,
dispersion of radionuclides, assessing radioactivity impact of the Fukushima (Chernobyl) nuclear
accidents on the environment. The approach is based on the energy, moment balance relationships
for the global atmospheric low-frequency processes, atmospheric macroturbulence theory, link of
tropospheric waveguides with atmospheric moisture circulation and, accordingly, with the shape of
the atmospheric circulation over the position of the front sections of (atmospheric fronts as the main
drives moisture). Atmospheric moisture cycle is linked with such typical low-frequency process as
the angular momentum balance; the latter accounts violation of the atmosphere rotating balance with
the Earth, which may be under developing meridional processes with the implementation of the mass
transfer of air and steam between the tropical latitudes (with a large linear velocity) and slowly rotat-
ing air masses of the polar latitudes (a process of slow teleconnection). The approach is realized and
implemented into the new microsystem technology «GeoMath-RadEnv» and focused on the testing
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and prediction of the air mass (particles) flows in the global atmospheric picture, determination of
the new predictors for long-term and very long-forecasts of low-frequency atmospheric processes. PC
experiments demonstrated the effectiveness of the approach in applying to modeling the balance of
angular momentum, the transfer of atmospheric masses (moisture flow) with respect to the genesis of
tropospheric waveguides, the continuity of atmospheric circulation forms (telecommunication, front-
genesis). The application of the method to the modeling of global atmospheric behavior, the scattering
of radionuclides after accidents at the nuclear power plant in Fukushima (Chernobyl) demonstrates its
effectiveness, which is confirmed by the physically reasonable agreement between the predicted and
measured spatial distribution of radionuclides in the atmosphere, the direction and dynamics of the
flows of air masses (particles).

Keywords: atmospheric low-frequency processes, energy and angular momentum balance, tel-
econnection, global atmospheric behaviour and dispersion of radionuclides, nuclear power plant ac-
cidents and radiation-environmental consequences
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HOBUWM BAJTAHCOBU TIJIXII O MOJAEJIOBAHHSI MAKPOTYPBYJIEHTHOI

ATMOC®EPHOI JUHAMIKH, TPOCTOPOBOI'O PO3NOALITY PAIIOHYKJIIIIB

B ITTOBAJIBHIA ATMOC®EPI, iX BILIMBY HA HABKOJIMIIIHE CEPEJOBHUIIE
MICJAS SAEPHOI ABAPII HA AEC ®YKYCIMA
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A. C. berooornos

Onecbkuit nep>kaBHUM ekonorigyHui yHiBepcuteT, JIbBiBchka 15, Onmecca, 65016
E-mail: glushkovav@gmail.com

Pedepar

Mu npencTaBiseMO €JIEMEHTH HOBOTO HECTAIllOHApPHOI Teopii, M0 OMUCY€E T00adbHI MEXaHi3-
MH B aTMOC(EpPHHUX HM3BKOUACTOTHUX TMpoliecax, e(eKTH TEJIEKOHHEKIil Ta iH. JAJS MOACIIOBAHHS
100abHOT aTMOCc(epHOi MOBEAIHKH, MPOCTOPOBO-UYACOBOTO PO3MOALTY (AUCTepCii) paaioOHyKIiIIB,
OIIIHKU PaJIl0aKTUBHOTO BIUIMBY HACIIIKIB aBapiii Ha aTOMHUX eleKkTpocTaHIisax dykycima (HopHo-
OuIb) Ha HaBKONHUIIHE cepenoBuie. Lleil miaxin 3acHOBaHUI HAa BUKOPUCTAaHHI 0alaHCOBUX CIIBBI-
HOIICHB JJIS1 €HEPrii Ta KyTOBOTO MOMEHTY B INIOOAIbHUX aTMOC(HEPHUX HU3bKOUACTOTHUX MpOIlecax,
Teopii arMocdepHOi MaKpOTYpOYJIEHTHOCTI, aTMOC(HEPHOTO BOJIOTO000POTY Y MOAATBIIIOMY 3B’ SI3KY
3 TEHE3UCOM TpomocepHUX paaioXBUIBLOBOAIB 1 HACTYMHICTIO popM atMochepHOi MUPKYIALIi (Te-
JICKOHHEKIIisl, TeHe3UC (PPOHTIB), BUSABICHHI HOBUX MPEIUKTOPIB B CEPEIHBO- 1 JOBrO-CTPOKOBOMY
MIPOrHO3YBaHHI JMHAMIKM HU3bKOUACTOTHUX aTMocdepHUX mpoiieciB. B pamkax Teopii BUSBIECHUN
3B’SI30K TaK 3BAaHUX TPOMOC(EpPHUX PaliOXBUIEBOIIB 3 aTMOC(HEPHUM BOJIOTOOOOPOTOM 1 BIMOBIIHO
3 hopMOI0 aTMOChepHOT UPKYJIALIT Yepe3 MONoKEeHHS (POHTAIBHUX PO3ALTIB (aTMOC(hepHUX (HpOH-
TiB SIK OCHOBHUX HaKOIMW4yBaydiB BOJIOTH). ATMOC(epHUil BOI0roo00pOT OB’ A3aHHM 3 TAKUM THUIIOBO
HU3bKOYAaCTOTHHUX MPOLECOM K BUKOHAHHs OajlaHCy MO €Heprii Ta KyTOBOMY MOMEHTY arMocdepu.
OcranHiil XapakTepusye MopyueHHs OanaHcy oOepTaHHa atMochepu pa3oM i3 3emiero, siKe MOXKe
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MIPOXOUTH MIPHU PO3BUTKY MEPUIIOHATFHUX MPOIECIB 13 3A1MCHEHHAM NEPEHECEeHHS MacH MOBITPS 1
napa MK TPOIIIYHUMH ITHUPOTaMU (3 BEJMKOIO JIIHIHHOIO MBUIKICTIO) 1 MOBUIBHO 00EpTArOThCS TO-
BITPSIHUMHU MacaM# MPUIIOSIPHUX MIUPOT (TIpoliec MoBLIbHOT TeinekonHektil). [Tiaxin pearizoBanuii
y BUINISAZ HOBOT MikpocucTeMHOI TexHojorii «GeoMath-RadEnv” i1 opienToBaHuil Ha TeCcTyBaHHS 1
MIPOTHO3YBaHH TIOTOKIB PyXy MOBITPSHUX Mac (YaCTHHOK, PaIiOHYKIIIIIB) B I0OaIbHIN atmMocdep-
HIi KapTHHI, BU3HAYCHHsS] HOBUX MPEAUKTOPIB JUIsl CEPEAHBO- 1 TOBrO-CTPOKOBOTO MPOTHO3YBaHHS
HU3bKOYACTOTHUX aTMmocepHux npoueciB. [IK-ekcnepumeHTH npopeMOHCTpyBaid €(EeKTUBHICTD
MiXO0/y B 3aCTOCYBaHHI JI0 MOAETIOBAHHS OaJlaHCy KyTOBOT'O MOMEHTY, IIEPEHOCY aTMOC(HEPHUX Mac
(BOJI0T0000POTY) TIO BITHOIIEHHIO 70 TEHE3UCY TPOToCchepHUX paaioXBUIEBOIIB, HACTYITHOCTI (JopM
arMocdepHoi UPKyIsALii (Tene3B’s130K, GPOHT-TeHe3uc). 3aCTOCYBaHHS METOAY 10 MOAETIOBaHHSA
100aIbHOI aTMOC(EPHOTO TIOBEAIHKH, PO3CIIOBAaHHS PaJiOHYKIIIIB Micisl aBapii Ha aTOMHIN eJex-
tpoctaniii ®ykycima (HopHOOUITB) AEMOHCTPYE HOTO €(PEKTUBHICTB, 110 MIATBEPIKYETHCS (DI3UIHO
PO3YMHHUM 3rofI0K0 MIX Iepea0adyeHuM 1 BUMIPSHUM MPOCTOPOBUM PO3MOALIOM PaiOHYKIi/IiB B aT-
Mocdepi, HAPSIMKOM 1 IMHAMIKOIO TIOTOKIB PyXy MOBITPSHUX Mac (4acTOK).

KurouoBi cjioBa: arMmocdepHi HU3bKOYACTOTHI MPOIIECH, OallaHC €Heprii Ta KyTOBUX MOMEHTIB,
TeJIeKOMYHIiKallii, mobasibHa aTMOc(epHa MOBE/IIHKA Ta AUCHIEPCis paJloHyKIIiIB, aBapii Ha aTOMHHUX
EJIEKTPOCTAHIIISAX Ta PaialifHO-eKOJOTIYHI HACTI KU
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A NOVEL COMBINED CHAOS-GEOMETRIC AND VIBRATION BLIND SOURCE
MONITORING APPROACH TO DAMAGE ANALYSIS AND DETECTION OF
ENGINEERING STRUCTURES (NUCLEAR POWER PLANTS) UNDER VARYING
ENVIRONMENTAL, OPERATIONAL CONDITIONS AND EMERGENCY ACCIDENTS

V. V. Buyadzhi, A. V. Glushkov, M. Yu. Gurskaya, O. Yu. Khetselius, E. B. Ternovsky,
A. A. Mashkantsev, S. V. Kirianov

Abstract. The paper is devoted to problem of analysis, identification and prediction of the presence
of damages, which above a certain level may present a serious threat to the engineering (vibrating)
structures such as different technical systems and devices, including nuclear reactors etc in result
of the operational, environmental conditions, including the emergency accidents. For the first time
we present and apply a novel computational approach to modelling, analysis (further prediction) of
a chaotic behaviour of structural dynamic properties of the engineering structures, based on earlier
developed chaos-geometric and vibration blind source monitoring approach. In the concrete realization
the novel approach includes a combined group of blind source monitoring , non-linear analysis and
chaos theory methods such as a correlation integral approach, average mutual information, surrogate
data, false nearest neighbours algorithms, the Lyapunov’s exponents and Kolmogorov entropy analysis,
nonlinear prediction models etc. As illustration we present the results of the numerical investigation
of a chaotic elements in dynamical parameter time series for the experimental cantilever beam (the
forcing and environmental conditions are imitated by the damaged structure, the variable temperature
and availability of the pink-noise force). Using numerical time series analysis results, we list the
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data on the topological and dynamical invariants, namely, the correlation, embedding, Kaplan-Yorke
dimensions, the Lyapunov’s exponents and Kolmogorov entropy etc and consider a construction of
the engineering structures (including nuclear reactors) damage detection prediction model. Under an
influence of the operational, environmental conditions, including the emergency incidents (accidents)
during the operation of the nuclear reactor vessel it is more than probable development (growth) of
damages (defects) that existed initially, as well as the emergence of new defects and their further
development (growth). In this case technical application of vibration diagnostics technologies and
further analysis within the presented approach could be very useful together with available probabilistic
models for assessing the safety of nuclear reactors.

Keywords: damages of engineering (vibrating) structures, nuclear power plants, new mathematical
models, new microsystem technology, chaos-geometric approach

HOBUI1 KOMBIHOBAHUI XAOC-T'EOMETPAUYHUM HIIXIJI I BLIND SOURCE
MOHITOPHHI 10O AHAJI3Y I JETEKTYBAHHSA YIIKO/JKEHb IH)KEHEPHUX
CTPYKTYP (1IEPHI PEAKTOPH) ITPU 3MIHI EKCILIYATAIIIMHUX YMOB, YMOB
HABKOJIMIIIHHOTI'O CEPEJIOBHUIIIA, ABAPIMHUX IHIIUJIEHTIB

B. B. byaoorcu, O. B. I'nywxos, M. IO. I'ypcoka, O. IO. Xeyeniyc, €. B. Tepnoscoiuii,
0. A. Mawrxanyes, C. B. Kip 'anos

Anoraunis. Crarts npucBsYeHa MPoOIeMi aHami3y, iIeHTU]IKALIT Ta MPOrHO3yBaHHS HASIBHOCTI I10-
IIKOJPKEHb, SIKI BUIIE TIEBHOTO PIBHS MOXYTh MPEACTABISATH CEPHO3HY 3arposy s iHXEHEpHHX (Bi-
OpauiifHuX) CTPYKTYyp, TaKUX SIK Pi3HI TEXHIYHI CUCTEMH Ta MPUCTPOI, BKIIOYAIOUH SAEPHI PEAKTOPH 1
T.JI., BHACHIJIOK 3MIHM €KCIUTyaTalliiHUX, eKOJIOTTYHUX YMOB, aBapiiHUX 1HIMICHTIB. Briepie mu npen-
CTaBJISIEMO 1 3aCTOCOBYEMO HOBHM OOYMCIIOBAJIBHUHN MiAXiJ A0 MOJCIIOBAHHS, aHAJI3y (MIOAAJIBIIOTO
MIPOTHO3YBAHHS) XaO0TUYHOTO MOBEIIHKUA CTPYKTYPHO-IMHAMIYHUX BIACTUBOCTEH 1H)KEHEPHUX CTPYK-
TYp Ha OCHOBI paHiIlie po3poOIeHOro HaMH XaoCy-TeOMETPUYHOro MeToay Iuttoc blind source MoHiTo-
pHHL. Y KOHKPETHOI peajtizalii HOBHIA IiJIXi/] BKIIIoUae B cede 00'€JHaHy TPYIy METO/IB Ta alTOPUTMIB
HEJIHIMHOTO aHami3y 1 Teopii Xaocy, TAaKUX SK METOJ KOPEISAIIHHOTrO IHTerpaja Ta CepeHbOI B3a€EMHOT
iH(pOpMarii, aIrTOPUTMU TOMUJIKOBUX HAWOMMKYMX CYCiJIIB Ta CypOraTHHMX JaHHX, aHaJli3 HAa OCHOBI
nokaszHukiB JlsmyHoBa Ta enTpomnii Koamoroposa, Mozeni HEMHIHHOTO MPOrHO3yBaHHS 1 T. 1. B sikocTi
uTrOCTparii HaBeAeHI Pe3ylIbTaTH YHUCEIBHOTO MOCIIKEHHS XaOTHYHUX €JIEMEHTIB B YaCOBUX PsIax
JMHAMIYHHUX TapaMeTpiB s eKCIIEPUMEHTAIbHOTO KOHCOJIBHOIO MydYKa (BIUIMB 1 YMOBH HABKOJIHUII-
HBOT'O CEpPeIOBHUINA IMITYIOTBCS YIIIKOJHKEHOIO CTPYKTYPOIO, 3MIHHOIO TEMIIEPaTypOIO 1 HASIBHICTIO CHITH
THITYy POXKEBOTO I1yMy). Ha 0CHOBI aHasTi3y YMCeIbHUX YaCOBHX PSIIiB OTPUMAaHI IaH1 PO TOTIONOT1YHI 1
JMHAMIUHI HHBAPUAHTH, a CaMe: KOPENALliitHy po3MipHiCTh, po3MipHOCTI BKIanenns, Karmnana-Hopka,
nokazHuky JlsmyHosa, entpomnito Kommoroposa i T.1., Ta po3misiHyTa KOHCTPYKIIsI MOJIEINi IPOTHO3YBaH-
HS 1 BUSIBJICHHS TIOIIKO/KEHB 1H)KEHEPHUX CHOPYA, Y T.4U., STIEPHUX peakTopiB. Il BILIMBOM eKcIuTya-
TaI[ITHUX, €KOJIOT1YHUX YMOB, Y TOMY YMCIIi HAA3BUYAHHUX IHIIUICHTIB (aBapiii) mi1 yac eKcruryararii
KOpITyca sIIEPHOTO PEaKTopa € OLIbII, HiXK IMOBIPHUM PO3BUTOK (3POCTaHHS) IIKOAYBaHb (1e(eKTiB),
10 ICHYBaJIM CIOYATKy, a TAKO)XK BUHUKHEHHSI HOBHX JE(EKTIB Ta iX MONaIbIINN PO3BUTOK (3pOCTaH-
Hs1). Y [IbOMY BUIAJKy TEXHIYHE 3aCTOCYBAaHHSI BiOpaIliifHO-/11arHOCTHYHUX TEXHOJIOTIH Ta MOJATBIIHNA
aHaJi3 B paMKax PO3BHHYTOTO B POOOTI MiAXOLY MOXKYTh OyTH JTy)K€ KOPUCHUMH Pa3oM 13 ICHYIOUUMH
IMOBIpHICHUMH MOJIEJISIMU OLIIHKU O€3MeKH SACPHUX PEaKTOPIB.

Kiro4oBi cj10Ba: MOMIKOKEHHS 1HKEHEPHUX (BiOpaliiHuX) COPY, aTOMHI pPeakTopu, HOBI Ma-
TEMaTH4YHi MOJIeIli, HOBa MIKPOCUCTEMHA TEXHOJIOT1sI, Xa0C-T€OMETPUYHHH M1 IX1]1
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HOBBIII KOMBUHUPOBAHHBIN XAOC-TEOMETPUYECKHAM IMOJXO/1 X BLIND
SOURCE MOHUTOPHHI K AHAJIN3Y U JETEKTUPOBAHUIO IMOBPEXIEHUN
HHXEHEPHBIX CTPYKTYP (IIEPHBIE PEAKTOPBI) IIPU U3MEHEHUN
SKCILIYATAIIMOHHBIX YCJIOBUH, YCJIOBUH OKPYKAIOIIEN CPEJIbI,
ABAPUMHBIX THIIUJEHTOB

B. B. byaoorcu, A. B. Inywkos, M. IO. I'ypckas, O. IO Xeyenuyc, E. B. Tepnosckuii,
A. A. Mawxanyes, C. B. Kupvanos

AnHoTauus. CtaThsl MOCBAIICHA MpoOieMe aHaIn3a, WACHTU(PHUKAIIMKA U IPOTHO3UPOBAHUS Ha-
YU MOBPEXKICHUM, KOTOPBIE BBILIE OIPEACICHHOIO YPOBHS MOTYT IIPEICTaBIATH CEPHE3HYIO
yIpo3y JAJsl HHKEHEPHBIX (BUOPALMOHHBIX) CTPYKTYP, TAKHX KaK pa3IMYHbIe TEXHUUECKUE CUCTEMBI
U YCTpPOMCTBA, BKIIOUYAs SACPHBIC PEAKTOPBHI U T.J., BCIEIACTBUE U3MEHEHHs HKCIUIyaTallHOHHBIX,
JKOJIOTMYECKUX YCIIOBUN, aBAPUMHBIX MHLIUJECHTOB. BriepBble MbI IPEACTaBIIsAEM U IPUMEHSAEM HOBBIN
BBIYHUCIUTENBHBIN MOAXO0A K MOJAESIMPOBAHUIO, aHANIU3Y (JajdbHENIIEMY IPOTHO3UPOBAHUIO) XaOTH-
YECKOI'0 IOBEICHUS CTPYKTYPHO-IUHAMUYECKUX CBOWCTB MHXKCHEPHBIX CTPYKTYp Ha OCHOBE paHee
pa3pabOTaHHOTO HAMHU Xa0Ca-TeOMETPUUYECKOT0 METOA IUIIOC M3BECTHBIN blind source MOHUTOpPHUHT.
B KoHKpeTHOH peanu3anii HOBBIN MMOIXO0J] BKIIOUAET B ceOsi 00BbETMHEHHYIO TPYIIILY METOOB U aj-
TOPUTMOB HEJIMHEHHOI0 aHAJIN3a U TEOPUM Xa0Ca, TAKUX KaK METOZ KOPPEJSIIUOHHOIO UHTErpaja 1
cpenHel B3anMHOU HH(POPMALIUH, aITOPUTMBI JIOKHBIX OMMKAMIINX coCcelel M CyppOoraTHBIX TaHHBIX,
aHaJIU3 Ha OCHOBE Iokazaresed JlsnmyHoBa n sHTponuu Koamoroposa, MOIEIM HEIMHEHHOTO IPO-
THO3UPOBAHMA U T. [. B KauecTBe WILTIOCTPALMK IIPUBEACHBI PE3YIbTaThl YUCICHHOIO UCCIICIOBAaHUS
XA0TUYECKUX WIEMEHTOB B BDEMEHHBIX PsAJIaX JMHAMUYECKUX IapaMETPOB Il SKCIIEPUMEHTAIBHOIO
KOHCOJIBHOTO ITy4yKa (BO3JEHCTBUE U YCJOBMS OKPY)KAIOILIEH Cpeibl UMUTUPYIOTCS MOBPEXKIECHHOM
CTPYKTYpOM, IEPEMEHHOM TEMIIEPATYpPOl U HAJIMYMEM CHJIBI TUIIA po30Boro nryma). Ha ocHose umc-
JICHHOTO aHaJIM3a BPEMEHHBIX PSI0B IOJyYEHBI JaHHBIE O TONOJOTMYECKUX U JMHAMUYECKUX WH-
BApHAHTAX, 3 HIMEHHO: KOPPE/IALMOHHOM Pa3sMEpPHOCTH, Pa3sMEpPHOCTAX Bioxkenus, Kammana-Mopka,
nokaszareinsix JlsmyHoBa, sHTponuu KommMoroposa u T.1., 1 pacCMOTpPEHA KOHCTPYKIMSI MOJENH TIPO-
THO3UPOBaHMS U OOHAPYKEHUSI MOBPEXKICHUN WH)KEHEPHBIX COOPYKEHUH, B T.U., SIIEPHBIX PEAKTO-
poB. Ilox BiussHHEM 3KCIUTyaTallMOHHBIX, YKOJOTUYECKUX YCIOBUM, B TOM YHCJIEC YPE3BbIYAHHBIX UH-
IIUJICHTOB (aBapHii) MPH HKCILTyaTallUy KOPITyca SASPHOTO peaKTopa sBIsieTcs: 00jee 4eM BepOSTHBIM
pasButue (pocT) Bo3MeleHu# (1eeKToB), CYIIIeCTBOBABINNE H3HAYAIBHO, a TAKKE BOZHUKHOBEHUE
HOBBIX JIe()eKTOB U MX JajbHeHIIee pa3BuThe (poct ). B 3TOM cityuae TeXHUYECKOe MPUMEHEHUE BH-
OpalMOHHO-TMAarHOCTUYECKUX TEXHOJIOTMH M MOCIEAYIOMINN aHaIl3 B paMKaX pa3BUTOro B pabore
MOX0/1a MOTYT OBITh OYEHbB MOJIE3HBIMU BMECTE C UCIIOIB30BAHUEM CYLIECTBYIOIINUX BEPOSTHOCTHBIX
MoJIeNei OIIeHKH 0€3011aCHOCTH SIIEPHBIX PEaKTOPOB.

KiroueBbie cj10Ba: TMOBPEKICHUS WHKEHEPHBIX (BUOPAIMOHHBIX) COOpPYKEHUH, AaTOMHBIC
PEaKTOpPBI, HOBBIE MAaTEMAaTUYECKUE MOJEIIN, HOBAs MUKPOCUCTEMHAsI TEXHOJIOTHUs, Xa0C-T€OMETPHU-
YECKUM MOAXO
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1. Introduction

In the last decade the problem of analysis,
identification and further prediction of the pres-
ence of damages (cracks) in different engineering
(vibrating) structures (such as different mechani-
cal and hydrotechnical systems, devices, equip-
ment, turbochargers, engines of hydroelectri-
cal stations, atomic reactors etc) because of the
changing operational, environmental conditions,
including the emergency accidents, attracts an in-
creasing interest and has a great importance [1-
4]. The standard way is using so called structural
health monitoring (SHM) methods (see [4]) that
have been intensively investigated over the last
decades and allow the early identification and fur-
ther localization of damages. Usually change of
structural dynamic properties due to environmen-
tal, operational and other (earthquakes, tsunamis,
emergency explosions etc) incidents results in
the existence, location and size of damages. Re-
ally, the changing conditions such as temperature,
moisture, pressure, mechanical actions etc may
cause significant changes in their properties and
result in the damage detection algorithms to false
decisions. The useful information regarding the
effects of environmental and operational condi-
tions on a dynamics of different structures can be
found in Ref. [4].

Let us remind that severe accidents in 1986 ar
the Chernobyl and in 2011 at 1 + 4 Fukushima-
Daiichi nuclear power plans and a series of
incidents and accidents at a number of power
units of other nuclear power plants in different
countries of the world revealed a limited limit to
the generally accepted approaches to the analysis
and assessment of the safety of nuclear power
plants in operation and projected. For example, all
the Chernobyl and Fukushima-Daiichi emergency
power units met the specified probabilistic safety
criteria, but avoided a major accident (maximum
level 7 on the IAEA scale) that had catastrophic
environmental consequences, however, failed. As
it has been noted in many Refs. (see, for exam-
ple, [2] and Refs. therein), the nuclear accident at
the Fukushima-Daiichi nuclear power plant was
a consequence of the joint emergence of several
external extreme off-project environmental (in-
deed, geophysical) impacts on nuclear power
plants, accompanied by catastrophic violations of

technological processes: a complete loss of long-
term energy supply to the main and auxiliary
equipment of power units, gas vapor explosions
in reactor plants, and others. However, in the
generally accepted approaches (assessments)
to the security analysis, based on the ranking
(ranking) of the estimates of the probability of
occurrence of emergency events, the contribution
to relatively unlikely emergency events in the
integral safety indicators is given insufficient
attention. Violation of the normal operation of
a nuclear reactor due to failure due to unlikely
emergency environmental or operational condi-
tions of any element of the nuclear reactor may
change the values of temperature, velocity and
other parameters of the coolant in comparison
with the values corresponding stable normal op-
erating conditions of the nuclear reactor.

In the light of saying, a great interest attracts
carrying out an effective consistent approaches
to modelling, analysis (further prediction) of a
chaotic behaviour of structural dynamic proper-
ties of the engineering structures. It is worth to
note that an especial interest attracts the point-
wise summation of similar Wavelet Transform
Modulus Maxima decay lines, which has been
used in [4] to detect the damages under varying
environmental and operational conditions. This
damage detection methodology has been applied
to investigation of both a simulated 3 degrees-of-
freedom system and an experimental cantilever
beam, excited by white and pink noise forces.
The master conclusion [4] is that that the SHM
methodology applied is capable of identifying the
presence of damage in a time range under varying
environmental and/or operational conditions.
This is fully confirmed by an effective application
of the methodology to experimental data, to
verify its ability in identifying the presence of
damage in real-life operations. Sadhu and Hazre
[4] presented a novel damage detection algorithm
based on blind source separation in conjunction
with time-series analysis. Blind source separa-
tion (BSS), is a powerful signal processing tool
that is used to identify the modal responses and
mode shapes of a vibrating structure using only
the knowledge of responses. In the proposed
method [4], BSS is first employed to estimate
the modal response using the vibration measure-
ments. Time-series analysis is then performed
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to characterize the mono-component modal re-
sponses and successively the resulting time-series
models are utilized for one-step ahead predic-
tion of the modal response. From experimental
viewpoint, especially valuable are now methods
of nondestructive testing, in particular, vibro-
diagnostics (see details in Refs. [1-4]). Each class
and even each type of equipment is characterized
by its own separate sets of criteria for assessing
the vibration state, depending on the conditions
of assembly, installation, operation, etc. A certain
one-sidedness of the vibrodiagnostic methods,
based primarily on the primary Fourier transform
of the signal, does not allow for an integrated
approach to solving the problem. The wide
spread and more advanced methodologies such as
wavelet analysis, subspace-based identification
methodologies, regression analysis, singular
value decomposition, auto-associative neural
network and factor analysis under situation, dyan-
ical systems and chaos theory methods [5-10] etc
have been discussed.

In this paper for the first time we present
and apply a novel computational approach to
modelling, analysis (further prediction) of a
chaotic behaviour of structural dynamic proper-
ties of the engineering structures, based on ear-
lier developed chaos-geometric and vibration
blind source monitoring approach. In the con-
crete realization the novel approach includes a
combined group of blind source monitoring ,
non-linear analysis and chaos theory methods
such as a correlation integral approach, average
mutual information, surrogate data, false nearest
neighbours algorithms, the Lyapunov’s exponents
and Kolmogorov entropy analysis, nonlinear
prediction models etc [5-11]. As illustration we
present the results of the numerical investigation
of a chaotic elements in dynamical parameter
time series for the experimental cantilever beam
(the forcing and environmental conditions are im-
itated by the damaged structure, the variable tem-
perature and availability of the pink-noise force).
Using numerical time series analysis results, we
list the data on the topological and dynamical
invariants, namely, the correlation, embedding,
Kaplan-Yorke dimensions, the Lyapunov’s
exponents and Kolmogorov entropy etc and con-
sider a construction of the engineering structures
(including nuclear reactors) damage detection
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prediction model. All calculations are performed
with using “Geomath”, “Superatom” and “Quan-
tum Chaos” computational codes [11-16]. The
possibilities of using the proposed approach un-
der studying the nuclear reactors security are in
frief considered.

2. Chaos-geometric and blind source
separation monitoring algorithms to damage
analysis and detection for engineering
structures

The blind source separation (BSS) methods
have emerged as a powerful class of signal pro-
cessing methods capable of monitoring the health
of a large class of engineering structures. Many
concrete applied results (for example, see [4]
and Refs. there in). reveal the potential of using
the principle of BSS for a wide range of struc-
tural engineering problems. Originally proposed
for a fewer class of problems involving broad-
band excitations, static mixtures, and relatively
large sensor densities, BSS extensions to under-
determined case, nonstationary environment, de-
centralized sensing network, and for convolutive
mixing have also been reported in recent studies
by many authors. Note that in ref. [4] it has been
in details presented a novel time-series analysis
based BSS method and applied to tackle damage
detection in civil structures which is commonly
encountered as a major structural health monitor-
ing problem. Our idea is in combimation of the
BBS algorithm by Sadhu-Hazra and chaos-geo-
metric (chaos-dynamnical ) approach, which has
been earlier developed by us. The key elements
of the chaos-geometric computational approach
to studying the complex non-linear systems time
series with elements of a chaos are presented in
Refs. [5-11], so below we are limited only by the
key ideas.

Let us note that for the first time idea to apply
the approach [7-11] to damage detection in the
engineering structure has been proposed in [7]. In
our case the displacement quantity is described
by some scalar series s(n)=s(t{;t nAt) = s(n),
where ¢, is a start time, Az is time step, and 7 is
number of the values measurements (in whole we
considered a series of consisting of a total of a
~10* data points). The main task is to reconstruct
phase space using as well as possible informa-
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tion contained in s(#). To do it, the method of us-
ing time-delay coordinates by Packard et al [5]
is used. The direct using lagged variables s(n+t)
(here 1 is some integer to be defined) results in a
coordinate system where a structure of orbits in
phase space can be captured. A set of time lags is
used to create a vector in d dimensions,

y(n)= [s(n), s(n + 1), s(n + 21), .., s(n H(d-1)1)],
(1)

the required coordinates are provided. Here the
dimension d is the embedding dimension, d,.

To determine the proper time lag at the
beginning one should use the known method of
the linear autocorrelation function C,(8) and look
for that time lag where C,(d) first passes through
0. The alternative additional approach is provid-
ed by the method of average mutual information
as an approach with so called nonlinear concept
of independence.

According to Takens and Maié (see, for exam-
ple [5]), any time lag will be acceptable is not ter-
ribly useful for extracting physics from data. If t
is chosen too small, then the coordinates s(n + jt)
and s(n + (j + 1)1) are so close to each other in
numerical value that they cannot be distinguished
from each other. Similarly, if t is too large, then
s(n +jt) and s(n + (j + 1)t) are completely inde-
pendent of each other in a statistical sense. Also,
if 1 is too small or too large, then the correlation
dimension of attractor can be under- or overesti-
mated respectively. It is therefore necessary to
choose some intermediate (and more appropri-
ate) position between above cases. The first wide
spread approach is to compute the linear autocor-
relation function

—%ZBW+&—HMm%ﬂ
C, )= o ;

N (2)
y 2ls(m 37

where 5= %g s(m)

and to look for that time lag where C,(5) first
passes through zero. This gives a good hint of
choice for t at that s(n + jt) and s(n + (j + 1)7)
are linearly independent. However, a linear in-

dependence of two variables does not mean that
these variables are nonlinearly independent since

a nonlinear relationship can differs from linear
one. It is therefore preferably to use an approach
with a nonlinear concept of independence, e.g.
the average mutual information. Briefly, the con-
cept of mutual information can be described as
follows. Let there are two systems, 4 and B, with
measurements a, and b,. The amount one learns in
bits about a measurement of @, from a measure-
ment of b_is given by the arguments of informa-
tion theory as

Ly(a;b,) = 10g2(MJ

P (a)F;(b,)

where the probability of observing a out of the set
of all 4 is P (a), and the probability of finding b
in a measurement B is P,(b,), and the joint prob-
ability of the measurement of a and b is P, (a,, b)).
The mutual information / of two measurements a,
and b, is symmetric and non-negative, and equals
to zero if only the systems are independent. The
average mutual information between any value a,
from system 4 and b, from B is the average over
all possible measurements of /, (a, b,),

3)

1p(0) = ZPAB(ai’bk)[AB(ai’bk) .

a;,by

“)

To place this definition to a context of observa-
tions from a certain physical system, let us think
of the sets of measurements s(n) as the 4 and of
the measurements a time lag t later, s(n + 1), as
B set. The average mutual information between
observations at n and n + t is then

1p(0) = ZPAB(ai’bk)IAB(ai’bk) .

a; by

)

Now we have to decide what property of /(1)
we should select, in order to establish which
among the various values of T we should use in
making the data vectors y(n). It is worth to re-
mind that the autocorrelation coefficient failed
to achieve zero, i.e. the autocorrelation function
analysis not provides us with any value of . Such
an analysis can be certainly extended to values
exceeding 1000, but it is known that an attrac-
tor cannot be adequately reconstructed for very
large values of t. The mutual information func-
tion usually exhibits an initial rapid decay (up to
a lag time of about 10) followed more slow de-
crease before attaining near-saturation at the first
minimum. In fact the autocorrelation function and
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average mutual information can be considered as
analogues of the linear redundancy and general
redundancy, respectively, which was applied in
the test for nonlinearity.

The further next step is to determine the em-
bedding dimension, d,, and correspondingly to
reconstruct a Euclidean space R large enough so
that the set of points d, can be unfolded without
ambiguity. The dimension, d,, must be greater, or
at least equal, than a dimension of attractor, d,
L.e.d, >d . To reconstruct the attractor dimension
(see details in [5-9]) and to study the signatures
of chaos in a time series, one could use different
methods, however, the most effective ones are
represented by the correlation integral algorithm
of Grassberger and Procaccia and the false nearest
neighbours by Kennel et al (see details in [7]).

The principal question of studying any
complex system with a non-linear chaotic
dynamics is to build the corresponding prediction
model and define how predictable is a chaotic
system. At preliminary step it means the
obligatory determination of such characteristics
as the Kolmogorov entropy (and correspondingly
the predictability measure as it can be estimated
by the Kolmogorov entropy), the Lyapunov’s
exponents, by the Kaplan and Yorke dimension.

Let us remind that according to the standard
definition, the Lyapunov’s exponents are usually
defined as asymptotic average rates and they
are related to the eigenvalues of the linearized
dynamics across the attractor. Naturally, the
knowledge of the whole spectrum of Lyapunov’s
exponents allows to determine other important
invariants such as the Kolmogorov entropy and the
attractor’s dimension. The Kolmogorov entropy is
determined by the sum of the positive Lyapunov
exponents. The estimate of the dimension of the
attractor is provided by the Kaplan and Yorke
conjecture

d,=j+ Z/:,L. /1A

j+1 "

P (6)
where j is such that Z’: 10 and i 2, <0, and the
i=1 i=1

Lyapunov exponents are taken in descending
order. The fundamental ideas for building the
possible prediction models for non-linear systems
with a chaotic elements can be found in Refs. [7-
10], however, so below we are limited only by
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key ideas and concrete computing the topological
and dynamical invariants for the engineering
system. The key idea of the prediction model
can be based on using the traditional concept of
a compact geometric attractor in which evolves
the measurement data, plus the implementation of
neural network algorithms [7-10]. The existing so
far in the theory of chaos prediction models are
based on the concept of an attractor.

The meaning of the concept is in fact a study
of the evolution of the attractor in the phase space
of the system and, in a sense, modelling («guess-
ing») time-variable evolution. In the phase space
of the system an orbit continuously rolled on it-
self due to the action of dissipative forces and the
nonlinear part of the dynamics, so it is possible
to stay in the neighborhood of any point of the
orbit y (n) other points of the orbit y" (n), r = 1,
2, ..., N, which come in the neighborhood y (1)
in a completely different times than n. Of course,
then one could try to build different types of in-
terpolation functions that take into account all the
neighborhoods of the phase space and at the same
time explain how the neighborhood evolve from
v (n) to a whole family of points about y (n+1).
Use of the information about the phase space in
the simulation of the evolution of some engineer-
ing structure in time can be regarded as a funda-
mental element in the simulation of random pro-
cesses. Considering the neural network (in this
case, the appropriate term “engineering structure”
neural network) with a certain number of neurons,
as usual, we can introduce the operators S, synap-
tic neuron to neuron u, u,, while the corresponding
synaptic matrix is reduced to a numerical matrix
strength of synaptic connections: W = | | w, | |.
The operator is described by the standard activa-
tion neuro-equation determining the evolution of
a neural network in time:

(7

N
s, = sign(z wys; —0,)"
Jj=1

From the point of view of the theory of chaotic
dynamical systems, the state of the neuron (the
chaos-geometric interpretation of the forces of
synaptic interactions, etc.) can be represented by
currents in the phase space of the system and its
the topological structure is obviously determined
by the number and position of attractors.
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These idea have been used in order to make
more advanced the wide spread prediction model
which is based on the constructing a parameter-
ized nonlinear function F (x, a), which transform
y(n)toy(n+1)=F (y(n), a), and then using dif-
ferent criteria for determining the parameters a.
The most common form of the local model is very
simple (more complicated and exact versions can
be used [7]):

(8)

N
s, = sign(z wys; —6,),
J=l

where A n - the time period for which forecasting
should be done.

1. Vibration-dynamical modelling and computing of the
damaged complex engineering structures systems
1. Preliminary analysis and processing dynamical variable series
for the engineering structure
2. Blind source separation monitoring

U

II. Chaos-geometric method: Preliminary study and
assessment of the presence of chaos:
The Gottwald-Melbourne test: K — 1 — chaos;
1. Fourier decompositions, irregular nature of change — chaos;
2. Spectral analysis, Energy spectra statistics, the Wigner
distribution, the spectrum of power, "Spectral rigidity";

III. The geometry of the phase space. Fractal Geometry:
3. Computation time delay t using autocorrelation function or
mutual information;
5. Determining embedding dimension dr by the method of correlation
dimension or algorithm of false nearest neighbouring points;
6. Calculation multi-fractal spectra. Wavelet analysis;
[
Iv. Prediction model:
7. Computing global Lyapynov dimensions LE: A,; Kaplan-York
dimension d;, KE,
average predictability measure Pryy,,;
8. Determining the number of nearest neighbour points NN for the best
prediction results;
9. Methods of nonlinear prediction. Neural network algorithm, the
algorithm optimized
trajectories, ...;

Figure 1. Flowchart of the proposed combined vi-

bration-dynamical and chaos-geometric approach

to nonlinear analysis and prediction of chaotic

dynamics, damage detection and locations of the
complex engineering structures.

The coefficients 4%, may be determined
by a least-squares procedure, involving only
points s(k) within a small neighbourhood around
the reference point. Thus, the coefficients will
vary throughout phase space. The fit procedure
amounts to solving (d, + 1) linear equations for
the (d, + 1) unknowns. One could create a mod-
el of the process occurring in the neighborhood,

at the neighborhood and by combining together

these local models to construct a global nonlin-
ear model that describes most of the structure of
the attractor. In order to get more advanced pre-
diction of chaotic dynamics one may apply the
polynomial model with using the neural network
algorithm [7-11]. Obviously, such a model will do
for any engineering structure, including nuclear
reactors and others (under availibilty of the cor-
responding vinbratin monitoring data).

In Figure 1 we present the flowchart of the
combined vibration-dynamical and chaos-geo-
metric approach to nonlinear analysis and predic-
tion of chaotic dynamics, damage detection and
locations of the complex engineering structures

([7-10]).
3. The numerical results and conclusions

As illustration we present the results of the
numerical investigation of a chaotic elements in
dynamical parameter time series for the experi-
mental cantilever beam (the forcing and environ-
mental conditions are imitated by the damaged
structure, the variable temperature and availabil-
ity of the pink-noise force) [4]. As the initial data
we use the data of the corresponding cantilever
beam (excited by white and pink noise forces)
time domain response series [4]. The detailed
description of the experimental setup of a canti-
lever beam is presented in Ref. [4]. Here we only
note that it consists of steel having the following
dimensions: length 592 mm, width 30 mm, and
thickness 1.5 mm, a density of 7.87x10° kg/mm’,
Young modulus of 200x10° mN/mm?, and second
moment of area of 8.44 mm*. The electrodynamic
shaker was used to excite the cantilever beam and
it was connected to the beam via a stringer rod
to minimize the interaction between the shaker
and the structure. Figure 2 shows the the typical
experimental cantilever beam time domain re-
sponse series under the definite environmental
and forcing conditions (the series is related to the
case of the damaged structure, the variable tem-
perature and availability of the pink-noise force).
Other situations are analyzed in Ref.[4].
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Figure 2. The experimental cantilever beam time domain response series for the case: (a)
damaged structure, constant temperature and availability of the pink-noise force; (b)
damaged structure, variable temperature and availability of the pink-noise force (see text).

In table 1 we list data on the time delay
(1), depending on the different values of the
autocorrelation function (C,) and the first
minimum of mutual information (/ . ) for the
studied time domain response series in a case
of the damaged structure, the variable tempera-
ture and availability of the pink-noise force. In
Table 1 we Quiu list correlation exponents (d,)
and embedding dimensions determined by false
nearest neighbours method (d,) with percentage
of false neighbours (in parentheses).

Table 1

The values of the time delay (lag), depending
on the different values of the autocorrelation
function (C)) and the first minimum of mutual
information (I . ), Correlation exponents
(d,) and embedding dimensions determined
by false nearest neighbours method (d,) with
percentage of false neighbours (in parentheses)
calculated for various time lags (t) for the

studied time series (see text)

C,=0 =114 dy dy
C.=0.1 =68 7.68 99.1)
C,=05 | =6 5.45 6(1.3)

Iin1 =9 5.48 6 (1.3)
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The Table 2 summarizes the results of the
computational reconstruction of the attractors
(the correlation dimension (d,), embedding
dimension (d.), the first two Lyapunov’s
exponents (A, and 2,), the Kaplan-Yorke
dimension (d,), as well as the Kolmogorov
entropy (K, ), and average limit of predictability
(Pr__ ). Analysis of the obtained data shows that
the correlation exponent d attains saturation with
an increase in the embedding dimension, and the
system is generally considered to exhibit cha-
otic elements. The saturation value of the cor-
relation exponent is defined as the correlation
dimension (d,) of the attractor. The similar data
for a reconstruction of the attractor dimension
have been obtained by using the alternative false
nearest neighbouring points method (version
[11]). The dimension of the attractor is defined
as the embedding dimension, in which the
number of false nearest neighbouring points was
less than 3%.
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Table 2

Correlation dimension (d,), embedding dimension (d,), first two Lyapunov exponents (A, and
1,), Kaplan-Yorke dimension (d, ), the Kolmogorov entropy (K _ ), average limit of predictability
Pr.)

max:

dZ dE 7\.1

A2

d L Kentr Prrnax

545 6 0.0197

0.0061

3,98 0.026 39

The Kaplan-Yorke dimension is less than the
embedding dimension that confirms the cor-
rect choice of the latter. The presence of the
two positive A, suggests the conclusion above
regarding presence of the chaotic elements.

Further let us give the qualitative consider-
ation of the perspectives of application of the ap-
proach to studying the possible damages in the
nuclear reactor vessels. It is well kwnon (dor ex-
ample, look [9-11]), that the constructive steel of
the nuclear reactor vessels in the initial state have
a set of qualities that allow them to be considered
as homogeneous and isotropic. The modulus of
elasticity and the Poisson coefficient character-
ize the macroscopic properties of the material,
that is, they take into account the influence of
microdefects that are found in the investigated
material. Under an influence of the operational,
environmental conditions, including the emer-
gency incidents (accidents) during the operation
of the reactor vessel it is more than probable the
development (growth) of damages (defects) that
existed initially, as well as the emergence of new
defects and their further development (growth).
Naturally, during some time these processes of
defect changes in the material lead to a significant
change in its properties. For example, as it isin
details considred in Ref. [10], the directed action
of an operating load (for example, internal pres-
sure) can lead to the fact that the material isotro-
pic in the initial state acquires the properties of
anisotropic. Moreover, an anisotropy, acquired
as a result of defects in the material, in turn, has
a noticeable effect on the thermal conductivity
and stress-strain state. In a case of the emergency
events such as earthquakes, tsunamis other inci-
dents these processes discussed could accept very
dangerous form. This fact necessitates the study-
ing the laws of the influence of microdefects on
the properties of structural materials of the nucle-
ar reactor vessel, in more details, technical appli-
cation of vibration diagnostics technologies and

further analysis within the presented approach. In
our opinion such an approach could be very use-
ful together with available probabilistic models
for assessing the safety of nuclear reactors.

To conclude, we have considered a problem of
analysis, identification and prediction of the pres-
ence of damages, which above a certain level may
present a serious threat to the engineering (vibrat-
ing) structures such as different technical systems
and devices, including nuclear reactors etc in re-
sult of the operational, environmental conditions,
including the emergency accidents. Starting from
earlier developed chaos-geometric and the known
vibration blind source monitoring algorithms
we presented a novel computational approach
to modelling, analysis (further prediction) of a
chaotic behaviour of structural dynamic prop-
erties of the engineering structures. In the con-
crete realization the novel approach includes a
combined group of blind source monitoring ,
non-linear analysis and chaos theory methods
such as a correlation integral approach, average
mutual information, surrogate data, false nearest
neighbours algorithms, the Lyapunov’s exponents
and Kolmogorov entropy analysis, nonlinear
prediction models etc. The structure, character
and dynamical and topological parameters can
be different from each other, which made it pos-
sible in the future to relate the invariants of real
signals to the attractors of «elementary» signals
and determine the nature of the defect. As a re-
sult of analysis of reconstructed attractors on the
basis of real signals, a qualitative conclusion can
be drawn about the presence and development of
prevailing defects in a system and to predict how
close the state of the system is to the critical one.

The results of the numerical investigation of
a chaotic elements in dynamical parameter time
series for the experimental cantilever beam (the
forcing and environmental conditions are imitat-
ed by the damaged structure, the variable tem-
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perature and availability of the pink-noise force)
are pesented as illustration. Using numerical time
series analysis results, the data on the topological
and dynamical invariants, namely, the correlation,
embedding, Kaplan-Yorke dimensions, the
Lyapunov’s exponents and Kolmogorov entropy
etc are presented. The possibilities of using the
proposed approach under studying the nuclear re-
actors security is in frief considered.
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A NOVEL COMBINED CHAOS-GEOMETRIC AND VIBRATION BLIND SOURCE MONI-
TORING APPROACH TO DAMAGE ANALYSIS AND DETECTION OF ENGINEERING
STRUCTURES (NUCLEAR REACTORS) UNDER VARYING ENVIRONMENTAL, OP-
ERATIONAL CONDITIONS AND EMERGENCY ACCIDENTS

V. V. Buyadzhi, A. V. Glushkov, M. Yu. Gurskaya, O. Yu. Khetselius, E. B. Ternovsky,
A. A. Mashkantsev, S. V. Kirianov

Odessa State Environmental University, L’vovskaya, 15, Odessa, 65016, Ukraine
E-mail: buyadzhivv(@gmail.com

Summary

The paper is devoted to problem of analysis, identification and prediction of the presence of dam-
ages, which above a certain level may present a serious threat to the engineering (vibrating) structures
such as different technical systems and devices, including nuclear reactors etc in result of the opera-
tional, environmental conditions, including the emergency accidents. For the first time we present
and apply a novel computational approach to modelling, analysis (further prediction) of a chaotic
behaviour of structural dynamic properties of the engineering structures, based on earlier developed
chaos-geometric and vibration blind source monitoring approach. In the concrete realization the novel
approach includes a combined group of blind source monitoring , non-linear analysis and chaos
theory methods such as a correlation integral approach, average mutual information, surrogate data,
false nearest neighbours algorithms, the Lyapunov’s exponents and Kolmogorov entropy analysis,
nonlinear prediction models etc. As illustration we present the results of the numerical investigation
of a chaotic elements in dynamical parameter time series for the experimental cantilever beam (the
forcing and environmental conditions are imitated by the damaged structure, the variable tempera-
ture and availability of the pink-noise force). Using numerical time series analysis results, we list the
data on the topological and dynamical invariants, namely, the correlation, embedding, Kaplan-Yorke
dimensions, the Lyapunov’s exponents and Kolmogorov entropy etc and consider a construction of
the engineering structures (including nuclear reactors) damage detection prediction model. Under an
influence of the operational, environmental conditions, including the emergency incidents (accidents)
during the operation of the nuclear reactor vessel it is more than probable development (growth) of
damages (defects) that existed initially, as well as the emergence of new defects and their further de-
velopment (growth). In this case technical application of vibration diagnostics technologies and fur-
ther analysis within the presented approach could be very useful together with available probabilistic
models for assessing the safety of nuclear reactors.

Keywords: damages of engineering (vibrating) structures, nuclear power plants, new mathemati-
cal models, new microsystem technology, chaos-geometric approach
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HOBUI KOMBITHOBAHUM XAOC-TEOMETPUYHUWM MIJIXIT I METO/]
MOHITOPHUHI'Y BLIND SOURCE JIO AHAJII3Y I JETEKTYBAHHSI YIIKOJKEHb
THXKEHEPHUX CTPYKTYP (IJIEPHI PEAKTOPH) ITPU 3MIHI EKCIIJIYATALIIMHUX
YMOB, YMOB HABKOJIMIITHHOI'O CEPEJIOBUIIIA, ABAPIMHUX THIIUJIEHTIB

B. B. byaoowcu, O. B. Inywrxos, M. IO. I'ypcvka, O. FO. Xeyeniyc, €. B. Tepnoecvkuii,
0. A. Mawrxanyes, C. B. Kip anos

Opnecbkuii nepkaBHUM eKoJoTigyHUH yHiBepcuteT, JIpBiBchKa 15, Onmecca, 65016
E-mail: buyadzhivv(@gmail.com

Pedepar

Crarts npucBsiueHa npooieMi aHamizy, i1eHTHdikanii Ta MpOrHo3yBaHHs HAasBHOCTI MOLIKO/KEHb,
SK1 BUIIE IEBHOTO PiBHS MOXYTh NPEICTABIISATH CEPHO3HY 3arpo3y Ul iHKeHepHUX (BiOpamiiHuX)
CTPYKTYP, TAaKHX SIK Pi3HI TEXHIYHI CHCTEMH Ta MPUCTPOI, BKITFOYAIOUH SACPHI PEaKTOPH 1 T.]1., BHACITI-
JIOK 3MIHH €KCIUTyaTalliliHUX, €KOJIOTTYHUX YMOB, aBapiiiHUX 1HIMEHTIB. Briepiie mu nmpeacrasisieMo
1 32CTOCOBYEMO HOBUH OOUMCIIIOBAJIBHUN MiAX1J 10 MOJETIOBAHHS, aHaJi3y (MOAIBIIOTO MPOTHO-
3yBaHHSI) XaOTUYHOTO TIOBEIIHKH CTPYKTYPHO-IMHAMIYHUX BIACTUBOCTEH 1H)KCHEPHUX CTPYKTYp Ha
OCHOBI paHile po3po0IEHOT0 HAMHU Xa0Cy-T€OMETPUYHOTO METOJY IUTIOC BIIOMHI alrOPUTM MOHi-
TOPUHTY CIINUX JDKEpeN. Y KOHKPETHOI peati3allii HOBUH IMiIXia BKIFOYa€e B cebe 00’ €THaHy TPyITy
blind source MOHITOPUHTY, HEJIIHIMHUIA aHATI3 1 METOJIM TEOPIi XaoCy, TaKl K METOJI KOPEJISIIHHOTO
1HTerpaja Ta cepeiHboi B3aeMHOI iH(popMallii, aIrOpuTMU MOMUIKOBUX HaWOIMKUYMX CYCiAIB Ta Cy-
poraTtHUX JIaHUX, aHaji3 Ha OCHOBI MOKa3HUKIB JIsmyHoBa Ta enTpomnii Koamoroposa, Mozeni Hemi-
HIMHOTO MPOTHO3YBAHHS 1 T. . B SIKOCT1 LIIOCTpallii HaBeJeH1 pe3yJIbTaTH YUCETBLHOTO JIOCIIIIPKEHHS
Xa0TUYHHX €JICMEHTIB B THMYACOBHX PsAAaX TUHAMIYHKX ITapaMeTpPiB I eKCIIEPUMEHTATBHOTO KOH-
COJIBHOTO Ty4Ka (BIUIMB i YMOBH HAaBKOJIMIIIHBOTO CEPEIOBUINA IMITYIOThCS YIIKOKEHOIO CTPYKTY-
PO10, 3MIHHOIO TEMITEPaTypOIO 1 HASBHICTIO CHJIM THUITY pOKeBOro 1rymy). Ha ocHOBI aHauti3y 4ucesnb-
HUX YaCOBHX PAJIB OTPUMAaHi J1aHi PO TOMOJOTIYHI 1 AUHAMIUHI iHBApiaHTH, a caMe: KOpESIiiHy
pO3MipHicTh, po3miprHOCTi BKIazeHHs, Kamnana-Hopka, nokasuuku JIsmynosa, enrpomnito KomMoro-
poBa i T.i., 1 pO3MISIHYTA KOHCTPYKIIiSE MOJIEJIi IPOTHO3YBAHHS 1 BUSBJICHHS MOIIKOIKEHb 1H)KEHEPHUX
CHopya, y T.4., iAepHUX peakTopi. [1i7 BIIUBOM eKCIuTyaTaniiHuX, €KOJIOTTYHUX YMOB, Y TOMY YHCH1
Ha/I3BUYAHHUX 1HIMIEHTIB (aBapiii) MiJ 4ac eKCIUTyaTallii KOopIycy sJIepHOTO peakTopa € OLIbII, HiX
IMOBIpHUM PO3BUTOK (3pOCTaHHs) IIKOAYBaHb (Ie(EKTIB), 110 ICHYBaJIM CIIOYATKY, & TAKOK BUHUK-
HEHHSI HOBUX J€(EeKTiB Ta iX MomaibIIUi PO3BUTOK (3pOCTaHHA). Y IbOMY BHIIAJKy TEXHIYHE 3a-
CTOCYBaHHS BiOpaIliifHO-1IarHOCTHYHUX TEXHOJIOT1H Ta MOAANBIINK aHalli3 B paMKaX PO3BHHYTOTO B
PpOOOTI MiIAX0MY MOXKYTh OyTH JTy’K€ KOPUCHHUMH Pa30M 13 ICHYIOUMMHU IMOBIPHICHUMH MOJIEISIMU TSI
OLIIHKU O€3MEeKH sJIepHUX PEaKTOPIB.

Kiro4oBi cj10Ba: TMOMIKOHKEHHS 1H)KEHEpHUX (BiOpaliifHUX) COPY/, aTOMHI peakTOpH, HOBI Ma-
TEMaTU4H1 MOJIeJ1, HOBa MIKPOCUCTEMHA TEXHOJIOT1S, Xa0C-T€OMETPUYHUHN TT1X1/1
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ANALYSIS OF THE BERYLLIUM-7 ACTIVITY CONCENTRATION DYNAMICS IN THE
ATMOSPHERIC ENVIRONMENT TIME SERIES AFTER THE FUKUSHIMA DAIICHI
NUCLEAR POWER PLANTS EMERGENCY

Yu. Ya. Bunyakova, V. B. Ternovsky, Yu. V. Dubrovskaya, A. V. Ignatenko, A. A. Svinarenko,
L. A. Vitavetskaya
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ANALYSIS OF THE BERYLLIUM-7 ACTIVITY CONCENTRATION DYNAMICS IN THE
ATMOSPHERIC ENVIRONMENT TIME SERIES AFTER THE FUKUSHIMA DAIICHI
NUCLEAR POWER PLANTS EMERGENCY

Yu. Ya. Bunyakova, V. B. Ternovsky, Yu. V. Dubrovskaya, A. V. Ignatenko, A. A. Svinarenko,
L. A. Vitavetskaya

Abstract. We present the results of an analysis, modelling a temporal dynamics of the beryllium-7
(caesium-137) activation concentration in the atmospheric environment time series in Austria after
the Fukushima Daiichi Nuclear Power Plants emergency accident. As method of studying we use the
complex of the earlier developed models and microsystem technologies which are based on an ad-
vanced non-linear analysis technique and modern chaos theory and dynamical systems and a chaos
theory methods (Correlation integral approach, average mutual information, surrogate data, false
nearest neighbours algorithms, the Lyapunov’s exponents and Kolmogorov entropy analysis, nonlin-
ear prediction models etc). As the input data we use the data on the long-term time series and activity
size distribution of beryllium-7 (caesium-137) in the atmospheric environment time series in Austria
after the Fukushima Nuclear Power Plant. We have listed the data on the topological and dynamical
invariants, namely, the correlation, embedding, Kaplan-Yorke dimensions, the Lyapunov’s exponents,
Kolmogorov entropy etc and found an availability of the chaos elements in the corresponding Be-7
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time series. Regarding the caesium-137, we could not get the analogous adequate conclusion for the
corresponding time series.

Keywords: mathematical modelling, new microsystem technologies, radionuclide activation con-
centration, time series analysis and chaotic elements

AHAJII3 JIMHAMIKYW KOHIIEHTPAIIIT PAJIOHYKJIIJIA BERYLLIUM-7 B
ATMOC®EPHOMY CEPEJOBHIIY HA OCHOBI AHAJII3Y YACOBHUX PSIJIOB
IIICJISI ABAPIHHOI CUTYAIIII HA ATOMHIN EJJEKTPOCTAHIIII FUKUSHIMA
DAIICHI

[O. /. Bynsaxosa, B. b. Tepnoscoxuil, FO. B. /[yoposcvka, I B. lenamenko, A. A. Ceunapenxo,
JI. A. Bimasemcbvka

AHoranis. HaBoasaTecs pe3yinbTaTu aHali3y 1 MOJENIOBAHHS YacOBOI IMHAMIKM KOHLEHTpaIii
pamioHyKIi 1B Oepritiii-7 (uesiii-137) B armochepHOMy cepenoBHILi B ABCTpii HA OCHOBI BIZITIOB1THOTO
aHaJIi3y 4acOBMX PsIIB Micis aBapii Ha aToMHil enekTpocTanuii Fukushima Daiichi. B sxocti metony
BUBUYEHHS BUKOPHCTOBY€ETHCS] KOMIUIEKC paHillie po3po0ieHuX Moienel 1 MIKpOCUCTEeMHA TEXHOJIOT 14,
SK1 3aCHOBaHI HA BUKOPUCTAHHI METO/IB HEJIHIMHOIO aHai3y, Teopil Xaocy 1 TUHAMIYHUX CHCTEM,
TaKUX K METOJI KOPEeJSILIHHOTO 1HTerpaia i cepeJHboi B3aeMHOI iH(opMallii, aITOpUTMH CypOraTHUX
JAHMX 1 TOMHUJIKOBUX HaWOMMKUYMX CYCiZliB, aHAJII3 HA OCHOBI NMOKa3HUKIB JIsmyHoBa 1 enTpomnii Koiu-
MOTOPOBa, MOJIeJi HETIHIHHOTO MPOTHO3YBaHH 1 T. [ .. B KOCTI BX1IHUX AaHUX BUKOPHCTaH1 J1aHi 3a
JIOBFOCTPOKOBHMH YAaCOBUMHU PSAAMU 1 PO3MOILTY pa 3MEpH aKTUBHOCTI Oepuitito-7 B arMochepHOMYy
cepenoBullll B ABCTpii micist aBapii Ha atoMmHil enektpoctaniii Fukushima Daiichi. Ilpeacrasieni
JIaHi PO TOTIOJIOTIYHI 1 TMHAMIYHI IHBApiaHTH, a caMe: KOPEeJsILiiHy pO3MipHICTh, PO3MIPHOCTI BKJIa-
nenns Ta Kanmana-Hopka, nmoxasuuku JlsmyroBa, entporito Komvoroposa ta iH. i BUsBIEH] eneMenTH
Xa0Cy B BIAMOBIIHUX YaCOBUX psAnax /uid Oeppinis-7. BimHocHo 1e3ito-137, orpuMaTy aHaJIoT1uHUHI
aJIeKBaTHUI BUCHOBOK HE B/IAJIOCH.

KuiouoBi ciioBa: MaTeMaTUYHE MOJICIIOBAHHS, HOB1 MIKPOCHCTEMHI TEXHOJIOT11, KOHI[EHTpaIlis
PamioOHYKITI/IiB, aHAJI3 YACOBUX PSAIIB 1 HASIBHICTh XAOTUYHUX EJIEMEHTIB

AHAJIN3 TMHAMUKHU KOHIIEHTPAIIMY PATMOHYKJINJIA BERYLLIUM-7 B
ATMOC®EPHOMU CPEJIE HA OCHOBE AHAJIU3A BPEMEHHBIX PSIJIOB IIOCJIE
ABAPUMHOM CUTYAIIUH HA ATOMHOM SJIEKTPOCTAHIIMU FUKUSHIMA
DAIICHI

FO. A. Bynaxoea, B. b. Tepnosckuil, FO. B. /[yoposckas, A. B. Henamenxo, A. A. Ceunapenxo,
JI. A. Bumasemckas

AnHoTauus. [IpuBoasaTcs pe3ynbTaTsl aHaIN3a U MOAEIMPOBAHHS BPEMEHHON TMHAMUKH KOHIICH-
Tpaluuu pajiuoHyKINI0B Oepuiunii-7 (1e3uii-137) B arMmocdepHoii cpene B ABCTpUM Ha OCHOBE CO-
OTBETCTBYIOILIMX aHAJIM3a BPEMEHHBIX PSJIOB [TOCIIE aBapuM Ha aTOMHOM anekrpoctaninu Fukushima
Daiichi. B xauecTBe MeTo/1a N3y4EHUs HCIIOJIb3YETCsl KOMILJIEKC paHee pa3paboTaHHBIX MoOJeNel U
MHUKPOCHCTEMHAsI TEXHOJIOTUs1, KOTOPBIE OCHOBAHBI HA HCIIOIb30BAHUHM METOZ0B HEIMHEHOTO aHaJIN3a,
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TEOPUHU Xaoca U TUHAMUYECKUX CHUCTEM, TAaKUX KaK METOJ KOPPEISLMOHHOTO MHTErpaja u cpeaHen
B3aMMHON WH(OpPMAINH, aITOPUTMBI CYPPOTAaTHBIX JAHHBIX U JIOKHBIX ONMKANIINX COCeIe, aHau3
Ha OCHOBE Moka3areneil JlamyHoBa u sHTponuu KonMoroposa, Mofenu HEIUMHEWHOTO MPOTHO3UPO-
BaHUS U T. I.. B xauecTBe BXOJHBIX JAaHHBIX UCTOIH30BAHBI JAHHBIC IO JOITOCPOYHBIM BPEMEHHBIM
psAaM U pacrpeieNieHUIo pa3Mepa akTUBHOCTH Oepuiuins-7 B aTMOc(hepHOi cpeae B ABCTpUU TOCIIe
aBapuu Ha aToMHOM snekTpoctannuu Fukushima Daiichi. [IpeacraBnensl JaHHBIE O TOMOIOTHYECKHUX
U IMHAMUYECKNX MHBAPUAHTAX, a UMEHHO: KOPPEISIIIMOHHON pa3MEePHOCTH B Pa3MEPHOCTH BIOKECHUS
u KanﬂaHa-ﬁopKa, nokaszarensm JlsmyHosa, suTponuu Konmoroposa u p. 1 00HAPYKEHBI 2JIEMEHTHI
Xa0ca B COOTBETCTBYIOIIUX BPEMEHHBIX psfaax s oeppunus-7. KacarenbHo ne3us-137, nonyduts
AHAJIOTMYHOE aJIEKBATHOE 3aKJIIOUEHUE HE YIaI0Ch.

KiaroueBble cjioBa: MaTeMaTHYSCKOC MOICIMPOBAHUEC, HOBBIC MUKPOCHUCTCMHBIC TCXHOJIOTUU, KOH-
HOCHTpalus paJuOHYKIIMAOB, aHAJIN3 BPEMCHHBIX PAJO0B U HAJIMIUC XaOTUYICCKUX 3JICMCHTOB

1. Introduction

Correct quantitative description of environ-
mental radioactivity temporal and spatial dynam-
ics, studying short-and long term radionuclides
concentration in the atmosphere and other geo-
spheres remains one of the most actual and im-
portant problems as in an applied ecology and
environment protection as computational environ-
ment physics and informatics [1-12]. As indicated
earlier (look, for example, [1-5], generally speak-
ing, a solving such classes of the problems is
needed as follows: a long-term investigation of
radionuclides behaviour in the environment; elu-
cidation of the mechanism of radionuclides trans-
fer, deposition in the environment, elucidation of
the global and local mechanisms of transforma-
tion and transportation of radioactive substances
due to meteorological and hydrological phenom-
ena and other factors, quantitative studying the
radioactive impact on environment (atmosphere,
hydrosphere, lithosphere etc), revealing and esti-
mating the sources of radioactive materials and
samples and archiving of research methodologies
and many others. Especially important and actual
is solving these problems in light of the well-
known Chenobyl and Fukushima Daiichi Nuclear
Power Plants emergency accidents.

In many papers it has been performed an anal-
ysis of the short-and long-term temporal (time se-
ries) and spatial deposition of the radionuclides
in atmosphere and other environments (look,
for example, [9-16]). It is well known that the
most models, that are currently used to estimate
the radionuclides pollution level, are either de-

terministic or statistical, but their skilfulness are
still limited due to both inability for describing
non-linearities in pollutant time series and lack of
understanding involved physical and/or chemical
processes. Very useful alternative to the simpli-
fied deterministic and similar methodologies is
provided by using the non-linear prediction, non-
linear dynamical systems and a chaos theories.
These studies show that chaos theory methodol-
ogy can be applied and the short-range forecast
by the non-linear prediction method can be satis-
factory. In this paper for the first time we present
the results of an analysis, modelling ( forecasting
is to be presented in the next papers) a temporal
dynamics of the of beryllium-7 (caesium-137) in
the atmospheric environment time series and ac-
tivity size distribution of iodine-131 in Austria af-
ter the Fukushima Daiichi Nuclear Power Plants
emergency accident. As method of studying we
use the complex of the earlier developed models
and microsystem technologies which are based
on an advanced non-linear analysis technique
and modern chaos theory and dynamical systems
methods have been applied (in versions [7-13]).
More concretely, speech is about such methods
and algorithms as such as a correlation integral
approach, average mutual information, surrogate
data, false nearest neighbours algorithms, the
Lyapunov’s exponents and Kolmogorov entropy
analysis, nonlinear prediction models etc. As
the input data we use the data on the long-term
time series and activity size distribution of be-
ryllium-7 (caesium-137) in the atmospheric
environment time series in Austria after the Fu-
kushima Nuclear Power Plant [6]. We listed the
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data on the topological and dynamical invariants,
namely, the correlation, embedding, Kaplan-
Yorke dimensions, the Lyapunov’s exponents and
Kolmogorov entropy etc and found an availability
y of the chaos elements in the corresponding time
series. Nevertheless this fact is not evidence of the
universal availability of the deterministic chaos
in any radionuclide concentration time series. In
our opinion, the chaotic atmosphere processes
are the obligatorily element for chaotic behaviour
of the corresponding radionuclide concertation
series. All calculations are performed with using
“Geomath”, “Superatom” and “Quantum Chaos”
codes [9-18].

2. Technique of analysis and computing radi-
onuclides pollutants fluctuations time ynamics

As the master elements of the technique of
analysing the dynamical time series and comput-
ing invariants etc are described in many Refs.
(look, for example, [9-11] and Refs. therein), be-
low we are limited only by the key points, basing
on our versions of the known algorithms. As usu-
ally, one should consider scalar measurements:
s(n)=s(t,tnAt)=s(n), where #, is a start time, Az
is time step, and n is number of the measure-
ments. In our case s(n) is the time series of the
radionuclide concentration. The important test
for a chaos is provided by the known Gottwald-
Melbourne criterion. The known Gottwald-Mel-
bourne chaotic test supposes a choice of the real
constant ¢ and definition of the following quanti-
ties (including a root-mean-square shift):

s(m) = Y s(/) os(je)

M (n) = lim %i[S(Hn) —s(Hr - ()

If the dynamics of the system is regular (peri-
odic or quasiperiodic), then with probability 1 the
shift M (n) is a limited function of n. However,
if the dynamics is chaotic (in a rather non-strict
sense), then with probability 1 M(n)=V(n)+O(1)
for some /> 0. One could determine the rate of
asymptotic growth of the root-mean-square shift:
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log M(n) .
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K=,
The cases of K =0 and K =1 correspond
to a regular and chaotic dynamics respectively.
As processes resulting in a chaotic behaviour are
fundamentally multivariate, one needs to recon-
struct phase space using as well as possible infor-
mation contained in s(n). According the algorithm
by Packard et al and Takers-Mane [7,8], the main
idea is that direct use of lagged variables s(n+t),
where 1 is some integer to be defined, results in
a coordinate system where a structure of orbits in
phase space can be captured. Using a collection
of time lags to create a vector in d dimensions,
y(n)=[s(n),s(n + 1),s(n + 27),..,s(n +(d-1)1)], the
required coordinates are provided. The dimension
d= d, is the embedding dimension,. The goal of
the embedding dimension determination is to re-
construct a Euclidean space R? large enough so
that the set of points d, can be unfolded without
ambiguity. The embedding dimension, d,, must
be greater, or at least equal, than a dimension of
attractor, d , i.e. d,>d . So, to analyse a measured
time histories for the studied radionuclide con-
centration series, the phase space of the system
had been reconstructed by the delay embedding.
Further the corresponding versions of the mu-
tual information approach, correlation integral
analysis, false nearest neighbour algorithm, Lya-
punov’s exponent’s analysis, and surrogate data
method are used for comprehensive characteriza-
tion [9-13]. The correlation dimension method
provides a fractal-dimensional attractor. Statisti-
cal significance of the results was confirmed by
testing for a surrogate data. The choice of proper
time lag is important for the subsequent recon-
struction of phase space. First approach is to
compute the linear autocorrelation function C,(8)
and to look for that time lag where C,(8) first
passes through 0. This gives a good hint of choice
for t at that s(n+jt) and s(n+(j +1)t) are linearly
independent. Alternative approach is given by a
nonlinear concept of independence, e.g. an aver-
age mutual information.
In order to compute an attractor dimension
one should use the known Grassberger- Procaccia
correlation integral analysis, which is one of the
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widely used techniques to investigate the signa-
tures of chaos in a time series. One must compute
the correlation integral C(r). If the time series is
characterized by an attractor, then the correlation
integral C(r) is related to the radius 7 as follows:

d= limM

i logr 3)
where d is correlation exponent. If the correlation
exponent attains saturation with an increase in the
embedding dimension, then the system is generally
considered to exhibit chaotic dynamics. The satu-
ration value of the correlation exponent is defined
as the correlation dimension (d,) of the attractor.

The important point of studying the corre-
sponding radionuclide temporal dynamics on the
availability of chaotic elements is provided by
the Lyapunov’s exponents algorithm. It is well-
known that the spectrum of the Lyapunov’s ex-
ponents is one of dynamical invariants for non-
linear system with chaotic behaviour. The Lya-
punov’s exponents are related to the eigenvalues
of the linearized dynamics across the attractor.
Negative values show stable behaviour while
positive values show local unstable behaviour.
The limited predictability of the chaos is quanti-
fied by the local and the global Lyapunov’s ex-
ponents, which can be determined from measure-
ments. The predictability can be estimated by the
Kolmogorov entropy, which is proportional to a
sum of the positive Lyapunov’s exponents. For
chaotic systems, being both stable and unstable,
the Lyapunov’s exponents indicate the complex-
ity of the dynamics. The largest positive value
determines some average prediction limit. Since
the Lyapunov’s exponents are defined as asymp-
totic average rates, they are independent of the
initial conditions, and hence the choice of trajec-
tory, and they do comprise an invariant measure
of the attractor. An estimate of this measure is a
sum of the positive Lyapunov’s exponents. The
estimate of the attractor dimension is provided by
the conjecture d, and the Lyapunov’s exponents
are taken in descending order. To compute Lya-
punov’s exponents, the known method with linear
fitted map, although the maps with higher order
polynomials can be used too (look details in Refs.
[9-13]).

The principally important point in develop-
ment of the time series prediction model for com-
plex systems is in the using the traditional con-
cept of a compact geometric attractor in which
evolves the measurement data. More advanced
versions of the prediction models include using
of the neural network and other algorithms. The
existing so far in the theory of chaos prediction
models are based on the concept of an attractor.
The meaning of the concept is in fact a study of
the evolution of the attractor in the phase space
of the system and, in a sense, modelling (“guess-
ing”) time-variable evolution.. From a mathemat-
ical point of view, it is a fact that in the phase
space of the system an orbit continuously rolled
on itself due to the action of dissipative forces and
the nonlinear part of the dynamics, so it is pos-
sible to stay in the neighborhood of any point of
the orbit y (n) other points of the orbit " (n), r =
1, 2, ..., N,, which come in the neighborhood y (n)
in a completely different times than n. Of course,
then one could try to build different types of in-
terpolation functions that take into account all the
neighborhoods of the phase space and at the same
time explain how the neighborhood evolve from
v (n) to a whole family of points about y (n+1).
Use of the information about the phase space
in the simulation of the evolution of some geo-
physical (environmental, etc.) of the process in
time can be regarded as a fundamental element
in the simulation of random processes. A princi-
pal aspect in obtaining the successful prediction
model data is connected with a correct, physically
reasonable constructing a parameterized nonlin-
ear function F (x, a), which transform s (n) to
s (n+ 1) =F (s (n), a), and then using different
criteria for determining the parameters a. One of
the most spread versions of local prediction algo-
rithm is provided the following form:

d
s(n+An)=a” + Z aﬁ")s(n -(j-D1), &)

J=1

where A n - the time period for which a forecast .

The coefficients ¢!, may be determined by a

least-squares procedure, involving only points
s(k) within a small neighbourhood around the
reference point. Thus, the coefficients will vary
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throughout phase space. Other details can be
found, for example, in Refs. [9-13].

3. The results of analysis of beryllium-7
concentrations long-term time series and con-
clusions

As the input data we use the data on the long-
term time series and activity size distribution of
beryllium-7 in the atmospheric environment time
series and activity size distribution of iodine-131
in Austria after the Fukushima NPP. According to
[2], the cosmogenic radionuclide Be-7 is forms
through spallation reactions with decreasing pro-
duction rates with atmospheric depth and about
two thirds of the Be-7 production takes place in
the stratosphere and one third in the troposphere
(mainly in the upper troposphere). Due to strato-
sphere- to- troposphere exchange the Be-7 is also
present in the near-to-ground atmosphere. In Fig-
ure 1 there is present the typical time series of
Be-7 and Cs-137 over a period of 24 years. As
various factors govern the Be-7 activity concen-
tration in the near-to-ground atmosphere they are
highly episodic and vary strongly. This is well
demonstrated in Figure 2 where the Be-7 results
are given per day of the year from the high-alti-
tude station at Sonnblick (3106 m) for a period of
15 years.

14000 600

uBq/m
g
H
vBq/m

8000

i

Be-7 activity concentration in

Kaplan-Yorke dimension (d,), and average limit
of predictability (Pr_ , hours) for time series
of the NO, at sites of the Gdansk (during 2003
year). From the table 2 it can be noted that the
Kaplan-Yorke dimensions, which are also the at-
tractor dimensions, are smaller than the dimen-
sions obtained by the algorithm of false nearest
neighbours.

®

centration in mBq/m3

Be-7 activity con

Figure 2. Be-7 results in air per day of the year
from a high-altitude station in Austria (Sonnblick,
3106 m) for the period July 1996 to December 2010.

(Ref. [2]).

Firstly, one should note that the presence of
the two (from six) positive A, suggests the sys-
tem broadens in the line of two axes and con-
verges along four axes that in the six-dimen-
sional space.

Table 1

Time lags (hours) subject to different values

of C,, and first minima of average mutual
information,I . , for the Be-7 time series

C, =0 C, =0,1 C, =05

L L L minl

1996 1957|1988 | 1989 | 1990 | 1991|1992 | 1993 | 1994 | 1995 | 1996 | 1997 | 1998 |

Figure 1. Time series of Be-7 (upper line) and
Cs-137 (lower line) in the near-to-ground atmo-
sphere in Klagenfurt (Austria) from August 1986

to December 2010 (Ref. [2]).

In the Table 1 we list the data for the time lag
calculated for first 103 values of the Be-7 time se-
ries. The autocorrelation function for all time se-
ries remains positive. In the Table 2 we present our
advanced data on the correlation dimension (d,),
embedding dimension (d,), Kaplan-Yorke dimen-
sion (d,), two Lyapunov’s exponents (A ,A,), the
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To conclude, we had presented the results of
an analysis of temporal dynamics of the beryl-
lium-7 (caesium-137) in the atmospheric envi-
ronment in Austria after the Fukushima Daiichi
Nuclear Power Plants emergency accident. As
method of studying we use the complex of the
earlier developed algorithms versions and mi-
crosystem technology which are based on an ad-
vanced non-linear analysis technique and modern
chaos theory and dynamical systems methods (in
versions [1,9,-13]).
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Table 2

The correlation dimension (d,), embedding dimension (d_), first two Lyapunov’s exponents,
E(),1,), Kaplan-Yorke dimension (d, ), and the Kolmogorov entropy (K ), the Gottwald-Mel-
bourne parameter for the Be-7 time series (see text)

1 | & | de |

}\42 ‘ dL ‘ Kent ‘ K

Be-7

14 | 37 | 6

| 0,0157 | 0,0053 |

44 | 002 [ 061

More concretely, speech is about such meth-
ods and algorithms as such as a correlation inte-
gral approach, average mutual information, sur-
rogate data, false nearest neighbours algorithms,
the Lyapunov’s exponents and Kolmogorov en-
tropy analysis, nonlinear prediction models etc.
As the input data we use the data on the long-
term time series and activity size distribution of
beryllium-7 in the atmospheric environment time
series in Austria after the Fukushima NPP [2]. We
listed the data on the topological and dynamical
invariants, namely, the correlation, embedding,
Kaplan-Yorke dimensions, the Lyapunov’s expo-
nents and Kolmogorov entropy etc and found an
availability y of the chaos elements in the corre-
sponding Be-7 time series. Nevertheless this fact
is not evidence of the universal availability of the
deterministic chaos in any radionuclide concen-
tration time series. In particular, we could not get
the analogous conclusion for the corresponding
Cs-137 time series.
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ANALYSIS OF THE BERYLLIUM-7 ACTIVITY CONCENTRATION DYNAMICS IN THE
ATMOSPHERIC ENVIRONMENT TIME SERIES AFTER THE FUKUSHIMA DAIICHI
NUCLEAR POWER PLANTS EMERGENCY

Yu. Ya. Bunyakova, V. B. Ternovsky, Yu. V. Dubrovskaya, A. V. Ignatenko, A. A. Svinarenko,
L. A. Vitavetskaya

Odessa State Environmental University, L’vovskaya, 15, Odessa, 65016, Ukraine
E-mail: juliby13@gmail.com

Summary

We present the results of an analysis, modelling a temporal dynamics of the beryllium-7 (cae-
sium-137) activation concentration in the atmospheric environment time series in Austria after the
Fukushima Daiichi Nuclear Power Plants emergency accident. As method of studying we use the
complex of the earlier developed models and microsystem technologies which are based on an ad-
vanced non-linear analysis technique and modern chaos theory and dynamical systems and a chaos
theory methods (Correlation integral approach, average mutual information, surrogate data, false
nearest neighbours algorithms, the Lyapunov’s exponents and Kolmogorov entropy analysis, nonlin-
ear prediction models etc). As the input data we use the data on the long-term time series and activity
size distribution of beryllium-7 (caesium-137) in the atmospheric environment time series in Austria
after the Fukushima Nuclear Power Plant. We have listed the data on the topological and dynamical
invariants, namely, the correlation, embedding, Kaplan-Yorke dimensions, the Lyapunov’s exponents,
Kolmogorov entropy etc and found an availability of the chaos elements in the corresponding Be-7
time series. Regarding the caesium-137, we could not get the analogous adequate conclusion for the
corresponding time series.

Keywords: mathematical modelling, new microsystem technologies, radionuclide activation con-
centration, time series analysis and chaotic elements
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AHAJII3 TUHAMIKHA KOHIEHTPAIIIl PAJIOHYKJIIJTA BERYLLIUM-7 B
ATMOC®EPHOMY CEPEJIOBUIIY HA OCHOBI AHAJII3Y YACOBHX PSIJIOB
IIICJISI ABAPIMHOI CUTYALII HA ATOMHIN EJEKTPOCTAHIIII FUKUSHIMA
DAIICHI

1O. A. bynaxosa, B. b. Teprnoscokuil, FO. B. /[yoposcwka, I B. lenamenko, A. A. Ceunapenxo,
JI. A. Bimasemcoka

Onechbkuii nep>kaBHUM eKkoNorigHui yHiBepcuTeT, JIbBiBChKa 15, Onmecca, 65016
E-mail: juliby13@gmail.com

Pedepar

HaBonsTbcst pe3ynbratu aHamiizy i MOJIETIOBAaHHS YacOBOI JUHAMIKY KOHIIEHTpAIlli paJioHyKIiAiB
Oepwtiii-7 (11e3iit-137) B armochepHOMY cepeoBuUIIll B ABCTpii Ha OCHOBI BiAIOBITHOTO aHAI3y Ya-
COBUX PSIIB TICHs aBapii Ha aToMHil enekTpocTanilli Fukushima Daiichi. B sskocTi MmeTony BuBYeHHS
BUKOPHCTOBYETHCSI KOMIUIEKC paHillle po3poOJeHUX Mojesel 1 MIKpOCHUCTEMHA TEeXHOJIOTIs, sIKi 3a-
CHOBaHi Ha BUKOPUCTaHHI METO/[IB HEJIIHIHHOTO aHAaIIi3y, TeOpii XaoCy 1 AMHAMIYHUX CUCTEM, TAKHX SIK
METOJT KOPEJIAIIHOTO 1HTerpaja 1 cepeHboi B3aeMHO1 iH(popMaIlii, anroOpuTMHU CypOraTHUX JaHUX 1
MOMUJIKOBHX HaHOIMKUMX CYCi/iB, aHAJII3 Ha OCHOBI MoKa3HUKIB JlsimyHoBa 1 enTpomnii Konmoroposa,
MOJIeJTi HeIHIHHOTO MPOrHO3YBaHHA 1 T. [T .. B AKOCTI BXiTHMX JaHUX BUKOPHCTaH1 JJaHi 3a JOBFOCTPO-
KOBHMH YaCOBHMH PsIJIaMU 1 pO3IOILTY pa 3MEpPH aKTUBHOCTI Oepuitito-7 B aTMOC(HEpHOMY CEepeIOBH-
mi B ABcTpii micist aBapii Ha atoMmHil enexTpocTanuii Fukushima Daiichi. [Ipencrasneni gani npo
TOTIOJIOTIYHI 1 TUHAMIYHI iHBapiaHTH, a caMe: KOPEJSAIiifHy pO3MipHICTh, pO3MIPHOCTI BKJIAZICHHS Ta
Karnana-Mopka, mokasuukn JIsmyHoBa, eHTpornio KoinMoroposa Ta iH. i BUSIBICH] €I€MEHTH Xaocy
B BI/IMOBIIHUX YacCOBUX psijiax ais 6eppinis-7. BiqHocHo 1e3it0-137, oTpuMary aHaJIOTIYHUN aJIeK-
BaTHUI BUCHOBOK HE BJIaJIOCSI.

Kuio4oBi cjioBa: MaTeMaTHYHE MOJICTIOBAHHS, HOBI MIKPOCHUCTEMHI TEXHOJIOT11, KOHIIEHTpAIIis pa-
TIOHYKJIIIB, aHAJII3 YACOBHX PSIJIIB 1 HASBHICTh XaOTHUHUX €JIEMEHTIB
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AN ADVANCED LASER PHOTOIONIZATION SEPARATION SCHEME FOR
RADIOACTIVE ISOTOPES AND PRODUCTS OF ATOMIC ENERGETICS:
URANIUM AND THE TRANSURANIUM ELEMENTS
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AN ADVANCED LASER PHOTOIONIZATION SEPARATION SCHEME FOR
RADIOACTIVE ISOTOPES AND PRODUCTS OF ATOMIC ENERGETICS:
URANIUM AND THE TRANSURANIUM ELEMENTS

V. B. Ternovsky, A. V. Glushkov, A. V. Smirnov, A. A. Kuznetsova, O. Yu. Khetselius, V. V. Buyadzhi

Abstract. We present an advanced, optimal laser-photoionization scheme of separating heavy
radioactive isotopes and nuclear isomers, in particular, the uranium isotopes and the transuranium
elements. The advanced scheme is based on the selective laser excitation of the isotope atom into
the highly-excited Rydberg states and further electric field ionization mechanism. Some preliminary
data for the autoionization resonance characteristics for U and transuranium isotopes are obtained.
An appreciable dependence of the reorientation decay velocity of the autoionization resonances at
an electric field is analyzed. Two autoionization resonances decay channels are predicted as well as
the effect of the giant autoionization resonance width broadening in the relatively weak electric field
for uranium and transuranium elements. Using the optimal laser action model and density matrices
formalism it has been carried out modelling the optimal scheme of the U isotopes separation. It
is presented The optimal scheme y— laser on quickly decayed nuclear isomers with using laser
photoionization sorting excited nuclei with autoionization and electric field ionization mechanisms.

Keywords: laser photoionization method, highly radioactive isotopes, new spectroscopy of
autoionization resonances for uranium, optimal scheme of isotope laser separation
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VIOCKOHAJIEHA JIABEPHO-®OTOIOHIZAIIMHA CXEMA ITOALIEHHA
PAIIOAKTAUBHUX I130TOIIIB TA ITPOJAYKTIB ATOMHOI EHEPTETUKM:
YPAH TA TPAHCYPAHOBI EJIEMEHTHU

B. B. Tepnoscovkuiti, O. B. [ywkos, A. B. Cmipnos, I A. Kysneyosa, O. FO. Xeyeniyc, B. B. Bysoacu

AHoTauis. 3anporoHoBaHa HOBA, ONTUMAaJIbHA CXeMa JIa3epHO-()OTOI0HI3AI[IOHHOTO MOIJICHHS BaX-
KHX PaJIi0aKTUBHUX 130TOIIIB 1 SACPHHUX 130MEPiB, 30KpeMa 130TOIIB ypaHy 1 TPAaHCYpaHOBUX CIIEMCHTIB.
[Tokpamiena cxema 3aCHOBaHA Ha CEJICKTUBHOMY JIa3epHOMY 30y/KEHHI aTOMIB Pa/Il0aKTHBHOTO 130TOITY
y BUCOKO30y/IKeH1 piiOepriBChbKi CTaHH 1 aBTO10HI3aLiHOHOMY MeXaHi3Mi 10Hi3a1li1 B IPUCYTHOCTI ci1ad-
KOTO eJIeKTpHYHOro nosst. OTpuMaHi IesiKi mornepe/Hi JaHi 1jsi eHepriid aBTOI0HI3aiHHIX PE30HAHCIB
s U 1 TpancypanoBux i3otomiB. [IpeacraBiiena 3aleXHICTh MBUIAKOCTI PO3Iaay pe30HAHCIB B
CJIA0KOMY MOCTIHHOMY €JIEKTPUYHOMY IT0JIi. [IpOrHO3YIOThCS IBa KaHATHU PO3Iaay aBTOI0HI3alIHHIX
CTaHiB 1 mepeadayeHnii ePeKT riraHTChKOTO PO3LIMPEHHS aBTOIOHI3AIMHUX PE30HAHCIB B CHEKTPI
ypaHy y BITHOCHO CITAOKOMY €JIEKTPUYHOMY ITOJIi, 1[0 BKA3y€ Ha MPUHIIMIIOBO HOBY CIIEKTPOCKOIIIIO
aBTOIOHI3alIOHHKX CTaHIB JJIs ypaHy 1 TPAaHCYpPaHOBHX €JIEMEHTIB. BUKOPHCTOBYIOUM ONTHMAIbHY
MOJIEITb JIa3epHOT0 BIUIMBY 1 (hopMalti3M MaTpuilb TYCTUHH, MPOBEICHO MOJACITIOBAHHS ONTUMAIBHOT
cxemu noiry i3otomiB U. [Ipencrariiena onTruManbHa cxeMa raMmma-jia3epa Ha sepHUX i30Mepax, 1o
IIBHUJIKO PO3TIAIAI0THCS, 3 BAKOPHCTAHHSM JIa3epHO-()OTOI0HI3aLIHHOT CXeMH MOAUICHHS (COPTYBAaHHS)
30y/DKEHUX SIAEp 1 MOJAIBIIOT aBTO10HI3aIil B MPUCYTHOCTI €NEKTPUIHOTO OIS,

KurouoBi cioBa: jtazepuuii poToioHI3amMIHII METO], BHCOKO Pa/Ii0aKTUBHI 130TOIH,

HOBa CIIEKTPOCKOITISl aBTOI0OHI3AMINHUX PEe30HAHCIB I ypaHa, ONTUMAJIbHA CXeMa JIa3epHOTO
MOICHHS 130TOMIB

YCOBEPHIEHCTBOBAHHAS JIABEPHO-®OTONOHMU3AIINOHHASA CXEMA
PA3JEJIEHUS PAJIMOAKTUBHBIX U30TOIOB, TIPOAYKTOB ATOMHOM
SHEPI'ETUKU: YPAH U TPAHCYPAHOBBIE 3JIEMEHTbBI

B. B. Tepnosckuii, A. B. Inywkos, A. B. Cuupnos, A. A. Ky3ueyosa, O. IO. Xeyenuyc, B. B. Bysoacu

AnnHoranus. [IpeayoxeHa HOBasi, ONITUMAIILHAS CXeMa J1a3epHO-(OTOMOHU3AIMOHHOTO PA3ICIICHUS
TSDKEJIBIX PAAMOAKTUBHBIX H30TOTIOB U SIZIEPHBIX U30MEPOB, B YACTHOCTU U30TOIIOB YpaHa U TpaHCypa-
HOBBIX 3JIEMEHTOB. YIIydllleHHasl CXeMa OCHOBaHA Ha CEJIEKTUBHOM JIa3€pHOM BO30YXIEHUU aTOMOB
M30TONAa B BHICOKOBO30YKJICHHBIC PUIOCPTOBCKUE COCTOSIHUSI U aBTOMOHHM3AIIMOHHOM MEXaHU3ME
MOHH3AIIMU B IPUCYTCTBUU CJIA00TO AIeKTprudeckoro mojisi. [lomydeHsl HEKOTOpBIE MTPeIBAPUTEIbHbBIC
JTAHHBIE JIJIsl PHEPTrUi aBTOMOHU3AIMOHHBIX pe30HaHCOoB /it U u TpaHcypaHoBbIX n3otonos. [Ipen-
CTaBJIEHA 3aBUCUMOCTb CKOPOCTHU pacla/ia aBTOMOHU3ALMOHHBIX PE30HAHCOB B CJIA0OM IOCTOSHHOM
ANIeKTpUUecKoM mose. [IporHo3upyroTcs ABa KaHajla pacnaja aBTOMOHU3ALMOHHBIX COCTOSIHUN U
npencka3ad 3QpPEeKT ruraHTCKOro yIMpeHUsl aTBOMOHU3AIMOHHBIX PE30HAHCOB B CIICKTPE ypaHa B
OTHOCHUTEJILHO CJ1a00M JIEKTPUYECKOM T0JIe, UTO YKa3bIBAET HA MPUHIIUITUAIEHO HOBYIO CIIEKTPOCKO-
M0 ABTOMOHU3AIIMOHHBIX PE30HAHCOB YpaHa U TPAHCYPAHOBBIX 3JIEMEHTOB. Vcronb3ys onTumaib-
HYI0 MOJIEJIb JIa3€PHOTO BO3AEHCTBUS U (POPMAIN3M MaTPULl IUIOTHOCTHU, IPOBEIEHO MOAEIUPOBAHUE
ONTHMAaJbHOU cXeMbl pa3zaeneHus usoronos U. [Ipeacrasnena ontumanbHas cxeMa raMMa-ja3epa Ha
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6BICTpO pacnaiaromuxcs AACPHbIX U30MEpax € UCIIOJIb30BaAHUCM J'IaSepHO-(pOTOI/IOHI/IE»aI_II/IOHHOﬁ CXCMbI
pa3aciICHUA (COpTI/IpOBKI/I) B036Y)KI[6HHLIX AACP U nocneﬂyfomeﬁ ABTOMOHU3alIUU B MPUCYTCTBUU

SJICKTPUYICCKOI'O IOJIA.

KiioueBnble ciioBa: J'Ia3eprIfI (I)OTOI/IOHI/BaLII/IOHHLIe MCTO/, BBICOKO PaIUOAKTUBHbBIC U30TOIIbI,
HOBasl CIHCKTPOCKOIIHA ABTOMOHHU3AIUMHUX PC30HAHCOB JIA ypaHa, OITUMAJIbHAs CXEMa JIa3CPHOI'O

pa3aciicHuss n30TOIOB»

1. Introduction

Search of the effective, optimal methods and
technologies for the radioactive isotopes and nu-
clear isomers (products of the atomic energetics)
detection and separation and also obtaining espe-
cially pure substances at atomic level remains one
of the very actual problem of modern atomic and
nuclear physics, nuclear technologies and atomic
energetics [1-4]. These topic is of a great impor-
tance because of the increasing development of
the modern nuclear energetics. Nuclear power
currently despite the known progress is potential-
ly extremely dangerous area, especially in emer-
gency situations like the Chernobyl accident or
accident at Japanese NPP “Fukushima. Obvious-
ly, the problem of radiation and ecological safety
of nuclear power are generated spontaneously
formed structure currently used nuclear power
cycle (look Figure 1 [1]), according to which in
its final stage of waste nuclear fuel to stand for 50
years in storage, encapsulate, disposed on or after
10 years of aging in nuclear storage facilities sent
for recycling [1-4]. The latest comes usually only
to radiochemical regeneration of spent U, when:
(1) from it is extracted Pu, isolated minor ac-
tinides (Np, Am, Cm) and fission products, clas-
sifying them as high-level waste, (ii) high-level
waste is immobilized, (ii1) retain for 50 years in
ground conditions and (iv) disposed in geologi-
cal formations [1-4]. Then extracted (energy) Pu
and U regenerated are sent for storage for future
use for the production of mixed U-Pu-fuels. One
of the schemes of such open nuclear fuel cycle is
analyzed in detail in review [2]. It should be
recalled that the use of power Pu as dividing com-
ponents in the U-Pu-fuel complicates number of
reasons, including the danger of his treatment in
the clear and the threat of uncontrolled prolifera-
tion, and certainly sub-optimal isotopic compo-
sition, the need of accumulation and long-term
storage of Pu etc. Because of these circumstances,

now generally in enterprises processed only 10-
15% of spent nuclear fuel, which is discharged,
and the rest are sent to long-term storage and
direct burial that according to various estimates
(see [1]), annually output increases the amount of
circulation U to 10-12 thousand tons.

FA

Radiochemical reprocessing of fuel assemblies

T
HAW, 458 (kg U)~!

U, ~1% Packaging
| 0, ;
U, 4.4% -
Storage
U.0.7% U.025% Pu, 108 U)" i
‘ Processing | |Deposit 1 | ‘ Deposit 2 | ||
Ore Burial

Figure 1. Scheme of open nuclear power cycle. For

the U concentration specified isotope U . For Pu

and high-level waste were given their content in the
spent nuclear fuel from WWER-1000.

One of the most promising ways to reduce ra-
diation hazards, in particular, the so-called nuclear
transmutation [1-4]. This is the transmutation of
radioactive waste transmutation of long-lived fis-
sion products, transmutation of actinides, which
can be done either in reactors of various types
and, in principle, the so-called subcritical power
and nuclear plants that have increased compared
to conventional reactors nuclear safety. These
questions are being continued studied intensively.
This issue is being dedicated to a great number of
works, because, obviously, the fundamental solu-
tion to the problem of destruction of long-lived
radioactive waste fission products from spent nu-
clear fuel will undoubtedly contribute to further
development of safe nuclear energy. In a light of
saying, the effective technologies of detection
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and separation of the heavy radioactive isotopes
are critically important [1-10]. The basis for its
successful realization is, at first, carrying out the
optimal multi stepped photo-ionization schemes
for different elements and, at second, availability
of enough effective UV and visible range lasers
with high average power (Letokhov, 1977, 1979,
1983; etc) [2,3]. The standard laser photo-ioniza-
tion scheme may be realized with using processes
of the two-step excitation and ionization of atoms
by laser pulse. The scheme of selective ionization
of atoms, based on the selective resonance excita-
tion of atoms by laser radiation into states near
ionization boundary and further photo-ionization
of the excited states by additional laser radiation,
has been at first proposed and realized by Letok-
hov et al (Letokhov, 1969, 1977) [2]. It represents
a great interest for laser separation of isotopes
and nuclear isomers. The known disadvantage
of two-step laser photoionization scheme a great
difference between cross-sections of resonant ex-
citation 6__and photo-ionization ¢ __ . It requires
using very intensive laser radiation for excited
atom ionization. The same is arisen in a task of
sorting the excited atoms and atoms with excited
nuclei in problem of creation of y -laser on quick-
ly decayed nuclear isomers. Originally, Goldan-
sky and Letokhov (1974) (see also [2]) have con-
sidered a possibility of creating a y -laser, based
on a recoilless transition between lower nuclear
levels and shown that a y -laser of this type in the
20-60 keV region is feasible. These authors has
estimated the minimal number of excited nuclei
required for obtaining appreciable amplification
and possibility of producing sufficient amounts
of excited nuclei by irradiation of the target with
a thermal neutron beam or by resonant y -radia-
tion. It is important that low-inertia laser selection
of a relatively small friction of excited nuclei of
a given composition from the target by the two-
step method of selective laser photoionization of
atoms with excited nuclei by the radiation from
two lasers is principally possible. But, it is obvi-
ous that here there is a problem of significant dis-
advantage of the two-step selective ionization of
atoms by laser radiation method. The situation is
more simplified for autoionization resonance’s in
the atomic spectra, but detailed data about char-
acteristics of these levels are often absent (Letok-
hov, 1977, 1983; Glushkov & Ivanov, 1986, 1992)
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[2-7]. The key problems here are connected with
difficulties of theoretical studying and calculating
the autoionization resonance characteristics. Sev-
eral new optimal schemes for the laser photo-ioni-
zation sensors of separating heavy isotopes and nu-
clear isomers are proposed [2-7]. These schemes
are is based on the selective laser excitation of the
isotope atoms into excited Rydberg states and fur-
ther AC, DC electric field ionization or collision
mechanisms with using the models [8-16].

In this paper we present an advanced, optimal
laser-photoionization scheme of separating heavy
radioactive isotopes and nuclear isomers, in par-
ticular, the uranium isotopes and the transurani-
um elements. The advanced scheme is based on
the selective laser excitation of the isotope atom
into the highly-excited Rydberg states and further
electric field ionization mechanism. Some pre-
liminary data for the autoionization resonance
characteristics for U and transuranium isotopes
are obtained. An appreciable dependence of the
reorientation decay velocity of the autoionization
resonances at an electric field is analyzed. Two
autoionization resonances decay channels (tradi-
tional Beutler-Fano channel and new Letokhov-
Ivanov channel) are predicted as well as the ef-
fect of the giant autoionization resonance width
broadening in the relatively weak electric field for
uranium and transuranium elements. Using the
optimal laser action model and density matrices
formalism [7-12], it has been carried out model-
ling the optimal scheme of the U and Np and Pu
isotopes (nuclei) separation.

2. Laser photoionization separation of
heavy radioactive isotopes (uranium and
transuranium elements): Qualitative aspects

Let us remind that in a classic scheme the laser
excitation of the isotopes and nuclear isomers sep-
aration is usually realized at several steps: atoms
are resonantly excited by laser radiation and then
it is realized photo ionization of excited atoms. In
this case photo ionization process is characterized
by relatively low cross section 6, =10""-10"*cm?
and one could use the powerful laser radiation on
the ionization step. This is not acceptable from
the energetics point of view [2].

The alternative mechanism is a transition of at-
oms into Rydberg states and further ionization by
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electric field or electromagnetic pulse. As result,
requirements to energetic of the ionized pulse are
decreased at several orders. The main feature and
innovation of the presented scheme is connected
with using the DC electric field (laser pulse) au-
toionization on the last ionization step of the laser
photoionization technology. There is a principal
difference of the simple ionization by DC elec-
tric filed. The laser pulse ionization through the
auto ionized states decay channel has the advan-
tages (more high accuracy, the better energetics,
universality) especially for heavy elements and
isotopes, where the DC electric field ionization
from the low excited states has not to be high ef-
fective. This idea is a key one in the realization
of sorting the definite excited atoms with neces-
sary excited nuclei of the A" kind, obtained by
optimal method of selective photo-ionization of
the A kind atoms at the first steps. The suitable
objects for modeling laser photoionization sepa-
ration technology are the radioactive isotopes of
Cs, I, U and the long-lived transuranium elements
etc. These isotopes are the most dangerous espe-
cially in the light of emergency situations like the
Chernobyl accident or accident at Japanese NPP
“Fukushima. We considered a scheme for the la-
ser separation and sensing the uranium and thuli-
um isotopes. All necessary excitation and ioniza-
tion constants for solution of the density matrice
equations system are calculated within above de-
scribed model and methods [5-10]. The laser pho-
toionization scheme for U isotopes included the
following steps: i). Laser excitement of the #°U
isotopes from the ground 3/°6d7s’-°L’° state and
low lying metastable 5/°6d7s’-’K ’ state with en-
ergy 620,32 cm'; The final step is the autoioniza-
tion of the Rydberg excited atoms by a laser pulse
or DC electric field pulse ionization and output of
the created ions. The scheme will be optimal if an
atom is excited by laser radiation to state, which
has the decay probability due to the autoioniza-
tion (pulse ionization) higher than the radiation
decay probability. So, one could guess that the
accurate data on the autoionization states ener-
gies and widths and the same parameters for the
DC Stark resonances are needed. The consistent
and accurate theoretical approach to calculation
of these characteristics is based on the operator
perturbation theory formalism and corresponding
advanced relativistic version [5-16].

3. Relativistic model of autoionization
decay of heavy atoms in a DC electric field

Probability of the ionization (autoionization
width) for highly excited atoms by electric field is
given by the full flow of probability through the
plane, which is perpendicular to z-axe. Calcula-
tion of the probability requires a solution of the
axially symmetrical problem, when a potential
barrier separates two classically allowed regions.
The examples of the application of such problem
are an atom in a uniform electric field, the two-
centre problem etc. Let us find the wave function
in the below-barrier region. In this case, the wave
function is localized in the vicinity of the most
probable tunnelling way, that is the potential sym-
metry axis z. For the bi-spinor

=

(1
the Dirac equation has the following form:
cGp&=(E~V +c“)m,
copt=(E~V - | @

Inserting first equation of the system (2) into

second one and using substitution
E_, — (W+)l/ ZCD’
WE=E-v+c?

)

we obtain the second-order equation
AD+K* D=0

ST PP VAR T/ TR
K= (E-V)P-c - 4[W+J+W+0[VV,V]_(4)

Since the potential is axially symmetrical, we
seek a solution to’ this equation in the cylinder
system of co-ordinates as follows:

® :(Fl(z, pexpli(m- 1/2)<p])

P (7 p)expli(m+1/2)o] )

Substituting (5) into (4) gives the matrix equa-

tion:
(A+QF =(2g% +pF,  F- (Fl j
F

(6)
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=kt -],
c
1
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y:(am—l/2 bm+1/2)

bu-172 a-m-1/2)>
w2 1 fpov av 3(Ev)
ay(z,p)="—5+——| -t
2 wtipdp 2 4wt

ov

bu(z.p)=——-= .

pW 62

A solution for system (6) is found numerically
on the basis of the finite differences numerical al-
gorithm [5]. In a case of atomic ionization by the
pulsed field, probability of process is defined by
the following expression:

W (nim) = S (aniny) > W(mmm) —(7)
n2

Here W(n n,m) is the state decay probability;
a are the coefficients of expansion of the y(nlm)
functions on the parabolic functions y(n,n,m). In
real multi-electron atom it is necessary to account
for the influence of the electron shells, which
results in the changing the potential barrier and
wave functions. To define the wave functions and
electron state energies in an electric field, one
needs to carry out the diagonalization of energy
matrice, calculated between states with the same
n [5-8]. The diagonalization of the complex en-
ergy matrix leads to complex energy correction:
ReFE -i/72, where Re E is the level shift and /is
the level width, including the radiation and auto-
ionization widths simultaneously. If the effects of
the autoionization resonance decay are included
in the matrix M, then /" presents only the autoioni-
zation width of the state. Only Re M is diagonal-
ized. The imaginary part is converted by means
of the matrix of eigen-vectors {C } The eigen
vectors are obtained by diagonalization of ReM:

Im ]Mik: Zc*mlMl]C]k
i

(8)

The other details of calculation procedure are
given in refs. [7-16].

4. Some numerical results and concussions

Here we present some key results of numeri-
cal calculating the ionization characteristics for
heavy isotope of the uranium and thulium and
modelling the optimal scheme parameters of the
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laser photoionization sensor. In figure 2 we pre-
sent our calculation results on the critical electric
field strength in dependence upon effective quan-
tum number " for atom of U. The points in the
figure correspond to the experimental data, solid
line 1 is a theoretical estimate based on the classi-
cal relation (E~ 1/16 ' ; Stark shift of the level
and tunneling of the electron are not taken into
account) , solid line 2 - calculation by formula [2]
for a pulsed electric field; the dotted line is the
results of this calculation. It is stressed that the
hydrogen-like approximation gives an inaccuracy
15-20% (see [5-8]). At the same time consistent
relativistic calculation has given the results in an
excellent agreement with experiment. The same
situation takes a place for the transuranium iso-
topes of Np and Pu. The most interesting feature
of the ionization in an external electric field is
connected with an effect of electric field on the
autoionization resonances in the heavy isotopes
(the last step of the laser photoionization scheme).

b
xVem

a2 |
of |

| BAALL BB

005 F
082}
0ol |
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Figure 2. Dependence of the critical electric field
strength on the effective principal number for U:
points - experiment; solid line 1 - theoretical evalu-
ation based on classical considerations; solid line
2 - calculation on the basis of Letokhov-Ivanov for-
mula; the dotted line is the present work [2,5-8].

Table 1 illustrates the calculated energies
(in cm™) of the levels of the higher members of
the Rydberg series of uranium, counted from
the level of 32899.790 cm™'; excitation sequence:
6056.81+6098.10+(5880-5890)A 5£7s’np. (ex-
perimental data from [17]).
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Table 1

The calculated energies (in cm™) of the levels of
the higher members of the Rydberg series of ura-
nium, counted from the level of 32899.790 cm™';

excitation sequence: 6056.81+6098.10+(5880-
5890)A 5f*7s*np (5£*7snf)
Eey [9] Our data n:xp n:hm
49878.5 49878.3 37.13 42
49882.5 49882.2 38.10 43
49886.6 49886.2 39.18 44
49890.2 49889.8 40.20 45
49893.6 49893.1 41.25 46
49896.6 49896.1 42.24 47
49899.4 49899.1 43.24 48
49901.8 44.23 49
49904.2 45.25 50
49906.7 46.25 51
49908.8 47.23 52

Note: n*={R/[limit-(level value)]}"?

It is very much important to note that one of
the most detailed papers on the uranium Rydberg
spectra contains data to be reconsidered. This top-
ic will be presented in the separate paper. Further
we have calculated the energies and widths for
higher members of the uranium Rydberg series
(members accessed from 32.899,79 cm’ level).
Excitation sequence: 6056,81+6098,10+(5880-
5890) A. For 5£7s’np (n=40-44) levels the follow-
ing results are obtained: i). For e=0 Vxcm™, con-
figuration 5 7s’42p, E=49877,49 (experimental
value [17]: 49877,5); I'(5£7s°42p)=1,794D-01;
I'(5F7s°42s)=2,702D-05; ii). For & =
100 Vxem; I'(5F7s°42p)=1,675D-01;
I'(5F7s°425)=5,913D-04. So, we have here a
strong change of the autoionization resonance
width at a moderately weak electric field too. At
first this new spectroscopic effect has been discov-
ered for the lanthanides atoms (see [5]). Detailed
spectroscopic information about autoionization
resonances is needed to optimize the excitation
and ionization of the atom. An optimal scheme
presumes a compromise between high excitation
probability and high decay rate that determines
the lower and upper boundaries for the autoioni-
zation resonances decay rate. The use of the ROD
channel essentially increases the possibilities of
such a compromise. It is very important for car-
rying out the optimized scheme of the selective
photoionization sensor.

Further we present the results of numerical
modelling the optimal scheme parameters of the
laser photoionization sensor. As usually, the op-
timization procedure of the laser photoioniza-
tion sensor scheme is in a searching the optimal
form of the laser pulse to provide a maximum of
excited particles in the gases separation scheme
(naturally this is one of the possible versions).
The separation process is described by the density
matrice equations system (c.f. [5-8]). In figure 3
we present the results of numerical modelling the
optimal form of laser pulse in the laser photoioni-
zation sensor scheme for the uranium isotopes.
The following notations are used: 6 pulse + dotted
line is the optimal form of the laser pulse; curves
(1) x,and (2) x, are the populations of the ground
and excited (n=42) states. In the qualitative rela-
tion obtained data are similar to data for other Na,
Rb and Tm isotopes (see [5-10] and Refs. therein).

X1,X

1.0 k OF

0,5 r

—

0-0 1 1 1 L
1 2 3 4

Figure 3. Results of modelling the U isotopes sepa-
ration process by the laser photo-ionization meth-
od ( 0+dashed —laser pulse optimal form; see text).

The 6-pulse provides maximum possible level
of excitation (the excitation degree is about ~0,25;
in experiment (Letokhov, 1983) with rectangular
pulse this degree was ~ 0,1). Using d-pulse in-
deed provides a quick ionization, but the ioniza-
tion yield will be less than 100% because of the
sticking on intermediate levels. So, from energetic
point of view, this type of ionization can be very
perspective alternative to earlier proposed classical
two-step and more complicated photoionization
schemes (Letokhov, 1983) [2]. The similar situa-
tion and analogous conclusions are obtained for
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the Tm and YD isotope separation with the corre-
sponding difference in the energetic and radiative
characteristics data. So, one can say here about suf-
ficiently optimal scheme of the separating highly
radioactive isotopes and products of atomics ener-
getics such as U and others. The key features of
the corresponding scheme (technology) are based
on the selective laser excitation of the isotopes at-
oms to the excited Rydberg autoionization states
and further autoionization decay in a presence of a
weak DC electric pulse ionization. This scheme is
supposed to be very effective in solving the mod-
ern actual problems of the transmutation of radio-
active elements and decreasing the energy loses
in the modern atomic energetics cycles [1-6]. One
should also note that the considered scheme can
be easily implemented to the possible advanced
scheme of the v - laser on quickly decayed nuclear
isomers with using laser photoionization sorting
excited nuclei M" | with autoionization mecha-
nism through the Rydberg states [5-7]. Figure 4
illustrates the principal moments of this scheme.
It generalizes the known Goldansky-Letokhov
(Goldansky & Letokhov, 1974) and other (Bald-
win et al, 1981; Glushkov et al 2010) schemes and
has to be more efficient especially from energetics
point of view.

Figure 4. The optimal scheme vy - laser on quickly
decayed nuclear isomers with using laser photoion-
ization sorting excited nuclei M", . with laser exci-
tation, autoionization and electric field ionization
mechanisms: 1 —target of atoms M, ; 2- flux of slow
neutrons; 3 — laser ray for evaporation of target; 4
—laser ray for the first step excitation of atoms with
excited nucleus A(M" , ) ; 5 — laser ray for second-
step excitation to highly excited atomic states and
Rydberg autoionization by electromagnetic field; 6
— collector system; 7 - atoms with excited nucleus
AM’, ); 8 — flux of evaporated atoms.

k+1
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The laser photo ionization scheme with au-
toionization of the highly excited atoms (with
optimal set of energetic and radiative param-
eters: pulse form, duration, energetic for laser
and electric field pulses etc.) could provide sig-
nificantly more high yield and effectiveness of
the whole process of the isotope separation. It is
especially worth for implementation to the pos-
sible principal scheme of y -laser on quickly de-
cayed nuclear isomers with autoionization sort-
ing the excited atoms.
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AN ADVANCED LASER PHOTOIONIZATION SEPARATION SCHEME FOR
RADIOACTIVE ISOTOPES AND PRODUCTS OF ATOMIC ENERGETICS:
URANIUM AND THE TRANSURANIUM ELEMENTS

V. B. Ternovsky, A. V. Glushkov, A. V. Smirnov, A. A. Kuznetsova, O. Yu. Khetselius, V. V. Buyadzhi

Odessa State Environmental University, L’vovskaya, 15, Odessa, 65016, Ukraine
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Summary

The aim of the work is to develop and present a new effective approach to problem of detection
and separation radioactive isotopes (radionuclides), which is based on a new physical principles and
to carry put computing of spectroscopic parameters and modelling the optimal separation scheme for
the U and transuranium isotopes.

We present an advanced, optimal laser-photoionization scheme of separating heavy radioactive
isotopes and nuclear isomers, in particular, the uranium isotopes and the transuranium elements. The
advanced scheme is based on the selective laser excitation of the isotope atom into the highly-excited
Rydberg states and further electric field ionization mechanism. Some preliminary data for the auto-
ionization resonance characteristics for U and transuranium isotopes are obtained. An appreciable
dependence of the reorientation decay velocity of the autoionization resonances at an electric field
is analyzed. Two autoionization resonances decay channels are predicted as well as the effect of the
giant autoionization resonance width broadening in the relatively weak electric field for uranium and
transuranium elements. Using the optimal laser action model and density matrices formalism it has
been carried out modelling the optimal scheme of the U isotopes separation. It is presented The op-
timal scheme v - laser on quickly decayed nuclear isomers with using laser photoionization sorting
excited nuclei with autoionization and electric field ionization mechanisms.

Keywords: laser photoionization method, highly radioactive isotopes, new spectroscopy of auto-
ionization resonances for uranium, optimal scheme of isotope laser separation
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VIOCKOHAJIEHA JIABEPHO-®OTOIOHIBAIIMHA CXEMA MOALIEHHS
PAIIOAKTUBHUX I130TOIIIB TA ITPOJAYKTIB ATOMHOI EHEPTETUKMU:
YPAH TA TPAHCYPAHOBI EJIEMEHTH

B. b. Tepnoscoxuii, O. B. I'nywikos, A. B. Cmipnos, I A. Kysneyosa, O. FO. Xeyeniyc, B. B. Bysioacu

Opnecekuii nepkaBHUM eKOJIOTTYHUH YHiBepcuTeT, JIbBiBchka 15, Onmecca, 65016
E-mail: ternovskybv(@gmail.com

Pedepar

MerToto poOoTH € po3poOKa Ta MpeICcTaBICHHS HOBOTO €(heKTUBHOTO ITiIXOy JI0 IPOOJIEMU JIETEK-
TyBaHHS Ta PO3AUICHHS pal0aKTUBHHX 130TOMIB (paliOHYKIIiiB), 0 Oa3yeThCsl HA HOBUX (DI3UUHUX
NPUHIUIAX, Ta TPOBEJCHHI O0YMCICHb CIIEKTPOCKOMIYHHUX [TapaMEeTPiB Ta MOJICTIOBAHHS [TapaMeTpiB
ONITUMAJIFHOI CXEMU TIOIUICHHS /IS ypaHa Ta TPAHCYPaHOBHX 130TOIIIB.

3anpornoHoBaHa HOBA, ONITUMaJIbHA CXeMa JIa3epHO-(OTOI0HI3aI[IOHHOTO MTOIUICHHS BAXKKUX pai-
OAKTUBHUX 130TOIIB 1 SIIEPHUX 130MEPIB, 30KpeMa 130TOMIB ypaHy 1 TpaHCYpaHOBUX esieMeHTiB. [lo-
KpallleHa cxeMa 3aCHOBaHa Ha CEJIEKTUBHOMY JIa3epHOMY 30y/KEHHI aTOMIB Pali0aKTUBHOTO 130TOITY
y BUCOKO30y/KeH1 pi0epriBChKi CTaHM 1 aBTOIOHI3AIIHOHOMY MEXaHi3Mi 10HI3aIii B MPUCYTHOCTI
cy1abKoro enekTpuyHoro nosist. OTpuMaHi AesKi monepeaHi JaHi Juis eHeprii aBToioHI3aliiHUX pe3o-
HauciB 1 U 1 TpaHcypaHoBHX i30TomiB. [IpeicTaBneHa 3a/Ie)HICTh MIBUIKOCTI PO3IAly PE30HAHCIB
B C1aOKOMY TOCTIHHOMY eJeKTpuIHOMY 1oJi. [IporHO3yI0ThCs 1Ba KaHAIW PO3Iaay aBTOI0HI3aIliM-
HUX CTaHiB 1 nepebadeHuii e(heKT riraHTChbKOro pO3LIMPEHHS aBTO10HI3aI[ITHUX PE30HAHCIB B CIIEKTPI
ypaHy y BiTHOCHO CJIaOKOMY €JIEKTPHYHOMY TIOJI, III0 BKa3y€ Ha MPUHIIMIIOBO HOBY CHEKTPOCKOIMIIO
ABTOIOHI3AI[IOHHUX CTaHIB JUIs ypaHy 1 TPAaHCYpPaHOBHUX €JIEMEHTIB. BUKOPUCTOBYIOUYH ONTUMAJIbHY
MOJIEJIb JIa3epHOro BIUIUBY 1 (hopMai3M MaTpullb TYCTUHH, MPOBEICHO MOJAEIIOBAHHS ONTUMAIbHOT
cxemu noziny i3otomniB U. Ilpencrapiena ontumanbHa cxeMa ramMma-jiasepa Ha SACpHHX 130Mepax,
10 MIBUAKO PO3IMAIAI0ThCs, 3 BUKOPUCTAHHIM JIa3epHO-(POTOI0HI3AIIIHOT CXeMHU MOAUICHHS (COpTY-
BaHHsI) 30y/DKEHUX SAep 1 MOJAIbIIOT aBTO10HI3allil B IPUCYTHOCTI €IEKTPUYHOTO MOJIS.

KurouoBi cioBa: tazepuuii GoToioHI3aMIHII METO]], BHCOKO Pa/Ii0aKTUBHI 130TOIH,

HOBA CIIEKTPOCKOIIisl aBTO10HI3alIMHIX PE30HAHCIB Ui ypaHa, ONITUMAaJIbHA CXeMa JIa3€pPHOTO T0-
NIJIEHHS 130TOIIIB
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THOOPMANLIA AJ151 ABTOPIB.
BUMOI' 10 O®POPMJIEHHSA CTATEHA Y ) KYPHAUJI

Kypnan «CeHcopHa eNneKTpoHiKa 1 MiKpo-
CUCTEMHI TEXHOJIOTii» IMyOJIiKy€e CTaTTi, KOPOTKI
MMOBIIOMJIEHHS, JINCTH 0 Pemakiii, a TakoX KO-
MEHTapli, 10 MICTITh Pe3yabTaT (GyHIaMEHTaTb-
HUX 1 MPUKJIAJHUX JTOCITIKEHb, 32 HACTYITHUMHU
HanpsIMKaMH:

1. ®@i3uyHi, XiMIYHI Ta 1HIII SBUILA, HA OCHO-
Bl SIKHX MOXYTh OyTH CTBOPEHI CEHCOPH

2. [IIpoekTyBaHHS i MaTeMaTWUYHE MOJIEITIO-
BaHHSI CCHCOPIB

3. Cencopu (i3MYHUX BETUYUH

4. OnTuvHi, ONTOENEKTPOHHI 1 pajiariiHi
CeHCcopHU

5.  AKyCTOENneKTpOHHI CEHCOPH

6. XimiuHi ceHCOpHU

7. BioceHcopu

8. Hanocencopu (¢i3zuka, marepianu, Tex-
HOJIOT'151)

9. Marepianu ans CeHCOpIB

10. TexHomoris BUpOOHHUIITBA CEHCOPIB

11. Cencopu Ta iHpOpMaIiiiHi cucTeMu

12. MikpocuctemHi Ta HanoTexHomorii (MST,
LIGA-TexHOMOTIs Ta 1H.)

13. Jlerpanmarisi, MeTpoJiorisi i cepTudikaris
CEHCOPIB

Kypuan myOnikye TakoX 3aMOBJICHI OIJISIU
3 aKTyalbHUX TMUTaHb, [0 BiIMOBIIAIOTH HOTO
TEeMaTHIll, MOTOYHY 1H(OpMaIlito — XpoHiKy, mep-
COHaIii, MIaTHI peKJIaMHi MOBIJJOMJICHHS, OTOJIO-
IIEHHS 0710 KOH(MEPEHTIIIH.

OCHOBHHI TEKCT CTATTI HOBUHEH BIIIOBIIATH
Bumoram [loctanosu I1pe3unii BAK Ykpainu Bin
15.01.2003 p. Ne7-05/1 (bronerens BAK Ykpainu
1, 2003 p.) i Oyt cTpykTypoBaHuM. Marepianu,
10 HaJACWIalThes 10 Pemakiii, moBuHHI OyTH
HamMcaHi 3 MaKCUMaJIbHOIO SICHICTIO 1 YITKICTIO
BUKJIQJy TEKCTY. Y TOJaHOMY PYKOITUCI TOBUHHA
OyTH OOIrpyHTOBaHA aKTyaJbHICTH PO3B’s3yBaHOI
3ajadi, cHhopMyIpOBaHA METa JIOCIIIKSHHS, Mic-
TUTHUCSl OpPUTiIHANIbHA YacTWHA 1 BUCHOBKH, IO
3a0e3MeYyloTh PO3YMIHHS CyTI OTPUMAaHUX pe-
3yJIBTaTIB 1 iX HOBU3HY. ABTOpY OBUHHI YHUKATH
HEOOTPYHTOBAHOTO BBEJCHHS HOBHX TEPMIHIB i
BY3bKONPO(UIbHUX KapTOHHHUX BUCIIOBIB.
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Penakuis xypHaiy NpoCUTh aBTOPIB MPU Ha-
MpaBJIeHI CTaTei 10 APYKY KepyBaTHUCS HACTYII-
HUMU MpaBUTIaAMHU:

1. Pyxomnucu MOBHHHI HAJCHJIATUCS Y JBOX
MPUMIPHUKAX YKpaiHChbKOIO, a00 pOCIHCHKOIO,
a00 aHMIIHACHKOIO MOBOIO 1 CYIPOBOKYBaTHUCS
¢aitnamu Texcty 1 MamoskiB Ha CD. Pykonucu,
SKI TIPOTIOHYIOTBCSI aBTOpamMH 3 YKpaiHu abo
kpain CHJ] mo BuaaHHS aHIIIMCHKOIO MOBOIO
00OB’SI3KOBO  JIOTIOBHIOIOTHCSI  YKPaiHOMOBHOIO
abo poOCIIICbKOMOBHOIO Bepci€r. EnexkTpoHHa
KOIlisE MOXKe OyTH HajicjiaHa eNeKTPOHHOIO MO-
HITOO.

2. [Ipuitasatai dopmaru Tekcty: MS Word
(rtf, doc).

3. llpwuitaarHi rpadiuni ¢opmaru JUis pH-
cynkiB: EPS, TIFF, BMP, PCX, WMF, MS Word
1 MS Graf, JPEG. Pucynku ctBopeHi 3a ormo-
MOTOI0 TPOrpamMHOro 3a0e3reueHHs Ijs Mare-
MaTUYHUX 1 CTATUCTUYHUX OOYUCIICHB, MOBUHHI
OyTH TIEPETBOPEHI IO OHOTO 3 IUX (HhOPMATIB.

4. Ha crarTi aBTOpiB 3 YKpaiHu MaroTh OyTH
€KCIEPTHI BUCHOBKH PO MOXKJIUBICTh BIIKPUTO-

rO JPYKY.

Pykonucu HajaCcH/IaTH 32 aiPECOIo:

Jlenix Apocnas iy, 3act. roin. penakropa,
Onecbkuil HaIIOHAJILHUNA YHIBEPCUTET iMe-
Hi I. I. MeunukoBa, MHH®TIL] (H/IJI-3),
ByJ1. JIBOpsiHCEKa, 2, Oneca, 65082, Ykpaina.
Tenedon / ¢paxc +38(048) 723-34-61,
E-mail: semst-journal@onu.edu.ua,
http://semst.onu.edu.ua

30iticH0eEMbCst AHOHIMHE peyeH3)Y8aHHS P)-
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IIpaBuia miArOTOBKH PyKONUCY:

Pykonucu mOBUHHI CYNpOBOKYBaTtucs odi-
[IHHUM JIUCTOM, ITiIMTUCAHUM KEPIBHUKOM yCTa-
HOBH, Ji¢ Oysia BUKOHaHa pobora. Lle mpaBwmiio He
CTOCY€TBCSI POOIT MPEICTABICHUX AaBTOpPaMHU 13
3aKOpAOHY YM MIKHAPOIHUMH IPyIIaMU aBTOPIB.

ABTOpCBHKE TTpaBo NepexoanTs Buaasiio.

TuTynbHUM apKyI:

1. PACS i VuiBepcansuuii JlecstroBuii Kon
Knacudikamii (YIK) (mst aBropiB i3 kpain CHJI)
— y BEpXHbOMY JiBoMy KyTi. JlomyckaeTbes Jie-
KIJIBKA BIJAUJIEHUX KOMaMHM KOMIB. SIKIIO HIsKI
Koau Kiacudikaiii He To3HaueHi, koa(u) Oyme(-
yTb) Bu3HaueHo Penakuiitnoro Konerieto.

2. HasBa po6otu (110 LeHTpY, TPOTUCHUMH Ji-
tepamu, mpudt 14pt, KupHO).

3. IlpizBume (-a) aBropa(-iB) (MO LIEHTPY,
mpudt 12pt).

4. Ha3zBa ycraHoBH, ITOBHA ajpeca, TenedoHu
1 akcu, e-mail 11 KOXKHOTO aBTOpa, HUXKYE, Ye-
pe3 OIIMH IHTEPBAJ, OKPEMUM PSIKOM (IO IIEHTPY,
mpudT 12pt).

5. Anoranis: 1o 1000 cumBoUIiB.

6. KimrodoBi ciioBa: iXHS KUTBKICTh HE IOBHU-
HHa TICPEBUIIYBAaTH BOCHMHU CIiB. B ocoOmuBux
BUMAJKaX MOXHAa BHKOPHCTOBYBaTH TEpPMIiHU 3
JBOMa — 91 TpboMa ciioBamu. L{i ciioBa moBHHHI
OyTH pO3MIIIIEH] TTi]] aHOTAIII€I0 1 HAITUCaHI TIE0
CaMOI0 MOBOIO.

ITo. 2,3,4,5,6 mOCIIOBHO BUKIIACTH yKpaiH-
CBKOI0, aHTJTINCHKOIO 1 POCIHCHKOI0 MOBaMHU.

Jlnist aBTOpIB 3 3aKOpPAOHY, AKi HE BOJIOJIIOTH
YKpaiHChKOIO 200 pOCIiiChKOI0 MOBaMH, M. 2-5
BUKJIAJIAIOTHCSI aHTIIIHCHKOI0 MOBOIO.

7. J10 KOKHOTO MPUMIPHUKA CTATTi JOAAIOTh-
cs pedepaTu YKpaiHCHKOIO / pOocCiiichkoIO (B 3a-
JISKHOCTI Bl MOBU OPUTIHAJY CTaTTi), Ta aHTIiH-
ChKOI0O MOBaMHU (KOKEH pedepaT Ha OKpeMOMY
apkyi). OcobnuBy yBary Ciijf IPUAUISTH HAIH-
CaHHIO PE3IOME CTaTTi aHTIIHCHhKOI0 MOBOMO. Jliis
I[LOTO JOLLITBHO KOPUCTYBATHUCS MTOCITyTaMH KBaJIi-
(iKOBaHUX CIEIIATICTIB-TIHTBICTIB 3 TTOJAIBIITUM
HAayKOBHM peJaryBaHHIM TEKCTY aBTOPOM(-aMH).
[lepen cnoBom «pedepar» HEOOXiTHO HamUCaTH
MOBHY HA3BY CTATTI BIAMOBIAHOIO MOBOIO, YK,
MpI3BHINA Ta 1HIIaJd aBTOPIB, HA3BU YCTAHOB.
Pecdepar o6csirom 200-250 ciiB mae OyTH CTpyK-
TYpOBaHUM: MeTa (4iTKO chopMyIpOBaHa), METOAN
JIOCITIJKSHHS, Pe3yJIbTaT! J0CIIKEHHS (CTUCIIO),

y3araJibHeHHs 200 BHCHOBKH. Ilicis Tekcry pe-
depary 3 ab3airy po3MIlIyIOThCS KIFOYOBI CJIOBA.

8. TekcT cTarTi MOBUHEH OyTH HAJAPYKOBAHUI
gyepe3 1,5 iHTepBany, Ha O6ioMy manepi ¢popmary
A4. Tonst: 3miBa - 3cM, cripaBa - 1,5¢cM, BBepXy 1
3HU3Y - 2,5cm. LlpudT 12pt. I1ix3aroaoBku, Ko
BOHH €, TOBHHHI OyTH HaJIpyKOBaHI MPOITUCHUMU
JiTepamMu, JKHUPHO.

PiBHsIHHS TOBMHHI OyTH BBEJEHI, BHKOpHC-
toBytoun MS Equation Editor a6o MathType.
Po6oTu 3 pykonmrcHUMHU BCTaBKaMu HE TpHUiMa-
10ThCsl. TaOnuii moBuHHI OyTH NpelcTaBlieH] Ha
OKpeMHUX apKymax y (opmari BiJIOBITHUX TEK-
cToBuxX ¢opmariB (auB. BUIE), uu y (dopmari
TEKCTY (3 KOJIOHKaMH, BiIIIJICHUMH IHTepBaJIaMH,
KOMaMH, KparkaM 3 KOMOIO, Y1 3HaKaMH Ta0yITro-
BaHHS).

9. V KiHIII TEKCTy CTATTI yKa3aTH Mpi3BUILA,
iMeHa Ta 1Mo 0aThbKOB1 yCiX aBTOPIB, MOIMITOBY
aapecy, tenedoH, dakc, e-mail (111 KopecnoH-
JIEHITIT).

10. Cnucok miteparypu MOBUHEH OyTH Ha-
pyKoBaHHMii uepe3 1,5 iHTepBaiH, 3 JiTepaTyporo,
MPOHYMEPOBAHOIO B MOPSAKY ii MOSBU B TEKCTI.
bibmiorpadist IpyKy€eThCs TUIIE JTATHHALCIO (KH-
pUIIHIIS TIOJAEThCsl B TpaHcmiteparii). [Topsmok
o(opMIIeHHs JIiTepaTypu MOBHHEH BiJINOBIIATH
BuMoram BAK Vkpainu, Hanpukmnaz:

[1]. .M. Cidilkov skii. Elektrony i dyrki v
poluprovdnikah. Nauka, M. 450 s. (1972).

[2]. J.A. Hall. Imaging tubes. Chap. 14 in The
Infrared Handbook, Eds. W.W. Wolfe, G.J. Zissis,
pp. 132-176, ERIM, Ann Arbor, MI (1978).

[3]. N. Blutzer, A.S. Jensen. Current readout of
infrared detectors // Opt. Eng., 26(3), pp. 241-248
(1987).

11. Ilinmucyu 10 pUCYHKIB 1 TaOMUIb MOBHHHI
OyTH HaJPyKOBaHI B PYKOIHCI 3 JBOMA Mpoodisa-
MU IICJA CIMCKY JiTeparypd. BHHOCOK, SKIIO
MOJKJIMBO, Oa)KaHO YHUKATH.

[TpuiiMaroThCsl TiTBKU BUCOKOSIKICHI PUCYHKH.
Hanucu 1 cuMBonu MOBUHHI OyTH HaApYKOBaHI
ycepenuHi pucyHky. Herarusu, cmaiiam, i miarmo-
3UTUBU HE NPUHMAIOTHCS.

KoxxeH pucyHOK NOBHHEH OyTH HaJlpyKOBaHHM
Ha OKPEMOMY apKyIlIi i MaTH po3Mip, 110 HE Tepe-
Buirye 160x200 mm. /{151 TEKCTY Ha pUCYHKaX BU-
kopucroByiire mpudt 10pt. OnuHKULI BUMIpY 110-
BHUHHI OyTH TIO3HAYCHI MiCIIsl KOMU (HE B KPYTJIMX
Jy’)KKax). YCl pUCyHKHM TIOBHHHI OyTH TIpOHyMe-
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pPOBaHi B MOPSAKY iX MOSBU B TEKCTI, 3 YaCTHHA-
MU TIO3HAYEHUMH sK (a), (0), 1 T.a. Po3mimenHs
HOMEpIB PUCYHKIB 1 HAIIUCY YCEPEINHI MAJIIOHKIB
HE JI03BOJISIFOTHCS. 31 3BOPOTHOI CTOPOHHM, HAIH-
IITh OJIBLEM Ha3By, Ipi3Buiie(a) aBropa(-iB),
HOMEP MaJIFOHKA 1 TO3HAYTE BEPX CTPLUIKOIO.
®dortorpadii moBuHHI OyTH OpPUTIHAIBHUMHU.
KonpopoBuil pyk MOXIUBHUH, SIKIIO HOro Bap-
TICTh CIUTAYYETHCSI aBTOPAMH YH 1X CIIOHCOPaMHU.

12. Crarts mae 6yTH mifmnrcana aBTopom (yci-
Ma aBTOpaMHM) 3 3a3HAYCHHSIM JIaTH Ha OCTAHHIN
CTOpIHIIL.

ABTOpU HECYTh MOBHY BIiJMOBIAANBHICTH 32
Oe3moranHe MOBHE 0(hOPMIICHHSI TEKCTY, 0COOIH-
BO 3a MPaBUJIbHY HayKOBY TepMiHoJorito (i1 ciix
3BIpATH 32 (aXOBUMU TEPMIHOJOTIYHUMHU CJIOB-
HUKAMH ).
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13. JlaTor0 HaAXOMKCHHS CTATTI BBAXKAETHCS
JIeHb, KOJIA JI0 PEIKOJIET]i HaIIMIIIOB OCTaTOUHUI
BapiaHT CTaTTI MICJIsI peleH3yBaHHS.

[Ticnsa ogeprkaHHs KOPEKTYPHU CTATTi aBTOP TO-
BHHEH BHUITPABHUTH JIUIIIC TIOMIIIKH (YITKO, CHHBOIO
a00 YOPHOIO PYUYKOIO HEMPaBUIIBLHE 3aKPECIUTH,
a Topsi 3 IIUM Ha TOJII HAUCATH MPaBUIHLHUN
BapiaHT) 1 TEPMIHOBO BIJIICJIaTH CTATTIO HA aApeCy
PEAKOIIeTIi eIeKTPOHHOO TOIITOTO.

[Tignmuc aBropa y KiHIIi CTATTi 03HAYAE, IO aB-
TOp Tepeaac MpaBa Ha BUJIAHHS CBOEI CTATTi pe-
JaKIrii. ABTOp TapaHTyeE, IO CTATTS OPHUTIHAJIBHA;
Hi CTaTTs, HI PUCYHKH J0 Hel He Oynau ormyOmiko-
BaHl B 1HIIUX BUIAHHSIX.

BigxueHi cTaTTi He TOBEPTAOTHCS.
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