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Kaotcymo, wo nepemeopenns o i3 nanisepynu (S, M) nepemsopens (modrcauso, wacmrosur) mmo-
orcunu M 36epizac 6idnowenns exsisarernmmuocmi p wa M, axwo 3 moezo, wo napa (T,y) HareaHcumsb
p sunausae, wo napa (a(x),a(y)) makosc narescums p 0an 0OBIALHUT T,y 3 00AGCMI BUSHAYEHH
sidobpasiceria .. Muoocuna SP) yeix nepemesopens i3 S, axi 36epizatomv dare sidHowenmA p, Yymeo-
proe nidnanisepyny naniezpynu (S, M). V pobomi suswatomocs esacmusocmi SP) y sunadky, xoau S
€ 00HIEI0 3 KAGCUMHUT CKIHYEHHUT Hanieepyn nepemsopens Tn, PTyn, ZSy.

K106t cro6a: 6i0HOUEHHA €KBIBAAEHIMHOCTN, HANIB2ZDYNA NEPEMBOPEHD, KAUCUYHT CKIHYEHHT Ha-
nigepYNU NepemeopeHs.

It is said, that a transformation « from the semigroup (S, M) of transformations (that may be parti-
ally defined) of a set M preserves an equivalence relation p on M, if (x,y) from p implies (a(x), a(y))
from p for every xz,y from the domain of . The set S of all transformations from S, that preserve
the given relation p, creates a subsemigroup of the semigroup (S, M). In the paper properties of S) are
studied for the case, when S is a classic finite semigroups of transformations. For equivalence relation
p on the set N={1,...,n} and for classic semigroups of transformations of the set N, namely for the
symmetric semigroup T, of all transformations, for the semigroup PT, of all partial transformations
and for the inverse symmetric semigroup IS, of all partially injective transformations, the order of

semigroup S\), amount of idempotents that it has, a structure and an order of it’s semigroup ﬂS(p)
p
will be calculated.

Key Words: equivalence relation, semigroup of transformations, classic finite semigroups of transformati-
ons.
Communicated by Prof. Kirichenko V.V.

Introduction transformations of the semigroup (S, M) preserve

Let (S, M) be the semigroup of transformati- this relation.

ons of a set M, that may be partially defi-
ned (meaning that S is a subsemigroup of
the semigroup PT (M) of all partially defined
transformations of the set M). The transformati-
on «€S is said to be preserving a relati-
on p on the set M, if (x,y) € p implies that
(a(z),a(y)) € p for every z,y € doma. The set
of all the transformations from S, that preserve
the given relation p, creates a subsemigroup of a
semigroup (S, M), that will be denoted by S,

Semigroups S, where p is a relation of a
partial or a linear order on M have been studi-
ed for a long time (see [1] and the provided bibli-
ography there). But during the last years the case,
when p is an equivalence relation, had grabbed si-
gnificant attention. First of all for such semigroups
the conditions of regularity of elements and Green
relations are studied (for examples [2]). Someti-
mes the relations from S are being affected by
several restrictions. For instance it may be requi-

It is necessary to mention, that in corner si- red the preservation of a relation of a partial or a
tuations, when p coincides with the equality relati- linear order, or a cross-section of a set of classes
on or with the total relation M x M all of the of an equivalence (|3]), or instead of the implicati-

© Dmytro I. Bezushchak, Oleksandr G. Ganyushkin, 2018
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on (z,y)€p=(afx),a(y)) € p the equivalence is
required ([4]). Also different subsemigroups classes
of the semigroup S are studied ([3], [5]).

For equivalence relation p on the
N = {1,...,n} and for classic semigroups of
transformations of the set N, namely for the
symmetric semigroup 7, of all transformations, for
the semigroup PT,, of all partial transformations
and for the inverse symmetric semigroup ZS,, of
all partially injective transformations, the order
of semigroup S, amount of idempotents that it
has, a structure and an order of it’s semigroup
ﬂS’(p) will be calculated. The terminology and
P

set

notations from [1] will be used.

Classic finite semigroups of transformati-
ons

Let the semigroup (S, M) is either symmetric
semigroup 7T, of all transformations of the set
N ={1,...,n}, or the semigroup PT,, of all parti-
al transformations N, or inverse symmetric semi-
group ZS,, of all partially injective transformati-
ons of the set N.

It is important to notice that 7, and ZS,, are
subsemigroups of PT,.

Theorem 1. Let classes of equivalence My, Mo,
..y My of a relation p on the set N have
corresponding orders ni, ns, ..., ng, where ny +
no+ -+ ng=n.

a) Semigroup TP s of order (nf*+nj'+---+
) (02 40y ) @y gt k).
b) Semigroup PTE is of order ((nq+1)" +---+
(1) H(1=R)) - - - (1 +1) "4 - 1) H(1—)).

Proof. a) Let o € 7). Then a(M;) belongs to
some equivalence class M;. The mapping M; —
M; can be provided in n}* possible ways. That’s
why on the equivalence class M; the transformati-
on « can be provided in ny* 4+ ny* + .-+ + n}’
possible ways. However, on different classes those
transformations « can be independently defined,
this proofs the proposition a).

b) Comparing to the previous part, for a
representation M; — M, an image of every
element x € M; can be identified in n; + 1 ways,
because in the point x the mapping can be not
identified. But summing up by all of the equi-
valence classes M1, ..., M} the mapping, that is
not identified in each point of class M;, will be
counted k times, each time for each class. That is

11
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why the transformation « € PT&” ) on the equi-
valence class M; can be provided in (ny + 1)™ +
4 (ng+1)" + (1 — k) different ways. To end the
proof, it is important to mention again, that on
the different classes, those transformations « can
be defined independently. O

Let on a set M by identified the equivalence
relation p;, equivalence classes of which are Mj,
..., M, of orders mq, ..., my, correspondingly,
and on a set N the equivalence relation po, equi-
valence classes of which are Ny, ..., N, of orders
ni, ..., ng correspondingly. Let us notice, that M
and N are disjoint union of M = MjUMU- - UM,
and N = Ny UNyU---U Ny correspondingly.
The amount of f(mq,...,mp;n1,...,ny) of parti-
al injective representations a : M — N, that
preserve these relations, will be counted, together
with the fact, that they satisfy the condition
(through dom «v the domain of « is denoted)

xp1y = a(z)pea(y) for each z,y € doma. (1)

Proposition 1. a) f(m;ni,...,ny) = 1 +
2ok (1) 220 (R R,
) flma ) =32 (M) (R

Proof. a) The nowhere defined mapping satisfies
the condition (1). The other mappings, for whi-
ch |[doma| = k£ > 0, can be obtained in the
following way: first of all, the subset, that consi-
sts of k elements is drawn, A C M (this can be
done in (7,?) ways), than, some class N; and the
next subset, consisting of another k elements are
drawn, B C N; (this can be done in ("k,’) ways.
After that, one may construct k! bijective mappi-
ngs o : A — B. Obviously, that in such a way all of
the partial injective mappings o : M — N, that
satisfy the condition (1), without any repetition
are obtained.

b) In this case any injective mapping a : M —

N satisfies the condition (1). O
Theorem 2. f(ml,...,mpy;nnl,;r;.,nq) =

n;
flma, oo ymp_1ina, .m0 ( kp) 3:1 (k)
f(ma, ... omp_15n1,...,n; —k,...,ng)kl

Proof. All injective mappings « : M — N, that
satisfy the condition (1), may be distributed into
classes depending on the order of a set doma N
M,,. The first component corresponds to the case
|doma N M,| =0.If [doma N M,| =k > 1,s0 we
are to draw k elements in equivalence class M,
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(this can be done in ("}”) ways), afterwards the
equivalence class N; is to be chosen, at which
these elements will be mapped, and, finally, in
N; the k images are to be chosen from drawn
clements from M, (this can be done in (%)
ways). The chosen elements from M, into the
elements from N; can be mapped in k! ways.
The mapping a can be determined on M\M, in

flma,.. k,...,ng) ways. O

Corollary 1. If equivalence classes My, ..., My
of a relation p on a set N are of corresponding
ordersni, ..., ng, N1+ - -+ng = n, so for an order

)
place: |IS$Lp)] = f(ni,...,nk_1;01,...,nK) +

Sy Mp—15MN15 - -+, T —

of a semigroup Ing the recurrent relation takes

2018, 1

ng k
n n;
i “)flna,. . meaina,. i gl
r r 1, sTUE—15701, sl Uk,
r=1 1=1

Theorem 3. Let equivalence classes My, ..., My
of the equivalence relation p be of orders ny, ...
ng, where ny + -+ + ni = n.

I

a) Semigroup IS%’)) contains all of idempotents
from IS ,,. In particular, it has 2" idempotents.
b) The amount of idempotents in semigroup 7;l(p)

. k n;
is equal t0)  1<myttmup<n | 11 Ai (m?), where
MI<NL e, ME <N !

A= iF
m T if g 0.

¢) The amount of idempotents in semigroup PTﬁ{’)

. k g
is equal 10y 0<my+-+myp<n | 111 Bi(['), where
mi<ny,...,mp<ny, !

> (mj+1)™, if mi =0;
By ={ j#
(m; +1)™7™, af m; # 0.

Proof. The transformation o € P7T, will be an
idempotent if and only if, when it operates identi-
cally on its range. ([1], Th. 2.7.2). It is obvious,
that S can not contain idempotents, that are
not idempotents of a semigroup S.

a) However every idempotent from ZS,, is
an identical transformation of its domain, so

it preserves all of the relations on N, and,
(p)

subsequently, belongs to every ZSy, . ZS,, contains
2" idempotents ([1], Cor. 2.7.3).

b) Let us count the amount of idempotents
a € Tp, for which |doman M;|=m,
t=1,...,k. In the equivalence class M; one may

chose m; elements in (:1’) ways. If m; # 0, so
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other elements from M; can be only mapped into
the set dom o N M;. This can be done in m;*~"™
ways. If m; = 0, then elements from M; can be
mapped into any set out of doma N Mj, j # i.
This can be done in ) m* ways.
1

To finish the pr(ﬁf, it is necessary to menti-
on, that the value of an idempotent « on different
equivalence classes M; is chosen independently,
and one may sum up by all of the possible sets
(doma N My, ...,doma N My).

¢) The proof is similar to the previous one,
but transferring from the 7, to PT, it is cruci-
al to account for several additional issues. First,
the idempotent in P7T,, can be identified nowhere,
that is why the sum mj + - -+ + my can be equal
to 0. Second, in = ¢ doma « can be unidentified,
that is why possible values for a(z) are more by
one, comparing to the case T,. O

If |M| < 2, then every equivalence relation on
M coincides with the equality relation or with the
total relation. So in such a case S®) = S always
holds. By Eq (M) we will be denoting the set of
all equivalence relations on a set M.

Theorem 4. Letn > 2.

a) The element o € IS, belongs to a semigroup

S1 N ISng) if and only if, when either

pEEq (N)

ranka < 1, or a is an idempotent, or o is a

group element of order 2. In particular, |S1|
3n(n—1)

2 4 sl

b) The element o € T, belongs to a semigroup

52 ﬂ n(P)
pEEq (N)

or a is a unit element € of a semigroup T,. In

particular, |Sa| =n + 1.

c) S N PTY = $5U{a € PT, |

pEEq (N)
ranka = 1}. In particular, |Ss|=2"(n+1)+

if and only if either ranka = 1,

n(5n—1)

2

Proof. It is important to notice, that in each semi-
group of transformations S of elements of a rank
< 1 preserve all equivalence relations, so they
belong to each semigroup S®). That is why it is
important only to verify which elements of rank
> 2 belong to ﬂS’(p).

P

a) In ZS, each idempotent is identical
transformation of its domain, so preserves equi-
valence relation and belong to Sy. If a is noni-
dempotent group element of rank 2, then dom a=
im a = {a,b} and a(a) =b, a(b) = a. No matter
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whether a and b belong to same equivalence class
of relation p, or different ones, o preserves this
relation and therefore belongs to S7.

Let now element a of rank 2 be not a group
element. Then dom « # im «. It implies that «
does not preserve equivalence relation, which has
one equivalence class dom «, and the other classes
consisting of one element. Hence a &€ 5.

Eventually, let ranka > 2 and a be not an
idempotent. Then there exists such a € dom «,
that a(a) # a, and b € dom «, that o(b) # a.
Therefore o does not preserve equivalence relati-
on, with one equivalence class {a, b}, and the other
classes consisting of one element. Hence, o & 5.

ZS,, contains 2" idempotents, n(n — 1) noni-

n(n—1)
2

dempotent elements of rank 1 and noni-

dempotent group elements of rank 2. Therefore
1S1] = 2" + n(n — 1) 4+ Mol — gn y Sn(n]),

b) Primarily we will be observing the case,
when a € 7, is different from ¢ element of a rank
> 2. Then there exists such a, that a(a) # a,
and the condition ranka > 2 implies that there
exists such b, that a(b) € {a,a(a)}. But then «
does not preserve equivalence relation, which has
one equivalence class {a,b}, and the other classes
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consisting of one element. Hence a & 5.

Let rank o = 2, the image of « is {a,b} and
ala;) = a, a(by) = b. While n > 2, so without
losing the generality we can consider that there
exists such as # a1, that a(az) = a. We will
be denoting by p; the equivalence relation, whi-
ch has one equivalence class {a;,b1}, i = 1,2, and
the other classes consisting of one element. Hence,
a({a;,b1}) = {a,b}, then a does not preserve at
least one of these relations. So, a & Ss.

So Sy contains only elements of rank 1 and
unit element € from the semigroup 7,. Then in T,
there are n elements of rank 1, so |S3| =n + 1.

¢) It is obvious, that S3 O Sy. By considerati-
ons, similar to the part b), it can be proved that
elements of a rank > 1 from P7T,, ~ ZS,, do not
belong to the semigroup Ss. This proves the first
part of the proposition c¢). It is left to count the
amount of elements of rank 1 from P7T,, that do
not belong to ZS,. However, every transformati-
on of rank 1 is a mapping of some nonempty
subset from N into one of elements from N, so the
amount of these transformations of rank 1 will be
n(2"—n—1). Therefore |S3| = |S1|4+n(2"—n—1) =
27(n 4 1) 4 20221, 0
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7 . .. - Leaf-constructed unicyclic graphs
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Bsedeno nonamma ckonempytiosano2o ma AUCMK080 CKoHCmpyliosanozo 2paga 3a donomozon one-
payit dodasarns pebpa. 3anescro 6id muny 3’ €OHAHNA ONUCAHO YMOBU, 34 AKUL YHIUUKATWHUT 2pad
G, wo e aucmroso cxoncmpytiosanum 3 depesa T, mae mempuuny posmipnicmsy 2 ma 3.

Knowo6i crosa: yHivukaiwti epadu, MEMPUYHG POSMIPHICTNG, MEMPUYHUT 6a3UC, AUCTIKOBO CKOH-
cmpytiosani epagu.

A metric dimension of graph G is the smallest size of a subset S € V(G) that elements can
distinguish each vertex pair of G by the shortest-path distance to some vertex in S. Metric dimension
as a graph parameter has numerous applications, such as pharmaceutical chemistry, robot navigation,
network discovery and verification, sonar, combinatorial optimization, and was also studied for graphs
with high degree of symmetry.

The metric dimension decision problem is among the classical NP-hard problems. But for some
families of graphs the metric dimension can be computed in polynomial time. For example, formulas
for metric dimension are known for specially structured graphs, such as trees and hypercubes. In the
paper we present the concept of constucted and leaf-constructed graph with the help of the operation of
an edge addition. Depending on the connection type, we give the conditions under which the unicyclic
graph G, which is a leaf-constructed from the tree T', has metric dimension 2 and 3.

Key Words: unicyclic graph, metric dimension, metric basis, leaf-constructed graphs.

Communicated by Prof. Kirichenko V.V.

1 Bcryn Bux 3acobax Hasirarii. Mesrep 1 Tomecky [4] Bus-

qaji METPUIHY PO3MIpPHICTH JJjisi rpaddiB-CiTOK.
Koxkna wmepexka Mmoxke OyTu HpeJcTaBleHa AK Bizomo, MmO OOGYHC/IEHHS METPHYIHOI PO3MipHOC-
rpad, y sIKOMy BEpIIMHU POSIVISIAIOTHCA K IPO-  Ti g fgoBiabHOoro rpada € NP-paxkkoo mpob-
necopu, a pebpa MiXK JBOMa JIOBUIBHUMH BEPIIA-  jieMoto [5], TOMY B 6araThox Mpamgx JOC/TizKYeTh-
HaMM IHJIYKYIOTb 3BsI3KM MiK mnporecopamu. Y  cg MEeTPUYIHA PO3MIPHICTh KOHKPETHUX KOHCTPYK-
npani (1] Kynep posriaazas mapiramiio gx rpa- i rpadiB Ta onepariii Haj HUME (JE€KAPTOBOIO,
Gbiuny crpykTypy, B sKiit poboT pyXa€Tbes BiAL excukorpadiunoro Ta kKopona mobyTkis). Tak, y
BEPIIMHK JIO BEPIIMHU B rpadoBOMy HPOCTOpPL.  crarti [6] BuBesieHO O1iHKY METPUIHOT PO3MIPHOC-
B nesnuii MoMeHT Yacy poOOT MOXKe BUBHAYUTU Ti yHirmukiaignoro rpada G, OTpIMAHOro 3 Iepesa
CBOE MICIIE3HAXO/KEHHSI 33 JOIIOMOIOI0 BEPIIUH- T 33 JIOIIOMOTI'OIO JIOJTaBaHHS pe6pa; dzm(T) -2
opienTupiB. AKIo poboT 3HAE BiACTAHb 10 JOCTAT- dim(G) < dim(T) + 1. Bignosinno, sikimo jepe-
HBOI KIJIBKOCTI OPIEHTHPIB, TO HOro posraiiyBal- po T Ma€ METPUYHY PO3MIPHICTB 2, TO BUKOHYETh-
Hsl BU3HAYA€ThCs oHo3Haqno. [Tocrana npobnema  ca nepismicts 0 < dim(G) < 3. Ockinbku, 3rij-
B 3HAXO/I?KeHHI MIHIMAJIBHOI KIJIbKOCTI OPIEHTHPIB  Ho npami [7], MeTpuuna posmiphicts G 1opiBHIOE
Ta IX pO3TallyBaHHi B Mepexi, mob pobOT Mir 3aB- 1 Toni i TiALKM TOJi, KOJIM BiH € JIAHIJIOIOM, TO
JKJIM BUBHAQYUTHU CBOE Miclle3Haxo/KeHHsd. Busp- mvarumemo mepiBaicTs 2 < dim(G) < 3.V na-
JIAETHCsI, 1O MiHIMa/IbHA KUILKICTH OPIEHTHPIB €  miii cTaTTi OMECAHO YMOBH, 33 SKUX yHIIIMK/TiIHII
METPUYHOIO PO3MIPHICTIO B rpadoBoMy mpocTopi, rpad G, IMCTKOBO CKOHCTpyHOoBaHU# 3 nepesa T’
HOHATTSA AKOI Oys10 BBesiene Xapapi ta Menrepom  (dim(T) < 3), mae MeTpudny posmipmicTs 2. Big-
B [2|. Ciarep y cBoiii npar [3] onucas KOPUCTD i€l [oBigHO OXapAKTEPU30BAHO TUIN 3'€HAHHS, [IPU
MONTYKY METPUIHOI PO3MIPHOCTI B JIOBITOTEPMIiHO-

© M.A. dynenko, 2018
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SIKUX oTpuManuii rpad G Mae METPUIHY PO3Mip-
HICTDH 3.

2 OcHoBHiI o3HayeHHsI Ta HeoOXigHiIi TBep-
IXKEHHS

Hexait G
HEOpIeHTOBHUI rpad 3 MHOXKHHOK BepumH V,
|V] < oo 1 mEOXKHHOIO pebep E.

(V,E) — upocruil, ckiHYeHHHii,

Osnavennsa 2.1. s u,v,w € V BepumHa u pos-
dinsA€e BEPIIUHA ¥ 1 W SIKIIO HARKOPOTINA BiJICTAHB
MiXK 4 1 v BiIpi3HSETHCS BiJI BiICTaHI MiXK u Ta w.

Osnavenna 2.2. Iinmuoxkuna M C V Ha3uBa€Th-
csa  MmempuuwHum 2enepamopom Tpada G GKINO
OyIb-Ky Iapy BepHimH w,v € V po3miase xoda
6 onma BepmmHa u € M.

Baysakumo, 1mo MHOxkuHA BepummH V(G) €
METPUIHUM T'eHEpaTOPOM It caMol cebe.

Osnavennsa 2.3. Merpuunuii renepatop rpada G
MMOTY?KHOCTi, HaWMEHINOI cepes] YCiX MOXK/IUBUX,
HA3UBAETHCS MEMPUYHUM OA3UCOM, & TTOTO TTOTY K-
HITb — MEMPuuHoto posmipricmio rpada G 1 1103-
nHadaerbest dim(G).

Sk 3aznavasoch B crarTi [8] oueBuHIM € TOI
dakT, 1o MeTpuuHuil 6a3uc icHy€e 1151 OYIb-TKOTO
rpada Ta He € yHiKajgbHuM. Harpukiia, Jijist mpo-
CTOrO JIaHIora P, 3 MoYaTKoOM y BepliuHI % Ta
Kinnewm y BepmuHi v migmuokuan {u} ta {v} 6y-
JIyTh METPUYHUME OA3UCAMU.

Haranaemo, mo creninb Bepuman degg(v) —
e KiJbKicTh pebep, Imo it iHIuIeHTHi.

Osnavenns 2.4. s nesikoro rpada G aucmxom
Ha3WBAEThCS BEPIINHA, IO Mae cremninb 1. Bep-
muHa v € eHympiwHvoro sximo degg(v) > 3.
Buyrpimms Bepiuna v 6ausvka do aucmika | SKIIO
HEMAa€ BHYTPINTHIX BEPIIUH B HAHKOPOTIIIOMY LIS
Xy, 110 3’eauye v i [.

B mnonepeanix crarrax ([9], [10], [11]) 6ymo
BBEJIEHO TIOHSATTS 1-JTMCTKOBOI Ta 2-JIMCTKOBOI BEp-
[IXH. Y3araJbHUMO HOTO JJis JOBiJIbHOI KIJIbKOCTI
JINCTKIB.

Osnauenns 2.5. Jlas gesaxoro HATYPAIbLHOTO N
BHYTPIIlIHA BEPIINHA HA3UBAETHCS N-AUCMKOBOIO
SKIO BOHA OJIM3bKa PIiBHO 0 N JUCTKIB.

Osnavenna 2.6. Ilpocruit rpad HA3UBAETHCS YHI-
UYUKATYHUM, TKITO BIH MICTUTH PIBHO OJIMH ITUKJI.
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Hexait G = (V, F) — yuinukiiuauii rpad ta
V — MHOXKHUHA BEpIINH UKy JIAHOTO Ipada.

Osnavenns  2.7. ToBopurumemo, 10  BepIIHHA
u €V \ 1% rpacda G mpoexmyemuves B BEpIIU-
HY W € V AKINO JJISI JOBiJIbHOI BEPIIMHHU ¢ € V
BUKOHYETHCS HEPIBHICTD:

dg(u,w) < dg(u, q).

Bepmunu cremenst 3 mukiy, B AKi IIPOEKTY-
IOThCSI BEPIIUHU CTEIeHs 3, 10 JIeXKaTh 11038 UK~
JIOM, HA3UBATUMEMO OCHOGHUMU.

Osnavenns 2.8. [9] Yuinukiaiunwuii rpad G Ha-
3MBAETLCA NAPHUM AKIIO ICHYE TaKe HaTypasb-
He k, ]IS sIKOI'O \V\ = 2k, i nenaprum KO
V| =2k +1.

Osnavernnsa 2.9. [11] Yuinukniaanit rpad G, 1o
MICTHUTBH JIUIE OJHY OCHOBHY BEPINUHY, & PEIITa
BEPINUH UKy MalOTh CTEHb 2, HA3WBATHMEMO
MIHOPHUM TPacdOM.

Hexait G — ywuinukiaiuauit rpad i G — iio-
ro miarpad, o € iI30MeTPUIHIM IIPOCTOMY ITUKJTY

Ck.

Osnavenns 2.10. 9] Yuinmkiaiuawuii rpad G na-
3UBAETHCST OA3UCHUM 2Paghom SKIO BUKOHYIOTHCS
Taki yMOBH:

G

1) miust  JoBLIBHOT rpada

deg, < 3;

BepminHua v

2) G MicTUTh PIBHO JBI OCHOBHI BEPIINHHY;

3) B KOXKHY OCHOBHY BEDIIHHY MOYKE IIPOEKTY-
BATUCh PIBHO OJIHA 2-JIMCTKOBA BEPIINHA;

4) G MicTuTb JIMIIE OCHOBHI BEPIINHI CTEICHS

3.

Hexait G1 = (‘/I;El) iGy = (‘/Q,EQ) — JIBa
npoctux rpacdu. Hexait v1 € Vi ta ve € Vo. I'pad
G = (V1 UVy/ ~, E1 U Ey) Ha3uBaATUMEMO CKAEI0-
sarmam rpadis G i G 110 BepmuHaxX v1 1 V9.

Osnavernnsa 2.11. 9] Hexait G — 6a3ucunit rpad.
[TosraumMmo 4vepe3 u i v OCHOBHI BepmuHU T'pada
G1. Yuinukmiganit rpad G Ha3uBaeTHCS 00M.A€ME-
HHam rpada G1 nanmoramu Lq, ..., L, skmo G
yTBOpeHnit 3 (G CKIICIOBAHHSIM BEPIITUH CTETICHST 2
[UKJTY 3 KiHISIMA JaHIoriB Ly, . . ., L, TakuMm qu-
HOM, II[0 KOKHA BEPIITUHA CTEIEHs 2 CKJICIOETHCS 3
KIHIIEM JIUIIE OJHOTO JIAHITIOTA, 8 TAKOXK JIJIsi Oy 1b-
KOl 1-JTMCTKOBOI BEPIIMHU W Ta CYMI2KHOI 3 HEIO
BEPIIUHU G MAa€ MICIle HEPiBHICTD:

da(u,v) +dg(v,w) + 1 # dg(u, a).
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Jlema 1. [9] Henaprud ynivuraivnud epad G, wo
MICTUMD 081 OCHOBHI BEPWUMHU, MAE METMPULHY
poamipHicms 2 modi i MiAbKU Mmodi KU SUKOHY-
EMBCA 00HG 3 YMOG:

1) G — 6asuchuli epagh;

2) G e obnaemennam deaxozo basucrozo epada

Gi.

Hapruti yniyuxsiunut 3 060Ma OCHOBHUMU GED-
WUHAMY A \V! 2k mae mempuuny po3mip-
Hicmb 2 modi © MiAbKY Modi KOAU BUKOHYEMBCA
odna 3 suweszadanur ymos ma d(u,v) # k.

B crarri [11] 6y710 BBEIeHO 1HIIY KOHCTPYKITIIO
obrrerents rpadis.

Osnavenns 2.12. [11] Yuinuknivuauii rpad G Ha-
3UBAETHCS 4aCcmKkosum obnaiemennam rpada G,
o € yHirmukaiaauM rpadom (abo mpocTuM IMK-
JI0M), staHmoramu Ly, . .
(G1 CKJICIOBAHHSIM BEPIIUH CTEIEHsI 2 MUKJIY 3 KiH-
IIAMUA JAHIOrB L1, ...
IIIMHA CTEIEeHsI 2 CKIIEIOETHCA 3 KIHIIEM JINIIIE OJIHO-
ro JIAHIIIOTA.

., L, sixmmio G yTBOpEHMii 3

, Ly, IpudoMy KOXKHa Bep-

Jlema 2. [11] Hexatt G — yniyukaiunui 2pad,
wWo Micmums He biavuie 00Hiel 0cHo8HOT eepuuiu-
nu. I'pagp G mae mempuvwny posmipricms 2 mo-
di 1 miavku Modi, KOAU 6IH € YacCMKOGUM 00-
naemernam npocmozo yuxay Cp abo wacmrosum
obnaemenHam Mminoprozo epagpa G sanurozamu
Ly,...,L,.

[Toznaummo cuMBOJIOM N, KiMBKICTH JIMCTKIB,
A7 IKUX U € BHYTPIITHBOIO BEPIIHHOIO.

Jlema 3. [12] Axwo T — depeso (ne aanyroz), mo
dim(T) =3 ,eyn,>1 (o — 1).

BukopucroByioun mgane TBEpI2KEHHS, MOKEMO
copMmysIoBaTH yMOBH, 3a SKUX METPUYHA PO3-
MipHicTH JepeBa Oyie mopiBaioBaTu 2. Mage micie
HaCTYyIIHA T€OPEMa.

Teopema 1. Jlepeso T mae mempuuny po3mip-
nicmo dim(T) = 2 modi i miavku modi Koau y
HBO20 HEMAE HCOOHOT BEPUWUNHY CTNENEHA DIAbWO-
20, Mioc 3, icnye abo auwe 00Ha 3-AUuUCmKO8a 1
HCOOHOT 2-2ucmxo60i, abo 061 2-AucmKkosi 6epuULU-
Hu. 3oKpema, He ModHce ICHYBAMU PIGHO 00HG 2-
AUCNMEOBA, BEPULUHA.
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Proof. Hexait T'— nepeso i dim(T') = 2. IIpunyc-
TUMO, O 1 He MICTUTH BEPIIUH CTEIEHA CTPOTO
6inbiroro, uixk 2. Toxi T’ € nanmiorom i 3riguo 3
pesynbratoM crarti [7] dim(T) = 1. Orpumasnn
cynepeunictb. Orxke, rpad T MicTuTh TpUHAKMHI
OJIHY BEPIUHY CTeleHs 3.

Hexait T' MmicTUTDb BEepIIuHy W, IO Ma€ CTEMIHD
4. Tomi MOXKIMBI Taki BUITAIKH:

1) w— enuua BHYTpimHs BepumHa. Toi Tt Bij-
nosigae 4 qucrku. 3a jemoro 3 dim(T) = 3.

2) w — BepmmHa crenens 4, k — 2-1ucTKOBa
BepIIuHA. 3TiIHO 3 JeMoo 3 710 H6a3ucy moT-
pPIOHO B3SITM TPU JIUCTKH, IO € OJIM3LKUMU
10 w 1 oguH JIMCTOK, Oiusbkuit 10 k. Orpu-

masn Ty camy pisaicts dim(T') = 3.

OtKe, BCl BEPIIMHY JIepeBa MaiOTh CTEIIHb, 0 HE
IIepeBUIILYE 3.

BayBaxkuMo, IO JOBiabHE JepeBo 1 3
dim(T) = 2, sike He Ma€ BepIIUH CTerneHsi OlJib-
oro, HIXK 3, HEe MOXKe MaTH PIBHO OJHY 2-
JIMCTKOBY BepmmHy. [Ipmmyctnmo, mo Taka Bep-
muna w icuye. Tomi deg,, = 2 abo deg, = 3. B
IIepIIOMy BUMAJKY 3TiTHO O3HAUEHHS 2.5 W Mae
OyTU BHYTPIIIIHLOIO, TOMY Ma€ BUKOHYBaTHUCh yMO-
Ba degy > 3. B npyromy Buiaky $KIIO perrra
BepIUH JiepeBa 1 MalOTh CTENiHb MEHINH, Hixk
3, To w
Oyzae 3-nuctkoBoro. ZKIo icHyBaTuMme 1ie xo4a 6
OJTHA BEPIINHA U CTEIeHs 3, TO u OyIe TaKoXK 2-
JINCKOBOIO. B ycix BHUMaJIKaX OTpUMAIN CyIeped-
HICTb.

IToxkaxkemo, mo y 1T He Moxke OyTu OliIbIe
aBox 2-yimctkoBux BepmmH. Hexait T Bce K Mae
TPpHU 2-JINCTKOBI BEPIIMHU V1, V9, V3. LOMII 3rigHO 3
JleMoio 3 10 6a3mcy mOTpiOHO B3ATH O OJTHOMY
JIUCTKY P1,P2,pP3, U0 € OIM3HEKIMI a0 U1, V2,03
BianosinHo. B npomy sunagaky dim(7T) = 3. Orike,
B JiepeBi T’ MoOxKe iCHyBaTH PiBHO JIBI 2-JIMCTKOBI

— €JMHa, BHYTPIINIHA BEPINUHA, & TOMY

BEPIITIHU.

Jlosememo B immty cropony. Hexait T — nmepe-
BO, 1110 HE MAE BEPIIHUH CTEIEHs] CTOPOro OUIBIIOrOo,
ik 3. Ilpuyomy cepen Bepruu crerens 3 icHye
He OlbIre JBOX 2-JUCTKOBHX. 101 FAKINO Trpad
MICTUTH PIBHO OJIHY BEPIIUHY W CTeNeHs 3 1 He
Ma€ YKOMHOI 2-JIMCTKOBOI BEPINHUHH, TO W OJIU3b-
Ka 10 TphoX JucTKiB. OT:Ke, 3rigHo 3 JjileMon 3
dim(T) = 2. Y Bunagxy xoim B jepesa 1’ icHye
7. BHYTPIIIHIX BEPIINH, IPUYOMY JBI 3 HUX € 2-
JINCTKOBUMHM, & PEINTa N — 2 MalOTh IO OJHOMY
muctky, dim(T) = 2 3a Ti€to )k Taku gemMoo 3. [
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Osnavenns 2.13. Tosopurumemo, mo rpad Gi
ckonempytiosanud 3 rpada Go skio G orpuma-
nuii 3 rpada Go JomaBaHHSIM OTHOrO pebpa.

Teepaxkenus 1. fHxwo 2pap G cronempyiiosa-
nuti 3 depesa T', mo G € yniyukaiunum epagpom.

Proof. Ockinbku TOBaHHST PIBHO 0OJIHOTO pebpa J10
JepeBa 1’ IpU3BOAUTD JI0 MTOSIBU PIBHO OHOTO IIHK-
sy, To rpad G € yHIUKJIIIHUM. O

Osnavenns 2.14. I'pad G1 Ha3UBAETHCA AUCTNKO-
60 ckoncmpytiosaru 3 rpada Go sxio G1 oTpu-
Manuii 3 rpada Go JIo1aBaHHSIM OJHOrO pebpa, 110
3’€Hy€ JIUCTOK 3 JOBLILHOIO BEPIINHOIO.

Teopema 2. Hezxatli G = (V, E) — yniyukaiunud
epag, aucmroso ckoncmpyliosarut 3 depesa T i
dim(T) < 3. Todi cnpasedausi maxi pierocmi:

1) Arxwo dim(T) =1, mo

dim(G) = dim(T) + 1;

2) HAxwo dim(T) = 2, mo

(a) dim(G) = dim(T) + 1, axwo eukxony-
EMBCA 00HA 3 HACTYNHUT YMOS:

i. 6 depesi T aucmox 6yao 3’ednarno pedbpom
3 BHYMPIUMHDBOIO BEPULUHOIO MG YMBOPEHUT
yriyuraiunud epap G e naprum;

ii. 6 depesi T 6ya0 3’ednaro pebpom aucmox
3 sepuuHoto cmenets 2 abo AUCTVKY, W0 Ha-
AEIAHCATND PIBHUM 1-AUCMKOBUM SEPUWLUHAM T
68 YMBopeHoMy yHiyuksivHomy epagi G He
BUKOHYIOMBCA YMOBY Aemu 1;

(b) dim(G) = dim(T') y sciz tHwuz sunad-
Kaz.

3ayBaxKUMO, 10 HEe BUKOHAHHS YMOB JieMu 1
O3HaYae, MO yHINUKMYHUE rpad G Mae piBHO
JBI OCHOBHI BepIIUHU P, ¢, He € Oa3suCHUM abo
ob1IeTeHHSAM 06a3UCHOTO T'pada JaHIoraMu abo €
napanM 6azucHum 2.8 (00MIeTeHHsAM TapHOro Oa-
sucHOro rpada) i upu npomy d(p, q) = k.

Proof. Hexait yninukiianaunii rpad G — JTHUCTKOBO
ckoHcrpyiioBanuii 3 nepesa T'. Hexaii dim/(T) = 1.
Toni 3 upani |7 Bummsae, mo T € JIAHIIOrOM.
Ockinbku G - yHinuK9HEWA rpad i BiAIOBIIHO
He € JsianmoroM, 1o dim(G) > 1. Yreopenuii rpad
G Moxke OyTH IIPOCTUM IUKJIOM a00 yHIITUKJIIIHAM

2018, 1

17

Bulletin of Taras Shevchenko
National University of Kyiv
Series: Physics & Mathematics

rpadoM, 1110 € YJaCTKOBUM OOILJICTEHAM ITUKJIY PiB-
HO OJIHUM JIAQHITIOTOM. B Tieprromy BUITQJIKY 3Ti-
1Ho 2] dim(G) = 2. B npyromy BunaJKy Bisbme-
MO B MeTpmuHHil 6asuc rpada G JUCTOK P, IO
IIPOEKTYETHCS B BEPINUHY W NUKIY. Beprunu p i
w 3’€MHAHI MPOCTUM JIAHITIOTOM, TOMY BCi BepIIu-
HHU, IO PO3JIIAE P, OyAYTh PO3MIAATHCEH w. AK Bi-
momo dim(G) > 1, ToMy iCHYBATHUMYTb BEPIIUHA
U,V B IUKJI, gKi He OyayTh po3aijisituck w. To-
My moTpibHo momaru 10 Oasucy BepIinuHy k, 10 €
Maii?Ke CUMeTPUYHOIO 3 w B IuKJIL. [{poro BusB-
asieTbest jtoctaTHbo. Takum wunom dim(G) = 2,
tobro dim(G) = dim(T) + 1.

Hexait maemo yHinukiaiuamit rpadp G, mo
€ JIMCTKOBO CKOHCTpyhoBanmit 3 gepea T i
dim(T) = 2. llpunycrumo, 110 BEpPIIUHU U, U, K1
He 3’ennani pebpom B sepesi T, 3’ennani B G. Toxui
MOZKJIMB1 Takl BaplaHTH:

1. u,v — Bepmunu B ki G, sKi € JIucTKaMu
B nepeBi T'. Maemo 2 BUMaIKu:

1) u,v MAIOTh CHIJIbHY BHYTPIIIHIO BEPIIUHY W.
Ockinpkn dim(T) = 2, To 3rigHO 3 Teope-
Mmoio 1 T' Moxke MicTuTHU PiBHO JBi 2-JTUCTKOBI
BepiinHu abo Jiniie OJHy 3-JUCTKOBY 1 He
Mag€ KOJIHOI BEPINUHU CTeleHs OiIbIIoro,
ik 3. Tomy orpumanuit rpadp G € yHinm-
KJIYHUM rpadoMm, 0 € YJACTKOBUM ODILIeTe-
HSM IIPOCTOrO IUKJIY PIBHO OIHUM JIAHIIIO-
rom abo MiHopHuM rpadom. B obox Buma-
Kax 3rijgHo 3 Jemomw 2 dim(Q) 2. Orxke,
dim(G) = dim(T).

U,V HAJEYXKATh PI3HUM BHYTPIITHIM BepIIH-
HaM W, ¢ BiJITOBITHO:

(a) w, ¢ — 2-ynmcrkoBi.3a Teopemoro 1 B
rpadi G He icHyBarmMe KOIHOI iH-
1101 2-JINCTKOBOI BEPITUHM, KPIM JIAHUX.
3Bijicy BUILINBAE, 10 OTPUMAaHUN yHi-
nuk/iaanii rpad G Oyie 9acTKOBUM 00-
[JIETEHSIM IIPOCTOT'O IUKJLY JIAHIIOTaMU
Ly,...,L,. 3a gemowo0 2 dim(G) = 2.

Tomy dim(G) = dim(T).

w — 2-JINCTKOBa, ¢ — l-JTMCTKOBa Bep-
muHu. Y 1boMy BUHaIKy rpad G Oy-
Jle 9aCTKOBHM OOILJIETEHSIM MiHOPHOTO
rpada ganmoramu Ly, ..., L, i 3rizno
3 jgemoto 2 dim(G) = 2. Orpumyemo
dim(G) = dim(T).

w, ¢ — 1-mucTKOBi. YHINuK/iIHI! rpad
G marmme PiBHO 2 OCHOBHI BEpPIIUHHU.
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Toxi #KIO BUKOHYIOTBCS YMOBHU JIe-
mu 1 , TO MeTpU9IHa PO3MIpPHICTH I'pa-
da G Oyne HOPIBHIOBATH 2, MATHMEMO
dim(Q) dim(T'). B inmomy Bumas-
Ky, JIJIsl TOTO I00 PO3IIIUTH JIOBLIBHY
mapy BepIuH 10 6a3ucy morpidbHo jo-
naru e oaay. Takum anaom dim(G)

3. Orxke, dim(G) = dim(T) + 1.

2. u,v — BepmmHYA B IUKJI rpada G, ojHa 3 IKUX
B jepeBi T' € TUCTKOM, a iHITa — BHYTPIIITHBOIO BEP-
muno. Maemo Taki BUIIaIKM:

1) w — nmcToK, 1Mo € 6JIU3bKUM, JI0 2-TUCTKOBOT
BEPIIUHU W, ¥ — 2-JUCTKOBa BEPIIHMHA.
Otrpumaemo yHainukmiaanii rpad G, 1mo mMae
piBHO omuy Bepiuuy crerens 4. Tomi, 3ri-
JIHO 3 pesyabraramu crarti [13], skmo G —
Henapuuit, ro dim(G) = 2. Tomy dim(G) =
dim(T). B inmomy Bumajky sximo G — map-
Huii yHinukaiuauii rpad, ro dim(G) = 3.
3sincu Bummusae, mo dim(G) = dim(T)+1.

U — JIUCTOK, 110 € OJM3BKUM, 10 2-JTUCTKOBOI
BEPIIUHU W, ¥ — 1-JIUCTKOBa BEPIINHA.
OckisibKu  1-IMCTKOBa BepIInHa $K 1 2-
JIICTKOBa Ma€ CTEIlHb 3, TO MiCJsd T0JaBaH-
Hsi pebpa B 1ukJi rpada (G MaTuMeMo piBHO
OJIHY BepIuHY crereds 4. YK BunmBae 3i
crarri [13], ko orpumaHnii yHIUKIIHAI
rpad G € mapunm, o dim(G) = 3, Bigmo-
Bigro dim(G) = dim(T') + 1. B inmomy Bu-
naaky dim(G) = 2 abo dim(G) = dim(T).

Crircok BUKOPHUCTAaHUX JI2KepeJl

1. Khuller S. Landmarks in graphs / S. Khuller,
B. Raghavachari, A. Rosenfeld // Disc.
Appl.Math. — 1996 — 70 — P.217-229.

Harary F. On the the metric dimension of a
graph / F. Harary, R. A. Melter // Ars Combi-
natoria — 1976 — 2 — P.191-195.

Slater P. J. Leaves of trees / P. J. Slater //
Congr. Number — 1975 — 14 — P. 549-559.

Melter R. A. Metric bases in digital
geometry / R. A. Melter, I. Tomescu //
Comput.Vision, Graphics, Image Process. —
1984 — 25 — P. 113-121.

2018, 1

18

Bulletin of Taras Shevchenko
National University of Kyiv
Series: Physics & Mathematics

3) u — JMCTOK, 10 € BJIU3bKHUM, JI0 1-JIMCTKOBOT
BEPIIUHU W, U — 2-JIACTKOBa BepIuHa. K
i B IOIEPEIHBOMY BUIAJIKY, B YyTBOPEHOMY
yHimukaigaoMy rpadi G 2-IMCTKOBa BEPIIT-
Ha Marume crenedb 4. 3rimgHo 31 crarrero
[13], sikmo G € napumm, To dim(G) = 3
(dim(G) = dim(T') + 1). fkmo G - menap-
uuit, o dim(G) = 2 (dim(G) = dim(T)).
4) u — JIMCTOK, 10 € OJIU3bKUM, J10 1-JTHCTKOBOT
BepINHU W, v — 1-JIUCTKOBa BepinuHa. Bep-
IIHA ¥ € BHYTPIIHBOIO 1-JTMCTKOBOIO, TOMY
deg, = 3. llicna momaBamus pebpa OTpU-
MaeMmo yHinukiiunuii rpad G 3 deg, = 4.
3a pesynpraramu crarrti [13] rpad G ma-
tnve dim(G) = 2 abo dim(G) = dim(T)
SIKIO BiH Oyze HenapuuM i dim(G) = 3 abo
dim(G) = dim(T') + 1 y npoTmiexkHOMY BH-
aJIKY.

3. u,v — BepmuHu B 1mukia G, oxgHa 3 gkux B 1
BepINUHA CTEIeHs 2, a iHIa — JINCTOK. Y BUIAJKY
KoJIM YHINUK/9HEE rpad G Mae He Oiibine oHiel
OCHOBHOI BepINUHU BiH Oyje JacTKOBHM OOILIEeTE-
HSIM TIPOCTOr0 MUKJIy abo MiHOpHOrO rpada JiaH-
moramut Ly, ..., L. Ba gemoro 2 dim(G) = 2, to-
my dim(G) = dim(T). dxmo rpad G mae piBHO
JIBl OCHOBHI BEPIUHU Ta BUKOHYIOTHCA YMOBH Jie-
mu 1, To dim(G) = 2, . Orxe, dim(G) = dim(T).
B inmomy Bumagaky mo 6a3smsy mOTpiOHO B3ATH IITe
onny Beputuny, Tomy dim(G) = dim(T') + 1.

O
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Xaomuyni pesxcumu € xapaxmepuumu 015 OUHAMIKU Kapodiocucmem 300p06oi TI0OUHU, MOMY OOHUM 3
HAUOIIbUWL NepecneKMueHUX nioxo0ie 00 BUGYEHHS OUHAMIKU MAK020 POOY CUCHEM € HETHIIHO-OUHAMIYHUL
nioxio.  Jocnioxceno 3axkoHomipnocmi  Ounamiku moodeni [Hebypa 63aemo0ii  cepyeso-cyounnoi ma
pecnipamoproi cucmem npu 8paxy8anHi 3aledCHOCMI napamempie pecnipamopuoi 0ii 8i0 xapaxmepucmux
xapoioinmepeana. Ilpu yvomy posensinymi JiHilHI HAOMUNCEHHS HEBIOOMUX (DYHKYIOHATLHUX 3ANENHCHOCMEN
360pomnoco enaugy. Memooamu meopii OUHAMIUHUX CUCTHEM OOCTIONCEHO 8NIUS NAPAMEMPIE 360POMHUX
38'A3Ki8 HA CYKYNHY KapoiopecnipamopHy OUHAamiKy. BuseneHo, wo 360pomHuil 6Niue 4acmomu cepyesux
CKOpOUYeHb HA YACMOMY OUXANbHUX OCYUNAYIL NPU3800UmMb 00 ippe2yiapHOCHi OUHAMIYHOZ0 DeNCUM)
CYKYnHOI cucmemu, mobmo 30y00icy8avem Xaocy y cepyeso-pecnipamopHill cucmemi € 6HYMpiuHs
83a€MO0Is nidcucmem. cepyedo-cyOuHHOL ma pecnipamopHol.

Kniouosi crosa: cepyeso-cyouHna cucmema, pecnipamopha cucmema, 360pOmHiil 368 130K, Xaoc.

The chaotic regimes are typical for the dynamics of a cardiosystem of a healthy man, that is why the
most modern approach in the study of such system dynamics is the nonlinear dynamics approach. Laws of
dynamics of the DeBoer’s model of the cardiovascular and respiratory systems are studied taking into
account dependence of parameters of a respiratory action on cardiointerval characteristics. The linear
approximation of unknown functional dependences of feedback influence are investigated. By methods of the
modern theory of dynamical systems the steady-state regimes of the modified models are studied. It is shown
that a reverse influence of parameters of a cardiosystem frequency on frequency of respiratory oscillations
results in irregularity of the dynamic mode of the combined system, i. e. a cause of chaos appearness in the
cordially-respiratory system is internal interaction of subsystems : cardiovascular and respiratory.

Key Words: cardiovascular system, respiratory system, feedback, chaos.

CrarTio nipeactaBuB 1.¢.-M.H., mpod. XKyk 5.0.

1. Beryn poboti [1], sika He BpaxoBYe 3BOPOTHOTO BILIHBY
JISTTBHOCTI Ccepllsl Ha mapaMeTpH JAuxaHHs. Brepiie
X Uit i€l MoneNni 3BOPOTHHUH BIUIMB 1O  THUILY
MPHUCBSYCHO 0arato Ba)XJIMBUX HAayKOBUX poOir [1- ONTHMAITBHOTO KEPYBAHHS GYJ0 BPAXOBAHO Ta

3]. XaoTWuHi pPEKUMH € HaH§1an THHOBUMA 1 o0 eno B mozen T'piHueHEO — PYIHEIEKOTO
XapaKTCPHUMH  JUIA  JMHAMIKM  KapaioCHCTEM 31 Meroio mamoi poGotH € iracudbikaris i

3/10poEO1 HI%HHHH’ 2m0T AOBCACHO Yy cy:{gszHx JOCIIKEHHSI 3aKOHOMIPHOCTEH yCTaJCHUX PEKUMIB
HayKOBHX pobOTaX [ ]‘, OMy OIHHM 3 HaWOUIBII /oneni [1,3] 3 BHYTPIMIHBOI B3a€MOIIEI0 CEPIIEBO-
MEPECITEKTUBHUX IMIIXOMIB 10 BHUBYECHHS THHAMIKA CYIMHHOI Ta pECIpATODHOI CHCTEM  METOJaMH

KapA10CHCTeM 3'110p013014 JHOHHH6H € HCMHIMHO-  oyyackoi Teopii AMHAMIYHMX cucTeM. JIist HBOrO
AuHaMitHuid - miaxin  [4]. Jlobpe  Binomoio i pPO3TJISHYTI  JIIHIMHI ~ HAOJNMXKCHHS  HEBIIOMHUX

disionoriuno KOpEKTHOIO € MOZACIb DeBoer (YHKIIOHATBHUX 3aJIeKHOCTEH 3BOPOTHOTO BILTUBY.
CepLeBO-CYIMHHOI CHUCTEMHM, IO 3alpOIOHOBAaHA B

JIOCMDKCHHIO  TUHAMIKA ~ CEPLICBUX PHUTMIB

© T.II. KonoBamok, T.C. KpacHonosbchKa,
€.J1. ITeuyk, T.B. Cobomns, 2018
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2. Moaenab B3aeMoii cepueBo-CyTHHHOI i
pecniipaTopHoi cucTeM.

Mogenp  B3aeMomii  cepleBO-CyIUHHOT 1
pecIipaTopHOl CHCTeM, TOCTiKyBaHa B poborax [1]
i [3], € cucTeMor0 TUCKPETHHX BiI0OpaxeHb, 1110
ONUCYIOTh  CBOIIIOLIII0  XapaKTePHCTHK  CTaHy
KapAioiHTepBady Bix ymapy no ynapy. Mojenb
MICTUTh TaKi (i310J0T1YHI XapaKTEPUCTUKU CTaHY 5K
CHUCTOJIIYHHH THCK S, JiacTOM4YHUA THCK D,
KapaiointepBan [ (RR-  iHTepBam), 4ac
aprTepiaabHOro 3aracanus I . B pamkax i€l Momeni
(GYyHKIIT aopTH MOJENIOIOTHCS 33  JIOMOMOT OO
aopranbpHoi KommpeciiiHoi kamepu (Windkessel),
3akoH  ®panka-CrapiiHra  BHUKOPUCTAHO IS
MO/JIETIOBAaHHS MiOKapay. BpaxoBano
OapopedIeKTOpHUN MEXaHi3M KepyBaHHS 4acTOTOHO
cepaeunnx ckopodeHb (UCC) Ta mnepedepiuHnm
ormopoM. BrumB  pecmipaTopHOi cHcTeMH — Ha
CEepIICBO-CYIMHHY OOMEKYETHCS JIHIIE MEXaHIYHOO
CKJIAJIOBOIO 1 MOJIETIOETHCSI BBEJICHHSIM BiMOBIIHOT
aauTHUBHOI 100aBKH. BapopenentopHuii MexaHizm

KepyBaHHSA piBHEM apTepiaibHOTO THUCKY
MOZICJIIOETBCS.  4epe3  BBEACHHS TaK  3BaHOIO
eeKkTuBHOrO CHUCTOMYHOrO THCKY S. 3rimHo i3

3arallbHONPUHHATAME (Bi310TOTTYHUMH HOPMaMH, B
ycraneHomy  pexmmi S, =120mMm  pr.  cT,

D, =80mm pr. ct., I, =800Mmc, T; =1500 mc. ITicns
00e3pa3MiploBaHHs 110 XapaKTepHUX BeIWYUHAX S i
1,, OTPUMYIOTb HACTYIIHy CHCTEMY JUCKPETHHX
BimoOpakeHs [1,3]:

Bifurcation parameter f,

) — cuctemu (2)-(3), 0) — cucremu(2)-(4)

D!=c¢S/ exp(-I,/T'))

T A c
S'=D'+y-2I" +—sin(27 fTit. ) +—=
i i ySO i-1 SO ( m 1) SO
S, Sy
I[=G,2L8 +G,22F(@S,r)+= (1)
L T T
T'=1+G,S, /T, -G,S, | T,F(S'.7,)

A

S/ =1+18/S, arctan(S,(S/—1)/18)

ne i1, D'=D/S,, S'=S/S,, S$'=8/5,,
D I

I'=1/T,, T'=T/T,, ¢ =—>exp| = |,
So I

¢, =8, =Dy — 11, oy =1, = §,(G, +Gy),

G, =18mc/Mm pr.ct., G4z =G, =9 Mc/MM pT.CT.,

y =0.016 MM pT.cT./MC, A =3 MM PT.CT. - aMILTITyIa

3MIiHU THUCKY CHUCTOJIM, OOYMOBJIEHA PYXOM TPYIHOI

KITKU mix vac aumxanus, f =0.25T1m — gacrtora
i

t,=) I, - MOMEHT 4YaCy CEpICYHOrO
k=0

JIUXaHHS,

CKOPOYEHHS,
1 - . . . .
F= E(Si—T—Z +28, 438 +25 0+ Si0)s

7, =rﬂ=4, 7,=0, saxmo YCC wmenme 3a 75

yaap/xB i 7, =1, skmo YCC OinbIue HiXk 75 ynap/xs.

Cucremy (1), miciss BHKIIOUCHHS 3aJIOKHHX

3MIHHMX, MOXXHa 3BECTH JI0 CHCTEMH TPBhOX
JUCKPETHUX BiZIOOpakeHb 3 nrictbmMa
3aIi3HIOBAHHAMH [0 3MiHHIK S', HacTymHOro

BUTJISIY:
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Puc. 2 XapakrepucTuky KBa3inepioJHUHOro cTaHy cHCTeMH (2), 6e3 BpaxyBaHHS 3BOPOTHOT'O 3B SI3KY: a) —
yacoBa peajizailisi, 0) — CIIEKTp MOTYXHOCTI, B) — MPOEKIIis (pa30BOro nmpocropy

0
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Beat number Frequency, Hz Cardiointerval I’
a) 0) B)
Puc. 3 XapakTepuctuku nepioguyHoro crany cucremu (2)-(3), mpu A4, =0.03
3TiHO 13 3aKOHOM:
’ _ ’ ’ ’ ’ ’ 1 i
Si =0 (58,835 4585581265575 ti1) ,
’ _ ’ ’ ’ ! ! ! ! Al = - A S - S 3
L=0,(I71,81,8 258755 4,555 6)  » (2) Ao = A4 (Sia =50), 3)
_ ’
L=t +1,

ne @, 1 ¢, - HeniHilHI GpyHkil. OTpuMaHa cucTemMa
(2) 3BOAMTBCA NUIIXOM 3aMiHM 3MIHHHX JIO
HEJHIHHOT CUCTEMH JIEB'SITH JIUCKPETHUX
BiIOOpakeHh 0€3 3ami3HIOBaHHSA. TaKUM YHHOM,
HasBHICTh TaKol HEYCYBHOI1 BIIACTUBOCTI
(YHKIIOHYBaHHS  CEpIIEBO-CYJMHHOI  CHUCTEMH
JMIOJMHU  SIK  3aIi3HIOBAHHSA, TNPU3BOJUTH  JI0
ICTOTHOT'O TIIBUIIICHHSI TIOPSIIKY CYKYITHOT CUCTEMH.
BrmmB  pecmipatopHoi cHCTeMH Ha  CepIEBO-
CYIMHHY, B paMKaxX JlaHOi MOJEIi BPaxOBYEThCS
napamerpamu A i f. Tomy, 3BOpOTHHIl BIUIMB

Kap/IiOCUCTEMH MOXKE pealIi30BYyBATUCS IUIIXOM
BIUTUBY JISUTBHOCTI CEpIIs Ha I1i Bl XapaKTEPUCTUKH.
Y naniii  poOOTI Takui 3BOPOTHHHM  3B'SA30K
MOJICTIOETbCS  HAWOUIBIII  TMPOCTHMH  JIIHIHHUMM
3B’si3kaMu. Tak, amIoiityna 3MiHH CHCTOIIYHOTO
THUCKY, OOyMOBJIEHA PYXOM T'PYAHOI KIITKU MiJ| 4ac
JMXaHHS, TPHITYCKAEThCS 3aICKHOI0 BiJl 3HAYCHHS
THUCKY CHCTOIIM Ha MOIEpPEIHbOMY KapJioiHTepBai

24

ne A,=A4, A4 =20, mo MOAemoe 3MEHUICHHA

aMILTITYIN TUXaHHS TPy 30UTBIICHHI CHCTONIYHOTO
THUCKY. YacToTa TuXaHHS MPHUITYCKAETHCS 3aJICHKHOIO

BiJl YacTOTH CEpJACYHHX CKOPOYEHb  3TiJHO
3aJIeKHOCTI:

f’=f0+f](1/ll._]—1/lo), @)

ne f, = f, f, 2 0. Takum 4uHOM, B IaHiil poOOTI

JOCIIKY€ETbC  cucTema (2), TpH BpaxyBaHHI

3BOPOTHOrO BILTHBY TUTY (3) 260 (4).
3. Ycraneni pexxumu MoaugikoBanoi moaeJi.

[epeiinemMo 10 MOCTIMKEHHSI YCTaJICHHX PEKUMIB
cucremu (2). B cuny HemiHIHHOCTI 1aHOT cucTeMH, ii
pPO3B’SI30K  MOXXHA OTpUMaTH umcenbHO. [is
YHCENFHOTO MOJISITIOBAHHS BHOMPAEMO HACTYITHI

MoYaTKOBi  3HaueHHs  3MimHumx:  ['[0]=0.53,
ST-j1=1.08, j=0,..,6. Ha puc. l.a mnokasana
3AJIOKHICT,  CTApIIOr0  IOKasHuKa  JIamyHoBa
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0) B)

Puc. 4 XapaKTepucCTUKU XaOTUYHOTO cTaHy cucteMu (2)-(3), mpu f; =0.22

cucremu (2)-(3), Ha mpomikky 0< 4, <0.03. Ilpu
HYJIbOBOMY 3HadeHHI OidypkamiliHoro mapamerpa
MoJiellb  1030aBlieHa  3BOPOTHOTO  BIUIMBY 1
XapaKTepU3yEThCS perynsipHuM ycTaleHNM
pexuMoM (puc. 2a-B.). [lpu 30UIbIICHHI 3HAYCHHS
napamerpa, CIIOCTEPIraeThest peryssipu3anus
ycraieHoro pexumy wmozaeni. Ha pwume. 3a-B.
MPECTABICHI XapaKTePUCTHKH TPAHUYHOTO IIHKITY,
110 peai3oByeThes B cuctemi mpu 4, = 0.03.

Tenep posrnssHeMo cuctemy (2) i3 3BOPOTHUM
3B's13koM (4) 1 Gidypkaniiinum mapamerpom f,. Ha
puc. 10. mnpuBeAcHAa  3aJSKHICTH  CTApIIOrO
noka3auka JlsmynoBa moneni (2)-(4) Ha MPOMIKKY
0<£,<0.25 B npoMy BHNAAKy CIIOCTEPIra€ThCs

KOPCTKUI CcTPHOOK TMOKAa3HHWKA B JIOJATHY 001acTh
(puc. 4a-B.). TakuM 4YMHOM, BpaxyBaHHS JiHIITHOTO
3BOPOTHOI'0 3BSI3KY (4), s moxenmi (2), Bexe 10
MOMEHTAJbHOI ~ XaOTH3allli YCTalCHOTO PEXKUMY
CYKYITHOI CUCTEMH.
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4. BUCHOBKH

HocnimkeHHs MoauQikoBaHOT MOJIENi CepIeBo-
CYIMHHOI CHUCTEMH, TpU BpaxyBaHHI MPsIMOro i
3BOPOTHOTO BIUTUBY pPECHIpPATOPHOI CHCTEMH, Ha
OCHOBI 0ipypKanifHIX KPUBUX CTAPIINX MTOKA3HHUKIB
JlsnyHoBa, mpoekiiii (a3oBUX MOPTPETIB, YaCOBUX
peanizamii 1 YacCTOTHHMX CIIEKTPIiB, JO3BOJIHIIO
BUSIBUTH PETYISIPHI MEPIOIUYHI, a TaKOX XaOTHYHI

POKHUMH, BHU3HAYMTH CIEHApii mepexomy JIo
Xa0TUYHOrO  pexumy  (mepexii 10  Xaocy
BiIOyBa€ThCSI 4epe3 IKOPCTKUH  CcTpuOOK, TpH

BpaxyBaHHI BIUIMBY KapJiOiHTEpBalla Ha YacTOTy
nuxaHHs). [lokazaHo, MmO B3a€MO3B'SI30K PUTMIB
ceplsl 1 IMXaHHS MPU3BOIUTH JIO PI3KOTO TEPEXOLy
JI0 Xa0Cy, XapaKTepHOTO I HOPMAJIbHOI IUHAMIKH
Kap/liOCUCTEM .
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VY pobomi poseaarymo AiHitHE HEOOHOPIOHE PIBHUUESE PIGHAHMA HG HANIBOCT 3 NOUAMKOBUMU YMO-
8aMU BIOHOCHO EAEMEHMIB KOMNAEKCHO20 6AHAL06020 npocmopy. Kiacuuni peaysvmamu w000 pieHAHbL
MAK020 MUNY MICMAML YMOBU ICHYBAHHA Ma €OUHOCTE OOMEHCEHUT MG NEPIOJUMHUL PO36 A3KIE.
OMmpumano Y3a2asvHeENHA 6100MUT PESYALMANIE HA BUNGIOK NOGLABHO 3POCTNAIONUL PO36 A3KIE HAGE-
dero20 pisHAHHA, MOOMO PO3E°AZKIS, UL0 3G HOPMOK MOHCYMB 3POCTNAMU AUUE NOBIALHIWE J068IAbHOT
3pocmaiowol nokasnukosot Gynkuii. 3oxpema, odepotcarno docmamms Ymosu 6 MEPMIHGT ONEPAMOPHO-
3HAYHOL 2EHEPAMPUCY, POZ2AAHYMO20 PIBHANHHA.

Knowo6i crosa: nosiavho 3pocmaiowutl po3e’a3ok, AlHilHe PI3HUYUEEE PIGHAHKA, OGHATI6 NPOCTID.

The general linear non-homogeneous difference equation on a half-azxis with initial conditions where
variables belong to a complex Banach space is considered in the paper. The coefficients of equation
are bounded operators in the Banach space. Classical results about such equations are conditions of
existence and uniqueness of bounded and periodic solutions. The problem is to investigate other classes
of sequences, that contain solutions of the equation and find sufficient conditions for operator coefficients
for existence of solution.

In the paper generalization of known results is obtained for the case of slowly growing solutions.
Solution is called slowly growing iff it’s norm is growing more slowly than any growing exponent functi-
on. Sufficient conditions are obtained for sequence of bounded operator coefficients for existence of
slowly growing solution. Conditions are formulated in terms of generating function for given difference
equation.

Key Words: slowly growing solution, linear difference equation, Banach space.

Communicated by Prof. Perestyuk M.O.

1 Introduction on half-axis with initial conditions

00
In = Z Akxn—k + Yn, n =1,

- 1
Let’s denote by B complex Banach _space kxln =ay,, n <0, W
with norm || - || and zero element 0, by
L(B) — Banach space of linear bounded Wwith respect to a sequence {z, : n > 1} C B for
operators, which are mapping B to B, 8iven sequences of elements {y, : n>1} C B,
with norm, which we denote || - || too, I — identi- {om : n <0} C B and operators {A, : n > 1} C
ty operator, O — zero operator in L(B), o(A) — L(B).
spectrum of operator A from L(B). The important for applications question is to

find conditions, under which solutions of equation
In the paper we consider difference equation (1) have special properties such as boundedness

© O.A. Jlaroma, A.B. Yaiikoscbkuii, 2018
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or periodicity. Equation of such a form in the case
of finite number of coefficients was investigated in
the papers [1], [2]. In general case the equation
was investigated in the paper of M. Gorodnii and
O. Lahoda [3|. The main result was such a
theorem:

Theorem 1.1. Let function

g(z) = > Ayt (2)
k=1

be analytical in the disk K1 = {z€ C| |z| < d},
where d > 1 is fired. Then difference equation
(1) has bounded solution for any given bounded
sequences {y, : n>1} C B, {ay, : n<0} C B
if and only if for any z € C,|z| < 1, operator

f(z) =1-yg(2)

has continuous inverse operator (f(z))

3)

-1

In the paper conditions would be obtained,
which are sufficient for solution belong to another
class of sequences, which is wider than the class of
bounded sequences.

2 Slowly growing solutions

Definition 2.1. A sequence {y, : n>1} of
elements of Banach space B is called slowly
growing in B, if
Vr > 1:supr "||ys]| < +o0.
n>1

Let’s note that any bounded sequence is
slowly growing, but reverse one is not true.
We can see it from the example of sequence
{n7 : n> 1},Whereb€B,b#6, v > 0.

Let’s consider the problem of slow growth of
solution of equation (1). The main result of the
article is the following theorem:

Theorem 2.1. Let

o
> ARl < +oo
k=1

(4)

and function f(z) is analytical in the region
{z€ C| |z| < 1}. Then difference equation (1) has
slowly growing solution for any given bounded
sequence {ay, : n <0} C B and any given slowly
growing sequence {y, : n =1} C B if and only if
for any z€ C, |z| < 1, operator f(z) has conti-
nuous inverse operator (f(z))~1.

For the proof of the theorem let’s set several
lemmas.
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3 Auxiliary results

Lemma 3.1. Let difference equation (1) has
slowly growing solution for any given bounded
sequence {a, : n <0} C B and any given slowly
growing sequence {y, : n =1} C B. Then
Vze C, |z| <1 : Kerf(z)=0.

Proof. Assume from the contrary that
32€C, |z <13ueB, u#0 : f(z)u=0. Let’s
denote xg = zu, T_1 = 22U, ..., T_mi1 = 2",
vl Yn = 6,n > 1.

We will prove by the method of mathematical
induction that x, = z7"Ttu, n > 0.

We get base and step of induction as a
corollary of (1)-(3):

1= A1xg + Aox_1 +Azx_o+ ... =

= Ajzu+ As2Pu+ ... = g(2)u = f(2)u+u = u;
Tpy1 = Arxp + Aswg 1 + Agxp o + ... =

= Az F oy 4+ Aoz k20 4 Az k3 4+ =
=2"%g(2)u=2"Fu, k> 1.

So for r € (1,]2|71) we have

@] = |27 T Jul| = 400, n— .
It contradicts the condition of slow growth.
Lemma is proved.

Lemma 3.2. Let’s denote ¢ = 1,
Pn = Al‘Pn—l + A2@n—2 +...+ An‘PO: n = 1. (5)

Let difference equation (1) has slowly growi-
ng solution for any given bounded sequence
{an, : n <0} C B and any given slowly growing
sequence {yn, : n>1} C B. Then

[e o]

: eranonH < +o0.
k=0

Vr>1 (6)

Proof. Let g = b, 2p =0, n < =1, y, = b, n > 1,
where b — arbitrary element from B. We will prove
by the method of mathematical induction that

Ty = (Z(pk> b, n>0.
k=0

As a corollary of (1), (5) we get base and step of
induction:

(7)

n
o = pob, Ty = ZAkﬂfn—k +b=
k=1
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n—1

Proof. Using usual speculations about operator,
- Z Ap(Tn—t-1+ Pn-r)b + Apb+ b= which is close to identity, we can obtain for any
k=1 20 € U and small enough § > 0

n—1
— (jgji4k¢n_k+x4n¢o> b= (F2) ™ = () 3 ((F )~ Fa)(f(z0)) )
k=0

k=1

n—1 n
— Z Or | b+ onb = Z or | b, n>1. for |z—zp| < 0. Then we get boundedness of functi-
=0 =0 on (f(2))7Y, |z—20| < 4, continuity of the function

and finally, that function is diffentiable in arbi-
trary point of region U, and so is analytical in the
region. Lemma is proved.

Using equality (7) and condition of slow
growth by uniform boundedness principle we have:
{13 r_oekl|r™™ : n>0} — bounded sequence
for any r > 1. Since for r > 1 Lemma 3.5. If operator-valued function f 1is

N _— analytical for |z| < 1, and for any |z| < 1 exists
> o= ek
k=0 k=0

n

|lon|lr™" = r "< (f(2))~' € L(B), then

FE)™ = e, 1 <1,
k=0

< "4 P >,

n n—1
Z Pk Z Pk
k=0 par where @i, k >0, are defined by formula (5).

— bounded sequence, so by Dirichlet theorem seri-  Proof. By lemma 3.4 there exists a sequence
—k .

es Y peo1 |lwwll is convergent for r1 > 7. As a  of operators {Cy : k>=1} C L(B) such that

consequence of arbitrarity of r > 1 we get what (f(z)' = ey Cr2®, |2| < 1.

we need. Lemma is proved. For z€C, |z < 1 we have equality
00 k 00 k) —
Lemma 3.3. If condition (6) is true for a (1= 22020 Anz") (2520 Chz®) = 1.

sequence (5) then for any z€ C, |z| < 1, and for Series are absolutely convergent, so we can
any y € B equation f(z)z =y has a solution of multiply it by Cauchy and obtain equalities

the form . Co=1; Cp=A1Cp1+ ...+ A4,Co, n>1. (9)
z = Z‘szky- (8) By comparing formulas (5) and (9), we obtain
k=0 Vn>=>0 : ¢, =Cy,. Lemma is proved.

Proof. Indeed, if (6) is true, then series (8) 1S T[,emma 3.6. Let condition (4) is satisfi-

convergent by norm, and ) . ed, {ap, : n <0} C B is bounded sequence,

f(z)x ZOOJU - A}i”U — Az xoo_ _kflmz L= Ay, : n>=1} C B is slowly growing sequence.

= OOZk:o fiz y = A2 520%kZ Y = o Then the solution of a problem (1) can be obtained
—Am D plo ek Y — e by formula

As a consequence of (4) and (6) this series is
absolutely convergent and it is allowed to group %n = @nlo+@n—1u1+@n—2u2+...+@oun, n =0,

summands. Let’s group elements by powers of z: (10)
where ug := o, ug = Y+ (Agr1a-1+App2a2+
f(2)x = oy + (p1 — A1po)2y+ Apisa_s+..),k =1, vk, k>0, are defined by

(o2 = Arpr — Azp0) 2y + .t formula (5).

Proof. Let’s use the method of mathematical

+ —A1om—1—Asppm—2—...— A My = ,

(o = Avpm—1= Azpm—2 mp0)2"y induction. For n = 0 we have x¢g = ayg. Let’s check
= Yoy =Y. the step of induction, using (1) and (5):

Lemma is proved. Tn =Y poy ApTn—k + Yn =

n n—k
Lemma 3.4. If operator-valued function Zfozl A <¢"‘ka0 + 2 S0""7‘;_1’up> +
f is analytical in some open region U C C, and 2 kmnt1 Ak + Yn =
for all z € U bounded inverse operator (f(2))™0 = 21 AkPn—ko +>21 4 > onet Apon_k—pup+
exists, then function (f(z))~1 is analytical in the +u, = @pag + Zz;ll On—plp + Up, n = 1.
region U. Lemma is proved.
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4 Proof of the main result

Proof. Necessity. Let difference equation (1) has
slowly growing solution for any given slowly growi-
ng sequence {y, : n>1} C B, and any gi-
ven bounded sequence {a, : n <0} C B. Let
z€ C,|z|] < 1 be fixed. Let’s assume from the
contrary that the operator f(z) has no bounded
inverse. Then by Banach theorem about inverse
operator one of two conditions is true:

a) u#0 : f(2)u=0;

b) Jy € B : equation f(z)u = y has no soluti-
on.

If, from the contrary, condition a) is true, we
use lemma 3.1 and have contradiction with condi-
tion of slow growth. So a) is false.

Condition b) is false also as a consequence of
lemmas 3.2, 3.3. Necessity is proved.

Sufficiency. Let for any z€ C, |z| < 1,
continuous inverse operator (f(z))~! exists. Let’s
fix slowly growing sequence {y, : n>1} C B
and bounded sequence {a,, : n <0} C B. Then
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solution of difference equation (1) could be got by
lemma 3.6 in the form (10).

As a consequence of
boundedness of sequence {ay, :
growth of {y, : n > 1}, sequence {z, :
is slowly growing.

Indeed, let’s fix r > 1. Then such constants
exist L, > 0, L, > 0, that
Vn =1 @ |lugl|| < Lyr™, ||Chl| < Ler™,
l[znll = [lonuo + pn—1u1 + ... + woun|| < LyLer™.

Theorem is proved.

condition  (4),
n < 0} and slow
n > 1}

Let’s note that if the theorem conditions
are true and sequence {y, : n > 1} is bounded,
solution {x,, : n > 1} could be unbounded. The
example isy, =b, n > 0; a_, = 0, n>1, ap =
b, where b € B, b # 0. Indeed, in the case equation

Tn4l = Tp + Yn, n 20,
has solution x,, = (n+ 1)b, n > 0.
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Jlocnioocyemoves 3a0aua cmabinizayii KoaueHux npoyecie y keposawill 0eomacosii cucmemi. Cucmema
CKNA0AEMbCA 3 080X M, Nepule 3 HUX MONHCE PYXAMUCh Y3008MHC 20PU3OHMANILHOI OCI nid 0I€10 308HIUHbOI
cunu, opyee mino 3Haxo0umuvcs Ha Ni0gici 00 NepPuLo2o i MOdIce GUKOHYSAMU KOAUGHI PYXU K MASMHUK. Y
P032150Y8aHIll 080OMACOGI CUCEMT KEPYIOUUM (DAKMOPOM BUCIYNAE 3068HIWHA CUILA, WO Oi€ Ha nepule miio
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00 nesHoi 000amHoi WEUOKICHII.

Knrouosi cnosa: 0somacosa cucmema, KOauGHuUL npoyec, ONMUMi3ayis, Kepyeants, cmaoinizayis.

Stabilization problem of oscillation processes for two-mass controlling system is considered. The system
consists of two bodies, the first one can move along the horizontal axis under the influence of an external
force, the second body is on the suspension to the first and can perform vibrational movements as a
pendulum. In the considered two-mass system, the controlling factor is an external force influencing on the
first body of the system. The aim of controlling the external force is to vanish oscillating processes in the
system in the shortest time and transfer the system during this time from the state of rest to uniform motion
with a given speed without oscillations. The form of optimal control of external force for vanishing of
oscillations and stabilization of the considered two-mass system in the shortest time when overclocking from
rest state to the motion with certain positive speed is established. Program optimal control of external force
with one switching point is constructed.

Key Words: two-mass system, oscillating process, optimization, controlling, stabilization.
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1. Beryn KonmuBanusi B3a€MOIIFOUMX CHUCTEM 3 30Cepe-
JDKEHHMH Ta PO3MOAUICHUMH TapaMeTpaMu €
MpeAMETOM YHCEIbHUX JIOCHi/DKEHb. 30KpeMa,
pO3MIIAamics TPYKHI KOJWBaHHS CTPHXKHIB 3
MmiZBilIeHUM BaHTaxkeM [3, 4]. Barato mocimimkeHb
MPHUCBSYCHO 3aJlayaM PO PI3HOMAHITHI JAWHAMIYHI
racuTeli MPyXKHUX KOJIWBaHb [S].

VY wmifi po0OTI MPOIOBKYIOTHCS JAOCITIHKCHHS
KOJIMBHUX TIpolleciB posmovari y [6, 7]. Posrms-
JAEThCs 3aja4ya Mpo MIHIMI3AIII0 KOJIHMBaHb, SKi
BUHUKAIOTh Y CHCTEMI, IO CKJIAZAETHCS 3 JBOX Till,
TepIIe TiI0 MOXKE PYyXaTUCh Y3JI0BXK TOPH30HTAIBHOT
OoCi Tix Ji€l0 30BHINIHBOI CHJIM, JPyre TUIO
3HAXOMUTHhCS Ha MIABICI [0 MEPHIOro 1 MOXKe
BHKOHYBATH KOJIMBHI PyXH BHACIIZIOK PYXY HEPIIOrO
tima. [lpu 1bOMYy KepyrOUUM MapameTpoM y il
CHCTEMI BHUCTYIA€ 30BHIIIHS CHJIA, IO CHPUYHHSE
PYX IEpIIOTro Tina.

BuBYeHHST KOJIMBHHX TPOIECIB €  JyXKe
BXJIMBUM 1 Ma€ CYTT€BE 3HAUCHHS IS
HAMpI3HOMAHITHIIAX  PO3AUIIB  TPUPOJIO3HABCTBA
TakMX SK MexaHika, (¢i3uka, TEXHIKM Ta IH.
BiOpamiiini mpomecn y cmnopydax 1 MalldHaXx,
CICKTPOMArHiTHI KOJMBaHHA B paJiOTEXHIIl Ta
ONTHII, aBTOKOJIHMBAHHS B CHUCTEMaX peryJiOBaHHS
Ta CHIJKYIOYHX CHCTEMax, 3ByKOBI Ta yJIbTPa3ByKOBI
KOJIUBaHHS — BCl IIi SBHUINA OMHCYIOTHCS CXOKHM
MaTeMaTHYHUMM MoJensMHu. Po3poOii maTemaTuy-
HOrO amapary Juis ONHCYy TakuX  MoJelnei
npucBsideHa HHU3Ka poOit. Halipo3moBcromkeHi-
IIMMH, SK TPaBWIO, IISIMHU MPOIIECiB KepyBaHHS €
abo TaciHHS KOINMBHHUX IpoleciB, abo miaTpuMKa
ABTOKOJIMBHOTO PEXHUMY IMPOTITrOM, IO HaiMeHIIe,
JIOBTOTO Tiepiony vacy [1, 2].

© 10.B. Jloseiikin, A.B. Cykperna 2018
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2. [TocranoBka 3ajaui. HeIKCOBAaHUM 1  3aJIGKUTh  BiI  KepyBaHHS

PosrmsimatiMemMo cucteMy, IO CKIQJAETHCS 3
nBox Til. OmHE TIIO MOXE pPYXaTHCh B3JIOBXK
TOPU30HTANIBHOI OCi, Jpyre TiIO 3akKpiljicHe Ha
MiZBICI J0 TMEpIIOro 1 SBJISAI0 COOOI MAasTHHUK.
EBourontiss Takoi ABOMAacoBOi CHCTEMHU OIKMCYETHCS
CHCTEMOIO JIBOX JH(epeHIialbHUX PIBHSIHD JAPYTOTo
MOPAAKY

mx = F, _mz%(xl —x,)— F, signX,

(1)

X, =§(x] —X,),

Ie
BITHOCHO TOPU30HTAJIBHOI OCi, Y3J0BXK SKOI 1I€ TLIO
MOXXE pYyXaTHCh, X, — IOJIOXKEHHS APYroro Tiia

X, — BH3HaA4a€ IIOJOXCHHS IIEpHIOro Tina

BIZIHOCHO Ti€T % FOPU3OHTAIBHOIL OCl, 7, M, — MacH
MEepIIoro i Jpyroro Tl BiAMOBIMHO, / — JOBXHHA
HiJBICY Ipyroro Tiia a0 mepumoro, F. — cuia onopy,
110 JIi€ Ha TepIie TUI0 i Yac HOoro pyxy yHacmiiok
30BHIIIHIX (aKTopiB, F,
CIPUYMHSE PyX IEPIIOrO Tilna Y3J0BXK TOPH30H-
TaJbHOI OCI, 1 3MIHIOETHCS Y 3aIaHUX MEXKaX

— 30BHIIIHS CHJIA, IO

Fp e[_Fpmax 3Fpmax]3 (2)
F,max — CTala, sika 3aJa€ MaKCHMajbHy PYLIIHHY

CHUIy, IO MOXE JAiSTH Ha Iepiie Tito, g — cTajia
MPUCKOPEHHS BUTBHOTO TIaIIHHSL.
Ipu pyci mig giero cum F, Ha mepiue Tino

JIBOMACOBOi CHUCTEMH, IO PO3TIBIIAETHCS, 31 CTaHY
CIIOKOIO Yy il CHCTeMI MOXKYTh BHHHMKATH KOJIMBHI
MPOIIECH, CIIPHYMHEH] JIPYTUM TiJIOM CHCTEMH, SIKE
3HaXOJAUThCS Ha Mi/Bici 1o mepmoro Tina. Kepyroun
F

po
MpolecaMy y CHUCTeMi 1, HaBiTh, JOCATTH IMPHUITH-
HEHHS KOJHMBaHb, IEPEBIBIIM CHUCTEMY 10 PIBHO-
MIpHOT'0 PyXY 3 JESIKOIO JI0IATHOIO IIBUAKICTIO.
PosrmsimaTiMemo mporiec pyxy po3TIIsiyBaHOI
JIBOMAcOBOi CHCTEMH 31 CTaHy CIIOKOIO JI0 PiBHO-
MIpHOT'0 PyXy 3 JOJAaTHOI HIBHJKICTIO, BUOMPAIOUH
KepyBaHHs  30BHINIHROK  CHJIOK  Tak, 1100
SKHAWIIBU/IIE TPUIHUHATH KOJHMBHI TIpOIECH Y
CHCTEMI.
Takum 4YHHOM, TpOLEC, MIO PO3IIIAIAETHCS,
omnucyeThes cucteMoro (1) 3 kpaltoBUMH yMOBaMU
%(0)=x,(0) =0, %,(0) = x,(0) = 0;
(1) =2,(T) =0, () =1, (T) = v,
X(T) = X,(T),

ne v, >0 — 3ajgaHa HMBUAKICTH SIKOI CHCTEMa Mae

CHJIOIO MO)KHAa  KEpPYBATH  KOJMBHUMH

€Y
4)

nocsart, T >0 — KIHIIEBUM MOMEHT 4acy, AKUH €

31

30BHIIIHBOK CUJIOK0 Fp .

Otmxe, OynemMo poO3TIsIATH 3ajady ONTHMAallb-
HOTO KepyBaHHs, y SKid KepoBaHa cHUCTEMa
OIKMCYETHCS KPalioBOKO
3agauero (1), (3), (4), kepylouuM mapaMeTpoM
BUCTyNA€ 30BHIUHA cuma F, 3 obmactio nomy-
CTHUMUX KepyBaHb (2), 1 KpUTEpiEM SKOCTI

T —inf. 5)

Hnst posp's3anns 3anadi (1) — (5) BUKOPHCTOBY-

BaTUMEMO NpUHIHI MakcuMmymy [ToHTpsrina [8, 9].

3. OnTumaibHe KEepyBaHHHA CUCTEMOIO

Jnst 3pydHOCTI MOAANBIIOTO PO3TIISALY MOCTAB-
JIeHol 3a/1a4i YBEIeMO TaKi TI03HAYCHHS:

NW=X, ¥y =X, q=g/1>0,
F F
P
L f=r
m m
Toni epomronifiHa cucrema (1) mepenucyerbes 'y
BUTJIAII

m
p=q—=>0, f,=
m

X =n,

).52 =X . 6)
=1, —p(x—x)— f,signy,

Y =q(x —x,),

a3azada (1)—(5) —

T — inf,

X =y,

X, =,

v =1, plx—x,)— fsigny,

V2 =q(x —Xx,), @)

%(0)=x,(0) =0, »,(0) = »,(0) =0,
(1) =,(T), W(T) = y,(T) = v,
W(T) = ,(T),

Jp €S pmaxs S pmax )

=F

pmax

ne f max /my.

Ilepm HiX po3B's3yBaTH oxepkaHy 3anauy (7),
eKBiBaJIEHTHY BUXimHIH 3amadi (1) — (5), 3BepHEMO
yBary Ha ymoBy ¥,(7) = »,(T") Ha mpaBoMmy KiHIi (y
KIHIIEBHH MOMEHT 4acy). BpaxoByroun iHIII yMOBH
Ha TpaBOMy KiHI, Bigpa3dy maemo, 1o y,(7)=0.
Toni s BHKOHaHHA YKa3aHOI YMOBH IOTpPiOHO,
mo6 y,(7)=0, a ams 0bOro 10CTaTHHO BCTAHOBUTH

3HAYCHHs PYWIAHOI cumM f, y KIHLEBHI MOMEHT

gacy T pisHoto fsigny,, o610 f,(T)=f signy,.

I, sxkmo B momampmomy (s 3HadYeHb (>T)

&
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3aJMIIUTH 3HAYEHHsI pyIiiHol cuim 6e3 3MiH, TOOTO
S,(O)=f.signy, mus t>T, TO micis MOMEHTY 4acy
T onmepxwMoO pIBHOMIpDHHH pyX JBOMAacoBOl
CHCTEMH 13 3a/IaHOIO JOJATHOIO IIBHKICTIO V), .

[lpu po3B's3anHi 3ajgadi JUIT BU3HAYEHOCTI
PO3IIIAAATUMEMO BUTIQJIOK PYXy CHCTEMH 3i CTaHy
CIIOKOIO Y IOJJATHOMY HANPSMKY KOOPJIUHATHOT OCI.

3acTocoByro4H TIPUHIIUTI MaKCUMyMy
[louTpsiriHa, 3 yMOBH MAaKCHMyMy MAa€eMoO, IO
ONTHUMaJIbHE KEPYBaHHS BU3HAYAETHCS (PYHKIIIEIO

* fmax’\P3(t)>0:
f,0=1"
~f pmax» V3 (0) <0,
ne V,(f) — KoMIIOHEHTa PO3B'A3KY

PO =¥, 0),F,(0), ¥ (0), ¥, (1)

CHIpsDKEHOI cucTeMy AudepeHITianbHIX piBHSIHb

\P] =q¥;-p¥,,
\Pz =—q¥;+p¥,,
Y,=-Y%,

¥, =-%,,

SIKH# 3a/I0BOJIBHSIE YMOBU TPAHCBEPCAIBLHOCTI
F(0)=4,Y,000=4,
Y;5(0)=4,%,0)=14,,

Y (T) =25, Y, (T) = 4;,
Y, (T)=-4, Y, (T)=-1,,

ne Ag,...,A, — MHOXHHMKK Jlarpamxka y QyHKuii

()

©)

(10)

Jlarpanxa
L=2,T + %x,(0) + 4,x,(0) + 4,3, (0) + 4, ,(0) +

+A5 (6 (T) = x, (1) + A (7, (T) =) + 4, (0, (T) =)
Posg'szytoun cucremy (9), onepxyemMo

¥, (t)=—K, +K;\/p+qsin(y/p+qt) -
—K,\/p+qcos(y/p+qt),

‘Pz(t)z—KZ%— Wp+asin(p+qi)+

+K4\/p+q cos(\/p+qt),
Y. (1)=K, +K,t+ K, cos(Jp+qt)+
+K,sin(y/p+q1),
V() =(K +Kyt)q/ p—K;cos(\p+qt)—-
—K,sin(y/ p+q1),
ne K,,K,, K;, K, — noBinbHi ctami. I, BpaxoByroun
ymoBu (10), maemo K, =0.
Takum yuHOM, IJId

SIBHOI'O BU3HAYCHHA

ONITUMAJIBHOTO KepyBaHHS f; (t) (8) omepxyemo

dynxuito V,(¢) y Bursaai
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Y,(t)=K, + Kycos(\/p+qt)+ K, sin(\p+q?).

B 3anexHocTi Bij 3HaueHb KoHCTaHT K|, K, K,
¢ynkuis W,(f) Moxke, abo He 3MiHIOBATH 3HAaK Ha
inrepsani[0, 7], abo 3MIHIOBaTH 3HAK CKiHUYCHHY
KUIBKICTh pa3iB Ha BKa3aHOMY IHTEpBaJIi.

4. IToOyaoBa NporpaMHoOro KepyBaHHs

PosrinsHemMo okpema JeKiibKa BUIAJIKIB IOBeE-
ninku Qynkuii W, (f), a came, BUNAAKu, KOJIU L
(YHKIIIS| € 3HAKOCTAJION0, 1 KOJIM 3MIHIOE 3HAK.

Jdnst  CKOpOYEHHS  3alUCiB  TO3HAYMMO
u=f,— f.signy,, T0ai eBoNIOUiiHA CcHCTeMa, LIO
OITUCYE PYX BOMACOBOI CHCTEMH, NIEPEIUCYETHCS Y
BUTJIAII

x] :yla

X, =¥,,

.2 Y (11)
n=u—-pl—x,),

¥y =q(x; —x,),

a 11 (ha3oBi TpaekTOPii 3aJaFOTHCSI CHCTEMOFO
U (X, %, 11, 5,1) =
=(py +qy2)2 —2up(px; +qx,) =G,
U, (X, %, Y1, 5,1) =
=2u(x —x,)—(p+9)(x _xz)z ~-»)=G,
Us (X,%, 1,5, U) =
=arctg Jpratioy) e (27 +39) =G,
(P+@)q—x)—u  pu
ne C,,C,,C; € R — n0BinbHI cTall, sKi BU3HAYAIOTh

KO)KHY KOHKPETHY TPA€EKTOPilo, MIO MPOXOJUThH
4yepe3 KOHKPETHY TOUKY.

V curyanii, konmu ¢ynkuis V() € 3Hakocra-
aoto, To6to W4(¢) >0 , AKIIO cUcTeMa PyXaeThCs y
JNOJATHOMY HampsMKy KOOpPAMHATHOI oci, 1, Bij-
n0BiIHO, f,(f) = f, s £20, HE HpeAcTaBIAETHCA
MOXIIUBUM TIEPEBECTH PO3TIISIYBaHY JIBOMACOBY
CHCTEMY 13 TIOYaTKOBOro cTaHy (3) y KiHIEBH
ctaH (4), 00 Tpaekropii cucremu (6) HE MOXYTh
OJTHOYACHO TMPOXOTUTH 4Yepe3 TOYKH (ha30oBOTo
MPOCTOPY, SAKI 3a1aF0Th MOYATKOBUH 1 KIHLIEBUI CTaH
JIBOMAcOBOI CHCTEMHU.

Axmo dynkuis  V,(¢)
OJIep’KaHHSI KepyBaHHS 30BHIIIHBOIO CHJIO, IO JIi€
HA Tepmie TTO, 1 TIEpeBENeHHS CHCTEMH 13
MOYaTKOBOI'O CTaHy Y KIHIIGBUH CTaH JIOCTAaTHBO,
mo6 ¢ynkuis V,(f) oauH pa3 3MiHMIA 3HAK Ha

3MIHIOE 3HAK, Id

inrepsaini [0, T]. Touka mepektOYeHHST KEpyBaHHS
BU3HAYAETHCS CUCTEMOIO
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U, (X15%5, V195 Y200 11) =0,

U, (%,%5, Y195 Y20, 141) =0,

U (X155, Y105 Y2051) =0,

Uy (X, %, Yips Yaro ) = (p + Q)ng —2pu,(p+q)xr,
U (%0, Yig s Yar ) =0,

U (X1, %5, V175 Yoy t)) = (P +¢q)
ne x, X,

3/2

vy / (puy),

— MOJIOKEHHS B MOMEHT HEpeKII0UeHHS,
Vig» Voo — WBHUIKOCTI TiT 10 MOMEHTY I€peKII0YeH-
Hsl KepYBaHHS, J;,V,y— HMIBUAKOCTI TN Micas Mo-
MEHTY TEpeKIIIOUCHHs KepyBaHHs, u,,U, — KepyBaH-

Hs 30BHIIIHBOIO CHUJIOK JO0 IEPEKIIOYCHHS Kepy-
BaHHA (komu ‘W;(£)>0) 1 micns mnepexTroYeHHs

kepyBaHHs (komu W,(#)<0), x, — KiHLEeBe mojo-
KEHHSI CHCTEMH.
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5. BUCHOBKH

Y po6OTI PO3MIISHYTO CUCTEMY, 1110 CKJIaJIa€ThCS
3 JIBOX TiJ, TeplIe 3 SKHX MOXKE PYXaTHUCh B3JIOBXK
TOPU3OHTAIBHOI OCi, JIpyre — € MasTHHKOM, SKUH
3HAXOJUThCS Ha MiBici 10 mepioro tina. Jist Takoi
JIBOMAcOBOi CHCTEMH PO3TIISIHYTO PO3TiHHUH pyX 3i
CTaHy CIIOKOIO JI0 3aJlaHOi IIBHAKOCTI, a came,
PO3IIITHYTO 3a/lad4y YCYHEHHS KOJIMBHHUX IIPOIIECIB,
SIKI BUHHMKAIOTh y CHUCTEMI IICIs TOYATKy pyXy 3i
CTaHy CHOKOK. Y poOOTi, BHKOPHUCTOBYIOUH
OpUHIUN MakcuMyMy [loHTpsiriHa, TOOymOBaHO
MpOorpaMHe OINTHMAaJIbHE 30BHIIIHBOIO CHIIOK, SKa
Jie Ha Tepme TiT0 1 COPUYHHSAE PyX CHCTEMH.

[loOymoBaHe  KepyBaHHS Ma€  OAHY  TOYKY
MEPEKTIOYEHHS.
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Pozensinymo 3a0auy npo KoaueamHs 8 SA3KONPYICHOSO CMEPIHCHA NPU KIHEMAMUYHOMY HABAHMAICEHHI,
NPUKAAOEHOMY HA 0OHOMY 3 1i020 Kinyie. JJocniodiceno enacmusocmi 2ymonooiono2o mamepiany Ha npukiaoi
OYMUIKAYUYKA, 3 AKO20 CKAA0aembcs cmepicervb. Ompumani amnaimyoOHo-4acmomHi Xapakxmepucmuxu 0jist
Hanpyoicents ma oepopmayii. Ha ocnogi cxinuenno-enemenmuoi mooeni nooy0o8ano po3e'sizox zaoaui 3
BPAXYBAHHAM 8'SI3KONPYICHUX eracmugocmetl oymunxayyyka. Ilposedeni nopieHauHA npu mMpvbox pPisHUX
3HAYeHHAX memnepamypu mamepiany. Ilpoananizosano pesyromamu 32i0HO 3 KIACUYHOW MEOPIEIO
npystcHocmi, 3podieni 8iON0BGIOHI BUCHOBKU U000 NOBEJIHKU OAH020 2yMON0dibHo20 mamepiany. Ilepesipero
00CMOGIPHICHb 3HAUEHb YACMOM 015 NEPULUX PE3OHANCI8 HA OCHOBI MeOPeMUYHUX PO3PAXYHKIE.

Kniouogi cnosa: 6ymunxayyyx, 6 si3KONPYICHULL CINEPHCEHb, MEMNEPAmypa, KOMNIIEKCHI MOOYIL.

By using the complex moduli the problem on vibration of the viscoelastic rod was solved. The complex
shear and Young's moduli of a rubberlike material should exhibit the same dependence on frequency. The
viscoelastic rod under kinematic loading was considered. The properties of rubberlike materials such as
filled butyl rubber were investigated. The transition frequencies of high-damping materials occur at or near
frequencies that are normally of interest in vibration problems at room temperature. The strain and stress
amplitude-frequency characteristics at temperatures of 5,20, and 35°C were obtained. For solving the
problem a finite element model was applied. According to the theory of elasticity an analysis of the results
was done. Conclusions about the behavior of the filled butyl rubber were made. The reliability of the values
of frequencies on the first resonances was checked. Butyl rubber is essentially polyisobutylene, in which a
small proportion of the isobutylene molecules has been replaced by isoprene. Using the graphs of frequency-
response curves at three different values of the temperature were compared. The numerical results by the
general theoretical laws on vibration in damped mechanical systems were confirmed.

Key Words: filled butyl rubber, viscoelastic rod, temperature, complex moduli.

CrarTio nipeacTaBuB 1.¢.-M.H., mpod. Kyk . O.

1. Beryn SKI CTalli OCHOBOIO JUIsl iHXKeHepiB Ta (i3WKiB TpH
poOOTI 3 KOJIMBAJIbHUMH CHCTeMaMH. Lle nmutaHHs €
HaHOUIBII BaXJIMBUM JUII MOPCBKUX CYACH Ta
aepoKocMiuHMX KopabmiB. B nmamiii poborti go-
CIIJDKYIOTBCS JTUCUIIATHBHI BJIACTUBOCTI TyMOIIO-
NiOHMX MatepiajiB Ha TPUKIAIl 3alOBHEHOro Oy-
TUJIKaydyKa MpH Pi3HUX Temrepatrypax. BHyTpiniae
3aTyxXaHHS TYMONOJIOHUX MaTrepialliB OMHCYEThCS
CTalliOHAPHUMH PIBHSHHIMH pyXy. ByTmikayuyk €
KOMITOHEHTOM TBEPOT0 PAKETHOT'O ITaJINBa, a TAKOK
BiH BHKOPHUCTOBYEThCS B OyIiBENbHIN, TYMOTEXHIU-
Hill cdepax MPOMUCIOBOCTI, HANPUKIAJ JJIsI BUTO-
TOBJICHHS aHTHKOPO3iHMX, TE€PMETH3YIOUHX, TiPO-
130JIFOFOUMX TOKPUTTIB. PE30HAHCHI YaCTOTH TaKUX

JlocmipKeHHsT IUCUITATUBHMX BJIACTHBOCTEH
MaTepialiB cTajJo HEOOXiJIHUM B cydacHidl Hayii. B
Takux cdepax SK IOBITpSHA, MOPChKAa Ta aBTO-
MOOiTbHA TMPOMUCIIOBICT BHKOPUCTAHHSI B’S3KO-
MPYXHUX MaTepiayliB Ta AUCUMIATUBHUX KOMITIOHCH-
TiB 3pOOMJI0 MOXJIMBHM MpAIIOBATH HAaBITh Yy BH-
MajKax, KOJH KOJHWBAaHHS € HeOC3MEYHUMHU JUIs Me-
XaHIYHHX Ta CJIGKTPOHHHX CHUCTeM ab0 HecHpu-
STIMB] JJISL JIIOACBKOTO KOM(OPTY YH TMPOILYKTHB-
HOCTi poboTH. B maHiit craTTi MOCHiKEHHS 30ce-
peKEeHe Ha JMHAMIYHUX Ta MEXaHIYHUX BIIACTH-
BOCTSIX TYMOMNOAIOHHMX B’S3KONPYKHUX MaTepialis,
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BHUCOKOUYTIIMBHX MaTpeialliB IK OYTHIIKAyqyK BUHH-
KalTh NPUOJNM3HO HA THUX 4YacTOTaxX, SIKI 3a3BHUYAil
3yCTPIYarOThCs B 3aJa4ax KOJIMBAHHS MPH KIMHATHIMH
TeMIIepaTypi, 1 Il MepexifHi YaCTOTH € 3HAYHO HU-
MMM HDK PE30HAHCHI YacCTOTH 3BHYAWHOI T'YMH.
Po3paxyHku Oyiu MpoOBEICHI Ha OCHOBI CKIHYEHHO-
€NIEMEHTHOT MOJIEII.

2. ITocTanoBKAa 3aaayi

A
uj X
rvvy
A
[
v
<>
r
JlocmipkeHHS ~— BJIACTHBOCTEH — OyTHIIKaydyKa
MIPOBOIUTHCS Ha MPUKIIa/II CKIHYEHHOTO
npsMokytHoro crepkas  0< x </, mmpuHOIO

r=0.01M, Ta nosxunorw [ =0.2M, i3 3amaHUMHU
KIHEeMaTUYHMMU YMOBaMH Ha HOro KiHIISX:

(D

u(x) ,,=u, =0.0001m
Bytnnkaydyk € rymMmonoiOHUM MaTepiaioM.
JIoCHi/DKeHHST TTPOBOMASATBCS 4Yepe3 aMILTITYH Hall-
pyXXeHHs Ta jedopMallii, ToMy i piBHSHHS pyXy 3a-
MUCYIOThCA yepe3 aedopmMalii:

x=l"

%(EE) +Ipw’E =0 2)

ne p =1200 KI/M® — IycTuHa GyTHiIKaydyKa,

ou
_ " _ gr + g”
ox
KOMIUTIeKCHUI Monynbs FOHTa, @ — vacrora.

Toni piBHSIHHS pyXy HaOyBa€ BUTIISIILY

— nedopmaris, E=E' +iE"

™

di((E’ +iE") (&' +ie") + lpw’ (' +ig") =0 =
I

d
—[(E'e' -
- [(

3BIIKK OTPUMYEMO CHCTEMY 3BHYAMHUX IHQepeH-
[iJIbHUX PiBHSHb:
(&',&" — neBimomi)
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i(E’g’ "e")+ lpw’e' =0

dx

J A3)
—(E's"+E"s")+Ilpw’s" =0

dx

a KpaioBi ymMoBH B TepMiHax aedopmarii OymyTh
HACTYITHUMH:

e'0)=¢£'()=¢£"0)=0
e"(h)=-

Po3B's30k cuctemu audepeHmiaabax piBHAHB (3) 3
ypaxyBaHHSM KpailoBHX yMOB (4) HaCTYIHUIL:

“4)

—Epl(u "
5 E'plo
g,et’t e cos( ,2'0 o X)
gr(x) __ E"+F
—E'Plzmzx " 32 2
a2t . E'pl"ow
eE2+E2 Sln(Eer ErrZ)
+
5
—Epl(u " lCO ( )
gt " sin(ip X)
Er2 Err2
&"(x)=—
—E’plz(u2 l
e E°+E” ¢in ( ,0 ®’ )
Er2 Err2

BignosiaHo amruiiTyaa aedopmariii 0yae

£,(x) =& (x) + " (x) =

E ’pl(o2

_E,2+Euz
806

(6)

E’plz(u2 2
TEragn E”pl w
€ Sln(ErZ +Err2)
a aMIUTITyJ]a HAaNPy>KeHHST 3HAXOJUTHCS 3 POPMYITH

,ne \E\ —VJE?+E™ .

3. Po3B's30Kk 3a1a4i Ta pe3yJbTaTH

HaiiGinbin 1ikaBOl0 30HOK CTEPXKHSA € Horo
BEPXHS YacTUHA, MOONM3Y TNPUKIAIAHHSA IEepeMi-
IIICHHSI, TOMY TOYKOIO JOCIIDKEHHS 0y10 BUOpaHO

x=0.9.

BrnactuBocTi OyTHIIKaydyka OYiI0 JOCHIIKEHO
MIPH TPHOX PI3HUX 3HAUEHHSX TEMIIEPATYPH:

1) T=5C

G'=13-10" L | n:G—zl,S =
M’ G'
G"=195-107 1 | v =049,
M
i i 7 H
=2(1+v)G' =3,874-10" =,
M
" " 7 H
=2(1+v)G"=5811-10" —,
M
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ne G=G'+iG" — KOMIUIEKCHUI MOJLYJIb 3CYBY,
v —koedimient [lyaccona, 7 — TaHTeHC KyTa BTpaT.

2) T=20C
i 6 H
G'=51-10°—, n=125 =
M
G”:6,375-10"£2, v =049,
E’:2(1+v)G’:15,198-10"£2,
E"=2(1+v)G"=9,355-10° Ez
M
3) T=35C
i 6 H
G'=24-10—, 1n=09 =
M
G”:2,16-10"£2, v =049,

M
E’:2(1+v)G’:7,152-10"£2,
E"=2(1+v)G"=6,437-10° Ez

M

3aCTOCOBYIOUM METOJ CKIHYCHHHMX €JIEMEHTIB,
Oyno ToOyZOBaHO aMILTITYJJHO-4aCTOTHY XapakTe-
PHMCTHKY IS HanpyxkeHHs Ta gedopmauii npu 5°C,
20°C Ta Biznosigso 35°C.

..... T=5C
eeo T=20C
— T=35C
4
10 10
BL
6.
]
4,
2,
D-——— ==

100

Puc. 1. 3anexHOCTi aMILIITy M HANPY)KEHHs O, Bijl

gacrotd f (') mpu pi3HUX TeMIepaTypax
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3po3yminio, 1m0 3akoH ['yka mpairoe i ajs KOM-
TUTEKCHUX MOJYJIIB.

x 107

10}

Puc. 2. 3anexnocti ammiityau aepopmanii £, Bix
yacrotH f (['11) mpu pi3HUX TeMIepaTypax.

[eprri pe3oHaHCH TOCATAIOTHCS MPH HACTYITHUX
qacToTax:

1) T=5C, f =448,46 I'u

2)T=20C, f =280,89 I'u

3)T=35C, f=192,69 I'u

4. BUucHOBKH

JlocmipkeHHsT TIPOBOISATHCS MOOIH3Y BEPXHBOTO
KIHIIS CTEPXKHS, 1€ CHJIbHO MPOSBIISIOTHCS MEXaHIuHI
XapaKTepUCTUKU Matepiany. 3 rpadiky aMiIiTyqHO-
YaCTOTHOI XapaKTepPHCTHKH OayrMo, MmO 3i 30ib-
IICHHSIM TEeMIIEpPaTypy IEPIIMA PE30OHAHC J0CsTa-
€THCA MIBH/IIE, TOOTO HA MEHIINX YACTOTaX, IO Bijl-
MOBi/Ia€ Teopii MPYXKHOCTI, TaK K 31 30UIbIICHHIM
TEMIIEpAaTypH 3HAYEHHS MOAYJA HakonudyeHHs E'
3MEHIIIYEThCS, 110 BiIIOBIiNa€ 3MEHIICHHIO JKOPCT-
KocTi MaTepiany. Ham Bimomo, 1110 mipu 30UIbIICHHI
TeMmrepatypu Moaynb Brpar E"  Takok 3MeH-
IIYEThCS, IO BIANOBIAE 3MEHIICHHIO B'S3KOCTI
Marepiany. 3 aMIUIITyJHO-4aCTOTHOI XapaKTepHC-
THKH TIOMITHO, IO 3HAYCHHS AaMILTITyId HaIpy-
’KEHHA O, Ha MEPIIMX PE30HAHCaX 31 3pOCTAHHAM

TEeMIIepaTypu 30UIbIIYEThCA, & 3TIIHO 3 TEOPIEI0
MPY)KHOCTI 1€ 1 O3Ha4yae 3MEHIICHHS B'S3KOCTI
Marepiaiy.

Omxke, OyTHWIKaydyK € CTIHKAM TyMONOJIOHUM
MaTepiaJoM, a pe3ylbTaTH, OTPUMAaHi CKIHYEHHO-
CJICMEHTHUM MOJICITIOBAHHSM, TTiTBEPIKYIOThCS 3a-
TaJIbHOIO TEOPI€0 MPYKHOCTI.
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Hocnioscyemoes numanns HAOIUNCEHHA (DYHKYIU fEWr[O,l]ﬂAS,I’E(?)A) aneebpaiunumu

noatHOMaMU p, € HnﬂAS . Ilobyoosano  kommpnpuxnad,  AKuill  noKasye, wo  0ai

f eWr[O,l]ﬂAS,re(3,4) oyinka | T(X)—p,(X)|< C%(«/X(l—X))r,XE[O,l]GHeGipHOiO.

Knrouosi crnosa: nabrusicenns gpyuxyii, npocmip Cobonesa, areeopaiunuil ROJIHOM, MOHOMOHHA
Gyuxyis, (-onykia pynryis.

We discuss whether on not it is possible to have interpolatory estimates in the approximation of a
function f eW'[0,1] by polynomials. The problem of positive approximation is to estimate the pointwise
degree of approximation of a function f € C"[0,1]N A°where A°’is the set of positive functions on [0,1] .
Estimates of the form (1) for positive approximation are known ([1],[2]). The problem of monotone

approximation is that of estimating the degree of approximation of a monotone nondecreasing function by
monotone nondecreasing polynomials. Estimates of the form (1) for monotone approximation were proved in

[31.[4].[8]. In [3],[4] is consider re N,r>2. In [8] is consider r € R,r > 2. It was proved that for
monotone approximation estimates of the form (1) are fails for r > 2,r € R.The problem of convex

approximation is that of estimating the degree of approximation of a convex function by convex polynomials.
The problem of convex approximation is that of estimating the degree of approximation of a convex function
by convex polynomials. The problem of convex approximation is consider in ([5],[6]). In [5] is consider

reN,r>2.In[6]isconsiderr € R,r > 2. Itwas proved that for convex approximation estimates of the
form (1) are fails for r>2,reR. In [10] is consider reR,r>4. It was proved that for

feW'’ [0,1]ﬂA3, r >4 estimate (1) is nottrue. In this paper the question of approximation of function
f eW"[0,1](")A%r €(3,4) by algebraic polynomial p, € IT,(JA® is consider. It is proved, that for

f eW"[0,1]()A% re(3,4), estimate (1) is not true, generally speaking.

Key Words: approximation of function, Sobolev space, algebraic polynomial, monotone function,
g-convex function.

CraTTI0O TpeJCTaBUB [OKTOp (BMKO-MaTeMaTHYHHX HayK, mpodecop, akaaemik HAH VYkpainun
[Tepectiok M.O.

Hexait W'[0,1],r e N wmac dymxuiit f € C[0,1],

Beryn TaKuX, MO0 MalTh a0COMOTHO Henepepsry (I —1)
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noXimHy i ‘f(“)(x)‘sl Maibke ckpiBb Ha [0,1].
TemskoBcvkuid [1] mnst r=1 Tta [onenrays ams
re N [2] nocwmum npsimy Teopemy Hikonmbcbkoro
— TimMama JoBBIIM, MmO KOXHY  (YHKILEO
feWr[O,l] MOXKHA HAaOIMUTH  ajre6GpaiaHum

MHOIroO4JIeHOM [, cTenensi <N Tak, o

()= p, ()| < c(r)(MJr n>r (1)

n

ne C- abCcomoTHa cTaa.

DeVore ta Yu [3] noBemy, mo npu r =1,2 ormiHka
(1) cmpaBemnmBa 1 Tpu HAOIDKEHHI MOHOTOHHOI
(YHKIi MOHOTOHHAM MHOTOUYJICHOM. A came, SKIIO

dymxain  f eW'[0,1], o icnye
MOHOTOHHUII MHOTOWJIEH [, TaKHi, 10 Ma€ Micle
(1). B pobori GLSW [4] nmoBeneHo, w0 s

HaTypajbHOro I >2 omgHka (1), B3aram Kaxydu,
HEBIpHA.

MOHOTOHHa

s omyknoro HaOmmkeHHs mpu I >2,r e N
JloBeJieHo [5], mo oriHka (1) TakoX € HEBIPHOIO.
s r e R BBeaemo xnac ¢ynkiin W '[0,1], Takux,

mo D{'f aGcomorno HemepepsHa i ‘D(Lf‘ﬁl

Mmaibke ckpib Ha [0,1] (TyT Dor;lf - JTIBOCTOPOHHSI
npoooBa moximHa [1]). Bymemo mo3Hauatm depe3
I, -
cremens <N i uepes A® MHOXHHY (yHKIGH, sKi
MAaloTh OIyKJIy Bropy IEpIly MOXiIHy Ha [0,1]. B
pobori  [9] Oyno  JoBejeHo, MO  TpU
r>2,reNomnka (1) e HeBipHOIO A Kiacy
by W' [0,1]NA°,

B poboti [10] JTOBEJICHO, i pH
g=3ir>4,reR,onnka (1) TakoK € HEBIPHOIO

s knacy dymain W' [0,1]NA°,

OCHOBHUM pe3yJbTaToM pPOOOTH € Teopema, sKa
y3arajpHioe pesyisTar pobotu [10] Ha kimacu

W[0,11NA% 3 re(3;4).

MHOXKMHY BCIX anre0OpaiuHMX —MOJIHOMIB

OcHoBHHUI1 pe3yJsbTaT.

Teopema. Hexaii r e (3,4) . Tomi mist KOXKHOTO
neN icuye ¢ymus F=F  eW[0,1]NA°

3
TaKa, o I KOXKHOro MHorowiesa P, € IT, A
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abo
mH:(X)r_—p”(XM =400 ¥}
x—0 ¢ (X)
abo
il FO=R 0] @3
Xx—1 (0 (X)

ne @(X) =/x(1—X) .

Hosenenns: Hexait r € (3,4) im=[r]+1 =4 .

PosrstHeMo QyHKITHO:
Y 4 . 4 .

SO ek 7y e B gt B g et p<xsh
f0)= 13p* : 25 )

b4(x+7)+T(1+ X) 2 —T(l—x)b h<x<l

1

ne b= 5.

468n
Jlerko Oauury, 10

45p* b’

£(0)>0, f(1)<

O, F0>0,
f"(0)>0, f"())>0, f"(0)<0, f"(b)<0, f"(1) <0

i fO>0 mu xe(®1, %<0 mpu
x €[0,b].
Ocranni HEpIBHOCTI 3YMOBIIIOIOT, 1o

f ew*[0,1]NA%

Jani posrustremo ¢yrkiiro F (X) =—x'f (X)
Few [0,1]NA%
nokaxemo, mo F e A®.
F”(x)=-—(x4f”(x)+12x3f"(x)+36x2f’(x)+24xf(x))
mo F"(x)<0 <
G(x)=x"f"(x)+12x*f"(x)+36x*f'(x)+

+24xf (x)=0

Hexaii Xe(b;l].

Toni
G(x)=x"f"(b)+12x*f"(1)++36xf ' (b)+ 24xf (1)>
>b* £()+12b% £ " (1) + 36bf ' (b) + 24bf (1) >

b* -1 5 -2 25 -1
2—(225—234e )+b —26e i +228 |+

Hosenemo, 110 CrovaTtky

OueBuUIHO,

e

2
+2 *b* (624 +12480)> 0.
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TakuM YHHOM, G(X)ZO i F”'(X) <0, X e(b;l]
Hexaii Xe[O;b]. 3 oy Ha Te, 10 f'(0)<0 i
f’(b) >0, maemo, mo X, E(O,b): f’(xo):o.
Tomi Touka X=X, € TOYKOW MiHIMyMY QyHKIi
f(x).

3ayBaxumo, mo VX € [O,b]: f (X) > b*.

Takum YMHOM OTPUMAEMO OLIHKY:
G(x)=x"f"(x)+12x*f"(x)+36x*f'(x)+

6 25

+24xf(x)2xb4( 1——+—j>0 x e[0;b].
e” 4de

Mu noBenu, mo VX € [0 1] F"'( )< 0.

3
3 0cTaHHKOI HEPIBHOCTI BUIUTHBAE, 1m0 F € A”.

3a Teopemoro 2.3 B pobori [1] maemo:
) m-1 F(k) 0 .
DLFH -5 Oy
= TA+k-r)
1 ¢ F™@)
r(m-r)g (x—t)™*
3 FY0 £
k:01“(1+k—r) F(4 r)0

maibke ckpi3b Ha [0,1] .

Tak sx F(k)(O):O mpu k =0,1,2,3, to
) 1} F“
DO+F(X): (|23
T(@-r)d (x—t)
maibke ckpizs Ha [0,1] .
110 dc>0,ceR
vx e[0,1]:] F(“)(x) |<c. Toni
¢oodt
o= r(4— )J(x n=
o ox c
r4-rd4-r (A-nr@-r)

Takum uwmnoM, Dy, F(X)icHye maibke ckpisb Ha

OueBHUIHO, Taka, MIO

| Dy,

[0,1] . OueBuHoO, 1m0
)
r@-r)s (x—1t)?
Oyne aOCOMOTHO HeTepepBHOI. TakuM YHHOM,

F eW'0,1]NA°.

Dy'F (9 =
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Hexaii icuye Muorounen ¢, € A® i 1y sikoro ymosa

(2) ve Bukonyerbcs. Tomi, ams mesikoi crtaynoi B
MaeMo:

| F(X)—q, (X) < Bep' (x) <Bx"?,0<x<b.
dy(0)=F(0)=0 i

Toni MHorowseH (),

3Bigcu
q,0 =F0) = .
Bursan  Qy (X) = X* - th (),

crenend < N;,N, <N.
Po3rismaeMo MHOro4JIeH

BHUIUIMBAE, 1o

Mae

Ie th MHOTOUJICH

( )

Gy (X) =0y (¥) + F'(0)x+ f (0) —x* 19O

[Momirumo, MmO ymMOBa IImM_wHe
x—0 [0 (X)

uxonyetses i Gy, (0) = f(0), 4, (0) = f'(0).

Takox 3a3HaYMMO, 1110 Gy €A’ i

f eW4[0,l]ﬂA2.
Sk 6ymno mosexeHo B [5], |qN (1)|¢ f@) , a came
F( <[ay @)

Jami posrisiHemo:

( )
qy@ =0y @+ '(0)+ f(0)- |
[puryctimo, wo ¢, (L) =—-1(1).
Tomi
dy (0)
qy@=-f@+ f'(0)+ f(0)- 19O |
: Iq ()I
>f) e -2f@Q)+ f'(0)+ f(0)—
3 " 4
b 1081, [ (0) ol 130 e o
12 24 2
_b_3+&£b4 13b4 2_E+4_M>0
12 24 2 2

O4eBHUTHO, MAEMO CYTIEPEUHICTD.

Taxum unrom Oy (D) =—-f () =F(@).
Teopema noBeneHa.

3ayBakeHHS.

HacrpaBzi, Oyno [0BeleHO, IO SKIIO Mepiia
DIBHICTh HE BHKOHYETHCS, TO F(l);th (1)

AHajNoOriMHO, SKIIO Jpyra HE BHKOHYETHCH,

F(0)=aqy(0).

TO
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BucHosku.

Y pobori moOymOBaHO  KOHTPNPHKIAN,  SIKHHA

nokasye, mo omiHka (1) He MoXke OYTH TIONIMPEHA HA
xnac pynkmii f eW' [0,1]ﬂA3,l’ 6(3,4).
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Oco01MBOCTi MOTOKY PiAMHHU KPi3b Properties of the fluid flow through
HHJTTHAPUYHI TOPOKHUHHU cylindrical cavities

KuiBchknii HamioHanbHUN yHIBEpCUTET iMeHi Taras Shevchenko National University of Kyiv,
Tapaca IlleBuenka, 03680, m. Kuis, mp-T. Axan. 03680, Kyiv, Acad. Glushkova av., 4-¢,
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Hocnionceno meuito 6’s3x0i Hecmuciugoi piounHu y YUTIHOPUYHOMY KaHAAl 3 080MA NOCHIO06HO
po3mawioganumy  diagpasmamu HA OCHOBI HUCETbHO20 PO36 S3aHHsA HecmayioHapHux pisHaHb Hae'c-
Cmoxca. [lokazano, wo npu nesnux napamempax meuis piounu 6 obracmi Mmidc OJiagpazmamu
HecmayioHapHa i Xapakmepuzyemovcsa HAAGHICMIO HECMIUK020 3CY8HO20 WApY, Y AKOMY YMEOPIOEMbCA
NOCAIO06HULL PSI0  KIIbYesUX 6UXOpie, WO SUKIUKAIOMb CMIUKI NepioOudHi A8MOKOIUSAHHS NPOPINo
weuoxocmi 6 omeopi Opyeoi Oiaghpacmu. Ilpu He3MIHHUX 2eoMemPUYHUX NAPAMEMPAX NOPOICHUHU MIdiC
olaghpazmamu MONCIUBE 084 CMIUKI PEXHCUMU ABMOKOAUBAHb 3 pIsHuMU uacmomamu. Lfi xonusanms
Xapakmepuszyomscsa npakmuino cmanum uuciom Cmpyxana 3i 3minoro uucna Petinonvoca. B 3anescnocmi
8i0 diamempy NOPOHCHUHU MONCYIMb BUHUKAMU MPU PEHCUMU ABMOKOIUBAHD.

Kniouoei cnosa: yunindpuuna noposicHuna, Kanan 3 oiagpazmamu, 6UXposi CpyKmypu, dgmoKOIUBAHHS.

The flow of viscous incompressible fluid in a cylindrical duct with two serial diaphragms is studied by
the numerical solution of unsteady Navier-Stokes equations. The discretization procedure is based on the
finite volume method using the TVD scheme for the discretization of the convective terms and second order
accurate in both space and time difference schemes. The resulting system of non-linear algebraic equations
is solved by the PISO algorithm. It is shown that the fluid flow in the region between the diaphragms is non-
stationary and is characterized by the presence of an unstable shear layer under the certain parameters. A
series of ring vortices is formed in the shear layer that causes stable periodic self-sustained oscillations of
the velocity profile in the orifice of the second diaphragm. Two stable modes of self-sustained oscillations
with different frequencies are possible with constant geometric parameters of the cavity between the
diaphragms. These oscillations are characterized by an almost constant Strouhal number with a change in
the Reynolds number. There can be three self-sustained oscillation modes depending on the cavity diameter.

Key Words: cylindrical cavity, duct with diaphragms, vortex structures, self-sustained oscillations.

CrarTio penctaBuB 1.¢.-M.H., ipod. XKyx .0.

1. Beryn teopeTnaHOMY. CTpPIMKHI PO3BHUTOK KOMIT FOTEPHOL
TEXHIKM Ta YHUCEIbHUX METOMIB A€ MOXKIHBICTH
JMOCTIKYBaTH JaHy Tpo0ieMy 3a JOMOMOTOMO
YUCEThbHUX EKCIIEPUMEHTIB, 30KpeMa 1 MpsMOro
YMCENFHOr0 MoeIoBanus [4,5].

Meroro gaHOi poOOTH € IOCHIHKEHHS Tedil
piIMHM B HamiBHECKIHUEHHOMY IIWTIHIPUIHOMY
KaHaJgi 3 [JBOMa [IOCTIOBHO pO3TAIIOBAaHUMH
miadparmMamMu TIpU PI3HUX JiaMeTpax TOPOXHUHH,
yTBOpPEHOI  muMH  jgiagparmamu, a  came:
MO/IEITFOBaHHS BiITOBIIHUX TPOIECIB Ta YNUCENbHUN
PO3paxyHOK, aHalli3 CTPYKTypH MOTOKY B 00iacTi
MDK miagparmMamMu 1 BU3HAYEHHS XapaKTEPUCTUK
ABTOKOJIMBAIGHUX TIPOIECIB B  3aJIEKHOCTI  Bif
BiJTHOIIIEHHSI JiaMeTpiB IOPOXXHUHU Ta OTBOPIB
niadparm.

Tedist pimuHM 49U ra3y B HEPEryIIpPHUX KaHAllaX
BIIPI3HIETBCSA CKJIQJHOK HEOAHOPITHOK CTPYKTYP-
poro i Moxke Oyru HecrarioHapHoro. [Ipu meBHHMX
YMOBax II€é MOXK€ TIPHU3BECTH J0 BHHHUKHCHHS
aKyCTUYHUX KOJWMBaHb. TakWMH SBUIIAMH I[iKaB-
NATBCS BXKe naBHO, me y 1854 pomi 3oHmxayc
criocTepiraB BUHUKHEHHS TOHAJIBHOTO 3BYKY MU
HaTiKaHHI CTPyMEHs Ha KPYrOBWI OTBIp B IUIACTHHI
(hole tone) [1]. ¥ npyriit momoBuHi XX CTOMITTS
BiTHOBITIOIOTHCSI OITBII JI€TaNbHI €KCIIepUMEHTAbHI
JOCIIDKEHHS TTOII0HIX CUCTEM, 30KpeMa i TIOTOKIB Y
KaHajaxX 31 3By)KeHHsMH, Hanpukiaza [2,3]. B nHam
Yyac JaHid mpoOiieMi TaKOX NPUIISETHCS 3HAYHA
yBara SIK B EKCIIEpUMEHTAJIbHOMY IUIaHi, Tak i B
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2. IlocTaHoBKAa 3agaui.

Posrmsimaerbest  Tewis  pigMHM Y HamiB-
HECKIHYCHHOMY IWIIHAPUYHOMY KaHali 3 ABOMa
MOCIIOBHO PO3TalIOBaHUMHU Hiapparmamu. [lpu
IbOMY IOPOXXHHMHA, YTBOpPEHA HiadparmMamu, Moxe
HaOyBaTH pi3HOrO niamerpy. B moB310BXXKHBOMY
MepeTHHi KaHaIly KOHTYpH JiadparM B OKOJIi OTBOPIB
MaioTh ¢opmy miBkona (puc. 1). BBaxkaerbes, mo
MOBEpXHI KaHaly Ta JiapparM Hepyxomi W
abcomroTHO >KopcTki. Tediss poO3rIsAaeTbcs NpPU
HIBHJIKOCTSIX 3HAYHO MEHINUX 32 HIBUJKICTH 3BYKY B
cepenoumii. [loTik pigMHK 3 TYCTHHOIO P
MOTPAIUISIE B PO3PAaXyHKOBY 00JIaCTh 3 PiIBHOMIPHOO
mBHaKicTio V, depes niBy mexy X=0,0<R<D,/2
Ta mokupae 1i 4epes mpaBy X=L,0<R<D,/2.
Takok TpUIIYCKA€ThCS, MO PyX PIIUHA B
MOPOKHUHI MK JiapparMamu € OJM3BKUM 710
OCECHMETPUYHOr0, Ha 10 BKa3ylTh EKCIEpUMEH-
TaJIbHI1 JOCIIIKEHHS.

R* L L2 Lz I2
Iy ) ] J‘_ 1
— ], a
} L_' D2| | Ds oz L.
h — —»H —bf-'v 3
SO
| I
vy |
" L |
Puc. 1. I'eomerpis 3amadi
3HAYCHHS TEOMETPUYHUX TapaMmeTpiB It
oOuncnenb obuparotbes Takumu: D, =6.35MmM,

D,/D,=816, L,/D,=1, L,/D,=6. Bennuuna

Iiamerpy
00HpaeThCs

MIXK nmiaparmMamMu
D,/D, €[1.29,16.32].
Po3mip obmacTti Bropy 3a MOTOKOM BiJl MepIIOi
niapparmMu L,/D, =12, s3aragpHa JOBXHHA

pospaxynkoBoi obnacti — L/D, =92. Kinematnuna

MOPO’KHIHU
3 Jiama3oHy

B’s3KicTh cepenosuma v =1.5-10" m?/c Bixmosinae
B’SI3KOCTI MOBITps npu Temneparypi 20°C.

Bimomo, mo po3mipu mKepen 3BYyKy, IO
MTOPOKYETHCS TTOTOKOM, TOOTO po3Mipu miadparm
Ta TMOPOXHUHU MK HUMH, — MaJli B TOPIBHSHHI 3
JOBXKUHOIO 3BYKOBOT XxBuii [2]. Tomy mpuiimMaroTscs
HACTYIIHI  TIMOTE3W:  MOTYXKHICTh  30YIKEHUX
MMOTOKOM aKyCTHYHUX KOJNHMBaHb € 3HAYHO MEHILOO
3a MOTYXHICTh CAMOTO MOTOKY, 1 IOPOUKEHUH 3BYK
HE BIUIMBA€ Ha HWOro xapakrep. Y 3B’A3Ky 3 LUM
3ajada pO3B’SI3YyETbCS B MEXax Mofedi B’S3KOi
HECTUCIUBOI PIUHH.

OCHOBHMM  MapaMeTpoM
Peiinonbca, SIKE MOXKHA

3amadi €
BU3HAYUTU

HYUCI0
SAK
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Re=V,D,/v, nme V,
oTBOpax niadparMm, ocepeiHEHa MO IOMePEeUHOMY
neperuHy. Tomi MacmiTaboM JOBXKHHH € JiaMeTp
otBopy Aiapparmu D, , mBHAKOCTI — MBUAKICTE V, ,

- IHBI/II[KiCTL IIOTOKY B

yacy — BenmuuuHa D, /V,, a macmrabom THCKYy —

MOJIBOEHUH IIBUIKICHUH HaItip sz2 .

B Mexax npuiHATOI MOZIENI IPOIIEC OMUCYETHCS
CHCTEMOIO HecTalioHapHuX piBHsSHL HaB’e-Crokca,
o B 0e3p0o3MipHUX BEIMYMHAX Y BEKTOpHIH (opmi
MalOTh BUTJISI

ou 1
= +(U-V)U=—AU-Vp, 1
ot ( ) Re P @)
V.-U=0, 2)

Je p — ckamspHe nose TUCKy, U — BEeKTOpHE moie

MIBUIKOCTI.

KpaiioBi yMOBM Ui IIBUAKOCTi: PIBHOMIpHHIA
MOTIK Ha BXOJAI B PO3pPaxyHKOBY 00jacTh, yMoBa
NPUJIATIAHHS Ha TBEPJHX MOBEPXHSIX, PIBHICTH HYIIIO
HOPMaJIbHOTO TPAJIIEHTY Ha BUXOJ1 3 PO3PaxXyHKOBOI
obacrTi:

ou
U|X:0 =(V,,0,0). U|z =0, —| =0. (3
OX [yt
Jst  THCKy — 3amaeTbecs  PIBHICTH  HYITIO
HOPMAJILHOTO  TpaJicHTy  Ha BCIi MEXI

pPO3paxyHKOBOI 00JacTi OKpiM BHXOAy 3 HeEi, e
00HpaeThCS MOCTINHUH THCK:

0 0
P—o Pl —o p_ -0 @)
OX|y_o onls
B MOYaTKOBUH MOMEHT CcepesioBUILE
3HAXOMUTHCS Y CTaHi CIIOKOIO:
Ut=0)=0, p(t=0)=0. (5)

3. UncenbHUI aIropuT™M po3B’sI3aHHA 3a71a4i.

Po3B’si3aHHS TOCTaBIIEHOI 3a7a9i TPOBOIUTHCS
YHCEIBHO 33 METOAOM CKIHYeHHUX 00’€eMiB.
Bracnimok mnpumymieHHS IIOIO0 OChOBOI CHMETpii
MOTOKY B SKOCTI pO3PaxyHKOBOI 00NacTi mpuiima-
€THCSI TIOJIOBMHA ITOB3JIOBXKHBOTO TEPETHHY KaHAIY.
Jus  guckperwszanii - o0acTi BUKOPHUCTOBYETHCS
HEOPTOrOHAaJbHA OJOYHO-CTPYKTYpOBaHa CiTkKa 3i
3TYIIEHHSIM BY3IiB B OTBOpax fiadparM Ta mpH
HaOMMmKeHHI 10 iX  moBepxoHb.  KimbkicTh
KOHTPOJIBHUX  00’€MIB  B3JIOBX  IIONEPEYHOTrO
nepetuHy niadgparmu — 82 3 HaliMEHIINM KPOKOM

Gins mosepxHi — 3.2-107° M, 3arajbHa KilbKiCTh
00’emiB 3MmiHIOBanach Big 149234 po 216976 B
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3aJIOKHOCTI  Biff  JlaMeTpy TOPOXKHHHH MK 4. Anani3 pe3yJbTaTiB 004UC/IEHb.
niadparmamu. .
Hdns po3paxyHKy o00’€MHUX IHTerpaigiB mo . B p OGOTI, [11] . Oyno mokasaHo, 10 Tipu
BIIHOIICHH1 M1aMCTPIB IIOPOXXHHMHU Ta OTBOPIB

KOHTPOJIBHOMY 00’€MY 3aCTOCOBYETHCS y3arajbHeHa
nporeaypa ["ayca. s inTepronsiii KOHBEKTUBHUX
4IieHiB BUKOpUCTOBYeThcs TVD (opma neHTpanbHo-
pi3HMIIEBOI CXeMH Ui BEKTOPDHOI'O OIS 3
oOMexxyBadeM MOTOKy Tuiy Sweby [6]. Hopmainbhi
IpaiEeHTH MIBUAKOCTI Ha TIOBEPXHI EJIEMEHTIB
OOYHCITIOIOTHCS 31 3HAYCHD IBUJKOCTI B LIEHTPOIIax
CYCIIHIX KOMIpOK 32 CXEMOIO JpYroro mopsaky. Ha
HEOPTOTOHAJIBHUX  JIUISHKaX CITKH  BHUKOPUCTO-
BYETBCSI TIpolleypa KOPeKIlii MOXHOKH, BUKIHMKAHOT
HeopToroHanbHicTIO [7]. B skocti  cxemu
JUCKpETU3allii MOXimMHOI 32 YacoM OOHMpaEThCS
HeslBHA TPUTOYKOBA HECHMMETPUYHA CXeMa JIPYroro
MOPSIZIKY 3 PI3HUIISIMU Ha3a]l.

3B’s3aHUI PO3PAXYHOK TOJS IIBUAKOCTI 1 TUCKY
MPOBOAMTRC 3a JgoroMororo mpomexypu PISO [8].
Jnst po3B’sizaHHS OTPUMAHOI CHUCTEMH JIiHEapH30-
BaHUX aJreOpaidHUX PIBHAHb BHKOPUCTOBYIOTHCS
iTepamiiiHi po3B’sI3HUKH, 1110 MOOYI0BaHI HA OCHOBI
METO/Iy CIPSDKEHUX/OICIPSIKEHUX TPaji€HTIB ISt
CHUMETPUYHUX T4 aCUMETPUYHHUX MaTpHIlb. B sikocTi
nepeqoOyMOBIIEHHsST  00paHO  CHpOILNEHI  CXEeMH
HernoBHOI (hakTopm3allii XoJelbKOro Ta HEIMOBHOI
LU-daxTopu3zarii TUTS CUMETPUIHHX i
aCMMETPHYHUX MAaTPHI BiamosigHo [9].

3agada po3B’SI3yETHCS 3a TOTIOMOTOI0 0i0IioTeK
Tynmookcy 3 BigkputuM kogoM OpenFOAM 3
BUKOPUCTAHHSM  OOYMCIIOBAIBHUX  TOTYKHOCTEH
komiiekcy CKIT Iacturyry xiOepuermku HAH
VYkpaiam. g posmapaientoBaHHS — OOYHCIICHB
BHKOPHCTOBYeThCS TexHomoris MPI ta wmeron
JCKOMITO3uIii 00jacTi po3e’s3ands  [8]. bBimbin
JICTAbHO AQJTOPUTM YHUCEITBHOTO PO3B’sI3aHHS Ta
OOTpYHTYBaHHA BHOOpPY BIiJNOBIIHWUX  METOIIB
po3ristHyTO y poboti [10].

3 MeToI0 KOHTPOIIO TOYHOCTI OOYMCIIEHB IOJe
MIBUAKOCTI YHCETBHO IHTETPYETHCS MO TOMEPEYHIX
nepernHax orBopiB amiapparm S, (x=L +L,/2,

0<R<D,/2) ta S, (x=L+3L,/2+L,,
0<R<D,/2). 1Ile no3Bomsie  KOHTPOJIOBATH
TOYHICTh  BHUKOHAHHS  YMOBH  HECTHCIUBOCTI

CepeNoBHIIa, IKYy MOXHA ITOIaTH y BUTIISAII

4[U,ds— 7D}V,

Si

<3, i=12. (6)

DV,

Jnis pe3ynpraTiB, NpEACTaBISHHUX Y NaHid poOoTi,
BiTHOCHA NOXHOKa O HE IMEePEBUIILYE 3.3-10°2.
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niapparm pisHomy D,/D, =8.16 B niama3oni uncen
Re €[2687,4228]

obmacti Mikx miapparMamMd € HeCTal[iOHAPHOIO.
BceraHoBmoeTbcs  UMPKYISLIRHUNA — pyX,  SKHH
MIEPEHOCHTh YaCTHHY KiHETUYHOI €Heprii cTpyMeHs 3
obmacti OTBOpPY Jpyroi miagparmMu Bropy 3a
notokoM. Ha Mexi cTpymMeHs Ta MDOPOKHUHH
YTBOPIOETHCS KIUTBIEBHI 3CYBHHH IIap, y SKOMY
BUHHUKAE TIOCIIIOBHUIA Psifl KUIBIEBUX BHXOPIB, IO
BUKJIMKAIOTh aBTOKOJMBAHHS TPOQUIIO TTOB3OBXK-
HBOI mBHAKOCTI ToTOKy U, B oTBOpi japyroi

niapparmu S,. Ha puc. 2 300paxkeHo moie 3aBHX-

Petinonsaca TEYis pIOTUHA B

X

PEHOCTI B TIOB3JIOBXXHBOMY MEPETHHI KaHaly Ipu
Re =3946 3 wacrororo komuBanp f; =772.4 I'm. Li

ABTOKOJIMBAHHS MOXYTh OYTH JDKEpeIoM 3BYKY B
KaHaJli Ta Jat0Th 3MOT'Y OI[IHUTH HOT0 YacTOTYy.

x10%(c™)

l4

2

Puc. 2. Tlone 3aBuxpenocri npu D, /D, =8.16

Takoxx Oyig0 OTpUMaHO 3aJEXKHICTh YHCIA
Crpyxamst ~ St= fD,/V, KOIIMBaHb  TPOQLIIO

nmoB3A0BXKHKOI mmBHAkocTi U, B oTBOpi apyroi

miadparmu S, Bix umcia Peifnombaca Re (puc. 3).

X

[Ipu uncnax PeitHonpaca Oinpmmx 3a Re~3312 B
MaHii chcTeMi MOXIHBI JBa CTidKI pEXHMHA
aBTOKOJIMBaHb 3 PI3HUMH dYacToTamu. [lpm mpomy
o0uIBa pEKHMH XapaKTEPH3YIOTHCS IPAKTHIHO
cramumu ynciaamu Crpyxans St; €[0.518,0.531] Ta
St, €[0.579,0.591] 3i 3miHO0 umcna Pefinombica
Re. Ilpu wuwmcnax PeliHonmpaca Outbmmx —3a
Re ~ 4228 BHacnifok necrabinizarii IUPKyIAIiTHO-
TO pyXy aBTOKOJHMBAHHS CTalOTh 0araTo4acTOTHUMH
1 XapakTep 3ByKy HaOIMKA€eTHCsI 1O IIyMOBOTO.
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St

0.60 | | |

0.58 L e .-—JL = Sty
0.56

0.54

O.SZ*L*#ﬂ—T—T;FP“’* — * St

Re
2750 3000 3250 3500 3750 4000 4250
Puc. 3. Yucno Crpyxansa St xomuBanb U, B

neperuHi S, sk QyHkuis uncna Peifnonbaca Re

PosrnsiHeMoO, sk 3MIHHTBCS TTOBEIIHKA CHCTEMHU
MpH 3MiHI JiaMeTpy MOPOKHUHU MiX giadyparmMamu
s punanky Re =3946. [pu 30inbieHHi giamerpy
no D,/D, =16.32 Benukuii KigbleBHil BUXOp OLIs
npyroi miagparmMu Tak caMoO SK 1y BHIAJAKY
D;/D, =8.16 po3imuproeThCst Ta 3aiiMae  Ioio-
XKEeHHsT B TIUOWHI mopoxHuHH. [lpuw 1BOMY, BiH
3aiiMae OUIbIIE MPOCTOPY IO JOBXKUHI MOPOKHUHH.
YacTtora yTBOPEHHS BHUXOPIB y 3CYBHOMY Iapi

1 =775.7 T'n TNpakTHYHO HE 3MIHIOETbCA 1
BIJIIIOBIIA€ TIEPIIOMY PEKUMY aBTOKOJIMBAHb.

BHaciiok 3MEHIIEHHS JiaMeTpy HOPOXHUHH
no D,/D,=5.44 Buxop Oins ampyroi miapparmu
TaKOK 3MEHINYETHCS B PO3MIpI, & HOro 3aBUXPEHICTh
30inbmyeThest  (puc.  4). BomHowac BiH  He
CTa0lUII3yeThCS OCTATOYHO Ta HE PO3MIUPIOETHCS
BIIMO TIOPOXKHUHM, a 3aJUIIAETHCS OJM3BKO 10
CTpyMeHs. 3 HOro TMOBEpXHi MEpioJuvHO 3pHBAIO-
ThCSL 00’ €MH PIIUHY MPOTHIICKHOT 3aBUXPEHOCTI, K1
Jaji pyxaroThCs MPOTH MOTOKY. YacToTra KOJMBaHb

1 =759.2 Tu B 1bOMy BHINAAKY HECYTTEBO
3MEHIIY€EThCS, IO HE BIUIMBAE HA XapaKTep MOTOKY.

x10%(ch)
3.0

1.5

-1.5

= -30

Puc. 4. ITone 3aBuxpenocrti npu D, /D, =5.44

Ane mpu HEBEIMKOMY 3MEHIICHHI AiaMeTpy
nopoxunan 10 D, /D, =5.1 BinGyBaerscst crpubok
4acTOTU JO JPYroro peXuUMy aBTOKOJIUBAaHb
f, =869.4 T'u. Orxe, 3pocTac 4acToTa 3HECEHHS
BUXOpIB y OTBip nHiadparMu, BHACIiOK YOro
30ypeHHsI B OKOJIi OTBOPY CTaloTh MeHIUMH. [loTik
eHeprii B LMPKYSIIIHHOMY pyci crae Oilbl
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PEryJIIpHUM 1 BETUKUN KUTBIIEBUNA BUXOP PO3IIUPIO-
€ThCS BIIMO TOPOYKHUHHU Ta CTabimi3yeThes (puc. 5).

x103(c?)
3.0

1.5

Puc. 5. ITone 3aBuxpenocri npu D, /D, =5.1

[lpu 3MeHIIEHHI giaMeTpy TOPOXXHUHU [0
D,/D,=3.74  crpykrypa  HOTOKYy  CYyTTEBO
3MIHIOETBCA. Y 3B'S3Ky 31 3MEHIICHHSIM JiaMeTpy
MOPOKHUHHU BEJIMKUN KUIBIEBUI BUXOp OIS Ipyroi
miadparmMu Ternep Oe3nocepenHbO 30YPIOE 3CYBHHIA
iap, i B HOPOKHHHI 3 SIBJISETbCS APYTHi BUXOP Ti€T
K 3aBUXPEHOCTI BHIE 3a mMOoTokoM (puc. 6). Touka
YTBOPEHHS BHXOPIB Yy 3CYBHOMY IHapi Terep
3HAXOMUThCS MPAKTUYHO OUIS OTBOPY miadparmu.
Takox BiIOYBA€THCS 1€ OAMH CTPUOOK YAaCTOTH IO
TPETHOro pexxuMy aBrokonmuBanb f, =1040 T'u. Ipu

IIbOMY aMILIITy/]a KONUBaHb mBHAKOCTI U, B oTBOpI

apyroi aiagparmMu S, 3HaAYHO 3MEHIIYETHCSL.

X 103(0-1)
3.0

Puc. 6. TTone 3aBuxpenocri npu D, /D, =3.74

IIpn 3MenmeHHi
D,/D, =2,
niadparMu, BUXOPH MPOAOBXKYIOTH 3MEHITYBATHCh Y
po3Mipi, i Apyruii BUXOp HAOIMKAETHCS 10 TIEPIIOTO
(puc. 7). Ilpore wacrora f, =1048 ' ta ammiityna

IiaMeTpy TOpOXKHUHU 0
TOOTO A0 3a0KpYIJIEHOI YacTHHU

KOJIMBaHb 3aJIMIIAI0THCA MMPAKTUYHO HE3MIHHHMU.

X 103(‘9-1)
o)

Puc. 7. TTone 3aBuxpenocri npu D, /D, =2
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I[lpu momanmpmioMy  3MEHINEHHI  JiaMerpy 0
aMIUTITyJla KOJIMBAaHb IIOCTYIIOBO CIAJA€, JIOKH 24
YTBOPECHHST BHUXOPIB y 3CYBHOMY Iapi He
HPUIIMHATHCS 31 3HUKHEHHAM LUPKYJALIMHOrO pyxy | . ~ -48
npu D,/D, ~1.29 (puc. 8). IR i
3/ 2 MMJ'MM e 72
3(c-1 T
A b
15 100 200 500 1000 2000 5000 I'm
0 a
-l k¥ '
-3.0 4
Puc. 8. ITone 3aBuxpenocri mpu D, /D, ~1.29
! -48
Omxe, MOXHa MoOyayBaTH rpadik 3aMeXHOCTI [~ ‘ | |
yucna Crpyxanst St KonuBaHb MPOQITI0 MBHIKOCTI _“'“"‘*”J"'JL%_ = . -72
U, B oTBOpi Apyroi fgiapparmu S, Bij BiIHOIIEHHS At ] s
niamerpiB mopoxHuHH 1 orBOpiB miadparm D;/D, 100- 200 300 10(? 2000 5000 TInm
(puc. 9). MoxHa BHAUIMTH TPU  PESKUMH 0
ABTOKOJIMBaHb 3 TPAKTHYHO CTAJUMH YHCIAMHU 9
Crpyxans: St €[0.515,0.528] , St, €[0.589,0.602], )
St, €[0.701,0.717] . S -48
St e — u«‘\LI_J_uPI“M‘_‘i | =72
0.75 —
0.70 g * St 1b
0.65 100 200 500 1000 2000 5000 I'm
0.60 S y-mn = St ¢ .
0.55 S Puc. 11. Cnexrpu xomusans U, B Touni M mpu a —
0.50 ———o—* ® O
: Ds/Ds D,/D,=8.16,6- D,;/D,=5.1,6- D,/D, =3.74

1 2 3 4 5 6 7
Puc. 9. Yucno Crpyxansa St xomuBanp U, B

neperuHi S, sk GyHKuis BigHomenns D, /D,

Ha puc. 11 300pakeHi THUIOBI aMIUTITYAHO-
YaCTOTHI  CIEKTPH  KOJHBaHb  ITOB3J0BXHBOI
IIBAIKOCTI MOTOKY U B TOYLl M

(x=L +3L,/2+L,,
apyroi nmiapparmum S,
aBTOKONMHMBaHb Tpu Re =3946 (Bci TOYKH TIEpETHHY
MalOTh OJHAKOBY YaCTOTy KOJHBAaHb). SIK BHUIHO 3
puc.1l,a, B cucremi MIHCHO BCTaHOBHIIUCH
MepioANYHI KONHMBAHHA 3 SCKPaBO BHUPAXKEHOIO

ocHOBHOIO yacTororo f;. Takox y crexTpi npucyTHi

X
R=0) meperuny oOTBOpY

U  TPHOX  PEKUMIB

OPYTOpSOHI TapMOHIKH, MPOTE iX AaMIUNITYAH €
3HaYHO MeHmwmMH. [Ipm 3MeHIneHHI Jiamerpy
MOPOXKHUHU MDK miadparMamMu, TICHIS TIEPIIOTO
crpubka dacrotu 1o f, ammiityna apyropsaHux
CKIIQJIOBUX  CIIEKTPY  3MEHIIYETHCS,  OCKUIBKU
BEJIMKHUI KiUTbIIEBUH BUXOp Oins npyroi miadparmu
crabimizyersest (puc. 11, 6). IMicast apyroro crpudka
yactoTd 10 f, amIuniTyna ocHOBHOI 4acTOTH 3HAYHO
3MEHIIYEThCS, @ BUIII TAPMOHIKH IPAKTUYHO HE
crioctepiraroreest (puc. 11, 6).
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5. BUCHOBKH

IIpoBeneHO dHCenbHE MOICTIOBAHHS — TEdil
B'SI3KOI HECTHUCIMBOI PIAUHA B IWIIHAPUIHOMY
KaHaJli 3 JBOMa IIOCIIIIOBHO pPO3TallOBaHUMH
miadpparmamu. [IpoBegeHo aHamiz 0CcOOJHMBOCTEH
pyXy cepemoBmiia B o00JacTi MK Iiadparmamu
3QJIOKHO BiJ BITHONMICHHS JAiaMETPiB TIOPOKHUHH Ta
orBopiB miadparm. I[lokazaHo, moO B TEBHOMY
miama3zoHi uucen PeifHombaca y 3CyBHOMY mmiapi

YTBOPIOETBCA ~ TOCIIJOBHUA PAN BUXOpIB, IO
CHPUYUHSIOTh TEPIOANYHI KOJNHMBAHHS MPODLIIO
MOB3ZOBXKHBKOI ~ IMBUAKOCTI B  OTBOpI  Jpyroi
miagparmu.

[Ipy He3MIHHMX T€OMETPUYHUX IapaMmeTpax
MOPOXXHUHU MDK AiadparMaMyd MOXKIWBI J1Ba CTikKi
PeXHMH AaBTOKOIMBAaHb 3 PI3HUMH YacTOTaMH.
OOunBa peXUMH aBTOKOIUBAHb XapaKTEPU3YIOThCS
OPaKTUYHO cTajauM uuciaoM Crpyxans 31 3MiHOIO
yucna PeliHonbaca. BecTaHOBIIEHO, IO 3a7€KHO Bij
JiaMeTpy TOpOKHMHHM MOXYTh BHHUKaTH TpH
PeXHMH aBTOKONMBaHb. lIpu TperboMy pexumi B
MIOPOXHUHI 3’ IBISETHCA APYTHIA BEIUKHIA KUTHIIEBUN
BUXOp, @ aMmIUlTyJa KOJMBaHb IOB3JOBXHbBOI
IIBUJKOCTI B OTBOpI Jpyroi miadparMd 3HAYHO
crajae.
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Bioomo, wo oOocniooicenns poss’saskie 3adaui Kowi ma xpaiiosoi 3adaui 0151 pieHAHb 3
OUCKpemHUMU NOXIOHUMU docmamHbo Oacamo. Taxooic paniwe po3ensaoanucs 0esKi NUMAaHHs 0Jis
PIBHSIHL 3 OUCKPEMHUMU MYTbMUNIIKAMUSHUMU NOXIOHUMU. B cmammi posensdaemvcsi 3a0aua
Kowi ma kpatiosa 3a0aua 0ns suwezeadanHux OUCKPEmHUX PIGHAHbL 3 NOBEPAMUBHUMU NOXIOHUMU
AK  Npo00GdceHHs Ouckpemuux noxionux. Cnio eiomimumu, w0 PpIGHAHHA 3 OUCKPEmHO-
MYTbMUNLIKAMUBHUMY NOXIOHUMU HENIHIUHI. Alle PIBHAHHA 3 OUCKPEMHO- aOUMUSHUMU NOXIOHUMU
JUHTUHI.

Kniouosi cnosa: nuckpemna aoumuna noxioHa, OUCKPEmMHA MYIbMUNIIKAMueHa noxXioud,
Juckpemua nosepamusna noxiona, saoada Kowi, kpatiosa 3adaua.

It is known that just enough investigated solution of Cauchy and boundary problems for discrete
derivative equations. It is known that solution of the Cauchy and boundary value problems for the
fractional derivative equations are well investigated. Also some problems were considered for the
discrete multiplicative derivative equations. Here we consider the Cauchy and boundary value
problems for the above mentioned fractional powerative derivative equations as a continuation of
the fractional derivatives. We should note, that these equations are non-linear as a fractional
multiplicative derivative. But fractional additive derivative equations are linear.

Key words: discrete additive derivative, discrete multiplicative derivative, discrete powerative
derivative, Cauchy problem, boundary problem.

Crartio peacTasuB A.¢.-M.H. XycaiHos [].51.

I. INTRODUCTION Multiplicative derivative and an

It is well-known that the event sometimes  uninterrupted form and the simple properties of

is discrete itself. For example, the mathematical  integral are given as uninterrupted form 3 on

model of the rabbit breeding procedure leadsto  page 4, [6] When we become a discrete

the Fibonacci sequence formulation [1]. In the  multiplication, we can illustrate the problem of
same way, the general set of the numerical establishing the general limit of the series [2].

sequence is also a discrete model [2]. These The issues for discrete-multiplicative-

models are provided with discrete additive  additive and multiplicative-additive derivative

derivatives. The general theory of these could  equations were considered in [7] - [9].
be found in the following literature [3] - [5]. As for a derivative powerative it is worth
noting that it is necessary to make a new deed

© N.A. Aliyev, N.S. Ibrahimov,
A.M. Mammadzada, 2018
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in order to illustrate it in the uninterrupted
form. Do not to avoid these difficulties to these
desires we talk about a discrete powerative
derivative. It is enough to sum this with one
inverse algebraic root deed [10].

In the case of theoretical investigation of
the issues considered in modern mathematics,
the issues are discrete for ordinary or special
derivative equations and it is possible to state a
certain judgment on solution of a discrete
problem as the obtaining system of the linear
algebraic equations are solved, the chosen step
Is approximated by zero, [11] - [13].

I1. DEFINITION
Let's look at the following equation as:

(6)")

Here {f,},n= 0 given sequence,{y,},n = 0is
the desired sequence.

{3
=fn, N= 0,

(1)

By using the definition of the discrete additive,
multiplicative and powerative derivatives:

Y= Yoot = Vs

— Yn+2"Vn+1

I
(") = Gner =y

[ {1}
)
("))
Yn+2=Yn+1
— Yn+17Yn Ynt3—Yn+2
Yn+2_Yn+1,

It then falls below (1):

Yn+1~Yn '

_ (yn+2 - yn+1){l} _
Yn+1 — Yn

Yn+2=Yn+1

Vn+3— Yn+2+(yn+2 - yn+1)fn In+1vn (2)

n= 0.

Here, if accept: n=0

Y2—yi1
Y1—Yo

V3= Y2 *(V2 — y1) £ : 3)
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If we take n = 1 in the statement (2), then we

must:

Y3—Yy2
Y2—Y1

Va= Y3 (V3 —¥2) fi (4)

By continuing this process all y, (n> 3), we
can assign trough y,, y; and y,.

I11. CAUCHY PROBLEM
Thus, as seen from (3) and (4), if

()

if we accept the terms, | mean (1) for equation
look at Cauchy problem , we obtained:

Yo =Qp, Y1 =01 , Y2 =03 ,

az—aq

V3= ap +(ap — ay) fy7°, (61)
y3—-az

Va= Y3 +(ys —az) f;77. (62)

Here in the form of y; (6,). So we have it:

Theorem 1. If the given affirmatively extent
sequences f, n>0, a; k=0,2 as the given with
constants a, # a4, and a; # a, then, (1), (5)
there is unique solution of Cauchy problem, and
this solution continuously receives through (2).
It is obvious from (6,) that if, @y # @, and
a, # a,, then y; # a, or y, # y;. By the same
rule (6,) it appears that y;.y,. If we continue
this process, V neN is y,.V,+1. Therefore, the
solution (1), (5) can be taken from (2).

Now let's try to get a general solution of the
equation (1). To do this, we use the definition
of a discrete powerative derivative:

1
C)
(Yn+1) =fn, N=0, (7)
from here also
mn (o
(62)" =% 0. @)
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In this expression, we have to give values n:
If n=0

(y((,l))m

(30) =)

if we take it (5):

(1) [] “2:“1
(") = fe, (9,)
if n=1, we obtain from (8):
()" feia
(3’2 ) =h =f° v (92)
if we continue this process:
az—aq
fa]_ ap
GOV =g =g O

Using the definition of the discrete
multiplicative derivative to this equation we
obtain:

()
yn+1 _

=gn n=0, (10)

n
Here by assigning values to n, obtained

yD

moke
yg) _
Mok

Jo,
gll

(1)

(1)
Yni1

= 9n-1.

Multyplying the expressions:

o ﬂg

= (- ) " TTkZ0 gk = hyun 2 0.

y@ =

(11)

Finally, using the definition of the discrete
additive derivative equation (11), we have to
assign values n:
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If we add on them side by side,
So we obtain:

— n—-1
hy= ap+Xy=o

Theorem 2. If the f, > 0,n>0and a; k=0,2
are the numbers given a, # a4, then there is the
unique solution of Cauchy problem (1), (5) and
this solution is in the form of (12), so that the
hs are given by (11), and by the gy (9,.).

Yn = YotXhco h,,n = 0. (12)

IV. THE BOUNDARY PROBLEM

Now let's see the boundary problem for (1)
equation:

(11 -
(%") =2 =0,y =B ym =V, (13)
if n=0, then we obtain from (8):
1] )1
GO =i — g s

Considering obtained (14) into (9,) we obtain:

(y 2(1))[ _ 1( (1))[11

By continuing this process, let's take from (8):

(yfl”)[ ]

Here using the definition of the descrete
multiplicative derivative , we obtain:

o, (15)

f{°

TLZ
n-1

Gp, (16)

D
Ynt1 —

(1)

=G,n >0, (17)
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Obtained expression (10) we have solved in

the solution of Cauchy problem, let's give
values to n:
I
W
yP ’
0]
Y2 _
@ = G1,
1
3’7(11) =G 1
I n-—
iy

Multiplying these sum exprsessions side by
side:

n-—1 -1
3 = yo’)]_[ = ]_[ s = Hy, (18)
5=0

We obtain this equation.
Finally at (18) using the definition of the
discrete additive derivative equation we obtain:

Yn+1 — Yn = Hp,n = 0. (19)
But here
Yn = Yo + Xk=0 Hy, (20)
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We acquire this expression. By using (13)
the last of the given border conditions, Let's
make the arbitrary y, constant in (20) :

m-—1
Y =Ym = Yo +2Hk,
k=0

I mean,
Yo =V — Zreo H (21)

Then from (20) (1), (3) for the solution of
boundry problems:

=y—-Y"lH

We obtain this expression.

(22)

Theorem 3. If f, >0, n > 0 is the sequence
given, o> 0, p# 0 and y are the constants,
then (1), (13) are the solution of the boundary
problem (22). Here, H;, (18) is expressed in the
form of G (16).

V. CONCLUSIONS
Thus, we recieved the solution of the
problems Caughy and boundary for third
complied  discrete  additivo-multipicativo-
powerative derivative equation.
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Ilpononyemscs modenv asmomamusayii a0anmueHo20 HeYimKo20 Kepy8aHHs B00HUMU HACOCAMU HA

ocnogi mepeoc Ilempi (MII). Ha 6a3i kpumepiie pobomu G0OHUX HACOCIE GIONOBIOHO DIGHAM 600U Y
HACOCHUX KOA00A3X chopmosari MHodcuHu nosuyiti ma nepexoodige MII. Ilpu onuci HeobXxioHoi nogedinku
cucmemu GIOHOWEHHAMU Midc nosuyismu i nepexooamu MII i3 3acmocysannsm nociku «Axwo... To...»
pospobneno anecopumm adanmayii. Ha ochosi aneopummy eusnaueni mampuyi 6XiOHUX Ma GUXIOHUX
inyuoenmuocmeil. Pospobneno epagh-modenv MIIL Bizyanizayis mooeni peanizosana y cucmemi CPN Tools.
Ilpogedeno komn tomepHi excnepumMeHmu CUMYIAYIL | AHANIZY MepediCU.

Kmiouosi cnosa: mepesci Ilempi, ancopumm adanmayii, Kepy8aHHs GOOHUMU HACOCAMU, Mampuys

IHyuOeHmuocmeu, CUMyAYis MepPedNci.

A model is proposed for automation of adaptive fuzzy control of water pumps based on Petri nets (PN).
Based on the criteria for the operation of water pumps in accordance with the water levels in the pump well,
many of the positions and transitions of the PN are formed. An adaptation algorithm is developed describing
the necessary behavior of the system by the relationship between positions and transitions of the PN using
the logic "If ... Then ..." . Based on the algorithm, input and output incidence matrices are defined. A graph-
model of the PN was developed. Visualization of the model is realized in the CPN Tools system. Computer

simulations and network analysis were conducted.

Key Words: Petri nets, adaptation algorithm, water pumps control, incidence matrix, network simulation.

CrarTio nipesicTaBuB 1.¢.-M.H., pod. Xycainos JI.51.

I. INTRODUCTION

The water pump installations are placed on the
way of drains and in places of wastewater treatment,
work on their automation is carried out. However,
changes in the rainwater runoff process make full
automation difficult. When the amount of rainwater
runoff increases, sudden water flows appear.

To prevent such phenomena, on the one hand, it
is planned to control the rainwater runoff due to
water-permeable bridges and soil accumulating
rainwater, and on the other hand- to expand the
sewage pipes, increase the number and throughput
of pumps. However, increasing the productivity of
the equipment generates new problems: due to the
imbalance between the inflowing stream and the
throughput, the frequency of turning the pumps on
and off increases and there appears a need to control
the opening of the shutter in the case of water flows

© I'yceitnzazne 11.C., 2018

exceeding the pump capacity. A control system of
decision-making and control is required which
would not depend on the individual qualities of the
maintenance staff and would ensure load reduction.

The considered system as well as the majority of
systems of a manufacturing industry is strongly
nonlinear, and, therefore, parameters of system can
experience come uncertainties. Thus, the
management of such nonlinear installations is of
practical importance. Automation of pumping
installations is an important problem due to its
extensive applications. In solving such problems,
fuzzy logic provides a powerful platform that allows
engineers to apply human reasoning to the control
algorithm [1].

Previously, many methods of intellectual control
were proposed to cope with the problem of
controlling non-linear processes, such as neural
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networks, genetic algorithms and fuzzy logic. Many
researchers have proposed various fuzzy logic
controllers to solve problems [2]. In our research we
seek to present yet another alternative method as
Petri nets.

Il. THE MAIN ASPECTS OF APPLYING
THE PN TO THE MODELING OF ADAPTIVE
FUZZY CONTROL OF WATER PUMPS

The construction of the models of the systems in
the form of PN is based on a variety of events and
conditions, as well as on some obvious cause-effect
relationships. In Petri nets, sequences of events are
displayed by transitions [3]. The fulfillment of any
condition is associated with the appearance of a
label in the position corresponding to this condition.
To improve the quality of development, verification
is used that the model satisfies the requirements
formulated in advance [4]. The PN is the integration
of a graph and a discrete dynamic system, it can
serve both as a static and dynamic model of the
object represented with it. Of no small importance is
the known advantage of these networks, the
convenience of their programming on the computer.

Definition 1. The Petri net is formally
represented as a set of the form N = (P, T, F, H, u%),
where P = {p;1, p2, ..., Pn}, n > 0 is a finite non-
empty set of positions (otherwise states or places);
T ={t;, ty,..., ty}, m >0 is a finite non-empty
set of transitions (events); F:P X T — {0,1,2,...}
and H:PxXT —{0,1,2,..} are respectively, the
functions of input and output incidents, and the view
MO:P —-{0,1,2,...} initial marking (marking each
position) [5].

The graphical representation of the Petri nets is a
bipartite oriented graph with two types of vertices.
Vertices pe P are represented by circles, and
vertices te T —rectangles. The arcs correspond to the
functions of incidence of positions and transitions.

Below we consider the features of the water
pump operation and the adaptive fuzzy control
method, which can be used for efficient automation.
The control rules are designed based on the
performance criteria of water pumps in the pump
well, which are used by a qualified worker [6]:

1. If the current water level in the pump well is high
and it is expected to increase, another pump is
turned on.
2. If the water level in the pump well is low and its
lower position is presumed, one of the pumps is
turned off.
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3. If a sudden increase in rainwater runoff is
expected, the pump is turned on urgently and a low
water level in the pump well is supported.

4. If, with increasing water flow, a conclusion is
drawn that there is no danger, the operation of the
pumps is maintained in the same regime even when
the water level rises.

5. In the case of a large influx of rainwater, the water
level in the pump well is maintained at a lower
elevation for safety reasons.

Evaluation of the water level in the pump well
and the trend of its change are different depending
on the situation with the inflow of water. To
construct a model for effective automation of
adaptive fuzzy control of water pumps based on PN,
at first structural elements of the PN are described:
All states associated with the water levels in the
pump well, taking into account the situation with
the influx of rainwater, are accepted as PN
positions. Actions related to incoming information
in the system about the situation with water inflow
are accepted as PN transitions. The links between
states and actions are accepted as arcs of PN.

To describe non complete knowledge of the
behavior of the system, the linguistic variable "water
level" and the terms of the linguistic variable are
used. The terms of a variable correspond to its fuzzy
values and are denoted by an expression
characterizing one of the states of the parameter of
the system. The values "slightly increased",

"increased", "highly increased", "slightly reduced",

"reduced", "highly reduced", "normal™ correspond to
the terms of the variable "water level”, which will
describe the behavior of the system and the desired
response of the technical object. The term
determines the degree of belonging of the data
received from the sensor to the specified area of

fuzzy values.

.
ELEMENTS AND
PN

Assume that there are 3 pumps in the pump well.
On the basis of the criteria for the operation of water
pumps in accordance with the water levels in the
pump well, which are used by a qualified worker,
many of the positions and transitions of the PN are
described:

* Positions:

pl The registration sensor has input
information; p2 — the water level in the pumping
well is slightly increased; p3 — the water level in the
pump well is increased; p4 — the water level in the
pumping well is highly increased; p5 — the water

FORMATION OF STRUCTURAL
INCIDENCE MATRICES
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level in the pumping well is slightly reduced; p6 —
the water level in the pumping well is reduced; p7 —
the water level in the pumping well is highly
reduced; p8 — the water level in the pump well is
normal (as usual); p9 — the 1st pump is turned off;
pl0 — the 2nd pump is turned off; pl1 — the 3rd
pump is turned off; p12 — the 1st pump is turned on;
pl3 — the 2nd pump is turned on; pl4 — the 3rd
pump is turned on.

* Transitions:

tl — input of data from the registration sensor
into the system; t2 — turn on the 1st pump; t3 — turn
on the 2nd pump; t4 — turn on the 3rd pump; t5 —
turn off the 1st pump; t6 — turn off the 2nd pump; t7
— turn off the 3rd pump.

Fuzzy logic allows engineers to transfer their
empirical knowledge as "If-Then" rules for the
functional block. These capabilities allow the use of
fuzzy logic in technical applications, such as
intelligent control systems, decision making and
expert systems [7].

Using the logic "If ... Then .." the necessary
behavior of the system is verbally described [8]. In
accordance the algorithm of adaptation is created.

if pland p8totl;

if t1(si) to p2;

if t1(i) to p3;

if t1(hi) to p4;

if t1(sr) to p5;

if t1(r) to p6;

if t1(hr) to p7,

if p2and p9tot2;

if p3and pl0 to t3;
if p4and pll to t4,
if p5and pl2 tot5;
if p6 and pl3 to t6;
if p7and pl4tot7,
if t2 top8and pl2;
if t3 top8and pl3;
if t4 top8and pl4;
if p5andpl2 to t5;
if p6andpl3 to t6;
if p7andpl4 to t7;
if t5 top8and p9;
if t6 to p8and p10;
if t7 top8and pll.

The relationship  between positions and
transitions is determined by the matrices of input
and output incidents. The matrix of input incidents
from positions to transitions D* and the incidence
matrix from the transitions to the positions D~ are
formed as follows:
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1000000
0100000
0010000
0001000
0000100
0000010
0000001
1000000
0100000
0010000
0001000
0000100
0000010
0000001

Dt =

01111110000000
00000001000100
00000001000010
00000001000001
00000001100000
00000001010000
00000001001000

D'[i.jI=#(pil (), a Dil=#(piO(t)), where
i=18,j=17 (8-number of positions, 7-number
of transitions). | and O — the functions of input and
output incidents. #(p;,I(t;)) — the element is equal to
the number of arcs from the i-th position to the j-th
transition. #(p;,O(t;)) — the element is equal to the
number of arcs from the j-th transition to the i-th
position.The incidence matrix is formed as follows:

D=D*- (D)
100 0 0

hmoOoococooo

ORmCPOroroococoro

OO o L RmRoOoOoOROOO
|
|

oOrRrCPCPOph gL oRrRrROCOCOOCO

|
|
==

OC O RmOCPO R Proocococo -

RO rocoroocoroo

C oo Co o

This matrix expresses the input and output
relations between positions and transitions.
Representing the positions by circles, transitions by
rectangles and the relations between them by
connecting arcs, a model is built on CPN Tools
(Figure 1) [9].
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The "si", "i", "hi", "sr", "r", "hr" chips mean the  water level in the pump well. The attributes of the

information entering the system, respectively,
slightly increasing, increasing, highly increasing and
slightly reducing, reducing, a highly reducing of the

output from t1 arcs contain the conditions, under
which the corresponding chip is selected, otherwise
the special chip Empty is selected [10].

shahla Binder 0
£
n 1= DD\
_ _ _ pli i1 1 pof
if x=si then 1" si alse é¢mpty POF
if ¥x=ithen 171 el £
B isiteltip .
1" nor
1 si+®_x) ps(@) 1 nor
17 i++
1 his INF MOR
17 sr++
1 r++ |
1hr
pl4
if x=sr then 1’ sr else\ampty
. PON
Mone
Figure 1. Graph model on CPN Tools.
In the presented PN, the following descriptions of Based on the above mentioned initial data,

the set of colors and variables are used:
Declarations
Standart priorities
Standart Declarations
colset UNIT=unit;
colset BOOL
closet INT
closet INTINF
closet TIME
colset NOR=unit with normal;
colset POF=unit with pof;
colset PON=unit with pon;
colset REAL
colset INF=with sili|hil|sr|r|hr;
colset STRING
var n:NOR;
var X:INF;
var z:PON;
var f:POF;
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machine simulations of the network were carried out.
Simulation of the model begins with the location of
the markers. On the basis of incoming information,
decisions are automatically made, the pumps are
turned on and off and the situation is normalized.

The behavior of the simulated system as a result
of the simulation is analyzed by the properties of the
PN. The developed Petri net is limited. The tasks of
attainability and liveliness for this colored CPN are
also solved, since all transitions are performed and
the network is brought to the initial state. The
network is periodic and all markings are achievable.
As a result of the simulation, the rapid adaptation of
the system to the situation is demonstrated. The
absence of dead ends shows the liveliness of the
system.

IV. CONCLUSIONS
The paper presents the principal aspects of the
developed approach. Using the method of fuzzy
control simplifies the recording of all perturbations
and the creation of the necessary set of commands
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for controlling water pumps, to maintain the required
water level.

It is possible on the model to develop
management  principles which correspond to
situations, identify shortcomings, deadlock states and
make adjustments. This will allow set up the system
at an optimal operating mode without extra costs.
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The results obtained are mainly of a theoretical
nature. Potential areas of applying the developed
approach can be found in the dispatch control
systems of the discrete events.
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B pobomi docnioocyromsbcsi OYiHKU MOYHOCME MOOENO8AHH Opob06020 OPOYHIECHKO20 PYXY 6 HOPMI
npocmopy Henepep6Hux Qyukyii. B sxocmi modeni posenidacmuvcs cnekmpanibHe npeoCHAaslenHs
0p0008020 OPOYHIBCHKO2O PYXY V 6U2NAdl 8unNAaoKosux psoie. Ompumani oyiHKu 003607A0Mb OyO0y8amu
MoOeni i3 3a0aHuMu MOYHICMIO | HAOIUHICMIO O PI3HUX NPUKIaoHux 3aoa4. Posensnymo mounicme
MOOen08anHs 6e3nocepednHbo Opoboeo2o DPOYHIBCLKO20 PYXy ma y 6UNAOKy, Koau 0pobosull OPOYHIECHKULL
PYX € 8XIOHUM CUSHANOM OJisl OOHOPIOHOI NIHIUHOI cucmemu 3 i00MOK iMHYAbCHOW QyHKYiEw. 1Ipogedero
OYIHKY OCHOBHUX NAPAMEMPI6 MOOe Ma HABEOEHO Pe3yIbMamu MOOEIIOEAHHSL.

Kurouosi cnosa: Opobosuii bpoyuiecbkuil pyx, iHOekc Xiopcma, MOYHICMb Md HAOIUHICMb MOOEI,
T'ayccosuii sunadkosgutl npoyec.

Nowadays the theory of stochastic processes is widely used in different branches of science and not only
in natural science. That's why one of the relevant problems is to build a mathematical model of stochastic
process and study its properties. The problems of numerical simulations become especially important due to
the powerful possibilities of computer technologies that allow to create software modeling tools and predict
the behavior of a random process. There are various simulation methods of stochastic processes and fields.
But in most papers dealing with the simulation of stochastic processes the question of accuracy and
reliability has not been studied. In this article this problem is investigated, it means that at first we construct
the model and then verify it using some adequacy tests.

In this paper, the estimates of the accuracy for the simulation of the fractional Brownian motion in the
uniform metrics are studied. As a model, the spectral representation of the fractional Brownian motion in the
form of random series is considered. The obtained estimates allow to construct models with given accuracy
and reliability for various applications. The fractional Brownian motion is considered as an input signal for
a homogeneous linear system with a known impulse function. The constructed model approximates the input
process with given accuracy and reliability in space C(T) taking into account output signal of the system.

Keywords— Fractional Brownian motion, Hurst index; accuracy and reliability of the model; Gaussian
random process

Crartio nipencrasus 11.¢.-M.H. Kozauyenko 1O.B.
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Beryn

B ocramHi pokM MeToAM  CTATUCTHYHOTO
MOJICTIIOBAHHS BHITAJKOBHUX TIPOIICCIB Ta IIOJIB
3HAXOMATh IIMPOKE 3aCTOCYBaHHI B  PI3HHX
MIPUKJIATHUX Tamy3saX. HaltOimbIn BUKOPUCTOBYIOTHCS
MOJIeJIi TayCCOBHX, CyOrayccoBHX, KBaIpaTHUHO-
rayccoBUX BUMNaAKOBHX mpolueciB. OcoOimBe micie
cepeq HUX 3aiiMaloTh BIHEPIBCHKHUN Ta y3arajdbHEHHUN

BiHEPIiBCbKUH BUNAIKOBHHA mpouecu (ApoOOBUi
OpOYHIBCHKHH PyX).
[lepenik ramyseit BUKOPHCTAHHS METOIIB

CTaTUCTUYHOTO MOCJIOBAaHHA BIHEPIBCHKOTO Ta
y3arajbHeHOT 0 BiHEPIBCHKOTO MpoI1ieciB
PO3IIMPIOETECS 3 KOXKHUM JHEM. Tak, Momeni
BIHEPIBCBKOTO Ta y3arajJbHEHOTO BiHEPIBCHKOTO
BUMAIKOBUX TPOILECIB BUKOPUCTOBYIOTECSI B
¢dinancoBiii maremaruui [1], mpm po3B’sI3yBaHHI
3aa4y  OOYHMCIIOBANFHOI MaTeMaTtuku [2], mpu
omiHoBaHHI XaycmopdoBoi posmipHocTi [3], B
3ajauax OI[HKH SKOCTI POOOTH CHCTEM MacOBOTO
oOciyroByBanHs [4], B 3agadaX MOJEIIOBaHHA
Tpadiky B TeOpii TEIEKOMYHIKAIlIHHIX Mepexax [5-
7].

B [8-10] mocnmikyBairch METOAM CTATUCTUYHOTO
MOJICTIOBaHHS TayCCOBHX Ta OJIM3BKUX 1O HHX
BUIIQJKOBUX TIPOIICCIB 13 3aJlaHUMH TOYHICTIO 1
HQIIMHICTIO B Pi3HUX QYHKI[IOHAIBHUX MPOCTOpaxX, a
came, npocropax L (T), mpoctopax Opniva Ta B
MIPOCTOPi HeTIepepBHUX (PYHKITIH.

Mera poboTM —  JMOCHIDKEHHS  TOYHOCTI
CTaTUCTHYHOTO MO/JIEITIOBaHHSI JIpoOOBOTO
OpOYHIBCBKOTO pyXy /Uil NpPUKIAQJIHUX 3ajad,
HaATpUKIIAJ, KOJMH JIpoOOBHI OpOYHIBCBKUEH pyx
MOAAETHCS HA BX1J1 JIIHIMHOI CUCTEMU.

OcHOBHA YaCTHHA

Hexait (T,B,u) - Aesskuii BUMipHMI TpPOCTIp i
u(T)=1.

Os3nauenns 1. JIpo60BUM OpOYHIBCHKHM PYXOM 3
IHIIEKCOM Xropcra aec(01) Ha3MBAETHCS

raycciscpkuii mpomec W, (t), te[01] Takmit, o
W, (0)=0, EW, (t)=0 Ta xoBapianiiiHOWO (yHKIIi€0

R, 9) =5 (f " -t ).

1 VR o
HpI/I 01:5 Ma€eMO CTAaHAAPTHUH BIHCPIBCbKUU

mpoiiec.
JpoboBuit OpOyHIBCHKUI pyX MOKHA 300pa3uTH
y BUTIIAZI BUMAAKOBOTO psiay [11]

W, (0 = 3@ sin(xt)X, +b,Q-cos(y,t)¥,), (1)
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ne  {X,.Y,}- mHesanexui
BUNAJIKOBI BEJMUUHH,

{x, } - myni dynxuii beccens J_, (x),

CTaHJApTHI TayCCOBI

{y, }- myni gynxuii Beccens J,_, (x),

_ r“N2C _ 7°N2C
X)L
[(2a +1)sin(m)

O

st obuncnenns vyniB GyHKiii beccens Oymemo
BUKOPUCTOBYBATH 300pasKeHHS

3 «a 4% -1
X =|nN+———|1——F———+...
" 4 2) 2z(4n+3-20a)

5 « 41l-a)? -1
Yp=|N+——— 7 ——————+
4 2) 2z(4n+1+2a)

Hns  oOuucnenns ¢ynkuii beccenst  Oynmemo
BUKOPHCTOBYBATH 300payKCHHS

J2 (Xn): i COS[Xn+MJ] —
La %, 4

4% -1 . [ 2057r—7rj
- sinf Xp+——— | |,
8Xp, 4

32 (yn)= ,/WL[COS(yn +W]—

2
_4(l-a) _15in[yn+2(1_a)”_”j .
8Yn 4

Mojens BHIIQJAKOBOTO TpoIleCy OyayeMo vy
BUIJISLI

M

Sq (t,M) = 3 (3 sin (xct)X . +by (1—cos(yit))Yi),
k=1

Ie {X,.Y,}- mHesamexui crammaptHi rayccosi

BHIIA/IKOB1 BEJIMYUHU.

[Ipu peanbHOMY MOJETIOBAHHI HE3AICHKHHUX
rayCCoOBMX BWIIAJKOBUX BEJIMYHMH, 3a PaxXyHOK
TOYHOCTI IPEIACTABJICHHS Ta OOYMCICHHS IIMCHUX
YKcell, OTPUMYEMO CTPOTO CyOTayccoBi BHIIQJIKOBI
BenmnunHu. Hynmi ¢ynkuiii beccenss Ta 3HaueHHs
TaKOX OOYUCITIOIOTHCS 3 JICIKOK TOYHICTIO.

Hnst a.b.,x.,y, mo3HaumMo ix HaOMMKEH]
3HAuYeHHH & b ,X,,Y, -
Hexai la, —&,|<h, lbe =y <h,
|Xk_)v(k|Sh:’ |yk_yk|Shky’

ae h?,h’,hX,h’ -3a1aHa TOYHICT.

Tomi Momenb apoOOBOTO OPOYHIBCEKOTO PyXy
MaTHME BUTJIS]]

S.(t.M)=> (&, sin(x )X, +b,(1—cos(7,L)V, ) (2)
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A TOYHICTB A(t) piBHA

A=W, (t)-S, & M).

B po6ori [12] gocmimKyBaauch OI[iHKA TOYHOCTI i
HaziitHOCTI Mozeni (2) mpoGoBoro OpOYHIBCHKOTO
PYXY B pi3HUX (YHKIIOHATEHUX POCTOPaXx.

[Ipn BukoOpWcTaHHI IIi€l MomeNli HEOOXiITHO
obuncmoBatn Hynm ¢yHKOii beccemst 3 Benmkoro
TouHicTIO. e BUMarae BeuKoi MmigroToB40i poooTH.

Hexaii BunaakoBuii nporec X (t) i Bei X, (t,A)

MOJCITOBaHHA

HaJIeXKaTh JieskoMy OanaxoBomy mpocropy A(T) 3

HOPMOIO |||| Hexait 3amano nBa ymcma o >0 Ta
O<e<l.

Byzemo rosoputn, mo Mmoxens X, (t,A)
Habmwkae mporec X (t) 3 Hapidmictro l—-¢& i
TouHIicTIO 0 B HOpMi mpoctopy A(T), sKkmo mae

mictie P{X(®)-X,(tL,A)]|>3 | <e.

Ha ocHoBi pesynbrariB pobotu [12] mus a>%

MOKHa ChOPMYJTFOBATH HACTYIIHY TEOPEMY.
S ,(t,M) HaGmmxae

nporec W, (t) 3 tounictio >0 i HaailHICTIO

Teopema 1. Mogens

1-¢&, 0<e<1 B Hopmi mpoctopy C([01]), sxmio
s 0< p<1, B<1, MalOTh MicIle HEPiBHOCTI
&> max(Dy(M), D,(M)), Ta

2 2
@—Dl(M)] [g—Dz(M)j
11 2mn ["P)T e [°°
b
e Dy DY 2
2a(l- p)p2«
1 _
D,(M)=(pB) 20 m+(20‘—1”ﬂ1 :
2a(L- p)p2e
G? v Yo pp’
M) = + ,B M =t —,
B(M) 1-p pl-p)’ (M) 1-p @-p)?
Gzzi (hiC 2+4(hid)2),v§= > (Ci2+4di2)'
i=1 i=M +
1
ou)=ue.

PosrnsaeMo omHOpimHY JIIHIHHY CHCTEMY 3
JIHCHO3HAYHOIO JIBi4i 1HTETPOBAHOK IMITYJLCHOKO
nepeximHoi ¢yHkiiero H(t), sgKka BHU3HAYCHA Ha
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Bizpi3ky 1 e[0,T]. Lle o3Havae, mo peaxiiisi CHCTEMHI
Ha BXigHWIA curHan X(t), KUl crocTepiraeTbcs Ha
[-T,T], Mae Burnsa

;
Y (t) = j H(9)X({t-7)dt, te[0,T] ©)
0

Ta H e L,([0,T]).

[MpunyctuMo, mo immyiabcHa (QYHKLIS Bigoma.
Mu Takox NpUITyCKaeMO, IO BXiAHUM curHain X, (t)

cucremu (3) € npoboBuM OpoyHiBChkHM pyxoMm (1) 3
ingexcom X’opera o. 3 (1) ta (3) BHmMBaEe, 110
BIITYK cucTemH Y (t) MO>KHA TIPEIICTABHUTH SIK

YO =Y, 0= D (& O+ -5 O), @)
k=0
He dynkuii ¢, (), sy (t) ZOpiBHIOIOTH

.
6 () = [ H(@)a-cos(y, (=) d-,
0 ©)
s () = a, I H (1) sin(x, (t- 1)) d .
0

Tak, wanpukmax, mia H(z)=1 ¢ynkuii

¢, (1), s, (t) mOpiBHIOIOTH

Sk (t) = 2ﬂsin(xkt - M)sin (ﬂj
Xk 2 2

2bk ykT . ykT
¢, (t) =b, T ——%cos| y, t—"— |sin| —— |.
K (t) = by Vi (Yk 2 ) ( 2

Hna  H(z)=exp(-Ar)  dynkmii ¢, (t), s, (1)
JIOPIBHIOIOTh
ag . . Xk
Sk (1) = ——=—=sin| Xt —arcsinl ——| |-
\//12 + x% \MZ + x%
& PCAT) Xt — X, T — arcsin| ——k__
22+ xf \MZ + xi%
1-exp(-AT
e (t) = —xp/l( )
by : Yk
———CO0§| ykt—arcsm —_— | |+
VA + ¥k VA + ik
b ep(-AT) Vi

cos| Yyt —y,T —arcsinf ——=——
2 Ykt =Yk > 5
+ Y AT+ X
PosrasaeMo ymMoBH Ta MeToj MOOYIOBH MOIETI
mporecy X, (t), IOpH AKUX MOZENIb alpOKCHMYE
BXimHUi curHan X, (t) , BpaXxoBYIOUH BiITYK CHCTEMU
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(Buxigamii mpormec) Y(t) i3 Hamepem 3amaHOIO
TOYHICTIO Ta  HaJiliHICTIO B  0OaHaxXxoBOMY

mpoctopi C([0,T]). yis 1bOro BUKOPUCTOBYETHCS

Teopist KBaJ[PaTHYHO-TAyCCOBUX
BEJIMYIMH Ta MPOIIECIB.

B skocTi Momeni IS CTOXaCTUYHOTO IMPOLECY
X, (t) 6ymemo posrisiiaté Mozens (2).

BHUITAIKOBHUX

Osnauennss 2. BumagkoBuii mporec Xon ®

HAa3MBAETHCS MOCIUIIO pouecy X, (t) , Ko

N
Xon ()= Z(bkfk (1-cosy t) +ay7 sin Xy t).
k=0

Axmo wmomens Xy (t) BuUCTymae SK BXiTHHM

CUTHAJ JIIHIKHOI CHCTEMH, TO BHUXIJHUH TpoIec
MOJIA€THCSI HACTYITHUM YHHOM

N
Yn (D)= Z(ffk “C (1) + 77 -8 (1)),
k=0

ne GyHkuii ¢, (t),s, (t) 3 (5).
Uepes & (t) mo3HAUUMO CyMy KBaJIpaTiB pi3HUIIb
X(0) = Xy (1) TaY(®)-Yy ()

S =(XO =Xy E)+(¥ () -Yy ©)°. (6)
Osnauennss 3. ByneMo TOBOPUTH, IO MOJECIH
Xy () HaOmwkae BunagkoBuwii mpomec  X(t),

BpaxoByruUd BiAryk cuctemu (3) 13 3amaHOIO
HagiiHicTIO 1-v, v € (0,1), Tta TOUHicTIO &>0 B
mipoctopi C([0,T]), ko

P{ sup | &, (t)—E&y (1) |>5}<v.

te[0,T]
en(®
MOJICJIFOBaHHS. BXiJIHOTO TaycCOBOIO THpOLECY 3
ypaxyBaHHSIM BHXONy cuctemu. JlaHmi mpouec €
CYMOIO KBaJ[paTiB rayCCOBUX BUIIaJJKOBHX MPOIIECIB.
Mae micue HacTyIHa TeopeMa po PO3NOILT
cympeMyMa Takoro mporiecy [9].

3HaueHHs XapakTepu3ye  TOYHICTh

Teopema 2.[9] [Mpunyctumo, mo &(t),t€[0,T], €
CYMOIO KBaJ[paTiB rayCCOBUX MPOIIECIiB Ta
sup /D(EM ~£(s) <a(hy=kh”, fe(.1],

t—s|<h
e k € geska crama. Tomi Wit x Takoro, 1o
. 232 max{5,, k(T/ 2)"}

F; :

BukoHyeTbcst HacTyITHa HEPIBHICTb

3

= X

P sup |E(t) > x} < 4e” exps— x
{te[O,T] 2\/550
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Jle 8, = sup (D(X()"°.

te[0,T]
Host mpouecy &y (t)

Teopemy 2.
ITo3naunmo

9 (t) = by & (L cos(y, t))(A—cos(y, 1)) +¢, () ¢; (1);
97 (1) = 2(by & (- cos(y, t))sin(x, ) + ¢, O)'5; ©);  (7)
dia (1) = 8y sinx, )sin(x, ) + s, ()s; (1).
Tomi 3 (1), (4) Ta (6) BumMBae, 1m0 mpouec &y (t)

MOXXHa BHUKOPHUCTATH

MOJKHA TIOJJATH y BUTJISIL PATY

EvD= Y Ok O5E + 04 D5, +63 Ony) (©)

k,1=N+1
[No3HaunMo TakoXK pi3HUII

Adly = Ol (O =0 (5); AdZ = bF (©) — 07 (5);
Ady = by (1) — b ().

Mae miciie HacTyIHa TOMOMIXHA JIeMa.
Jlema 1. Hexait & (t) BumaakoBuii mporec 3 (6).

Toni
Eey®= > (0 +0% O):
k=N+1

0

DEy ()= > (206h ) +(0F 0 +2(% ©)° )

K, J=N+1

DEn®-En @)= S (2087 + (207 +2(a8%)7 )

J=N+1
Jloseoenns.
Ockimbkn &, my, k=0,120, - He3aJIeXHi
IIEHTPOBaHI TrayCcCOBI BWITAJKOBI BEIMYUHH 3

nmucnepcieto 1, To 3 (7) oTpuMaemo

Een()= 3 (O MEEE +04 OEEM, +o5 OEnM)

k,1=N+1

Y Ok ®+6% )

k=N+1
s Toro, mo6 3HaiTH gucnepcito &y (t), croyaTrky
3HANJIEMO JPYTruid MOMEHT

EEn®? = (6)
2
E[H:ZN 1(¢1k| (D EEE + 07 ) EEm, +05 (t)Enkm)j .

Bukopucraemo  dopmymy  Iccepmica s
IEHTPOBAaHMX TayCCOBHX BUMAJKOBHX BEIIMYMH:

EX, X, XX, = EX; X,EX5 X, + EX X5EX, X, + EX; X ,EX, X5

. Toxi Mmu oTprMaemMo

E(Ey () = E ._% 1(¢1kk )1 ©) + 2(d () + (05 ©) +
+o (D07 (O + 2007 (©)% + 283 D3 (1).
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Hucmepciss  BHIAAKOBOTO  TIpOIlECy Ev(®) 003 1 ;

JIOPiBHIOE

Dey () = E(&y (1)° - (E&n (1)° =
= 2 (2007 + @5 0) 200 (0)°)
J=N+1
AHaJNOriuHO, JIETKO JoBecTH (opMmyiy s
nucrepeii npupoctiB npouecy &y (H)—E&y(S). Jlemy
MTOBHICTIO JIOBE/ICHO.
IToznaunmo

dy = Sup ](2(¢1k. )% + (05 ()% +2(0% ()% -

JDEN (M) < (

3a nmeBHUX YMOB MO>KHa ITOKa3aTu, 110

(DEN -y O)Y? <K(N)[t-sP, Be(0,1], (9)

Toni

B V2
2 dkl] =8y(N).

k,I=N+1

e dynkuis K(N) 3anexuts Big 3HaueHHS N,

Hacrynna Teopema a€ yMOBH, IIPH SKHX MOJIEIb
HaOmkae  ApoOOBUE  OpOYHIBCBKMEM — pyx i3
BpaxyBaHHIM BiATYKY CHCTEMH 3 Hamepen 3aJaHolo
TOYHICTIO Ta HaAIHHICTIO.

Teopema 3. Hexaii Bukonyerbcsi ymoBu st (9).
Mogens X, (t) HabmmwKye npoOoBHid OPOYHIBCHKUN

pyx X, () 3 ypaxyBaHHsM Biaryky cucremu (1) 3
3aJaHor0 HamiiHicTIO 1-v, v € (0,1) Ta TounicTio 6>0
B npoctopi C([0,T]) , sxmo mnst N BHKOHYHOTHCS
HEPiBHOCTI

max{5, (N), K(N) - (T/ 2)*} < 2%

22

, ae(0]],

3 s 2la 1/2
ge PN | __0x |\ |y 20 |
2425, (N) J265,(N)

PeSyJILTaTI/I CTATUCTHYHOI'O MOJCJI0OBAHHA

(004YHCII0BAJILHOTO eKCIIEPUMEHTY)

Hnst ampobanii pe3yibTaTiB JOCHIKEHb Oyio

MPOBEECHO 004HCITIOBaTIBHUAN EKCIIEpUMEHT
(MomemtoBaHHS peaizarii JIpoOOBOTO
OpOYHIBCBKOTO PYXY).

Ha puc. 1 mpencrasneni peanizauii npoOosoro
OpOYHIBCBKOTO pyXy JJIsl Pi3HUX 3HAYeHb IHJEKCA
Xropcera.

64

] t T
Puc. 1. Peanizamii IpoOOBOTO

OpoyHiBcbKOTO pyXy st o =0.6.

Ha puc. 2 300paxeHni peamizaiii Ha BXOJi Ta
BUXOJIi OAHOPIIHOI JIHIHHOT CHCTEMH 3 IMITyJIECHOIO
¢yskmiero H(r) =1.

0419, 6 T T T

-0.6

~0695,94

1
02 04 0.6 08 1
0 t 1

Puc. 2. Peasizamii BXOJY (apo6oBwifi
opoyniBcbkuii pyx 3 @ =0.5) Ha Buxomy niHilHOI
CHCTEMHU.

Ha puc. 3 300paxkeHi pearizallii Ha BXO/i Ta BUXO/I
OJNHOPITHOI JHIAHOI CcHUCTEMH 3  IMITYJIBCHOIO
¢dyukiiero H () =exp (— T) .

0671,

Ti(t)

23(0)

~0765, L

02 04 0.6 0.8 1
0 t 1

Puc. 3. Peamizaumii  Bxomy  (apoOoBuit

OpoyHiBchkHii pyX 3 «a=0.4) Ha BUXOAY JiHIHHOL

CHCTCMH.
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Ipo ommu minxin g0 anamizy cucrem 3 | On an approach to analyze retrial systems
NOBTOPHUMH BHKJIMKAMH i Y€Prow with queue

KuiBcbkuii HaioHaspHMiA yHiBepcuTeT iMeHi Tapaca | Taras Shevchenko National University of Kyiv,

[IleBuenKa, 03680, Kyiv, Glushkova st., 4d,
03680, M. Kuie, np-t ['mymikosa, 41, e-mail: usar69@ukr.net

e-mail: usar69@ukr.net

Y cmammi posensioaemubcs maproscoka mooenv cucmemu 3 NOSMOPHUMU BUKIUKAMU 3 OOMEHCEHOIO
KIMbKICMIO  00CY208YI04UX NPUNAoie, CKIHYEHHOW OO08XICUHOIO uYepeu mda CKIHYeHHol opbimow. B Hill
6600UMbCA  KAAC O0BOBUMIDHUX Npoyecie Miepayii, 8 paMKax sAKO20 MOXNCHA ONUCYBAMU HpoYec
00CnY208Y8aHHsL OISl PI3HUX cucmem 3 nogmopuumu euxiuxamu. Cnocib Haoxoo0dxcenus i 06Cay208y8anHs
8UMO2 (Mun cucmemu) oOUpAEMbCA 34 PAXYHOK Kepyrouux napamempis mizpayii. B pobomi nposodumuca
NOULYK 3aMKHEHUX (hopMYN 0I5k CMAYIOHAPHUX UMOGIDHOCHEN 080BUMIDHO20 Npoyecy 00CIYy208Y8anHs Yepes3
napamempu mooeni npoyecy 00cay208ys8ants. Y eunaoxky 00H020 00CHYy208YI0H020 NPUIAdy ma 00HO20
Micys 8 uep3i eKMOPHO-MAmMpuyHe NOOAHHA CIMAYIOHAPHUX UMOBIDHOCMEU 3HAYHO CRPOWYEMbCAL.

Knrouosi cnosa: cmoxacmuuni cucmemu, NOBMOPHI BUKIUKU, NPOYeCcU Micpayii, CMayioHaApHULL PEXCUM.

The paper is devoted to the perspective direction of the theory stochastic systems associated with
research of retrial queuing systems with queue. A class of bivariate migration processes is introduced to
describe the service process of the system. We consider a Markov model of retrial queuing system with the
finite number of servers, a finite length queue and a finite orbit. It introduces a class of two-dimensional
migration processes, within which we can describe the service process for different retrial queuing systems.
The way of receiving and servicing calls (system type) is selected due to the control parameters of migration.
In the paper we search an explisit formulas for stationary probabilities of two-dimensional service process
through the parameters of the service process model. In the case of one service device and one place in the
gueue, the vector-matrix representation of stationary probabilities is greatly simplified. The result obtained
is used for construction of explicit formulas for stationary probabilities of one service device and one place
in the queue.

Key Words: stochastic systems, repeated calls, migration processes, stationary regime.

CratTIO IpencTaBuB 1. T. H., pod. 3acnaBcekuii B.A.

Teopist cucreM 3 IMOBTOPHUMH BHUKIMKAMU € JDKEpETaMH IIOBTOPHUX BHUKIUKIB 1 TEHEPYIOTh
OMHUM 13 BaXJIMBHX PO3AUIIB Teopii MacoBOro BTOPUHHUIA MOTIK.
00CITyTOBYyBaHHS. Taki  cucremm  AeTanbHO B nmamiii pobori i omumcaHHS TIpOIECy
posristHyTi B MoHorpadisx [1],[2]. Martematuuni  00CIyroByBaHHS CHCTEM 3 MMOBTOPHHMH BHKJIHKAMU
MOJI€Ni CHCTEM 3 MOBTOPHHMHM BHUKJIMKAMH IIMPOKO 1 YEPror BBOIUTHCS Kiac JBOBHMIPHHX IIPOIECIB

3acrocoByrothest Ha pakrtaii ([1],[2],[3],[4]). mirparii. Tl CHCTEMH OOHPAETHCS 3a PaxyHOK
B cucremax 3 TIOBTOpHMMH BUKIMKAMH 1 KepPYHOUHUX MapamerpiB Mirpaiii.
4eproro BUMOra, sika HaidIIa B CHCTEMY 1 3acTaia OCHOBHY MOJI€ITb, SIKa PO3TJISIAE€THCSA B pOOOTI,

BCl CepBepH 3alHATUMHM, CTa€ y depry OOMeXeHOI BH3HAUMMO SK ABOBHUMIPHMH JNaHIIOr MapkoBa 3
JIOBXKHHH. Konq BCI MiCls y Ye€p3i 3aHHATI, BOHA  yenepepBHUM YacoM Q(t)=(Q1(t),Q2 (t)), t>0 B
norajae Ha BipTyalbHy «OpOiTy» 1 IIOBTOPIOE
cnpo0y moTpanmuTd Ha OOCIyrOBYBaHHS —4epes
BUIAIKOBUM MPOMIXKOK 4acy. Taki BUMOIH CTarOTh

oOMeEXeH1 MHOXHUHI CTaHIB
S= {O,l,. om+ n} X {0,1,. N } [HdiniTesnmanbHi
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XapaKTepPUCTUKH (5, O, € S, a#p s Q(t)
3a]aMO CUCTEMOIO CITiBBiIHOLICHB:
mpu o= (i, j) Ta izm+n
Ay, axwo B=(i+1, ),

Wi, axwo B=(i-1j),
Vij» AKWYO B=(@+1j-1),

qa[} =

mpu a=(m+n, j)

q Hminjs AKWYO ﬁ = (m + n'lJ)v
o = .

Mninjr Ko B=(m+nyj+1).

3a  [IOMOBJCHICTIO  IHTEHCHBHOCTI  THX
Mepexo/liB, sIKi BUBOIATH 32 OOMEXeHy obiacTe S
JIOPIBHIOKOTB HYJIKO Hoj =Vig =V, = Ay =0.

[pomecn wmirpamnii Tumy Q(t) MO/IENTIOIOTh

poOOTy MapKOBCBKMX CHCTEM 3 HYEeprom Ta
OOMEXEHUM YHUCIIOM JDKepell MOBTOPHUX BUKIIHKIB.
Tak npu

7\, :}\4 :7\4, H”:i“,izl,m,

ij m+nj

Wi =My, i=m+lLm+n, v

Jv

]

orpuMaemo kiacuuny mogens [M /M /m/m+n]™

CHCTEMH 3 Yeproio Ta OBTOPHUMH BUKIHUKamu ([1]),
JUTSL IKOI M — 9UCII0 00CIyTrOBYIOYHMX IpUiIadiB, N -
YUCIIO Micllb y uep3i, N — MakCHMaJlbHO MOXKITHBE
YKCIIO0 JUKEePET MOBTOPHUX BUKIIMKIB.

[TepeitnemMo 10 aHAII3y CTAI[IOHAPHOTO PESKUMY
nporecy Q(t), t>0. Mu maemo Ha Meti OTpUMATH
TSt Tij» (i,J)eS
MOJaHHS, SIKE 3PYyYHO BHUKOPHCTOBYBATU SIK ISt

OoOuYMCIIEHHs, TaK 1 i1 BUBYEHHS AaHAJTITUYHUX
BJIACTHUBOCTEML.

CTaIllOHApHUX HMOBIPHOCTEH

Hns  Ttoro, mo0 CcQOpMyITIOBAaTH OCHOBHHM
pesynbTat, I j=01...,N-1 BBEIIEMO
nosnavenns:  A(]) - TpumiaronanbHa MaTpuus
BUTJIISIILY

¥ al) 0 o 0 0 0

a) a” a? o 0 0 0
) a0 4

A(j)= 0 a’ a’ a 0 0 0

0 0 0 O ar(n_+)n—2 aﬁi)nfz a§n++)n—2

0 0 0 0 0 agn:r)n—l ar(nozn—l
a! =2, i=01..,m+n-2
ai(‘) =—p, 1=1,2,....m+n-1
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0 voju O 0
0 0 vy, 0
B(i)= ;
0 0 0 Vimen-2j+1
0 0 0 0
00 0 Voju
00 0 Vi
. Mminj
Ci)=2—
"o 0 0 Vinzja
00 0 Vmin-1j+1
Yepes A(N) OyzeMO TO3HAYUMO TPHUKYTHY
MAaTpHIIIO
Hy 0 0 0 0
thy) 0 0 0
AN)=[ Vo thy) by 0 0
iy Vo Ve ‘(me-ZN*}”mm-zN) Moo
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Different solutions of the scattered radiation problem in X-ray imaging are reviewed and compared.:
simplicity and efficiency of the scatter suppression techniques (anti-scatter grid, air gap, slit scheme) are
contrasted to the flexibility and safety (dose reduction) of scatter estimation/compensation techniques
(hardware methods: beam stoppers application, dark field; software methods: analytical approximation,
Monte-Carlo simulation based approaches, scattering kernels superposition technique). Large enough air
gap filters scattered radiation as good as high-quality anti-scatter grid while providing dose reduction in
cost of X-ray apparatus size increasing. Scatter estimation/compensation software techniques could resolve
the problem requiring less radiation dose than hardware techniques do but in cost of greater computing
resources. Monte-Carlo based approaches in conjunction with kernels superposition idea is admitted as the
most promising.

Key Words: X-ray image, scattered X-ray radiation, anti-scatter grid; kernels superposition.
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1. Introduction

X-ray imaging is based on the simple idea of
getting the shadow pictures of the object in X-rays.
Generally, X-ray apparatus should include such
important parts as the source of the X-ray radiation -
and the detector sensible to the radiation emitted by
the source. Object is placed between the source and
the detector such way that radiation emitted by the
source passes through the object‘s volume of interest
and reaches the detector. Due to the interaction with
the object’s substance, the X-ray radiation photons
may undergo the absorption, scattering, or freely Detector
pass the object as presented on fig. 1.

Primary ray
X-ray source

Figure 1 X-ray imaging scheme

© Danyk A.Y. 2018
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Primary radiation is a part of the initial X-ray
source radiation that has passed the object without
interactions with object’s substance. This radiation
produces a shadow picture of the object’s volume of
interest. Radiation of scattered X-ray photons mainly
caused by Compton and Rayleigh processes is
almost non-collinear to the primary radiation [1]. So
scattering distorts the resulting X-ray image contrast
and sharpness adding an extra noise and uneven
background to the resulting X-ray image. The
Hounsfield Scale of image is also become distorted.
Thus scattered radiation compensation is an
important task especially for medical imaging.

Solutions of the “scattered radiation” problem in
X-ray imaging can be divided into two groups:
“scattered radiation suppression” - methods, whose
main goal is reduction of the amount of the scattered
radiation that takes part in the X-ray image
formation; “scattered radiation estimation and
compensation” — methods, whose main goal is
correction of the X-ray image that was formed under
scattered radiation influence. In this paper different
approaches for scattering compensation in X-ray
imaging are compared and the most optimal
approach for scatter suppression, flexibility and
safety is evaluated. The feasible ways of this
approach improvement are suggested.

2. Scattered radiation suppression

The general principle for suppression of the
scattered X-ray radiation is in the fact that the main
part of the scattered X-ray radiation is non-collinear
to the primary X-ray radiation. The most common
methods using this idea are “air-gap variation”, “slit-
scheme” and anti-scatter grid.

To compare the methods of this section let’s use
“selectivity” (&) parameter [2]. This parameter is
defined by relations between scattered and primary
radiation with (J°) and without (0) grid as follows: ¢
=0/0".

Anti-scatter grid

Anti-scatter grid is the most common solution of
the scattered radiation problem. Anti-scatter grid is a
grid of metal plates (for example lead) oriented to
the focus of the X-ray source as shown on fig.2.

Anti-scatter grid’s properties are mostly
determined by grid’s materials, focal distance F, grid
frequency N, grid ratio r, plates’ thickness D and
gaps’ thickness d (fig.2).
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X-ray source

Scattering
act

Anti-scatter
gkid

et eeecceerereecececrerreerrccccecrrrrccccccrrrrretieecrrututuiity

Detector

transparent gaps

Figure 2 Anti-scatter grid scheme

Anti-scatter grid frequency N (the number of
plates per 1 cm) and grid ratio r are defined as

N = !
d+D

r=—

D

All mentioned grid’s parameters (especially grid
ratio), X-ray apparatus configuration, X-ray
apparatus and grid collimation (grid should be
focused on the X-ray source focus) as while as
studied object may influence grid transparency for
both scattered and primary radiation. The
transparency of the grid is determined by its
transmission coefficients TP and TS for primary and
scattered radiation appropriately. In terms of
transmission coefficients, grid selectivity is equal to:

=0 Ie
5T,

Anti-scatter grid greatly suppresses scattered
radiation but in the same time primary radiation is
also suppressed. To describe how much radiation in
total passed through the grid the transmission

coefficient for total radiation (sum of the primary
and the scattered radiation) is used. This parameter is
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highly depended on the studied object - in some
cases the primary radiation prevails, in other cases
scattered radiation prevails. The loss in intensity of
radiation sensed by the detector should be
compensated by increasing of X-ray source intensity
that leads to proportional increasing of the absorbed
dose. X-ray source intensity increasing or dose
increasing is described by the Bucky factor: B=1/T,.

Typical grid parameters for 90 keV X-ray tube
and 20 cm acrylic phantom [3] are presented in the
tab.1

Table 1
Typical grid parameters
r Ts Tp ¢ T B
6:1 | 0.194 | 0.623 | 3.21 | 0.310 | 3.23
12:1 | 0.078 | 0.533 | 6.83 | 0.197 | 5.07
16:1 | 0.050 | 0.506 | 10.12 | 0.154 | 6.50
Despite the strong scattered radiation
suppression,  anti-scatter grid has a few

disadvantages, prompting in many cases to seek an
alternative. The main disadvantages are as follows.

Application of anti-scatter grid (see Bucky
factor in tab.1) leads to significant signal decrease
and in turn to contrast and signal-to-noise decrease.
Bucky factor compensation requires increasing of the
X-ray exposure that leads to proportional increasing
of the radiation dose absorbed by studied object, that
is strongly unwanted in case of medical imaging.

Anti-scatter grid, just like the studied object,
participate in image formation and resulting X-ray
image contains the image of anti-scatter grid.

Anti-scatter grid requires very good collimation
of the X-ray system. Focal points of the X-ray source
and the anti-scattered grid should coincide, otherwise
anti-scatter grid transparency deteriorates and
artifacts occur.

Anti-scatter grid increases the mass and the size
of the system that in some cases is strongly
unwanted (for example in computed tomography,
CT).

In case of latest CT scanners’ generation, it is
hard to construct the detector with anti-scatter grid
(detector in such systems should be sensitive to X-
rays in a wide angles’ range)

Air-gap

Another way to reduce the amount of the
scattered radiation in the detector plane is increasing
the distance (air gap size) between the studied object
and the detector. This scheme, presented on the fig.3,
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requires “point” X-ray source (with small focus).
The method is based on the idea that the radiation
intensity from such source will decrease inversely
proportional to the square of the distance from the
source.

Detector

Contact imaging
Imaging with magnification

Focal spot

f

F

Figure 3 Air-gap scheme

In case of small “air gap” (contact imaging),
relation between scattered and primary radiation is

given by
F 2
5 ) C(_J ’
aC

where, C - proportionality factor, a. - object-detector
distance and F — focal spot — detector distance.
In case of greater “air gap” (imaging with

magnification)
F 2
5'=C[_J ’
aZ

where, a. - object-detector distance.
Then, “air gap” selectivity is given by simple

expression
5 2
aZ
5= 5 (ac J

As it evident from the scheme, air gap leads to
magnification of the object image that is defined by
magnification coefficients as follows
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Then selectivity in terms of magnification

coefficients is
2

Assume  “contact imaging” with small
magnification m, =1.4, then for greater “air gap”
selectivity will depend on magnification as shown on
fig.4

(mz _ l)mc

(m, —1)m,

101

47 —air gap
/ o
27T -8 -grid 3
4 : =
2 4 6 8 10 12 14
m

z
Figure 4 Air-gap selectivity as function of
magnification

Comparing of “anti-scatter grid” and “air gap”
methods it is easy to see that “air gap” with fivefold
magnification and anti-scatter grid with ratio 16:1
have similar selectivity. It means that air gap
technique with fivefold magnification filters
scattered radiation as good as high-quality anti-
scatter grid. In the same time the air gap method is
deprived of the most anti-scatter grid disadvantages.
There is no primary radiation suppression, and thus a
dose is lower. There is no anti-scatter grid image
presented on the resulting X-ray image. There is no
need in precise collimation or anti-scatter grid
(cheaper).

Nevertheless,
present.

In most cases it is hard to make a large enough
air gap (especially for CT). Due to magnification the
detector size should be adjusted.

In general, the literature sources state that when
it’s possible to make a large enough air gap it gives
better results than application of an anti-scatter grid.
In chest radiography studies [4] air gap comparing to
anti-scatter grid leads to increasing of contrast with
the same dose for a posteroanterior projection and to
decreasing of the dose with slightly decreased
contrast in case of lateral projection. In
cephalometric radiography studies [5] an air gap

there are few disadvantages
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comparing to an anti-scatter grid leads to better
selectivity and signal-to-noise ratio improvement.
The dose was reduced more than twice.

Slit-scheme

The main idea of this method is to replace
imaging in wide beam by scanning the studied object
with highly collimated narrow spot beam (pencil
beam), as shown on fig.5.

L=l

3

Figure 5 slit scheme: 1)X-ray source; 2) studied
object; 3) detector; 4) incident ray; 5) primary ray; 6)
scattered ray

Amount of scattered radiation is reduced
proportionally to changes in irradiated area. Smaller
irradiated area leads to less amount of scattering
centers. With or without highly collimated detector,
slit scheme dramatically suppresses scattered
radiation and usually gives results that don’t require
further scattering corrections.

Despite the fact of good scattered radiation
suppression, this method has serious disadvantages
that strongly limit its application. Method requires a
lot of time to make an image. It does not allow to

scan moving objects (chest for example).
Collimation causes a large thermal load on
equipment.

3. Scattered radiation estimation and
compensation

Instead of reducing the amount of the scattered
radiation incident on the detector, methods of this
category deal with the influence of the scattered
radiation on the X-ray image after its registration. X-
ray radiation sensed by the detector (M) is a sum of
the primary radiation (P) and the scattered radiation
(S). In case of known scattered radiation the primary
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radiation can be restored from the total radiation
sensed by the detector using a simple subtraction
(compensation) as follows: P = M — S.

Method of this group can be split into two
subgroups: hardware and software methods. The
main goal for both is to provide an estimation of the
scattered radiation, but the way how they approach
the result is different. The first one mostly relies on
physical measurements of studied object. The later
relies on numerical calculations.

Hardware methods

Hardware methods estimate scattered radiation
by registering it during the experiment with the same
X-ray apparatus and phantom similar to the studied
object. Estimation may be even performed
simultaneously with the main X-ray examination
using several techniques: beam-stop schemes and
dark field measurements.

Hardware methods of scattered radiation
estimation could be wused not only for
estimation\compensation procedure but also for
study or validation of suppression techniques [6],
where air gap and anti-scatter grid effectiveness were
studied and compared using beam stop technique.

Beam-stop

Schematically the beam stop scheme principle is
shown on fig.6.

Detector
- Object ~ Primary ray
- —
- — CEaEStoppET
% e 'k”
 S—"
AN
=
% Scattering act

Scatter ray

Figure 6 Beam stop scheme

The main idea is to place a stopper between the
X-ray source and the studied object such way that
stopper absorbs all the primary radiation. Thus the
radiation detected in the area of stopper’s projection
shadow consists of the scattered radiation only.
Stoppers array placed between the X-ray source and
the studied object may be applied for estimation of
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scattered radiation distribution by interpolation. This
technique could be used during the conventional X-
ray examination but the resulting X-ray image will
contain image of the stoppers. In order to avoid
presence of stoppers on the resulting image it is
necessary to perform multiple examinations: with
and without stoppers or with different stoppers
locations.

Despite the fact that each mentioned
configuration has been admitted by their authors as a
working solution, all they have the same problem:
resulting X-ray image contains the image of beam
stoppers. This problem can be solved by additional
examination, as it was mentioned above. When a
patient needs a series of examinations the images
with beam stoppers can be scanned only once to save
the resulting scatter radiation estimation in a library
[7, 8]. For all next X-ray examinations, the scattered
radiation is recovered from the library.

a b C
Figure 7 Beam stop arrays configurations

It may be concluded, that despite the fact of
good scattered radiation estimation the beam stop
technique has a few disadvantages.vElimination of
beam stoppers presence in the resulting X-ray image
requires dose increase. Array of beam stoppers make
the X-ray apparatus more complicated and heavy
that may cause problems with CT.

Dark field
Generally, X-ray apparatus is focused to
examine some object’s area by collimator.

Collimator parts can be used as beam stopper in
order to obtain areas with blocked primary radiation.
Radiation detected in the collimator’s shadow
contains only the scattered radiation. This scheme, as
shown on fig.8, requires a larger detector to register
not only the object’s region of interest but also the
collimator shadow region.

This method works well only the in cases of
homogenous objects with symmetry (breast
examination for example) [9]. Such objects produce
scatter radiation that can be restored with a good
accuracy from data registered in the collimator
shadow. Obviously in other cases the data sampled
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only on the borders of field of view is not enough for
recovering of scatter radiation distribution.
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W Obiject Primary ray
IS
- - e
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Figure 8 “Dark field” scheme

In contrast to the beam stop method this one
doesn’t offer dose increasing. Nevertheless, in most
cases it provides significantly worse scatter radiation
estimation accuracy and can be used only as first
approximation for software methods.

Software methods

Software methods use information about the X-
ray apparatus and the object (such as geometry,
intensity, spectrum, kind of materials etc.) to make a
prediction of the scatter radiation distribution.
Analytical approximation methods are proposed to
estimate scatter radiation analytically using
numerous simplifications including simplified model
of the object and simplified physics equations.
Realistic simulation techniques were proposed to
simulate interaction of the X-ray radiation using
phantom similar to the studied object in order to
obtain scatter radiation estimation. Scattering kernels
superposition methods were proposed to split the
studied object into sub-regions with quasi-
homogenous scattering properties and describe the
resulting scatter radiation as the algebraic sum of the
scatter radiation given by each sub-region.

Analytical approximation

Usually analytical methods are applicable only
to simple homogenous or heterogencous smooth
geometry objects. Even in such cases, the problem
still remains too complex to find the exact solution
and to simplify it. In the most works only the
Compton process is accounted neglecting Rayleigh
scattering as while as multiple scattering processes.
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One of the simplest scatter radiation estimations
is made for model presented on the fig.9 [10]. Object
assumed to be an infinite plate of constant thickness ¢
located on the distant g from the detector (g is the
size of the air gap) and irradiated by mono-energetic
“pencil” beam (beam with very small width that can
be described by Dirac delta function) that falls
normally to the surface of the
object.

r
Figure 9 Simple homogenous model

After applying the simplified Klein-Nishina
formula for Compton scattering (differential cross
section) and Berr-Lambert law for primary radiation
attenuation the scattered radiation estimator looks
like expression (1), where, 8 = tan”'[r/(s+g)]; o =
[s/(s+g)] [F+(s+g)’1"; Up, 1 - effective linear
attenuation coefficients of the primary beam and
scattered radiation respectively; K is  the
experimental constant dependent on the object
thickness, beam energy and objects material. This
constant eliminates the dependence on the X-ray
source intensity by normalization of this source
intensity such that total area integral /s become equal

’

to the scatter-to-primary ratio SPR = f I¢(r)dr for

given object thickness and source spectrum. Value of
SPR can be experimentally measured or numerically
estimated [11].

The analytical model is closely correlated to
Monte-Carlo simulation results with respect to
mentioned constant K [11].

Significant improvements of this scheme were
proposed in [12]. Authors introduce up to two
materials  (heterogenecous model) the more
complicated but still smooth geometry (tested on the
slabs and cylinder), poly-energetic spectrum of X-
ray source.

Using Monte-Carlo simulation of X-ray
interaction with simple phantoms, like slabs,
cylinders with one layer of material (homogeneous
case) or two layers of material (heterogeneous case)
authors proved that this model predicts the shape of
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the scatter radiation distribution with high accuracy
(from 2% error for mono-energetic case and up to
8% error in poly-energetic case).

Analytical models are useful for estimation of
the Point Spread Functions or scattering kernels
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(distribution of the scatter radiation for irradiation of
the homogeneous object by a “pencil” beam).
Independent analytical methods are week because
the studied object is strictly non-homogeneous object
unknown density distribution.

Is(r)= KJ:Oexp[—(t —s)]exp(—uga)(2sin @ —sin’ 9)(s-igJ H{Sig} dr (1)

Realistic simulation

Simulation of X-rays interaction with realistic
phantoms is the numerical solution of the problem of
X-ray propagation through the nonhomogeneous
medium including: X-rays tube, collimators, air,
model of the studied object or phantom and the
detector. The common simulation technique is the
Monte-Carlo simulation.

Model consists of different objects described by
attributes, like coordinates, phase, velocity, energy,
object class etc.

Object class defines object attributes limits and
possible interactions with other objects (for example,
absorbing of the photon by the water phantom) or
phenomenon like birth or radioactive decay that are
defined by modelled physics.

Each process describes interaction between
objects like photon birth inside the X-ray source,
Compton scattering, photoelectric effect, etc.
Processes may lead to some combination of
changing of the interacted objects attributes (velocity
and energy of the photon due to Compton
scattering), death of interacted object or objects
(absorbing of the photon during photoelectric effect),
birth of some new objects (emission of the photon by
X-ray source).

Result of each mentioned “process” are defined
by the probability distribution, for example photon
birth inside the X-ray source can be defined by
Poisson distribution, it’s energy distribution is
defined by the spectrum of the X-ray source, it’s
initial coordinate and velocity distribution are
defined by geometry and X-ray source emission
indicatrix etc. The parameters’ values are estimating
through the randomization.

Time is discrete and computation is performed
by time steps. At first all processes except motion are
computed, changing of coordinates is computed after
that.

In contrast to analytical models which are based
on lots of simplifications simulation can theoretically
“compute everything”, and the quality of the scatter
radiation prediction depends on amount of computer
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resources or simulation time. The more physics is
taken into account for the simulation, the more
reliable the result should be. Increasing of
computational accuracy (decrease the time step,
increase the “digital size” of attributes etc.) also
should lead to better result, but may dramatically
increase the computational time.

There are lots of programs for simulating
interactions of the matter with radiation using
Monte-Carlo method are available today. The most
commonly used are Geant4 [13] and GATE [14]
(Geant4 Application for Tomographic Emission) that
encapsulates the Geant4 libraries in the simulation
toolkit adapted to the field of nuclear medicine —
CERN open source project that is being developed
and maintained by an international collaboration.

EGS4 [15] (Electron Gamma Shower),
originally developed at Stanford Linear Accelerator
Centre and now is an open source project maintained
by the National Research Council of Canada -
EGSnrc [16].

ITS [17] is an open source project maintained by
Sandia National Laboratories.

MCNP (stands for Monte Carlo N-Particle) [18]
is a project of Los Alamos National Laboratory. It
has common roots with ITS.

PENELOPE (Penetration and ENErgy LOss of
Positrons and Electrons) [19] is an open source
project.

PARTRAC (PARticle TRACks) [20, 21].

LEPTS (Low-Energy Particle Track Simulation,
[22]) has been integrated into the Geant4 [23]

EPOTRAN (Electron and POsitron TRANsport)
[24].

Mentioned programs are compared in [25]. They
mostly differ by physical models (models of
interactions), databases (their origin and nature),
output data format and user interface. Two projects
that most frequently advised are: Geant4 - free open
source project that requires some programming
skills; MCNP — more user-friendly then previous one
but has some using restrictions.

Simulation can recreate the scatter radiation
obtained during the X-ray examination. The
accuracy depends on how the simulated object’s
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structure is close to the studied object. Object Image oriented methods

structure, in some cases, could be well predicted
from additional information like kind of object
(breast, head, chest etc.), geometrical sizes and
shape, anamnesis, CT or MRI images etc. In this
case studied object is simulated in accordance with
its structure prediction and then result of the
simulation is used for compensation procedure. In
the case of breast imaging scatter radiation could be
estimated by Monte Carlo simulation with a good
accuracy [26]. In [27] authors proposed to use the
result of planning CT for prediction of the studied
object structure (to construct the object model) and
shown that Monte Carlo simulation with such
object’s model gives good results by adequate time
that was achieved by GPU parallelization. When the
accuracy of the object’s structure prediction is not
enough it is possible to construct iterative procedure,
like one presented on the fig.9, which simply updates
the object’s structure prediction in order to minimize
the difference between X-ray images obtained during
the simulation and real X-ray examination. The
efficiency of Monte Carlo based iterative procedure
that resembles the scheme shown on the fig. 10 has
been demonstrated [28, 29].

Monte Carlo simulation is efficient instrument
used, mostly, in iterative schemes to improve the
results of CT imaging. It gives good estimation for
scatter radiation and doesn’t require additional
scanning or dose increasing but in the same time
may require a lot of computational resources (a lot of
time for providing a series of MC simulations).
Using of GPU parallelization with different
strategies such as projection de-noising, CT image
down-sampling, and interpolation along the angular
direction may improve the quality to processing time
ratio [27]. In planar X-ray imaging (radiography), in
contrast to CT, Monte Carlo simulation may be less
efficient due to the lack of information about the
studied object structure (it is hard to reconstruct the
object from only one projection).

CT
Sh::lreti ;’blriﬂs Simulation
uctw (MC)
Primary Scatter
,,,,,,,, radiation radiation

cr CT Projection’ CT Projection’ Scatter
DATA /\_orrected DATA)

correction
[ h)

Figure 10 Monte Carlo based iterative scheme for
scatter compensation

Structure
reconstruction
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In many cases the scatter radiation could be
represented as low-frequency smooth signal. Thus it
can be obtained by filtering of the X-ray images
using standard methods of image filtration, for
example high-pass filtering [30] or segmentation.
For homogenous simple objects filtering may be
useful but in case of most medical applications the
object is strongly non-homogeneous and these
techniques could lose the information about small
objects decreasing the resolution.

Deconvolution could be improved by taking into
account more physical aspects — for example, the
convolution kernels could be computed from
analytical considerations or Monte Carlo simulation.
n [31] scatter radiation assumed to be related with
registered radiation by Gauss-like function
composed using one of the analytical models with a
few free parameters that are approximated through
the X-ray image segmentation.

Further improvement of the deconvolution
technique is called as “scattering kernels
superposition”. The main idea here is to represent the
scatter radiation S as linear combination of the
primary radiation P and scattering kernels K (point
spread functions).

S(r,») = [[PE,5)- K 5 (x =%,y - 5)dxdy

Scattering kernel K;;(x—X,y-y) for given
image point X,y is the scatter radiation registered

by the detector while irradiating the object by a
pencil beam at corresponding point:

P(E,;):é‘(f—X,;—Y)
S(x:y)zKX,Y(x_Xay_Y)

In case of homogeneous object, where each
point of the image could be described by the same
scattering kernel the linear combination is
transformed into the convolution:

Kis(x=%,y=7)=K,(x =X,y - ¥)

S(.X',y) = {P*KO}(x:y)

In general case, studied object can be
approximated by series of quasi-homogeneous
regions i and scatter radiation is approximated as
follow:

SGey) =Y AP +K }(x,y)
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Finally, the radiation registered by the detector
M is a sum of the primary radiation and the scattered
radiation:

M(xay)ZP(xay)+zi{1)i *Ki}(x:y)

Knowing the partitioning of the object into the
quasi-homogeneous regions and corresponding
scattering kernels the primary radiation can be
recovered iteratively or by deconvolution [32].

Scattering kernels strongly depend on X-ray
source spectrum, kind of matter distributed inside the
object, it’s structure and geometrical parameters. etc.
In [32] partitioning of the object into the quasi-
homogeneous regions and scattering kernels
construction has been proposed to be done by
support vector machine from the results of the Monte
Carlo simulation. Interactions of the X-rays with
phantoms similar to the studied object are simulated
with different observation parameters (angles, air-
gap, spectrum etc.) and different object parameters
(thickness, width etc.). Scattering kernels are
obtained by simulation of the object irradiation at
specific point by a pencil beam. Such image is the
sum of primary and scattered radiation. Optionally
obtained library of scattered radiation kernels may be
shrunk (keep only most characteristic ones) through
the clustering analysis. Support vector machine is
trained to identify which scattering kernel from the
library should be applied to a specific point of the X-
ray image.

A convolutional neuronal network could be used
for the purposes [33].

Compared to other methods that requires a
Monte Carlo simulation scattering  kernels
superposition require the simulation to be performed
once beforehand for construction of the library and
to train the classifier. The scatter radiation
compensation is faster in the second case, but at the
cost of accuracy.
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Conclusions

The problem of the scatter radiation influence on
the X-ray images is still relevant, especially in
medical context. To resolve this problem suppression
techniques are used, such as anti-scatter grid with
air-gapping. Suppression techniques greatly raise the
image contrast suppressing significant part of the
scattered radiation on the detector but in cost of
radiation dose increasing. Modern medicine believes
in “smaller the dose - healthier the patient” thesis
(ALARA or As Low As ReAsonable principle).
Moreover, some X-ray apparatus configurations
greatly complicate the use of suppression methods
(especially in CT, where large air gaps and heavy
collimators and anti-scatter grids are unwanted). In
contrast to  suppression techniques, scatter
estimation\compensation techniques could help to
lower the dose and to avoid the mentioned hardware
incompatibility problems. Among all of the
solutions, scattering kernels superposition enhanced
by neural network and Monte Carlo based iterative
procedure seems to be the most efficient methods —
the first method works faster but in general is
expected to be less accurate then second, but second
method requires lots of computing resources and so
is slower than first one.

Until present many methods are already have
been proposed and validated but some promising
ones are still being actively developed by
commercial organizations and therefore they are the
commercial secrets that actualizes further research in
this field.

It may be concluded that now the most
promising approaches for scatter compensation
should include Monte-Carlo based simulation as
while as modern data analysis techniques like neural
networks. This combination provides the possibility
to take into account as much known physical
properties as possible and to predict the unknown
physical properties like underline object structure
influence of noise, etc.
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3a oonomoeorw MPT - memody eusuaembcsi noedinka nyivbcogoi xeuni ¢ aopmi. Bemawnoeneno, wo
WBUOKICIb KPOBOMOKY NPONOPYILIHA 3MIHI niowi nonepeurno2o nepepizy cyounu. Ilokasano, wo yeii pakm €
CBIOYEHHAM 8IOCYMHOCMI 8NIUBY BIOOUMUX XGUIb HA (POPMY NYAbCOBOT XBUI.

Kmouosi cnosa: nynvcosa xeuns, MPT — memod, 6i0oumi xeuJi.

Currently, the majority of hemodynamic parameters, such as blood flow velocity, pulse wave velocity,
blood pressure parameters, and the biomechanical properties of the arterial wall, are studied in detail both
in normal conditions and in pathology. However, in real hemodynamics (in vivo) there is a combination of
these factors. The problem of their interaction of a pulse wave with obstacles (stenosis, bifurcation, and so
on) remains poorly understood. The aim of our work was to study the behavior of the pulse wave in the aorta
as an integral indicator of the interaction of the main parameters of hemodynamics using the MRI method.
The method of studying the behavior of the pulse wave in the aorta is based on the hydrodynamic theory of
blood movement in the vessels. Using this theory, a formula was obtained that relates the change in the
cross-sectional area of a vessel during pulse wave propagation and blood flow velocity. Experimental
determination of blood flow parameters and the state of the vascular wall of the thoracic aorta was carried
out using magnetic resonance imaging. Computer processing of phase-contrast images was carried out
using the Q Flow software package and the dependences of the blood flow velocity and the cross-sectional
area of the vessels on time were obtained. As a result, it was found that the blood flow velocity is
proportional to the change in the cross-sectional area of the vessel. It is shown that this fact indicates the
absence of the influence of the reflected waves on the pulse wave shape.

Key Words: pulse wave, MRI - method, reflected waves.

Crartio npencraBuB akanemik HAH Vkpainu, a.¢.-M.H., npod. Bynasin JLA.

[lepemkomay € JOKEPENIOM IIOSBH  BiIOMTHX
XBHJIb. 3araibHONPHHHATOIO (Hamp., [2, 1, 3] Ta iH. )

Sk Bimomo (mamp. [1, 2, 3] Ta iH.), KPOB Y € Te3a IpPO CYTTEBMH BIUIMB BiIOMTHX XBHJIb Ha
CY[MHHI/l  CHCTEMi IIEPEHOCHTBCS  IyJIbCOBOKD MpOIECH KPOBOTOKY B Cy/IHHAX.

Beryn

xBwieto. [lommprorounchk y CyauHax, IS8 XBHIISA MeTtoro Jn1aHOi cTaTTi € eKCIepUMEeHTallbHA
HATparuise€ Ha TEpelIkoAu, A0 SKUX BITHOCATBCA IEpeBipKa 3ragaHoi TE3H.
CTEHO3W — Pi3Ki 3MiHK (opMH Ta PO3MIPY

MOMEPEYHOro  mepepizy cynund, Oipypkamii —

POSTATYSKEHHS CYJIHH TOMO 3anexHicTh Mi’K HIBHAKICTIO KPOBOTOKY Ta

NJIOIIE) MONEPEYHOro Nepepizy CyauHu

Jns Toro, mo0O BIiANOBICTH Ha 3alUTAHHS,

SAKMA EeKCHEPUMEHT CIiJg BHUKOHATH Yy JaHOMY

© B.B banax, 10.®. 3abarnra, BUMAJAKY, PO3IISIHEMO 337ady TMpoO TOIIMPEHHS
0.C.Cpeunixosa, 2018 yJbCOBOT XBUJI y CY/IMHI HECKIHUEHOT JTOBKUHHU.
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BBaxxatumemo, mo cyamHa Mae Qopmy [Toznaunmo wepe3 AS  3MmiHy  miomi

UIiHApa. BBeeMo 1uniHApUYHI KOOPIMHATH BICCIO  IIONEPEYHOrO MEpepi3y CYAMHHM IPU  HOIIUPEHi

Z, mo 30iraeTbcs 3 BICCIO LWIIHApA, pajialbHy MmyJdbCOBOI  XBWI. Ll 3MiHa  BH3HAYAETHCS
KOOPJMHATY TTO3HAYNMO uepes I . OYEBUIHOIO (HOPMYIIOIO

PosrnsmaTuMeMo KpoB SK iiealibHy HECTUCIIUBY
AS =27bu, 9)

piauny. BiamoBimHO piBHSHHS pPyXy € piBHSHHSA
Eitnepa (nuB. Ha 1ip. [4] Ta in.)

XX @
pat oz’

aVr__@ 2
Pt T o @)

ne p - rycruHa, t - Wac, p - Tmck, V, Ta V, -
OChOBa Ta pajiaibHa KOMIIOHCHTH IIBHJIKOCTI,
BIJIIIOBIAHO.

YMoOBa HECTHCIUBOCTI Mae BUTIIAN (IMB.,

Harp. [4] Ta in.)

v, 1a(v,) _

0 ©)

oz r or
HiameTp CcyauHH CYTTEBO MCEHIIMH 32
nopxkuHy xBuii. lLle 1o3Bomse  ckopucTaTHCh

TEOpi€ro MOBrHX JIiHiK (auB. Hamp. [5] Ta iH.), 3rigHO
3 KOO PO3B'sI30K piBHAHHA (1) Mae BUTIISAA

Z
vV, =v |[t——|,

; @

Jie C - MBHIKICTH MOIMIUPEHHS XBHII
[MincTaBmsroun piBHicTh (4) B ymoBy (3) Ta
IHTETPYIOUH 0 I, OTPUMY€EMO POPMYITY

rov
v, =2 5)
2c ot
[Toznaunmo 4epe3 U, pajianbHe 3MillleHHS. 3a
BH3HAYCHHSIM
ou
v, =S (6)
ot

[Mincrapistoun piBHIiCTh (6) y hopmyny (5) Ta
iHTerpyrouu mo t, Mmaemo
u = r V

r 2C z

[MozHaunmo yepe3 b

()

BHYTpIIIHIA pajiyc
CyauMHH, a 4epe3 U, pajiaqbHe 3MIIIEHHS CTiHKH
cynuHu. 3rigHo 3 opmynoro (7) 3anucyemMo

b

U =—V,

- (®)

[MizcraBnsaroun U, 3 Gopmymnu (9) B (8), Maemo

V c
L=— (10)

AS 7zb
3rigno 3 piBHicTIo (10) mpu nomMpeHH]
MyJTECOBOI XBWJII B CY/IMHHI HECKIHYCHHOI JOBXUHH
BiJHOIIEHHS V,/AS MyCHTh 3ajumiaTucs craiuM. Y

Takii cuTyauii BiIOUTI XBUIIi BiACYTHI: iCHYE TLIBKU
onHa — mepBuHa xBuisA. To x piBHicT (10) cmig
pO3TIsAAaTH AK YMOBY, 3a SKOI BiIOWTI XBHII
BigcyTHi. Ll ymMoBa migkasye ier0 eKCIepUMEHTY,
SAKHA CIiJA TIOCTaBUTH, MO0 TMEpEeBIpUTH, YU
BIUTMBAIOThH BiIOMTI XBHJII Ha KPOBOTOK y peabHii
CyIIiHI, sIKa Ma€ HECKIHYCHHY JOKUHY.

3a 1i€0 yMOBOIO HEOOXifHO Ansi BUOpaHOl
CYIVHU OJHOYACHO BHMIPIOBATH 3aJICKHICTh V, Ta
AS Bix yacy. SIKIIO BHSBHUTBCS, IO MPOTATOM Yacy
v, /AS
CTaIMM, TO II€¢ O3HayaTHMe, IO BIZOWUTI XBUJII
NPaKTHYHO HE BIUIMBAIOTh Ha KPOBOTOK Yy JaHii

BUMIpPIOBaHb  BIJHOLICHHS 3aTUIIA€THCS

CyIHMHI: CTamicTh BigHomenHs V,/AS cBia4uTh npo

T€, M0 KPOBOTOK (DaKTUYHO SBISIE COOOIO TiIBKH
NEPBUHHY XBHIIIO.

Puc. 1. 300paxkeHHs aopTH, OTpPHUMaHE 32
noriomororo  SSFP  mocmimoBHocTi Ha  MP -
tomorpadi. binoto miHIEHO MO3HAYEHO TUIOILY

CKaHyBaHHs (Da30BO-KOHTPACTHOI IMOCIIIJOBHOCTI.
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ExcnepuMeHTA/IBHI pe3ybTaTH

100 MMm/C
Bumipu Oynu mpoBeneHi Ha TpyaHiHd aopTi 3a

JIOTIOMOTOI0 ~ MarHiTOpe30HaHCHOTO  ToMorpada %

(MPT) Toshiba Vantage Titan 1.5T. Ha puc. 1

. 60
HaBeneHe  MPT - 300paskeHHss  TpyAHOi  aopTu

MaIlieHTa, sIKe J03BOJISIE BU3HAYUTH BICh aOPTH Ta 20

CIUIaHYBaTH HACTYITHE (ha30BO-KOHTpPACTHE

OCTiKEeHHsT (AUB. pHC. 2), 32 TOTIOMOTOI0 SIKOTO 20
BU3HAYAETHCSA IIBUJIKICTh Ta 00’€M KPOBOTOKY B

JTOCTIKYBaHIH IIIONTIHI. 0 N~

-20
MC

0 100 200 300 400 500
Puc. 4. 3anexuicts mBuakocTi V, Bix yacy s
AopTH Ha PiBHI miadparMu.
Ipn mpoBemeHHi KoMmI'tOTepHOI  0OpOOKH

BO-KOHTPACTHUX 300paxkeHHs (Hamp. [6]) y
pamHomy maketi Q Flow oTpumaHi 3ajeXHOCTI

i AS Big uacy, sKi HaBeJIeHI Ha puc.3 Ta

4, BiAMOBINHO. 3aNEKHICTh BigHOWEHHs V, /AS
acy npejcTaBleHa Ha puc. 5.

1k BugHO 3 pHC.5, y Mexax MOXHUOKH

Vs/AS

8
Puc. 2.  Tlocrnpouecciar ¢a30Bo-KOHTPACTHUX 6
300pakeHb: 300paKeHHsI TMOIEPEYHOTO Iepepizy
TpyaHOi aopTH (@ - (pa30BO KOHTPACHE 300paXKESHHS, 4 e o
0 - aHATOMIYHA PEKOHCTPYKIIis).

2

t, MC
0 | | | | . |
100 200 300 400

Puc. 5. 3anexHicTh BiHOLIEHH V, / AS Big yacy

Ul a0pTH.

€KCIIEpPHMEHTY BiJJHOLIEHHS V, / AS MoxHA BBaKaTH

CTaJIUM.
BucHoBkun

[TynbcoBa XBWJIA TNpPH CBOEMY NOIIMPEHHI B
CYIMHI, B3a€EMOMIIOYM 13 TEPEIIKOJaMH, YTBOPIOE
BimOMTI XBwWii. I3 TPOBENEHOTr0 EKCIIEPHUMEHTY
M(C BHIUIMBA€, IIO XaPAKTEPUCTHKH MyJIbCOBOi XBHII

320 . . . .
100 200 300 400 500 600 - CIMBMHAJAKOTh 13 XaPAKTCPUCTUKAMU XBUJIl B CYHAWHI1

HecKiHYeHOi nmomkuuu. lleli ¢akT o3Havae, MmO
Puic. 3. 3anexHiCTh IO IIOMePeYHOro nepepisy ~ BIAOWTI XBHII NPAaKTHYHO HE BIUIMBAIOTE Ha (OpMy

AS aopru Ha piBHi giadparmu Bix uacy. MyTbCOBOT  XBHJI, 1 CBITUATH TPO  IHTCHCHBHE
3aTyXaHHs BIIOMTOI XBHIII.
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Hocnidocyemves MoaekynaApHull Mexanizm ymeopenns 2iopoezenio siceramuny. Januii npoyec
Micmumb OeKiibka cmadill. 00'€¢OHaHHs NAHYI02I8 6 NOMPIUHY CHIPALb, YMEOPEHHS CMPYKmMypu
«BUUMUX»  MIKpO2enis, YMEOPEeHHS NPOCmoposoi cimku. 3anponoHo8amno excnepumenmaibHy
MemoOuKy, 8 OCHO8I KO NOisdeac 6UGUEHHSI NPoYecie GUNapogysauns kpaneiv piounu. OCHOBHOIO
BEIUYUHOIO, WO BUBHAYAEMBCS I3 eKCNEPUMEHmY, € Yaco8uil IHmMepeal YMEOPEeHHs. CmpYyKmypu
«3mumuxy mikpoeenie. Illposedeno anpobayiro memoouku 01 5 % 600H020 po3UUHY JicelamUumy.

Knrouosi cnosa: 6UNAapoeByBaHHs, celeymeoperHs, sHceiamur

The molecular mechanism of formation of gelatin hydrogel is studied. Gelatin is a product of
thermal denaturation or of physical and chemical dehydration of collagen, which is accompanied by
a breaking of triple collagen structures and the formation of a system of coils. The formation of a
gelatin hydrogel is a conformational transformation of a system of dissolved coils into a spatial
network. This process contains several stages,namely, the combining of chains into a triple spiral, the
formation of the structure of "stitched" microgels, the formation of a spatial network. To establish
the molecular mechanisms that accompany the formation of the structure of gelatin hydrogel, a
method is proposed. This method is based on the study of the evaporation processes of liquid drops.
The experiment is conducted by studying the size of the drop on the pendant at certain intervals. The
droplet is located in a airtight chamber , which is equipped with a modified optical system. The main
value, determined from the experiment, is the time interval of the formation of the structure of "
stitched " microgels. Approbation of the method for 5% aqueous solution of gelatin was carried out.
Experimentally established the initial time of forming the network. This value is 8 minutes. The
duration of the stage of existence of the structure of "stitched" microgels, which was 3 minutes, was
determined. It is suggested to use this method for developing the methods of stability of gels from
drying.

Key Words: evaporation, gelation , gelatin
Crattio npeacraBuB akanemik HAH Yxpainn, a.¢.-m.H., mpod. bymasin JL.A.

BUKOPHCTOBYIOTBCS Y  JOCTIDKEHHSAX MO0
imKeHepil M'SKMX TKaHMH Ta KiaitaH [2,3].
XKenatuH € MpPOAYKTOM TEPMIiYHOI JeHarypariii
abo ¢ismuHoi Ta  XiMiyHOI  meriapararii
KOJIareHy, 1[I0 CYIPOBO/DKYETHCS  PO3PHBOM
HOTPIHOT KOJAreHOBO1 CTPYKTYP i YTBOPCHHSIM

BCryn

Sk Bimomo[1] mOCHimKEHHIO KiHETHKHU
dhopmyBaHHS reiiB, WIO MICTATh JKENAaTHH,
npuniiseTscs Oarato yBaru. Hacammepexn, 1e
MOB'SI3aHO 3 BHUKOPUCTAaHHSM JKEIATHHOBUX TeEIliB

y XapuoBid, Jerkii Ta  (apManeBTHUHIH .
CHCTEMH KIIyOKiB.
INPOMHUCIOBOCTAX, & TAKOK 3 YJOCKOHAJIECHHAM Y .
. . VYTBOpeHHs Tigporento sABige €000
oUX  ranyssax ICHYIOYMX  TEXHOJOIIYHHUX .
. . . : KoH(popMmaniiine IEPETBOPEHHS CUCTEMHU
npouecis.  Kpim  Toro riaporeni  KenaTHHY

po3piHeHuXx KiIyOKiB B MpocTOpoBy citky. [1]. Ha

© I''M. Bepbinceka, JI.IO.Beprys,
A.B.bpuran, 2018
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OCHOBI JIITEpaTypHUX NAaHUX[OWB., Hampukiaag 4]
mpolec  yTBOPEHHA  TiAPOTENI0  KEIaTHHY
nominsitoT Ha Tpu ctafii. Ilepma crajis
BinOyBaeThcs nipu oxonomkerHi no 40°C. Ha mii
cranii BinmOyBaeThCs 00'€HAHHSA JIAHLIOTIB B
MOTpifHYy cHipalk BHACHiIOK KoH(}ipmalmiiiHoro
nepexony «kimyOok-cmipanb». Ha npyriit cragii
BinOyBaeTbCcsl ~ YTBOPEHHS  CTPYKTYpH  Tak
Ha3BaHMX <«3IIUTUX» MikporemiB. Ha Tperiit
cTajii — 3aBepIIAIbHIA YTBOPIOETHCS MPOCTOPOBA
citka. Jlng XapakTepuCTHKHA  Tepuioi cramaii
BHKOPHUCTOBYIOTHCS, SIK HaBEJEHO B JITEpaTypi
(muB., wnHanpuxnan [4]) eKCITepUMEeHTalbH1
METO/H, Ha OCHOBI MOJIIPUMETPUIHUX
nociimpkedb. OIHUM 13 TapaMeTpiB, 10 MOXYTh
XapaKkTepu3yBaTH JAPYTY cTajaito OyB BHU3HAYCHUU

j11(0)

TiIpOreio.
[2] BiH Moxe OyTH

napamerp P - uactka

g
GOpMYIOTh  CITKY JKEJIATHHOBOI'O
BiamoBigno o poboru
BU3HAYCHHUH 3a GopMyI0r0

MaKpOMOIJICKYII,

t

I:)gel (t): F)gozl 1-e |,

)
Pgel (t) npu
t >0, 7- TpuBamicte npyroi cramii Sk
MIPaBHIIO, 15t BETMYHHA MTOB'sI3aHa i3
KOHITCHTPAIIIETO pO3YHUHY, OymTOBOIO
MakKpOMOJIEKyJn 1 T.4. B mamii crarti Mu
MPOMOHYEMO EKCIEPHUMEHTAIbHY METOJUKY s
BU3HAUYCHHS MPOMDKKY MapameTrpy 7 - 9acoBOTO
IHTEepBally yTBOPCHHSI CTPYKTYPH  «3IIUTHX»
MIKpOT€ITiB.

o0

me U - 4ac, Py, -rpaHndHa BenuYMHa

ExcnepuMmeHTAIbHA METOAMKA

Jns BU3HAYCHHS YacoBOrO IHTEpBAaLy 7T
YTBOPEHHSI CTPYKTYpH <GIIUTUX» MIKPOTeIiB
Oyna BHKOpPHCTaHa METOJWKAa, IO TOB's3aHa i3
TOCHIIKEHHAM KIHETUKHA BUIApOBYBAHHSA
kparmH. Crig 3a3HaYMTH, O[O0 NHTAHHA TIPO
BU3HAYEHHS YAaCOBUX IHTEpPBANB , BIPOIOBK
SIKUX BinOyBaroThCa KoH(OpMaIliliHI mepexoau B

OiomosiMmepHUX CTPYKTypax TaKOX
posrismaerbcs 1 B iHmMMX poboTtax [ nwmB.
Hanpukian 5,6]

lomoBHa igess  3aCTOCYBaHHS  IbOTO

METOJly TOJISITa€ B TOMY, IIO TelIb PO3TIIAIAETHCS
SIK TIOPUCTUH MaTtepian, Mo MICTUTh KapKac CiTKH
Ta MOJEKYJIH piauHU (BOIW), AKi 3HAXOIATHCS B
piBHOBa3i 3 kapkacom [3]. Ilpu Takiii ymoBi
BHUIIapOBYBaHHs Bil0OyBaTuCh He Oyze.
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IIpononoBanuit €KCIIEpUMEHTAIbHUN
Meton [7,] 3acHOBaHMT Ha BUBYEHHI MPOIECIB,II0
NPOTIKAIOTh Y CHUCTEMi, SIka MpEeNCTaBiIsie cO00I0
KpaIuIio, 0 BHIAPOBYEThCA. Sk Bigomo (mouB,
Hampukiaang  [8]), mpomec  BUMapOBYBaHHS
MpOTiKa€e BHACIIOK TOro, IO 3 TIOBEPXHI
PIIMHHUX CHUCTEM BHIJIITA€E YaCTHHA MOJEKYII,
YTBOPIOIOYU HaJ piauHOow map. [Qns Buxogy 3
TaKOi CHCTEMH MOJICKYJIU,II0 BUIIAPOBYIOTHCS
MOBUHHI BOJOMITH JOCTaTHBOI CHEpPTi€ro, 1100
MOJOJIATH CHJIM TsDKIHHA 3 OOKY MOJICKYJI,IIO0
3auIIKCh. [li cuiim BH3HAYAIOTHCS CKIIA0M
PIIMHHOT CHCTEMU. PosrnssHemo 1Ba  TUIIH
pimmHHHUX cucteM. llepma Oyae ckiamatucs 3
YacTUHOK onHoro copty «O». [lpyra Oyxe
MPEJCTABISATH COOO0I PO3YHMH, IO CKIAJAETHCS 3
MOJIEKYJ po34uHHMKA «O» 1 PO3YHMHEHOIr0
pedoBuHu «P». Tomi B mepmoMmy BHIAAKY
B3a€EMOJIisI MK YaCTHHKaMH OyJe BH3HAYaTHCA
B3aemojiecro «O-O», a B OPyromMy B3a€EMOIIEI0
«O-0O», «O-P» i «P-P». Takum 4iHOM B PIAMHHUX
CHUCTEMax, y TOMY YHCIi 1 B CHCTEMi «BOJa —
JKeTaTUH»,  TMPOoIec  BUMAPOBYBAHHA  OyIe
BH3HAYATUCA HE TUIBKH B3a€EMOJIEI0 MOJICKYII
PO3UYMHHMKA MIDK Cc000I0, aje TakokK K
B3aEMOJII€I0 «MOJEKyJla pPO3YMHHHKA-MOJIEKYyia
pPO3YMHEHOT PEYOBHHH», TaK 1 B3aEMOJISIMH
TUTBKH MK MOJEKYJIaMH PO3UYHMHEHOI PEUYOBHHM.
B3aeMomiss MOJIEKyn JKEIaTHHY MIDK CcO0Om i
CIIOHYKa€ YyTBOPEHHS KapKacy CiTKH.

Jnst mocnmimkeHHs KIHETUKH (OpMYyBaHHS
reJl0 METOAOM Kpamli ,II0 BHUMAapOBYETHCH,
BHKOPHUCTOBYBAIacs eKCIepuMeHTaIbHa
YCTaHOBKa, CXeMa sIKOi HaBeJIeHa Ha puc. 1.

%
Puc. 1. Cxema excriepuMeHTaJIbHO1
YCTaHOBKH JUIsl BAMIpPIOBaHHS IIBUAKOCTI
BUIIaPOBYBAHHs Kpamnenb piguH [7].

=

[=l=]

3

—
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KpaminHa BOJZHOTO pO3YMHY JKEIATHHY 3
KOHLIEHTpaliero 5% mnigBimyeTbes Ha migsici (1)
IO PO3TAlIOBaHUU y repMeTHYHil Kamepi (2).
Lle no3BONSE KOHTPONIOBATH CKJaJ Ta30BOro
CepeIoBHIIa, B SIKOMY BigOyBaeThCs
BHUIIAPOBYBaHHs, MOr0 THUCK Ta TEMIeparypy. 3a
JOTIOMOT 010 BeO-kamepu (3), oOsanHaHOi
MOIU(IKOBAaHOI ONTHUYHOK cHUCTeMOIo (4) uepes
¢ikcoBani iHTepBanu yacy (30 c¢) oTpUMYIOThCA
¢dororpagii kpamnunu. Iloganpma oOpoOka
OTpUMaHUX  300pakeHb  3AIMCHIOETBCS 32
nomoMoror mporpamu Matlab 3 Bukopucranusm
komm’orepa (5). Ha ocHOBi ojmepaHWX daHUX
pPO3paxoBY€eThCS IUIOIIA KPAaIUIMHU B TEBHUM
MOMEHT 4Yacy. Ha puc.2 300pakeHO 30BHIIIHIH

BUTJISIT YCTaHOBKHU TUTS JOCITI K EHHSI
BHIIApPOBYBaHHs Kpamenb pinuHa. Ha pwuc.3
300paK€HO Kpalulld Ha MiaBici B mporeci

NMpOBCACHHA CKCIIEPUMCHTY.

2018,1

Puc. 2. 30BHINHIA BUTISAA YCTAHOBKH JUIS
JOCIIKEHHS BUIIAPOBYBAHHS KPaIleNb PiIUHU.

3

Puc. 3. 3o0paxenHs kpamiai Ha migBici B
MpoIeci MPOBEACHHS eKCIIEPUMEHTY.
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Pe3yabpTaTn ekcriepuMeHTy Ta ix
00roBOpeHHs

B pesynbrarti ekciepuMeHTy 0yJio OTpUMaHi
YacoBi 3aJIeXKHOCTI 3MIHM JiaMeTpy KpallldHH.
Bbye BBenenuit 6e3po3mipuuii koedinient &, mo
XapaKkTepu3yBaB BifHOLICHHs aiamerpy kpamwi d, B
OyIb-KHii MOMEHT 4Yacy 10 JdiaMeTpy Kparun B
noyatkoBuil MoMmeHT dacy O,. Ha puc.2 naBeneHo
4acoBy 3aleKHICTH mapamerpy ¢ B mpoueci
(hopMyBaHHS KEIATUHOBOTO Tijporento. Sk 0yio

3a3Ha4Y€HO Yy BCTYNOBi y BIiJNOBIZHOCTI 3
MOJIEJUII0 PO CITYACTy CHCTEMY MHOTPIHHUX
JaHIIOriB, 1m0 TmepedyBae B piBHOBa3l 3

pO3TallOBaHUMH B Hili MOJIeKyJ1aMu Boau [3] Hac
Oyne I[iKaBUTH 4YaCOBHH  IHTEpBal, B SKOMY
BHUIIAPOBYBaHHS BinOyBaTuch He Oyme. Came 1eit

YacOBUW IHTEpBaJ, HAa Hamy JIyMKYy, Oyzae
BimmoBijatu  Apyrid  cragii  ¢opmyBaHHSA
rigporento — cTaaii  yYTBOpPEHHS CTPYKTypH
«3muTux» Mikporenie. Ciig 3a3HaYUTH, M0

peecTpaliss po3MipiB KpalIMHU BiamoBimana 5
XBUJIWHI 3 MOMEHTY TMPUTOTYBaHHS PO3YUHY
KETaTHHU.

1.1

1

07—

10 11 12 13 11 1

t.XB

Puc. 2. YacoBa 3anexHicts Koedimienra & .

3 puc.2 BHUAHO, IIO B YaCOBOMY iHTepBaJi
8- 11 xBumuH (BpaxoBYIOUM IMOXHOKH) 3MiH Yy
po3Mmipax Kpamjii NpakTHYHO He BigOyBaeThcs.
Came B 1npoMmMy IiHTepBasi wyacy BigOyBaeTbcs
3IIMBKA OKPEMHX CTPYKTYp MIKpOremiB Ta
Mepepo3moiyl  MOJEKYJI BOAM MIX JIAHI[FOTAMU

5
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)kenatuHy. I[lounHaroun 3 11 xBununwH,
BiOyBa€eThC BUIIAPOBYBAHHS MOJIEKY
PO3UMHHUKA 3 TOBEPXHI KPAaIlJWHH Ta IMOYaTOK
HapOCTaHHA TBEpAOI  3HEBOAHEHOI dazu
(BUCHXaHHS TeI0).

BucHoBKH

B cTaTTi 3ampornoHOBaHO EKCIEPUMEHTAIbHY
METOAMKY JJisi BU3HAYEHHS YacOBOTO IiHTEpBaiy
npyroi craaii GopMyBaHHS TigpPOTeNIo KeIaTHHY.
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3a3HaueHa MeToauKa ampoboBaHa mia S5 %
BOJHOTO pO3UMHY kenatuHy. IlouatkoBuit
MOMEHT (OopMyBaHHA CITKM BigmoBimaB 8

XBUJIMHAM 3 MOMEHTY MPUTOTYBAaHHS PO3UHHY.
TpuBanicte nApyroi craxmii ckiana 3 XBUJIHHH.
[TporoHOBaHY METOJIMKY MOXKHA, Ha HaIll MOTIIA,
BUKOPUCTOBYBAaTH MNpPH  po3podli  MeTo.niB
CTIMKOCTI T'eJIiB BiJ BUCUXAHHS.

References

1. BIGI, A.,, PANZAVOLTAK. & RUBINI, K.
(2004) Relationship between triple-helix content
and mechanical properties of gelatin films.
Biomaterials. 25. p.5675-5680.

2. FORTE, A.E., D'AMICO, F.,
CHARALAMBIDES, M.N. (2015) Modelling and
experimental characterisation of the rate
dependent fracture properties of gelatine gels.
Food Hydrocolloids. 46. p.180-190.

3. ZABASHTA, Yu.,, OREL, V. VERGUN
L.(2014) Method for the Study of Properties of
Collagen-Type Peptides Used in Modern Medical
Technology. Bulletin of Taras Shevchenko
National University of Kyiv Series: Physics &
Mathematics. 3. p.255-258.

4. IZMAILOVA, V., DERKACH, M.,
SAKVARELIDZE, M.(2004) Gelation-
Containing Multicomponent Blends. Polymer

Science, Ser.C. 46(1). p.73-92.

5. HERNA'NDEZ CIFRE, J. G., GARCI'A DE
LA TORRE, J. (2001) Kinetic aspects of the coil-
stretch transition of polymer chains in dilute
solution under extensional flow. Journal of
Chemical Physic. 115(20).p.9578-9584.

6. COLLIN, M. (2006) The folding mechanism of
collagen-like model peptides explored through
detailed molecular simulations. Protein Science.
15.p.2166-2177.

7.  VERBINSKA, G., BRYTAN, A,
CLESHCHONOK, T. (2010) Water and
nitrobenzene  droplets  evaporation  under

ultraviolet irradiation. Physics
systems. 47.p.49-58.

8. FUKS, N. A.(1959) Evaporation and droplet
growth in gaseous media. Pergamon Press.

of aerodisperse

Hapniiinura go penkosrerii 16.03.18



Bicnux Kuigcvko2o HayionaabH020 yHigepcumemy Bulletin of Taras Shevchenko
imeni Tapaca Hlesuenka 2018, 1 National University of Kyiv
Cepis: Pizuro-mamemamushi HaYKY Series: Physics & Mathematics

VK 539.211: 539.25

Bepryn JI.IO. %, x.¢).-M.H., H.C., L.Yu.Vergun?!, PhD, Sci. Res.,
Cseunikosa O.C.? k.¢.-M.H, C.H.C., 0.S.Svechnikova?, PhD, Sen. Sci. Res.,
Bo6posnik C.P.3, cryn. S.R.Bobrovnik?, Stud.

Meroauka o0po0kn excrnepumeHTanbHUX | Method of processing experimental data
JIaHAUX OpH  JOCTiTKeHHi cTpyKTYpH | for researching of the structure of the

enmiTaKkciaJbHOI 0 mapy epitaxial layer
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3anpononosano memoouxy ooOpooKu eKcnepumeHmanibHux OaHUX, OMPUMAHUX 3d OONOMO2010
AMOMHO-CULOB020 MIKPOCKONY, npu OO0CAIONCeHHi cmpykmypu enimaxcianvroeo wapy. Cymov yiei
MEMOOUKU NOAA2AE 8 THOMY, WO NOBEPXHA ONUCYEMBCA 3d 00NOMO20I0 MPAOUYIHOT KOHMUHYALbHOT
MoOeni, 32i0HO 3 AKOK B8ePMUKATIbHE 3MIWEHHS MOYOK NOBEPXHI 6i0 NAOWUHU ONUCYEMbCA BUNAOKOBUM
nonem. Ilposedeno anpobayito 3anponoHOBAHOI MEMOOUKY ULIAXOM OOPOOKU eKCHepUMEHMANbHUX OaHUX,
AKI Xapaxmepusyoms NOGEPXHI0 NAIBKU, WO YMEOPULACh 6HACTIOOK 3ameeplinta 40% 800H020 po3uuHy
2/OK03U HA Winigho6anitl ckaauit niOKAaoyi. s 00CHioNCy8anoi cucmemu U3HAUEHO YCePEOHEHU PelbeD
NOBEepxXHI.

Knrouosi crosa: enimaxcis, amomHo-cu108a MiKpOCKONis, peibe@ noGepxXHi

The method of processing experimental data of an atomic-force microscope at the
investigation of the structure of the epitaxial layer is proposed. In this method the surface is described
by using a traditional continuum model. According to such model the vertical displacement of the
points of the surface from the area is described by a random field. The histogram of the distribution
of relief on the film surface is analyzed. The displacement distribution functions on histograms are
considered as the sum of two functions. These functions correspond to the slow and rapid dependence
of the coordinate, which is perpendicular to the surface. An approbation of the proposed method was
performed by processing experimental data that characterizes the surface of the film. This film
formed as a result of hardening of 40% aqueous glucose solution on a polished glass substrate. The
smoothed histograms of displacement distribution are constructed for the studied system. The
smoothed histograms contain the maximums. These maximums correspond to the heights of the ledge
of the relief of surface. These values are defined with an error is the magnitude of the amplitude of the
rapidly fluctuating function. The averaged relief of the investigated surface is constructed according
to the obtained data.

Key Words: epitaxy, atomic force microscopy, surface relief

Crartio npencraBuB akageMik HAH Ykpainu, a.¢.-m.H., npod. Bynasin JL.A.

Bcryn minkiaaku [5]. B pmaHiii  cTaTTi  MPONMOHYETHCS
METOAMKAa OOpOOKM  pe3yNbTaTiB, OTPUMaHHUX
METOZOM  aTOMHO-CHJIOBOi ~ MIKpPOCKOMii  II0A0
CTPYKTYpH  TIOBEpXHI  eMiTaKkcialbHOro  MIapy,
YTBOPEHOI'O Ha TBEPiH i IKIaILIi.

Sx BiZOMO, emiTakCi€l0 NPUHHATO Ha3MBAaTH
HampaBJICHUH PICT KPUCTATIB OJAHI€] PEYOBMHU Ha
migkaanmi iHmoi  [auB, Hamp. 1], JlocmimkeHHSIM
OJI0 MEXaHi3MiB  CIiTaKCialbHOrO pPOCTy Ha
MOBEPXHI MIAKIaJKW NPUCBAYCHA 3HAYHA KUIBKICTh
TEOPETHYHUX Ta EKCIEPHUMEHTAIBHUX podiT [2-4].
OnHak, Ha JIJaHWH Yac OJHUM i3 aKTyaJIbHUX THTaHb [MoBepxHIO eIiTakCciaTbHOTO MIAPY B HAIIOMY
€ CTBOPEHHS MOAENI JUId AOCHIPKEHHS OpieHTalii JociijkeHHi OyIeMO ONHMCYBaTH, BUKOPHCTOBYIOUU
eMiTaKkCiaIbHOTO mapy 00 MOBEPXHI TPaAMLidHY KOHTHHYaJbHY MOJEIb, 3TiAHO 3 KOO

CyTh NPONOHOBAHOI METOANKH

© JL.YO.Bepryn, O.C.Ceunikosa,
C.P.bobposHik, 2018
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BEPTHKAIbHE 3MIMIEHHS TOYOK TIIOBEPXHI  Bif Anpooanisi MpoNmoHOBAHOI METOINKH

mwionman Z =0 onucyersest BUNAIKOBUM MOJIEM AnpobyeMO  3aIPOIIOHOBAHY METOMMKY JUIS

Z — Z(I’) (1) JIOCITI/PKEHHST TIOBEPXHI TUTIBKH. [1JIT BUTOTOBIICHHS

- 3pa3KiB BUKOPUCTOBYBAJIMCh CKJISIHI IJ1aCTUHU,

Ae I’{X, y} - PpadlyC-BeKTOp, IO BH3HA4YA€ ropmmuoro 1-1,2 mm  (Microscope  slides

TTOJIOXKEHHS TPOEKITii TOYOK IMOBEPXHI Ha TIIOMIHHI
Z=0.
Ile mosne xapakTepu3yeThes PYHKIIIEO
N =N(Z), @

Pl (] N - uncno BI/IHaI[KiB, I IKHUX CHOCTCpiFaGTLCﬂ

naHe 3HadeHHs Z . lle 3HaYeHHs Ha3UBAIOThH
riCTOrpaMoOr0 TYyCTHHU po3nofiny. [licTorpamy
N (Z) OyIeMO pO3ITISIIATH SIK CyMy

NE)=n(Z)s 0 (Z), @

ne N\Z ), n'\Z) - signosigno, Z ¢yHKuis, Mo
3MIHIOETHCS IOBUIBHO 1 IIBUAKO.

Bynemo posrnsgatd  3MIlIEHHS  SIK CYM
BUIIaIKOBUX BEJINYUH
L=L,+Z,+..+ Ly, (4

BuxopucroByroun Bupas (4) mnepeiaemMo i
BU3HAUYEHHS  PO3MOAUTY  iiMoBipHOcTel.  Tar
HAIPHKIIAM, IS BUIIAKOBOI BEIMYHHU Z,, MAEMO

5
i
Bix cmiBBimHOmeHHs (5) TmepeidgemMo 1o
BU3HAYCHHS MATEMATHYHOTO CITO IiBAHHS
hy =" ZaW (Zu) (6)
i
Ta IEHTPOBAHOI quctepcii
— 2 f—
Dl=Z(Zn —hl)W(Zli). (7)
i
Sk ue mnpumiiHsto, 3a noxubky Ah  6yzemo
PO3MIISIATH BETUYNHY
Ah, =D,2. ()

®dopmyrm, aHaNOTIYHI piBHOCTSM (5-8) 30epiratoTh
CHUTY 1 JUlst BUIAJKOBUX BennanH Z,, Z, .

Hns

JIESTKOTO

peanizaiii
BUTIPOOYBaHH1

BU3HAYEHHs  IMOBIPHOCTI
3HAQUEHHS Yy JIaHOMY

BBEJIEMO BEJIUYUHY P| Tak, Hanpuknag, s

imoBipHocti P, , Maemo

>n(z,)
P - . . (9)
Zn(zli )+ Zn(ZZi )"' Zn(zsi )+ Zn(zki )

1 1 I 1
AHJIOTTYHUH BUIIISA NPUHAMAIOTh PiBHOCTI JUIst

semmunH P,, Py, P,.
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CAT.NO.7101) Ta pigunny cucremy- 40% BomHUIA
pPO3UMH  TJIIOKO3H (papmaueBTiuna  dipma
«lapaumsny AW 20217). Bogauii po34nH TIIIOKO3H 3
koHmeHTpamiero 40% HaHOocMBcs Ha muTipoBaHy
CKJISIHY TJIACTUHY Ta BHUTPHUMYBaBcsl NpoTsarom 48
ronuH nipu Temmepatypi 293 K. Ha puc.1. HaBegeno
pe3ynpTaT MBOTO JOCHTIHKEHHS, a CaMe TiCTorpamy

N|Z ) mnidoBanoi CKISAHOT ILIACTHHHU.

N
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Puc.1. Ticrorpama posnominy 3mimens N (Z)
nutipoBaHOi CKIISTHOT IJIACTUHU
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Puc.2. T'icrorpama posnoziny 3mimess N (Z)
CHCTEMH «CKJISTHA TUIACTHHA — TUTIBKa

Ha pe

puc. 2. 3yJbTAT
nocimkennst, a came ricrorpamy N\Z ) uutiposanoi

HaBCICHO o010

CKJIIHOT  IJIaCTHHHU 3 ImapoM 3arsepaiioro 40 %
BOJIHOI'O PO3YMHY TJTFOKO3H.
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Ha pwuc.3. HaBemeHo ¢yHKIIO n(Z), SAKY
JOMOBHMOCS ~ Hajali  Ha3MBaTH  3MJIAIKEHOIO
ricrorpamoro. Il 3HaueHHs BU3HAUYEHi 3 MOXMOKOIO
+An, ne An - aMmuiTyauM MBHAKO (IYKTYHOYOl
GyHKIII.

Sk BuUmHO 3 puc.3 3IJapKeHa ricrorpama
MICTUTh YOTHpPH MakcumyMmu. Llel dakT m03BOIUTH
po3rAgaTd BKa3zaHI TIiCTOrpaMu  SIK  pe3yJbTar
HAKJIQIAHHS YOTHUPBOX TICTOTPaM, IOJIOKEHHS SIKHX
MO3HAYECHO ITyHKTUPOM.

PesynpTatn po3paxyHKy BiAmoBiZHO A0 GopMyn
(1-8) maBemeno B Tabi. 1.

Ha puc. 4. 300paxeHo 3riIapkeHy TicTOrpamy
TYCTHHH PO3MOJLTY 3MIIEHb IUIACTHHU 3 MIapOM
3arBepainoro 40% BOAHOTO PO3YHHY TITFOKO3H.

90
80 V4 \
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| |

\
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\
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Puc.3. 3mmamkena  ricrorpamMa  TYCTHHH
PO3M0IiTy 3MiIIeHb NUTi(hOBAHOT CKIISHOI TUTACTUHH

|
|
|
]

LY

Tabmums 1
[TapaMeTpy, 1110 XapaKTEPU3YIOTh MOBEPXHIO
CKJISTHOI nutidhoBaHOT I AKIAIKHU

Ilapa | Mame- Mozt | Imoeip- | Haroe-
MaTp MATHY- ¥a, HICTE , LUHpH-
(vom- | me coom- ‘f_‘..‘}!(m F Ha
TOHeH | Barcn TODE-
-T2 h[HM:I 301—rr..=.4..11:a
LLEH- TAMEEE
HA) m
b4 o
Z | 151 | 1,7 | 0,13 | 260
Z, | 364 | 4,7 | 021 | 42,0
Z, | 654 | 6,7 | 044 | 880
z, | 856 | 1,7 [ 022 | 440
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po3MnoiTy 3MimeHb NMUTihOBaHOI CKIISTHOT TUIACTUHU
3 3aTBepAinuM 40% BOJHUM PO3UUHOM TITIOKO3H
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Tabnung 2
[TapamMeTpH, 110 XapaKTEPU3YIOTh MOBEPXHIO CKIIAHOI
nu1ioBaHol IMIJKIAAKHA 3 HAHECEHMM 3aTBEPIIIUM
mapoM 40% BOAHOrO PO3YMHY IJIFOKO3HU

Mapa | Mammar | [load | Irorip- | Hams-
MeTD BT ¥a, MeTE , | nespa-
(¥om- | cromizamn M(m F Ha
TIOHEH HX TOpE-
-Ta hl:?—&?'.d':l I0HTAE
IeH- TR BB
Tl m
i
Z, | 388 | 56 | 02 | 40,0
Z, | 1655 | 184 | 0,53 | 1060
Z, | 2292 | 10,7 | 027 | 54,0
Z, | 2995 | 49 | - i

[Mapamerpu, 10 XapaKTEPU3YIOTh IOBEPXHIO
CkIsiHOI muTiOBaHOI TMIAKIAAKKA 3 HaHECEHHM
3aTtBepAiiuM  mapoM  40% BOJHOTO  PO3YHHY
TJIFOKO3W HaBEAEHO B Ta0II. 2.

Ha ocHoBi BennuuH, HaBeAeHUX B TaOu. 1 Ta
TabJ1. 2, MOXKHA 3aMPOTIOHYBATH YCEPEIHEHY MOJIENb

nosepxHi. Tak, HaiiMeHma BenwunHa N, Bu3HAaYae
[IOJIOKEHHST JIHA 3alafWHA  BiJHOCHO ILIOL[MHM
Z =0, a 3HauenHs D, - ne mupuHa uiei AUIIHKY.
Ta obcTaBuHA, IO 3alMINAETHCS IIE JCKIIbKA Map
niniiaax posmipis  (h,,b,;hy,by;h,,b,) osuauae,
M0 B TpPUUHATIA HAMH yCcepeaHEeHid Mojeri
MOBEPXHsI BUCTYINB Ma€ CTyIiHYaTy Gopmy.
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Puc. 5. Crpykrypa NOBEpXHEBOIO IIapy

CUCTEMH «TBEpJAa IiJKJIaaKa — 3aTBEPILIMHA Iap

40% BOJHOTO PO3YUHY TIIIOKO3M
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YMOBHO 3poOWMO po3pi3 ycepemHeHoi Mojeni
ciucteMd 4epe3 HopManb g0 o Z =0.
[NoOynoBanuii 3a manuMm Tabm. 1, Tabm 2  po3pis
300pakeHnid Ha puc.5. Ha wnpoMmy pucyHky

3aIITPUXOBaHA  YacTWHA  pO3pi3y  BIANOBimae
ycepeqHeHOMY penbedy T aKIaIKH.
BucHoBkn
3ampoIroHOBaHO METONKY 00poOKHU
pe3yibTaTiB, OTPUMAHUX METOAOM aTOMHO-CHIIOBOT
MiKpOCKOTIii 10/10 CTPYKTYpH MOBEPXHi

eMiTaKCIaNbHOTO IIapy, YTBOPEHOTO Ha TBEPAiH
miaknaani. [IpoBeaeno ampoOaiito 3ampoONOHOBAHOT
METOAMKHM NUISIXOM BH3HAUCHHA MNapameTpiB, IO
XapaKTepU3ylOTh CHUCTEMY «CKJISHA IJKIaaKa —
BoIHMM po3unH 40% TIIIOKO3W» 1 BHU3HAYAIOTh
yCcepeTHeHNH pellbed MOBEPXHi.
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CyuacHi mexHono2ii eumazaiomv CMEOPeHHs HaHOMamepianie i3 eHyukumu eracmusocmsimu. OOun i3
Cnocobi6 cMEOpeHHs MAKUX HAHOMAMepianie — NOEOHAHHS HAHOYACMUHOK I3 NOAIMEpamMu, Wo 3MIHIOIMb
nosepxuesi gracmusocmi Hanouacmuuox. Hanoyentonoza — ye 6azamoobiysouuli Hanomamepian i3 WUPOKUM
CREeKmpoM 3aCOCY8anb. BoOHi cymiui peyosun Ha 0CHOGI HAHOYETIONI03U MOJICYMb 3HAUMU 3ACMOCY8AHHS O
CMBOPEHHS CEHCOPIB, CUCIEM HANPAMACHOI 00CMABKU NIKI8 Md iH., MOMY 8ANCIUBO 3HAMU BLACMUBOCTT B0OHUX
cymiweli Hanoyenronozu. Y Oawili podomi 00CuiodxiceHo OieleKmpuyHi  61ACMUBOCmi BOOHUX cyMiutell
Hanouacmunok yemonosu iz noni-N-isonponinaxpunamioom (PNIPAM) y dianazoni wacmom 6io 0.1 oo 30Ty
npu memnepamypax 22, 32 ma 42 °C. Ompumani oani npoananizoeano iz euxopucmannsm moodeni Jlebas.
Buseneno, wo PNIPAM ma uanoyenronosza 3minwiomos OieleKmpuuHi 81acmugocmi cymiuiei y 3a0aHomy
dianasoni yacmom. Yac penaxcayii soonesux 36 szxie cymiweti i3 PNIPAM 30inbuyemocs, y mot yac sk wac
penaxcayii cymiweti i3 HaHoyemono3010 3menuwyemoca. Cymiwi,ujo micmamo uanoyenonozsy ma PNIPAM
Maome OleleKmpudHi 8racmueocmi Oau3bKi 00 Oielekmpuunux eracmusocmeil 6odu. Llei egexm pobumo
CKIAOHUKU «HEBUOUMUMUY HA 3A0AHOMY NPOMINHCKY YACMOM.

Knrouosi cnosa: nanoyentonosa, noni-N-isonponinaxpunamio, oieneKkmpuymi 1acmusocmi

Modern science requires creation of nonmaterials with flexible chemical properties. One of the ways to
create such nanomaterials is a combination of nanoparticles with polymers changing the surface properties of
the nanoparticles. Nanocellulose is a promising nanomaterial with wide range of applications. The aqueous
suspensions of nanocellulose-based constituents might be applied for sensors creation, drug delivery systems
and so on, so is it necessary to know properties of the nanocellulose agueous suspensions. In present work we
investigate dielectric properties of aqueous suspensions of cellulose nanoparticles with poly(N-
isopropylacrylamide) (PNIPAM) in frequency range of 0.1 to 30 GHz at temperatures of 22, 32 and 42 °C. The
achieved data is analyzed using the Debye model. It is found that both, PNIPAM and nanocellulose change the
dielectric properties of suspension in given range of frequencies. The relaxation time of hydrogen bonds
increases for the suspensions containing the PNIPAM, while the suspensions containing the nanocellulose have
the relaxation time decrease. Suspension of nanocellulose with PNIPAM has characteristics close to that of pure
water; this effect makes constituents “invisible” in given range of frequencies.

Key words: nanocellulose, poly(N-isopropylacrylamide), dielectric properties

Crartio npeacrasus akageMik HAH Ykpainu, 1.¢.-m.H., npod. bynasin JLA.

researches make accent on profitable properties of
cellulose nanoparticles such as biocompatibility,
mechanical strength, and chemical flexibility of
surface and so on [1]. There are deferent types of
cellulose  nanoparticles such  as  nanofibers,
nanocrystals, microfibers etc. varying by size, shape

Introduction

Cellulose has been investigated for decades but in
recent years this material became an object of great
interest to scientists and engineers. Numerous

© I'pednboB O.A., Manyii JL.IO., Cucoes B.M.
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chemical properties. These nanoparticles itself or in
combination with other materials are proposed, for
example, to apply in medicine, food industry, material
science for creation of strong, lightweight materials
[2]. However, there are some difficulties in cellulose
application, such as  hydrophilic-hydrophobic
properties of surface preventing its combination with
some materials. To overcome this problem it is
proposed to use a polymer -  poly(N-
isopropylacrylamide). Combination of nanocellulose
with PNIPAM provides not only possibility to control
the surface chemistry of nanocellulose but also gives a
promising property — the temperature response. This
compound might be applicable for sensors, thus, the
investigation of dielectric properties of nanocellulose-
PNIPAM system in aqueous media may provide useful
results for temperature sensors creation.

In this work we investigate dielectric properties of
water, water-PNIPAM  solution and aqueous
suspensions of cellulose nanocrystals (CNCs) in
combination with PNIPAM in frequency range of 0.1
to 30 GHz at temperatures of 22, 32 and 42 °C. The
measurements are processed with Debye model.

Experimental section

For the nanocellulose isolation was used soft
wood pulp. The CNCs were isolated by common
sulphuric acid - hydrolysis method [1]. For the
measurements 4 samples were prepared: water, water-
PNIPAM, water-CNCs, and water-CNCs-PNIPAM.
The concentration of PNIPAM in each sample is
0.04 wt%, the concentration of CNCs in each sample is
5 mg/mL.

The dielectric properties of the aqueous
suspensions were investigated by Keysight Network
Analyzer N5227A with Agilent Dielectric Probe
sensor in the frequency range of 0.1 to 3GHz at
temperatures of 22, 32, 42 (+ 1) °C.

Results and discussion

In the given range of frequencies of 0.1 to 3 GHz
the hydrogen bonds response can be measured. There
are several models describing dielectric relaxation of
hydrogen bonds such as Cole-Cole, Davidson-Cole,
etc, containing 4 and more parameters representing
asymmetry and broadness of the dielectric dispersion
curve, however, our experiment accuracy (6% for
higher frequencies) do not provide uniquely determine
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parameters of models with 4 and more parameters as
the mutual dependence of parameters appears. Thus,
the Debye model is used to process the measurement
data. The Debye equation is given as follows:

£0— &

1)

ev =g v —ig v =¢€, + P —
where, v — frequency of electromagnetic field, ¢, -the
value of dielectric permittivity at v—oo, g, — the value
of dielectric permittivity at v—0, t — characteristic
relaxation time.

The real and the imaginary permittivity are
derived from equation (1) as follows:

’ _ €0~ €0
€V =&t 1+(2muT)?2 (2)
" _ 2muT(Eg—Eoo)
€ v = 1+(2muT)? (3)

Using equations 2 and 3 the measured data where
approximated and the parameters were determined.

Water and water-PNIPAM

The calculated parameters of equations (2) and (3)
for water and water-PNIPAM system are shown in
table 1.

As it can be seen from figure 1 the addition of
PNIPAM to water increases both real and imaginary
dielectric permittivity in given of frequencies.

110
100 "
920
80
70
60-
50+
40
304

10° 10"
v, Hz

Fig.1 . The real and the imaginary part of permittivity

of water (O) and water-PNIPAM () suspension at
temperature of 22 °C.
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Also, the Debye relaxation time for water-
PNIPAM suspension increases by 17% from 8.90 to
10.48*10™%s (table 1).

Table 1.
The parameters of the Debye equation for water and
water-PNIPAM system

2018,1

T,°C | £ | € | 7,105
water
22 7.7 3.5 8.9
32 77.1 49 7.31
42 73.2 0.5 5.49
water-PNIPAM
22 105.4 12.8 10.48
32 100.2 13.4 7.74
42 96.5 12.3 6.45

The behavior of the real dielectric permittivity of
water (bottom curves) and water-PNIPAM (top
curves) with temperature change is shown on fig.2.: at
lower temperatures the real part of permittivity is
greater at lower frequencies and higher at higher
frequencies for both samples.

v, Hz

Fig.2. The behavior of real part of permittivity with
temperature change: water (lower curves), water-
PNIPAM (higher curves).

The relaxation time increase with PNIPAM
addition is observed at all temperatures (fig. 3). As it
can be seen from the fig.3, temperature dependence of
water relaxation time is linear in given range of the
temperature; however, the temperature dependence of
relaxation time of water-PNIPAM is not linear, due to
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thermal response of the polymer. The values of
parameter g, the Debye equation tend to decrease with
temperature increase for both, water and water-
PNIPAM system, also, the values of ¢, are greater for
water-PNIPAM system.

12
1.

10

1,10"%s

22 32 42
T,°C

Fig.3. Temperature dependence of relaxation time of
water (m) and water-PNIPAM system (o)

Water-CNCs and water-CNCs-PNIPAM

The same calculations were performed for two
other samples, water-CNC and water-CNC-PNIPAM.

The behavior of the real and imaginary parts of
dielectric permittivity for these two samples is similar
to the previous one. However, the calculated data for
water-CNCs and  water-CNCs-PNIPAM  shows
different change of relaxation time when PNIPAM is
added (table 2).

Table 2.

The parameters of the Debye equation for water-CNCs
and water-CNCs-PNIPAM systems

T.°C | £ | Ex | 1,10%s
Water-CNCs
22 78 1.7 8.24
32 73.2 3.1 6.67
42 69 5.6 4.28
water-CNCs-PNIPAM
22 92.9 4.7 9.32
32 98.6 9.27 7.2
42 94 4 5.89

The addition of CNCs into water causes the
decrease in relaxation time comparing to the pure
water at all temperatures. Due to presence of CNCs,
the addition of PNIPAM does not allow the increase of
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relaxation time to the values of water-PNIPAM
relaxation times.

12
11

10

(2]
o 8 8
o .
= =
&7 -
6
5
4 o
22 32 42
T,°C

Fig.4. Temperature dependence of relaxation time of
water (O), water-PNIPAM (o), water-CNC (o) and
water-CNCs-PNIPAM (m) systems

Also, the values of €0 for these systems do not
reach the values of two previous systems. From fig. 4
it can be seen that addition of CNCs into water

Cnucok BUKOPHUCTAHHUX JZKEpPeEJI

1. Hanouenrono3a y TOHKHX ILTiBKaX, MOKPHTTAX Ta
mapax Juis nakyBaHHs: orisn / [M.A. Xabom, A.
®eppep, I1. T’sri ta in.] // BioResources. —2017. Nel2
(1). - C. 2143-2233.

2. HaHnoremomno3a, KpUXiTHE BOJIOKHO i3 BEITMYE3HUM
notenmiaioM. / [T. A6iroon, A. Piskin, I. [{ao Ta iH.]
/I Current opinion in biotechnology. — 2017. — Ne39. —
C.76-88.

3. HaHOKpHUCTa M LENI0I03H 3 Pi3HUMH MOPQOIOTiIMU
Ta XipanpbHuMH BiactuBocTsmu / [B.®. Kopomosuy, B.
Yepmak, H.P. Ileiix Ta in.].// Polymer (Guildf). —
2018. — Ne145. — C. 334-347.

2018,1

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

decreases the relaxation time,however, the addition of
PNIPAM causes the increase of the relocation time.
When both CNCs and PNIPAM are added into water,
the relaxation time values approaches the values of
relaxation time of pure water. Also, the PNIPAM
makes temperature dependence non-linear for both
samples.

Conclusions

Using Debye model the dielectric spectra of the
four samples were analyzed. It was found that
PNIPAM increases the relaxation time of all system in
given range of frequency, while the CNCs decrease the
relaxation time. When combined, the effects changing
the relaxation time of system caused by PINIPAM and
CNCs tends to compensate each other, so the resulting
values of relaxation time are close to that of pure
water. This result promoted further investigations with
these objects as it is possible there are special
proportions of CNCs and PNIPAM giving relaxation
time of the system equal to that of pure water, making
constituents “invisible” at given range of frequency.
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Crpykrypa Me30da3 i Me30MOPPHUX CTEKOJ Structure of mesophases and mesomorphic glasses
MeTaJIAJIKAHOATIB of metalalkanoates
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Bcemanoeneno cmpykmypy mesoghaz ma Mme30MOpHHUX CMEKON 20MON02IMHO20 pPAOY ANKAHOAMIE
Kobanemy. Bnepwe noxaszano, wjo o0eowapose naxy8amHs MONEKYL (KaAMiOH-AHIOHHUL NPOUAPOK MidiC
wapamu aiKaHoamHux JaHyloeis), eracmuee cmekmuyHiu A ¢asi, 36epicacmvcsi i 8 CKIOROOIOHOMY CMAHI
npu KIMHAMHIU memnepamypi.

Knrouosi cnosa: ionHi mepmomponHi pioki Kpucmanu, aikaHoamu KoOAnbmy, Me30Mop@Hi cmekia,
MANOKymose po3Cilo8aHHA PEHMSEHIBCOKUX NPOMEHIE.

The structure of the mesophases and mesomorphic glasses of cobalt alkanoates homologous series was
obtained. Smectic structure of the studied materials was confirmed using X-ray small angle scattering
method. Using this powerful technique, smectic bilayer spacing (in other words, interlayer smectic distance)
and its temperature dependence were measured for all studied materials. Typical temperature dependence of
the bilayer spacing was obtained: under heating the value of bilayer spacing slightly decreases until phase
transition temperature and then decreases sharply. After that, liquid crystals were cooled and values of
bilayer spacing preserved the same as at mesophase temperature. It means that under cooling liquid
crystalline smectic structure was ‘“frozen” into vitrified state. Such a behavior of the dependence bilayer
spacing versus temperature confirms both smectic structure of the studied materials and mesomorphic glass
formation which takes place under cooling from liquid crystalline state until room temperature. Also, the
model of bilayer allocation of the molecules in the crystal, mesophase and in the vitreous state was
proposed.

Key Words: ionic thermotropoic liquid crystals, mesomorphic glasses, cobalt alkanoates, method of X-
ray small-angle scattering.

Crartio npeacraBuB I.Q.-M.H., mpod., akanemik HAH Ykpainu bynasin JL.A.

Beryn TUTaBJICHHS, SIKI 3JIaTHI ICHYBaTH 3a KIMHATHOI
temneparypu y ctani PK ckma. Comi ankaHoBHX
kuciaor  CpHonitCOOM  yTBOprOIOTH  Tijg  4yac
TUTaBJICHHS TEPMOTPOITHI 10HHI PIIKI KpHCTAIU
(TIPK), sxuM npuTamMaHHa BHCOKa BJIacHa i0HHA
MPOBITHICTh,  IIMPOKHWA  iHTEpBal  iCHYBaHHS
Me30¢asu, BUCOKA TEPMOCTAOIIBHICTD 1 3IaTHICTD J0
ckioytBopeHHs [1]. Ilpore iX BUKOpHUCTaHHS SK

IMomyk Ta mOCIHIPKEHHS HOBUX MaTepialiB,
NEepPCIEeKTHBHUX Ui  PO3POOKM 1  CTBOpEHHS
MPUCTPOiB 30epexeHHss Ta 00poOku iHQopmarii, €
OJTHUM 3 BKJIMBUX HANPSAMKIB PO3BUTKY CydacHOT
Haykd. Y 3B’S3Ky 3 UM OCTaHHIM 4YacoM BEJHKY
yBary NpUAUISIIOTH TOCTIDKEHHSM HETpaguiiHuX
knacie  pigkux  kpucraniB  (PK). Hessuuaiini HOBUX  (ByHKIIOHATBHMX  MaTepiamis  4acto

BHaCTI/IBOCT% nux l\ila".l"eplaJ'IIB. B¥HKpHBaIOTL HOBI OGMG)KyeTI)CSI BHUCOKHMMHM TEMIICPATypaMU IIJIABJICHHA
MOZKIIMBOCT1 IJId HAUPI3ZHOMAHITHINIUX MPAKTHYHUX [1_2] 3MeHIIeHHS TeMIepaTypu [JIaBJICHHS

3acTocyBaHb. Benmke 3HaueHHS Mae TemIepaTypa crocTepiraioTh  uis  GaratokommorentHHx  PK

TUIABJIEHHs Ta iHTEpBA iCHYBAHHS Me30(1)a31’_16 ", cHCTeM, JI0 CKJIAJy SIKUX BXOJATH MBI, TPH 1 Oijblie
gi{KlHBKH UL TIPAKTHHIHOTO 3aCTOCYBAHHA TMOTPIOHL  jpnypinvanpux  criodykd TpUOIH3HO — OIHAKOBOT
MaTepiani 3 HU3BKHMH  TEMIEPATYPAMH  yi\riunoi mpapos.

© 0O.B. I'pigskina, O.1. Binoyc,
0.C.Cseunikona, 2018
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MeToau Ta 00°€KTH A0CTIIKEHH

Jlns BCTQHOBJICHHSI XapaKTepy BIOPSIKYBaHHS
MOJICKYJ, a TaKoX HOro 3MiHM mpH (Ha30BUX
NEPeTBOPEHHAX HAMH METOJOM  MAJIOKyTOBOTO
PO3CIIOBaHHS  PEHTTEHIBCHKHX MPOMEHIB  OyJo
NPOBEACHO JOCHI/UKEHHS OKTaHOATy KOOaJbTy
(C,H,;.C007),Co*"  (T,.,=93°C, T, =~ 164°C),
JIeKaHoaTy KOOAJIbTy (CgH,,C00"),Co?**
(T = 82°C, T,» > 300°C) Ta
(CgH,,CO0),Pb**  (T.,=87°C, T,,=114°C),
GinapHoi Pb**,C0°*|(C4H,4CO0"),
(Biamosinno 60 : 40 mon.%; T, = 83°C, T, = 92°C),
a Takox naypary kobamsty (C,H,,COO7),Co**
(T.. = 88°C, T,, > 300°C).

BuMiproBaHHS TIPOBOAWIIMCH HA MAaJOKYTOBOMY
TA(pPaKTOMETPi 3 MILTMHHOIO KOMIMAIIHHOI0 CHCTEMOIO.
BuxopucroByBanocs MonoxpomaruzoBane CuKa -
BUIIPOMIHIOBaHHSI PEHTTEHIBCHKOI TPYOKH TMOTYKHICTIO
1,2 xB, monoxpomarop — HikeneBa (oibra, po3Mip
c(hOKyCOBaHOI TUIIMH 0,4x8 mm. Mianazon
BuMiptoBaHHs KyTiB 260 — Bim 0.1° mo 20°, posmiiapHa
3MaTHICTh KomiMariiHol cucremu cranoBmwia 0,02°.
TemmepaTypa BUMipioBajiach 3a IOOMOTOI0 TepMOTIapH
Minp-KoHCTaHTaH, 3 TouHicTIO 0,2°C. BumiproBaHHS

TIPOBOJIFIIA SIK Y HATIPSIMi 3POCTaHHS TEMIIEpaTypH, TaK 1
y HarpsiMi 1i 3MEHIIICHHSI.

CBHHIIIO

cyMinri

Pe3yabTaTu Ta 00roBOpeHHs

JIOCTi/DKEHHSI ~ CHOYKH ~ JIeKaHOaTy  CBUHIIIO
3aCBIUAIO, 10 B  KPHUCTATIYHOMY CTaHi B
temneparypromy intepsai (30-80°C) B obmacti Kyrta
29~2,85° crocrepiraeTbcs iHTEHCHBHMI TU(paKLLiii-
Huii MakcumyM (puc. 1). PospaxoBana 3a (opmysioro
Bynbga-bperra 2dsin ¢ =mi (m =1) nepioauuHicTs y
BCROMY  BKAa3aHOMy  TEMIIEPaTypHOMY  iHTepBai

(o]
oner ~ 3LA . 3a
86°C  3adikcoBaHo

(aKTHIHO He 3MIHIOETHCS 1 CTAHOBUTH O

Temmeparypu OMM3pkoi 10 ~

0
3MeHIneHHst niepiomarocti Ha Ad ~15A  (puc. 2A),

sIKE€ MOYKHA TIOSICHUTH TIEPEXOJIOM JI0 1HITIOT OMOpGhHOT
KpuCTaTiyHOT ~MomudiKalii 3  XapakTepHUM UL
ME30TeHHUX KPUCTAIIB PO3YMOPSIKYBAHHSIM aITKUTBHAX
JaHIToTIB MoJtekyt [1, 3-4].

3a Ttemneparypu ~ 94°C BinOyBaeThes piske

0o
CKOpOYeHHs  mepiomuyHocTi 110 .0y ~ 23A
(puc. 2A), mpu 1[BOMY XapakTep PEHTTCHOTPaMH
cBiquuth (puc. 1, xpuBal), 10 HaBITh IS

HeopientoBanoro PK 3paska cnocrepiraerscs m0CHTh
IHTEHCHBHHMH 1 BY3bKWH JHQPaKIidHUA MaKCUMYM,
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SKAN € THIIOBUM JUISi CMEKTHKAa A, 1 KW BKazye Ha
JIOCHUTH SIKICHE MIKIIIAPOBE BIOPSAKYBAHHS MOJICKYIL.

200

=}
‘.‘I
150 d
[Faas
K
] A9
Al \a\ 3
/
100 4 Al &/
4 A
A &
A
Fay

IHTeHCHBHICTH BUIPOMIHIOBAHHS

o —
)
IS
o
o -

Kyt audpakuit, 20

Puc. 1. 3anexHicTh IHTEHCHUBHOCTI PO3CIFOBaHHS
PEHTTEHIBCHKHX MMPOMEHIB B Me30da3i BiJ KyTa 20
s 3pisy nekanoaty ceuHio (102°C) — kpusa 1,
nis ekanaty kobansty (85°C) — kpuBa 2, s
6inapnoi cymimi (88°C) (60:40 mon. %) — kpuBsa 3.

5
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Kpucran Mesodasa
| ®seese
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Puc. 2. TemnepaTypHa 3aleXHICTh MKIIAPOBOT

MEePIOJIMIHOCTI TMONIKPUCTATIYHUX 3pa3KiB (@ —

HarpiBaHHS, O — OXOJIO[KECHHS): A — IeKaHOaT

cBuHIO; b — nexanoar kobdanery; B — 6iHapHa
cymim (60:40 moi. %).

e migTBepmKyeTbcs TUM  (DakTOM, IO
pospaxoBaHa 3a ¢opmynoro /[lebas-llleppepa
G =MPcos$ (A — moBxMHA PEHTTEHIBCHKOT XBHUII,

[3,

mUpUHA JUPPaKIifHOTO MaKCUMyMy Ha
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MOJIOBMHI BUCOTH B pafiaHax, 0 — kyt mudpaxiii)
KopeisiliiHa ~ MDKIIapoBa JIOBXKMHA CTaHOBHTH
g~ 1000 A.

Jns 3’aCcyBaHHS XapaKkTepy NaKyBaHHS MOJICKYIT
(C4H,,CO0™),Pb*" B kpucTani Ta y Me3odasi mu 3a
JIOTIOMOT 010 porpaMu MOJIEKYJISIPHOTO
mognemoBaHHss CS Chem3D pospaxyBaiu IOBXUHY
MOJIEKYJIH B HaOinbII BHIOBXKEHOMY ii craHi. [Ipn
pO3paxyHKax BpPaxOBYBaJM 1OHHWU pajiyc CBUHIIIO

(o]
ri22:1,19A [5], a Takox BaH-IEp-BaadbCiBCHKHIA

o
pagiyc aTtomiB BoAHIO Iy =12A [5] KkiHueBHX
METWJIBHUX TPYI B QIKUTPHUX JIAHIIOTAX MOJEKYIL.
BcranogneHo, 110 eKCTIepUMCeHTaIbHIT

(o]
nepioguynocti  d ~31A Moxe BIiANMOBiIATH

Kpucr

numie OimapoBe PO3MILICHHS BUAOBKEHUX OCEH
[}

~312A 3 ix

MIEPIICHIUKYIISIPHOIO OPi€HTAIIEI0 0 TUIOIIWHU MiX

mapamu.  OCKUTBKH 32 ONTUYHAMH  JTAaHUMH
(KOHOCKOTIYHA KapTUHAa Y BHUTJSAI  OJHOBICHHX
xpectiB) cnonyka (CyH;sCOO"),Pb*
CMEKTUYHY Me30(a3y Tumy A, TO pi3Kke 3MCHIICHHS
nepiogudHoi BifcTaHi y Me30¢a3i o3Havae, M0 MpH
(dhazoBomy MEePETBOPEHHI BiJIOYBaEThCS
CTpUOKOMOAIOHE  CTHCHEHHS  KaTiOH-aHIOHHHUX

momekyn | puOIN3HO

Teop

YTBOPIOE

(o]
mapiB. BenwuunHa cTucHeHHS ~8 A BIINOBiTAE

B3a€EMHOMY OimapoBomy MPOHUKHEHHIO
JICKAaHOATHUX ‘‘XBOCTiB” MOJIEKYJ TNPHOJIM3HO Ha
0
~4A.
3MEHIIEHHs] ~ MDKIIApoBOi  BiAcTaHi  OpHu

(hazoBOMY TIEpEeTBOPEHHI KpUCTAIl — CMEKTHYHA (ha3a
CIIOCTEPIraroTh SIK JUTSL TEPMOTPOITHUX
MoJIeKyJsipHuX [6], Tak 1 iomnux [7] PK. Take
CTHCHEHHS MOSICHIOETHCS KoH(popMaIiiiHoO
PO3YIOPSIKOBAHICTIO QJIKUIBHUX “XBOCTIB” MOJICKYJI
3 i ABUIIICHHSM TeMIIepaTypH, ix
B3a€MOINIPOHUKHEHHSM, a TaKOX CTaTUCTHYHUM
HaXWJIOM MOJIEKYN A0 IUIOMMHM mmapiB. IIpote mms
10HHUX TEPMOTPOIHUX PIAKUX KPUCTATIB CYTTEBUM
JOJAaTKOBUM (DaKTOPOM CTHCHEHHS € AajieKoJiroua
eJIeKTpOoCcTaTHYHA B3aeMogis. BoHa 3 ogHOro OOKY 3a
paxyHOK BIAIITOBXYBaHHA y37OBX IHapiB  ix
pO3pUXJIIOE, a 3 IHHIOr0o OOKYy Yy HampsMi,
NEePHEHIUKYISPHOMY 10 Iapis, 3aBJISIKU
MPUTSATaHHIO, HAMAraeThCsl iX CTUCHYTH.

Ha sigminy Bin (CyH,,COO),Pb*" s
conmykn  (CyH,,CO0™),Co?* B Me3o0¢a3i
CIIOCTEpIraeThest IIPOKHIH ndpaxiiitHuit
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makcumyMm (puc. 1, kpuBa2). PospaxoBana 3a
JUQpaKIiiHIM MaKCUMyMOM KOpeJsiliiiHa JJOBKHHA
st Me3ogasu ckaanae mame & ~ 50 A,

(CgH,,C00"),Co?*
XapaKTePU3y€eThCS  OIMIAPOBHM  YIOPSIAKYBAHHIM

MOJIEKYJ1 $IK Yy KpHUCTaJiYHOMY CTaHi, Tak 1 B
Me3odasi (cmektuk A). Ilepiom OimapiB ckiagae

0o
~28A - B

KpHCT

Cnonyka TaKOX

npubmmzao  d KpucTam i

[0]
~20A - B me3odasi (puc. 2b). Bennumna

d

Me30(h

cTHCHEHHS (~ 8 2\) npu (azoBoMy mepeTBOpeHHI
KpucTtan — wMe3odaza Taka cama, SK i
(CgH,,CO0"),Pb*" .

3rifHO 3 po3paxyHKaMH JIOBKHHA MOJICKYJIH
(C4H;CO07),Co*

TUTS

(loHHmii paniyc KoOambTy

r° =074 A [5]) y HalfGinbII BUTOBKEHOMY CTaHi

craHoBuTh |0

(o]
~30,7A, a B KpHUCTai

(0]
d ~28A. lle o3Hauae, M0 y KPUCTATIYHOMY

Kpucr

cTaHi MoyieKynmu abo He MAalTh MaKCHMAalbHO
aHizoMeTpuuHoi Qopmu, abo ix AOBri oci Jemo
HaXWJIEH1 10 MKIIAPOBOI IUIOMIMHY (MaKCUMAaIbHUN
KyT BIJIXWJICHHS BiJi HOpMai /10 IUIONIMHA ~ 240),
abo Te ¥ iHme pa3oM. 3a3HaYMMO, IO KYT
BIIXWJICHHS ~24° me ¢ BenukuM. 3a3zBHuaii IS
KJIACUYHHUX MOJICKYJSIPHUX ME30T€HHUX KPHCTAIB,
IO YTBOPIOIOTH CMEKTHYHY A a3y, BIH MoOxKe

nocsrath ~50-60° [6]. Haxun Momekyn y
KPUCTAIIIYHOMY CTaHi € €eHePTeTUYHO BUTIIHUM 1 11e
V3TOJKYETbCS. 3  MPHUHIUIIOM  HAWIIIJIBHIIIOTO
MaKyBaHHS MOJIEKYJI 32 TUTIOM rop0 — 3ananuHa [8].

OCKUIBKH JIeKaHOaT KOOaIbTy
(CgH,,C0O0"),Co*" mnpu oxonomwkeH i 31aTHMIA 10
CKJIOYTBOPEHHS, TO OYJIO TPOBEIEHO JOCIIiKSHHS
Horo ckiomnoioHoro cra”y. s 1bOro BUMHKAIU
TEPMOCTAT 1 CIIJKyBaJIA 3a 3MIHOK BEIMYUHHU
nmepiofy B 3aJIEXKHOCTI BiJ TeMIepaTypu ax o
kiMHaTHOI. [loTiM JicTaBajiii 3pa3oK i MEpeBipsIIH,
1[0 BiH 3HAXOAUTHCS B CTaHI CKJIA.

Sx BugHO 3 puc. 2b, BenmmuuHa mepiogy Npu
OXOJIOJDKEHHI ~ NPaKTUYHO HE  3MIHIOETbCA 1

0o

npubnusHo jopisaioe d ~21 A. Kopensuiiina
JIOBKMHA 332 KIMHATHOI TeMIIepaTypd B CTaHI CKja
Taka cama, [k i B Me3zodasi (§= 50 A.). e o3nauae,
IO XapakTep OiNIapoBOrO BIOPSAKYBAHHS MOJEKYI
B CMEKTHUKY A 1 B CKIli OJIHAKOBHI, TOOTO MaeMo
CMeKTHYHe ckJo. Llel cTaH pedoBuHM cTaOiNbHUI i
30epiraeThCs TOBrUi Yac — J0 KiJIbKOX MICSIIiB.
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MarokyToBe  pEHTTEHIBCBKE  JTOCIiIKEHHS 400
HBOKOMHOHCHTHOI CHUCTEMU
3504
Pb**,Co?*|(CyH,qCO0™), 3 BmimterHsam 40 Mo %

(C4H,CO07),Co**  mokasano, mo audpaxuiiina
kaptuHa (puc. 1,
OJIN3BKOIO 110

(C4H,,CO0"),Pb*" .
CMEKTHYHOTO BIIOPSIKYBaHHS A1 OiHApHOI CHCTEMHU
nopisaioe & = 200 A, mpu mpomy mepioau Gimapis y

kpuBa 3) i Me3odasu €
1HAMBITyanbHOT CIIOJTYKH

Kopemnsmiiina TIOBKIHA

o
KpucTagiuHomy crasi (d ~31A) 1 B CMEKTUYHIH

KpHUCT

[o]
A Me3odasi (d ~23 A) (puc. 2B) 306irarorbcs

Mesod
3 QHAJIOTIYHUMH  BEIMYMHAMH  1HJAMBIIyabHOL
cionyku (CyH,,COO"),Pb*" .

OTxe, TpoBelcHE JOCHIKEHHs OiHapHOI

CHUCTEMH MOKa3ano, Imo AudpaxiiiiHa KapTHHA Mae
XapaKTePUCTUKH 000X 1HAMBIIyalbHUX CIIONYK, IO
BXOJATh 10 1ii CKJIaAdy, Mpd UbOMY CIOJYyKa
(C4H,,CO0"),Pb*"  BuKOHYe poib OpieHTYIOUOT
Marpuii. 30KpeMa, KOpeysliiiHa JOBXWHA B
OiHapHill cucTemi 30UTbIIMIIACS B YOTHPH pa3dl B
MOPiBHIHHI 3 1H/IMBIAyaIbHOIO CIIOJTYKOIO

(C4H,,CO07),Co*" . Ile cBimunts mpo sKicHimTe
BIIOPSIIKYBaHHS CMEKTHYHHMX OimrapiB y OiHapHiA
cucremi, Hix B (CyH;qCOO™),Co*" . Ommax ciix

3a3HAYUTH, IO JUTsi OIHAPHOT CUCTEMH TeMIepaTypa
IaBJeHHs 3anumunacs Bucokoro (~ 82°C). Oxpim
BOTO, SIK BIACHO 1 JIEKAHOAT CBWHIIO, BOHA HE
30aTHA IO CTEKJIOYTBOPEHHS, 1[0 CYTTEBO OOMEXKYE
11 BUKOPHUCTAaHHSL.
3paTHICTE 110

CKIIOYTBOPEHHSI  ITPOSIBIISIE

crionyka maypara (C,,;H,,CO0"),Co®" kobanbTy.

Ha pmudpakrorpami mocmipkyBaHOTO 3pa3ka B
iHTepBasi Temmeparyp BiAg KiMHaTtHOi 10 ~ 82°C
CIIOCTEPIraEThCs YiTKUH IHTEHCUBHUI
midpakiftHiii MakcCUMyM BiJl KpucTainy (puc. 3,
kpuBa 1). Horo KYTOBi IIOJIOKEHHSI CBIAYUTH, IO
NpU HarpiBaHHi OimapoBa BiJCTaHb y KpHUCTali

(0]
3MeHInyeTsest Bigx d ~36 A (3a po3paxyHKamu

KpHCT

0
~33A

KpHUCT

0o
leon ~358A) 10 d

TEOp (pHC' 4)' L[e
xapakTtepHo i Oinbmocti PK crmonyk, ocobmmBo
THX, 10 MAlOTh JOBTi ajkinbHi manioru [1, 6], i
MOB’A3aHO 3 1X PO3YMOPSIKYBAHHSIM 3 MiABHUICHHAM
temneparypu. [lepexin y me3odasy (puc. 3, kpusa 2)

CYNPOBOKY€ETHCSI PI3KMM CKOPOYEHHSIM OimapoBoi

0]
~21 A, sxka B Me3odasi
170 - 180°C

nepioguaHOCTi  d 04

MNPAaKTUYHO HC 3MIHIOETBCA  aXK a0

250 1
200 H

150

IuTeHcHBHiCTL BHANPOMiHIOBAaHHSA

Puc.3 PentreniBchki mudpakTorpaMu 3paska
naypaty Ko0anbTy B KpucTaniyHomy (KpHBa 1),
Me3oMop(dHOMY (KpHBa 2) Ta CKJIOTIOAIOHOMY
(xpuBa 3) cTaHax.

Kpucran

Biaposa BigcTaHb, A
sl
<
1

T T T T T T T
0 20 40 60 80 100 120
0
Temneparypa, C

T Y T

T T T
140 160 180

Puc. 4. TemrieparypHa 3a1eXHICTh OilIapoBOi
BiJICTaHi IPH HATPIBaHHI Ta OXOJOKEHI 3pa3Ka
Jlaypary ko0ajbTy. B — BiJIIIOBiIa€ BUMIPIOBaHHSIM
IpY HarpiBaHHi, [ — P OXOJIOKCHHI.

(puc. 4). Bemnunna

(0]
JIOCHIDKEHUX CIOJIYK i cTaHoBUTHh ~ (12-15) A, mio

CKOpOYEHHS HalOuTpIIa 3

TakoK TmputamanHo came i PK  cmomyk 3
HaWTOBITUMH aNTKiTBHUMU JaHIoramu [1, 6].

Ilpm  oXoyOKEHHI  3pa3Ka  YTBOPIOETHCS
ckjonoAiOHuit ctan (puc. 3, KpuBa 3) 3 BEIMUHMHOIO

(o]
doo ~23 A, Onmspkoro g0 1 3Ha4YeHHd B

cMekTHuHIH A Me3odasi (puc. 4). Kopensumiitaa
noexkuHa B Mesodasi & =220 A nomitHo Ginbina
Hik y ckm =130 A, mo cBiguuts nmpo Mmenry
BIIOPSIIKOBAHICTh Y CKIIOMOJIOHOMY CTaHi, MpoTe
nei craH € crabifbHUM 1 JIOBrOTPHBAJIUM 32
KiIMHATHOI TeMIIepaTypH.
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MasokyToBi PEHTTeHIBCHKI JIOCHIDKEHHS | 25,7 '& 1L o )
B ~ 25, . lle o3mauae, mo Ha BIOMIHY Bif
OKTaHOATy (C,H,,C00"),Co?* kobanpTy P y

3aCBIIUWIIM, LIO KpPUCTajd, CMEKTHYHa A ¢asza Ta
CMEKTHYHE CKJIO TaKOX MaloThb  OilIapoBUi
XapakTep HaKyBaHHS Moyekyid. Ha mudpakxrorpami
Bil KpHUCTaly CIIOCTEpiraeTsCs OUPpaKiiiHuR
MaKCUMYM, IHTEHCHBHICTb SIKOTO IPH TEPEeXoii B
Me3o¢asy Ta y CTaH CKJia 3MEHIIY€EThCs (pHcC. 5).
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Puc. 5. Pentrenorpama oktaHoatry Ko0anbTy B
kpucTtaii (kpusa 1), me3odasi (kpusa 2) Ta 'y
CKJIONIOIIOHOMY cTaHi (kpuBa 3).
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Puc. 6. TemmieparypHa 3a1eHICTh OilIapoBoi
BIJICTaH1 JUIsl OKTaHOATy KOOAIBTY B KPUCTAJi,
Me3odasi Ta y CTaHi CKJa!

W — Bi/IIOBi1a€ BUMIPIOBaHHSM IIPH HarpiBaHHi,
[ — IpY OXOJIOJKEHHI.

Benvuuna mepioly B KpUCTAIIYHOMY CTaHi

0]
Jower ~21L5A  (puc. 6) BuABMIACH TIOMITHO
MEHIIIOIO 32 OYiKyBaHY. 3a pO3PaxyHKOBUMH JIaHHUMH

y HalOuTplle BHUAOBKEHOMY CTaHI JOBXKHHA
_ 2 .
monekynmn  (C,H;sCOO07),Co”" mae mopiBHIOBaTH

(C4H,,CO07),Co** B

(C,H,;sCO0"),Co*" BunomskeHi oci MoseKy Gitbur

romMmojiora KpI/ICTa.]'Ii

HaxWICHI 0 MDKIIAPOBOi IUIOMMWHKA (MaKCHMaJIbHE
BiaxuneHHs Big HopMmaii g0 muomunn (~ 33%). Ilpu
Mepexo/li 3 KPUCTATIYHOTO CTaHy B CMEKTHYHY A
a3y 1eil Haxwi 3HHKAeE, 1 OJHOYACHO 32 PaxXyHOK
B3a€MHOTO TIPOHMKHCHHS aJIKUTbHUX  JIQHITFOTIB
MOJICKYJI  BiIOYBA€TbCS 3MECHIICHHS  OilMapoBOi

[o]
nepiognunocti Big d ~21,5A—- B kpucram 1o

KPHCT

0]
d ~17 A — y wme3odasi. YpaxoBywouH, IO

Me30(h

(o]
~257A, a

TOBIIMHA Oimrapy B cMeKTW4Hii A ¢aszi i B ckim

(0]
~17A (puc. 6), TO
NPOHUKHEHHS ~ XBOCTIB
JIOpiBHIOE ~ 4,4 A.

[lepioguunocti B Me3odasi Ta ckii (puc. 6), a
TakoK Kopensmiimi momkmaEm ( & ~65A Ta
&=75A Bigmosimmo) € Omuspkumu. lle mae
MiICTaBU CTBEPKYBATH, IO Me30dasa i CKIO MaloTh
IZICHTUYHUH XapakTep YIOPSIKyBaHHS MOJIEKYII.

MaKCHMaJbHa JIOBKHHA MOJEKYTH | ..o

MaKCUMaJbHE B3a€EMHE
MOJIEKYN  TPHOIH3HO

BucnoBku

ManokyToBi peHTreHiBchbKi mociimkenns TIPK
nokasanu, mo 1npu (a3zoBoMy Tepexoai 3
KPUCTAJIIYHOTO CTaHy B Me30(dasy BiaOyBaeThCs
pi3Ke CKOPOYEHHS MIKIIApOBOi MEPiOAMYHOCTI, SKe
30epiraeTbCs 1 B CKJIOMOMIOHOMY CTaHi ax [0
KiMHaTHOI ~TemrepaTtypu. Take cTpuUOKomnoiOHe
CTHUCHEHHS  CMEKTHYHHMX  IIapiB  3yMOBJICHO
KOH(OPMAIITHOIO HEBIIOPAIKOBAHICTIO ANKLIBHAX
JIAHIIOTIB MOJIEKYT Ta JIaJIEKO I F0U0I0
€JIEKTPOCTATUIHOIO B3aEMOJIIEIO.

[TobymoBano Mozens GIIaApOBOTO PO3MIMIEHHS
MOJIEKYJ B KpHCTali, Me30da3si Ta B CKIOMOIIOHOMY
crani. Jlnma wme3odasum 1 ckiIa  XapaKTePHOIO
0COONMBICTIO  BIOPSIKYBaHHS €  MDKIIAPOBE
B3a€EMOITPOHUKHEHHS PO3YNOPSIKOBAHUX AJTKUTBHHUX
naHmioriB Mosiekyn Ha ~ (4-7) A.  Benuuunn
KOPEJSIINHUX JOBXHH Y CKJIOIOAIOHOMY CTaHi
CBiYaTh, IO CKJIO MAE CMEKTHYHY CTPYKTYpPY 3
YITKOIO OpIi€HTALI€I0 BHIOBXKEHHUX OCEH MOJIEKYN B
MeXax BiJl IBOX JI0 IIECTH OiIIapOBUX BiJCTaHEH.
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Memoodamu keaHmosoi Ximii po3paxoeaui 2eoMempudti ma eHepeemudri Napamempu mpamc- i eoui-
KOHGOpMEPI8 emanoLy ma MONCIUSUX KOHQIeypayitl oumepis, a maxoxnc 6i0N0GIOHI KOIUBANbHI CHEKMPU.
Ompumani 0ani 6UKOpUCMaHi 015 BU3HAYEHHS KOHQOPMAYIlIHO20 CKAAOY OumMepié emanoy, i301b08aHUX 8

HU3bKOMEMNEPAMYPHill apeoHO8iti Mampuyi.

Kniouosi cnosa: emanon, kongopmep, 2oui-, mpanc-, Mampudna i3onayis.

Matrix isolation method allows considering isolated molecules and small clusters as non-interacting

ones, so their vibrational spectra can be registered and investigated. FTIR spectra of ethanol trapped in a
low-temperature argon matrix at 20 K were registered. Vibrational bands corresponding to ethanol
monomers and dimers were detected. It is known that ethanol molecule can exist in two different
conformations — trans- and gauche- ones. Quantum chemical methods (DFT in B3LYP/cc-pVTZ
approximation) were used for calculation of optimal geometry and energies of ethanol trans- and gauche-
conformers and their possible dimers (tt, tg, gt, gg), as well as corresponding vibrational spectra. Obtained
results were used for interpretation of the experimental FTIR spectra. It was shown that an energy difference
between gauche- and trans-conformers is about 0,3 kJ/mol. Calculations of dissociation energies for all
possible dimer configurations show that the most stable conformer is gg. The ratio of different dimer
configurations in the sample was found to be the following: gg : tt: tg : gt=49:26: 14 : 11.
Key Words: ethanol, conformer, gauche-, trans-, matrix isolation.

Crartio npenacrasus akanemik HAH Ykpainu, a1.¢.-M.H., mpod. bynasin JLA.

Beryn
ExcnepumeHTaIbHA YaCTHHA

Monekyna eTaHony ICHye Yy JBOX Pi3HHX
koH(popmarrisix — tpanc- (), KOJM IBOrpaHHHUN KyT
CCOH pisuuii 180°, i rom- (g), KoM JBOTpaHHUI
kyr CCOH pisauii 60°. Lli koHdpopmepu (abo
MOBOPOTHI 130MEpH), MOEAHYIOUUCH Y KJacTepu,
YTBOPIOIOTH  pi3HI KoMOiHamii. Hampuknanm, s
JMMEpiB MOXJIMBI Taki KoH}irypamii: tt, tg, gt i gg,
Jie Tiepla Jiitepa Mo3Hayae MOJIEKYJTy, [0 BUCTYIIA€E
JIOHOPOM TIpOTOHA TpU (HOPMYBaHHI BOJHEBOTO
3B’S3Ky, a JApyra — MOJIEKyINy, IO BiIirpae poib
aKuenropa MNpOTOHAa.  MeTow JAaHOi poOOTH €
BH3HAYCHHS KOH(POPMAIIIHHOTO CKIIAMy TAMEPIB, SIKi
YTBOPIOIOTHCSI pu 130711111 eTaHoy B
HU3BKOTEMIIEpaTYpHill aproOHOBIM MaTpHIIi.

Mertox MaTpHYHOI 130JIA1IiT TTONISITae y PO3IiICHHI
MOJIEKYJT ~ JIOCHI/DKYBAHOI ~ PEYOBMHH  IHEPTHHM
PO3UYMHHHUKOM, IO MEPEHIKODKAE iX B3aEMOAiI MiX
c00010, JIO3BOJISIFOUM TaKMM YHHOM CIIEKTPAITHLHO
JOCII/DKYBATH  OKpEMi  MOJIeKyau a0 HEBEJHKI
KJacTepH. 3pa3Ku JUIsl CIEKTPOCKOMIYHUX JOCITiIKEHb
BUTOTOBJISUTHCH IIDISIXOM 3MilITyBaHHS MapiB €TaHONIY i3
CTYIIEHEM  OYMILIECHHS > 99,9, BuTpEMaHOMY
JI0IATKOBO Ha MOJIEKYJISIPHOMY CHTI JISl OUHMILICHHS BiJl
MOJIEKYJT BOIM, Ta aproHy (CTymiHb OUYMIIECHHA >
99,995) y BakyyMmHIi YCTaHOBIII B CIIiBBiIHOIICHHI
1:1000. Otpumana cymim Tra3iB HAHOCWJIACh Ha
oxonomkeny no 20K migkmanky (Csl), sika
3Haxonuiace y reiieBomy KpioctaTi. IloTik razy B

© LIO. dopowenko, A.O. Bacuinbesa,
I'.€. llakyna, B.€. TToropenos, 2018
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KpiocTaTi KOHTPOJIOBABCS 32 JOITOMOTOI0 TOJIKOBOTO
KJlanaHy,  LIBUAKICTh  HaHECEHHS  CTAHOBUIA
MPUOIIU3HO 2 MMOJIB/XB.

Crnextpu [Y mornmHAaHHA peECTPyBAIUCH 3a
nonomoroto FTIR cnekrpomerpa Bruker IFS 113.
CniexTpanbHi JaHi Oyim oTpuMadi B aianasoni 500 —
4000 cm™ 3 posmimeroro 3marmictio 1 cm™. Bammsa
301TBIIEHHS] CITIBBITHOMIEHHS CHUTHAI-TIIYM KOXEH
CIICKTp PEECTPYBABCS SIK ycepenHeHHs 128 ckaHiB.

KBanroBo-ximMiune Moge1I0BaHHS

Po3paxyHKH BHKOHYBQJINCH 3 BHKOPHUCTaHHSIM
maketry Gaussian 03 [1] wmeromom DFT B
HaOmmwkenni  B3LYP/cc-pVTZ. B pesynbrari
ONTHMI3alii TEOMETPUYHOI CTPYKTypH TpaHC- Ta
romr-koHdopmepiB  eraHody ~ Oynum  oTpuMaHi
3HAYeHHS iXHIX TEOMETPHUYHHX MapaMeTpiB Ta
JHMOJLHUX MOMEHTIB, HaBeeHl B Ta0I. 1.

Tabmums 1
PozpaxoBani reoMeTpuyHi mapamMeTpy Ta JUIIOIbHI

2018, 1

MOMEHTH TPAHC- 1 TONI-KOH(OPMEPIB €TaHOJTY
ITapameTp t g
C-0,A 1,42 1,43
O-H A 0,97 0,96
C-CA 1,52 1,52
C-H.A 1,10 1,09
C-H A 1,11 1,09
C-0-H,° 107,8 108,4
C-C-HY° 110,4 111,0
C-C-H,° 109,8 110,3
JnmonsHui

MOMEHT, /| 1,53 1,60

H' — artom rigporeny mermisHoi rpymu, H? — atom rigporeny
METUJIEHOBOT IPyIH.
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1 onTUMi30BaHUX CTPYKTYp OyIIM po3paxoBaHi
cnektpu [Y mormunanna. [lpouec QopmyBanHs
BOJHEBOTO 3B’SI3KYy HAWCHIIBHILIE TMPOSBISETHCS B
001acTi BaJC€HTHUX KOJWBaHb TiIPOKCHIIBHOI TPYIIH,
TOMY B MOJaibIIOMY OyIeMO PO3IIIAAaTH JIMIIE IO
CHeKTpanbHy o0nacTb. Po3paxoBaHe 3HaueHHS
YacTOTH BaJieHTHUX KoiuBaHb OH-rpymu TtpaHc-
KoH(popMepa cranoButh 3781 cM™, rom-kondopmepa
— 3812 cm’. Pi3HMIA 4aCTOT MiX pO3PaXOBAHHMHU
cMyraMM JBOX KoH(opmepi craHoBuTh 31 oM™
Po3paxyHok  3HaueHp  €Heprii  BiJNOBIIHHUX
KoH(QOpMEpIB  MOKa3aB, IO  CHEpris  TpaHc-
koHpopmepa mpubmm3Ho Ha 0,3 kk/Monb MeHIna,
HiK eHeprisi romr-koHhopmepa. Takuii pe3ynbraT
J00pe y3TOIKYEThCS 3 pe3yibTaTaMH PO3PaxyHKIB,
MPEJCTAaBICHUX B pOOOTI [2], /Ie PI3HUIL B SHEPTisX
Oyna 6:m3bko 0,5 xkJK/MOb.

Ha ocHOBI onTuUMI30BaHHX CTPYKTYyp Oynm
noOyJoBaHI BCi MOXJIMBI BapiaHTH IUMeEpiB, Ta
po3paxoBaHi  IXHI  TEOMETPHUYHI  IapaMeTpH.
Pesymprat po3paxyHkiB HaBemeHi B Tabm. 2. s
MOPIBHSIHHS PO3paxoBaHUX napameTpiB 3
EKCIICPUMCHTAIBHUMHY JTAaHUMH B I ke TaOuili
HaBEeIEHO  3HAYEHHS  JEJKUX  [COMETPHYHHX
mapaMeTpiB, OTpUMaHux B pobori [3] s
KoH]irypariii tt (BUmamzok, Koiau i JOHOP, 1 aKIenTop
MpoTOHa TMepe0yBarOTh Yy  TpaHC-KOH(opMaIlii)
METOAOM HaMMEHIIMX KBaJApariB, CIUPAIOYNCH Ha
eKCIIepUMEHTANIbHI 3HAa4YeHHs MOMEHTIB iHepIii, B
nporpami STRFIT [4]. 3 mnopiBHSHHS HaBeICHUX
pe3yibTaTiB BUIOHO, LIO PpE3yJbTaTH IPOBEACHUX
KBaHTOBO-XIMIYHHX  PO3PaxyHKiB JOCHTH J00pe
KOPEIOITh 3 EKCIIEPUMEHTATLHIUMHU JTAHUMH, TOOTO
o0paHi MOTEHIia MOYKHAa BUKOPHCTOBYBATH 1 JUIA
MOJICTTFOBAHHS KJIACTEPIB OLIBIIOTO PO3MIpY.

Ta0mua 2

Po3paxoBaHi Ta Bifomi 3 sitepatypu [3] ekcriepuMeHTanbHi 3HaYeHHSI TEOMETPUYHUX ITapaMeTpiB AUMEPIB
eraHouy (iHaekcu @, d BKa3yloTh Ha BiJIOBIIHICTE (hparMeHTa J10 akienTopa 4u JOHOpa MPOTOHA)

[Tapametp tt tg gt gg Exc. (tt)
(C-0) A 1,42 1,42 1,42 1,42 1,35
(C-0)% A 1,44 1,44 1,44 1,44 1,47
(O-H)% A 0,97 0,97 0,97 0,97

(O-H)% A 0,96 0,96 0,96 0,96

(C-C) A 1,52 1,52 1,52 1,52 1,52
(C-C)% A 1,51 1,52 1,51 1,52 1,49
O..HA 1,91 1,91 1,92 1,92

0..0A 2,88 2,87 2,88 2,87 2,89
(C—0O—-H)%° 108,9 109,2 108,7 108,1 110,3
(C—O—H)y° 109,0 108,6 109,0 107,7

0..H-0,° 173,1 168,3 172,7 164,3
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AmHamizyroun nani 3 Tabn. 1 i tabm. 2, MoxxHa
MOMITUTH, II0 TE€OMETPHYHI MapaMeTpH MOJEKYI,
IO CKJIaJaroTh IUMEpH, Mai)ke He 3MIiHIOIOTHCS B
MOPIBHAHHI 3 MOHOMEpaMH. 3ayBaXKUMO JIHIIIE, 10 Y
MOJIEKYJi, $Ka € JOHOPOM TMPOTOHAa B JAUMEpI,
30inbLIyeThest AoBkuHa 3B's3ky O — H, a
aKLIENTOPHI — 3MEHIIyeThCS Yy TOPIBHSAHHI 3
MOHOMepOM. TakuM UYHMHOM y  KOJMBAJIBHUX
CIEKTpax  CIOCTEpIraeTbcsi  YEpBOHWUU  3CYB
BIJIMTOBITHOT CMYTH JJISi TOHOPHOT MOJIEKYJIH 1 CHHIH
3CYB JJIs1 AKLENITOPHOI.

st Bcix MOKMBHX KOH]Iirypauiii aumepiB Oymm
pO3paxoBaHi 3HAYCHHS CHEPrii JHCOIiaIii Ha OJIUH
38’30k (E;) Ta mumonbHi MomeHtH (Tabm. 3). Sk
MOKa3ylOTh  PO3PAaXyHKH, CHEPreTUYHO  HAWOUIBIIT
BUTITHOIO € KOH(iIryparist 1umMepa gg — KOJu 1 IOHOpOM, i
aKIENTOPOM ITPOTOHA BHCTYIAIOTh TOMI-KOH()OPMEPH.

Tabmuws 3
PozpaxoBani 3HaueHHS €Heprii Aucorialii Ta
JUTIOJIBHUX MOMEHTIB IUMEPIB €TaHOIY

2018, 1

Konoirypamis  tt tg gt gg
E. xkan/mone 4,47 4,42 4,40 4,52
JlumonsHuH 2,70 2,41 2,64 2,26
MOMEHT, /|

HaiimeHtr BUTiIHOO, B CBOIO Uepry, € KOHQIryparis
romr-tpadc (gt). 3a yMOBH HpUOIM3HO OIHAKOBOI
KIIBKOCTI TOmI- 1 TpaHc-KOoH(opMepiB y 3pa3ky 3
posmoxiny bomblMaHa MOKHa 3HAWTH  CHiB-
BITHOIICHHS KUTBKOCTEH OKpeMHUX KoH(pOpMeEpiB
s 3amaHoi  Temmepatypu. TakuMm 9HHOM, IS
temneparypu 20 K BiCOTKOBE CIiBBiTHOIIEHHS
KUTBKOCTI KOH(OpPMEPIB Ma€e BUTIIS;

gg:tt:tg:rgt=49:26:14:11.

VY poborti [3] Oynu orpumaHi momiOHI TeOpeTHdHi
pe3yAbTaTH IS BITHOCHOTO PO3MOJILTY TUMEPIB:

gg > tt > tg=gt.

Hns  onTUMI30BaHUX  CTPYKTYp  JUMEpIB
eTaHony Oyyu po3paxoBaHi criektpu [Y norimHaHHS.
B oOnacti BaJeHTHHX KOJHMBaHb TiJPOKCHIBHOT
rpynu ans Bcix koHdopmariii Oyno oTpumaHo ABi
CMyru: OUIbII BHCOKOYAaCTOTHA CMyTa BiAINOBizae
KOJIMBAaHHSM BUJILHOTO TIAPOKCHITY, TOOTO
BITHOCHUTBCS 10 AaKLUENTOPHOI MOJEKYNH, TOHI SK
OLTBII HU3BKOYACTOTHA CMYyra HaJICKUTHb JTOHOPHIH
Monekymi. Jliust  xondirypamii tt wacTtotm 1uMx
KONMBaHb CTAHOBMIIH BianosinHo 3825 ta 3661 cm™,
s xoHirypauii tg — 3807 Tta 3657 cm’, s
koHGirypauii gt — 3824 Ta 3656 cM”,
koHbirypauii gg — 3807 ta 3649 cm™.
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OOroBopeHHs pe3yJibTATiB Ta BUCHOBKH

Ha puc.1 HaBegeHO  eKCIIEPUMEHTAIBHO
3apeecTpoBaHuil crektp [Y mornuHaHHS IUMeEpiB
€TaHOJy, I130IbOBAaHUX B AaprOHOBI MaTpHWIli B
00J1acTi BaJICHTHUX KOJHMBaHb TiAPOKCUIBHOI IPYIIH.
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Puc. 1. Cnektp Y norimHaHHs AMMEpIiB €TAaHOIY B
aproHoBii Marpuui npu temneparypi 20 K.

B 3apeectpoBanoMy crmekTpi B JaHiii 00yacTi
CIIOCTEPIraroThes B cMyTu — 3656 emti3730 emt
BuaHo, 1110 TOIOXKEHHSI CMYTH KOJIMBaHb 3B’ S13aHOTO
ripokcuity a00pe Y3ro[DKYeThCsl 3 pe3ysibTaTaMu
KBaHTOBO-XIMIYHOTO MOJICTIIOBaHHA. B pe3ynbrari
PO3paxyHKiB Ui YOTHPBOX PI3HUX KOH(popMarii
MUMEPIB €TaHONIy OynH OTpUMaHi Taki 3HaYeHHS
KONMBAJILHUX uacToT — 3661 cm?, 3657 cm™,
3656 cM™ Ta 3649 cm™. HecHMeTpHUHICT KOHTYPY
cMyru 3656 cM™ TOBOPHTH TIPO Te, WO IS CMYyra €
CYTIEPIO3HIII€I0 TeKUTFKOX KOJIUBAIBHHUX CMYT, SIKi
BiJIMOBIZAlOTh Pi3HUM KOH(poOpMepaM. PozknaBim
IO CMYTY 32 JONIOMOT'OIO BIIITOBIIHUX TPOTPAMHHX
3ac00iB Ha JEKiJIbKa CKJIaJOBUX, Oy OTPUMaHi Taki
3HAYEHHS MAKCHMyMiB IOMIMHAHHS: 3652 cM™,
3656 cm™ i 3659 cM™. 3 OTpEMaHHX pe3yibTaTiB
MOJKHa 3pOOMTH BHCHOBOK, IO B JOCHIPKyBaHOMY
3pa3Ky NpPUCYTHI HIOHAMMEHIIE TPH 3 MOXIUBHX
KOH(OpMAIIiil JMMepiB eTaHOITY.

Konusanss BIJILHOTO T1IpOKCHITY
crioctepiraetbest Ha 3730 cM™. KBaHTOBO-XiMiuHe
MOJIEIIOBAHHS Jae 3HaueHHs Big 3807 cm™ 10
3825 cm™. Taky po3GiKHICTE MiK TEOPETHIHHM Ta
EKCIIEpUMEHTAIbHIM 3HAYEHHSIMH MOXHA MOSCHUTH
THM, IO PO3PaXyHKU MPOBOMIINCH B TAPMOHIYHOMY

HAaOMIKEHHI, a BOMHEBHH 3B’SI30K 34 CBOEIO
NpUPOAOI0 €  aHrapMOHIYHMM. AHTapMOHIUHI
po3paxyHku crekTpiB [Y mornMHaHHA — Pi3HUX

koH(popmepiB eTaHoa Oymu BukoHaHi 1. ITirteBiuem
B [5, 6]. ¥ mux poboTax aHaii3yBaJlCh CIIEKTpaJIbHA
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o6mactp Banentux C-H xomuass (2800-3000 cm™)
Ta HHM3BKOYACTOTHAa dYacThHa chektpa (200 —
1500 cm™), BimmoBigHo, i Oy7I0 MOKa3aHO, IO B
aproHOBIH MaTpHIl eTaHOJ repedyBae MEPEeBaKHO B
TpaHC-KOHG}ITypallii, Xo4a HaWOIIbII 1HTEHCUBHI
CMYrd TIOTJIMHAHHS  TOII-KOH(pOpMEpa  TaKOX
crocTepirarotbes. Toi  (akT, mo B aproHOBIH
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MaTpHIll TTepeBakae TpaHc-KOH(GOpMEp, BiaMIidaIH i
Baprac 1 XamnaMm y cBoeMy AOCIHiIKEHHI CIIEKTpIB
eTaHoiy B MarpuuHiil i3omsuii [7]. [MizHime baphc
TakoX mwcaB [8], moO TeMmmepaTypHa 3aJeXHICTh
CMYT TOTJIMHAHHSA TiJPOKCHUJIBHOI TPyNH €TaHOIy B
a30THIH  MaTpumi Moxe OyTm  oOyMmoBieHa
HpOIecaMt B3aEMHHUX T'OII/TPaHC MEPETBOPEHb.
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Memodamu  peghnekmomempii 8  p-noaapuzosanomy  ceimuai i 0a2amoxymosoi
cnekmpoenincomempii - UMIpsAHO  Koegbiyicumu  8i0bumms [ asumymu  GiOHOG81eHOI JNIHIUHOL
noaapuzayii 01a pi3HUX Kymié NadiHHsA C8IMIA HA 3PA3KU 2emepoCcmpyKmyp «Xpom-miob-0KCUo
eaghniro-epageny. Obpaxoano y HAOAUNCEHHI HANIBHECKIHYEH020 cepedosuula 0 NIIBOK «XpOoM-
onrazopoonuit meman (BM)y» (BM=Cu, Ag uu AU) onmuuni cmani: ROKA3HUKU 3QIO0MIEHHS Md
NO2IUHAHHA OJIsL PI3HUX O008MCUH X6Uli ceimaa. B yux ecemepocmpykmypax Ha MiOHIU OCHOBI
3aghikcosano y 8UOUMOMY OianazoHi 00BIUCUH XBUTb edheKm NIA3MOHHO20 30Y0HCEeHHS | GU3HAUEHO
Haucnpuamaugiugy 0 QYHKYIOHYBAHHA MAKUX 2emMepOCMPYKMYP K ONMUYHUX CEHCOPI8 061acmb
8 VMOBHUX KOOPOUHAMAX «OO0BHCUHA XBUNI C8IMIA 30HO08020 NYUKA -Kym 1020 NAOIHHA Ha
2emepoCcmpyKmypy».

Knouosi cnosa: pegrexkmomempis, p-nonspuzoeare ceimio, 6a2amoKkymosa cnekmpoenincomempis,
niazMoHHe 30y0diceHHs], MiOb, epagdeH.

The coefficients of reflection and azimuths of the restored linear polarization were measured by
methods of reflectometry in p-polarized light and methods multi-angular spectroellipsometry for different
angles of incidence on the samples of heterostructures ‘“‘chrome-copper-hafnia oxide-graphene “. The
optical constants namely indexes of refraction and absorption of films “chrome-noble metal (NM)” (NM =
Cu, Ag or Au) were also calculated for different wavelengths of light in the approximation of semi-infinite
area. The plasmon excitation effect was observed in these copper-based heterostructures in the range of the
visible at several wavelengths and the most favorable condition for such heterostructures as for optical
sensors area was determined in so-called arbitrary coordinates “light wavelength of probing light beam — its
angle of incidence on the heterostructure”. The spectral interval from 590 to 675 nm as well as an interval
for angles of light incidence on the heterostructures from 45 °to 50 “are the most effective for an application
of such heterostructure as optical sensors in plasmonics.

Key Words: reflectometry, p-polarized light, multi-angular spectro-ellipsometry, plasmon excitation,
copper, graphene.

CratTio npeacTaBuB 1.¢.-M.H., mpo¢. Makapa B.A.

Beryn nokazaHo [1], mo He MeHm e(QeKTUBHUMH €
CEHCOPH, OJHHUM I3 IapiB SKUX € Miab. Hemomikom
npu BUOOpI IIbOTO Marepiany € HOro OKHCIICHHS B
yMOBax MOBITPSAHOI artMocdepu. Ane pu HAHECEHH]
nrapy JieNIeKTpUKa Ha TOHKY IUTIBKY TaKOTO MeTaa
MOJKHA 3aXMCTHUTH Ti SIK BiJ OKHCIEHHS, Tak 1 Bij
KOpo3il, 1 THM camMUM [OJOBXHUTH TEPMiH

Haiiuacrime MeETaJlIeBUMHU CKJIQJJOBUMU
CEHCOPHUX IUTIBKOBUX CHCTEM CIIYT'YIOTh €JIEMEHTH,
aKki 3amukarTh 30-, 4d- 1 5d-psau, To6To Cu, Ag i
Au [1]. Ta i cepem mmMX MeTaliB IepeBary B
OinbIIOCTI BUMAAKIB HamaroTh 3omoty [2]. Tlpore,

© Kpaseup B. I'., JIsmenko 1. O.,
IMonepenko JI. B., lllep6akos A. O.
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e(EeKTHBHOTO (GYyHKLIOHYBaHHS CCHCOpa. Ha TOHKHH Oy(epHHi miap Xxpomy ToBuMHOKW 0=1,5

HeBusicHEHNM 10 TIbOTO Yacy 3aITUINAETHCS MATAHHS
PO Te, YH CTaHE HAHECCHHS JOJATKOBOI'O TOHKOTO
mapy 3 IHIIOrO WPOBIJHOTO MaTepiany, OUIBII
CTIHKOTO IO OKHCJICHHS B TOBITPsHIM aTMmocdepi,
HaJl TaKOI MiCJIEKTPUIHOIO IUTIBKOIO €()EKTUBHUM
3ac000M IS MIABUIICHHS YYTIWBOCTI CEHCOpa
OUIIXOM  3MiHM HOTO ONTHYHHX XapaKTEPHCTHUK
YMOBAaMU  HAHECEHHSA [JOJATKOBOI  IIOBEPXHEBOIL
WIBKA. B sKoCTI Marepiamy Takoro I0IaTKOBOTO
mIapy Mir 61 ciyryBaTs rpageH.

I'paden sk MBOBHUMIpHUN KPUCTATITHHA aHAIOT
BYIJICII0O €  TEPCHEKTHBHAM  MarepiaioM Y
MTa3MOHIIlI Ta HaHOeNeKTpoHimi. Bimomo [3], mio
YHIKaJlbHa aTOMHAa CTPYKTypa rpadeHa mpu3BOAUTH
0 PEeKOPAHWX 3HA4YeHb THYYKOCTI, MEXaHI9HOi
MIIHOCTI Ta Creuu(IYHUX ONTUYHUX BIACTHBOCTEH,
IO BIKPHBAE€ HOBI MOXJIMBOCTI y BHPOOHHIITBI
CNICKTPOHHUX Ta onTtuuHux cucteMm. Cepen
NIHPOKOTO  CIEKTPY TOTCHIIWHUX  3aCTOCYBaHb
rpadeHa, MOYMHAIOYH BiJl TPAH3UCTOPIB Ta XIMIYHHX
CEHCOPIB [0 HAHOENEKTPO-MEXaHIYHUX MPHUCTPOIB 1
KOMITO3UTIB, ONTOENEKTPOHIKA 1 TUTa3MOHIKAa €
OJIHUMH 3 HaWOUIBII MEPCIEKTHBHUX Tajy3ed Horo
Bukopuctanus [3]. Cami mo cobi MoHOmApH
rpadeHy NEMOHCTPYIOTH VHIKaldbHI BIACTHBOCTI
3aBISKM CWJIBbHIA B3aEMOJII TI-€JICKTPOHIB B3I0BXK
BCi€l KPUCTAJIYHOI TPaTKH y IBOMIpHIH CTPYKTYDI.
i VHIKaIbHI BIIACTHBOCTI JTO3BOJISIIOTH
BUKOPHCTOBYBaTH TpadeH y SKOCTI OCHOBHOTO
Marepiany B pi3HUX HaHOPO3MIpHUX NPHUCTPOsX [3].
Tomy cmig ouwikyBaTH, IO 3aXWIIEHa MIAPOM
rpadeHa TOBEpXHS MiIHOI IUIIBKM MOXE CTaTH
MPUAATHOIO ATBTEPHATHUBOIO TaKOMY
MIUPOKOBXKMBAHOMY B TUIa3MOHIIll MaTepiary sK
30JI0TO 'y TPaKTHYHUX 3aCTOCYBAHHAX. 3rajiaHa
TeTepOCTPYKTypa € BIHOCHO JIEUIEBOK, XIMIYHO
CTIMKOIO, BIJITBOPIOBAHOIO 33 CBOIMH ONTHYHUMH
BIIACTHBOCTSIMH 1 YSABISE COOOIO BHCOKOSKICHUI
IUIA3MOHHUI  Martepiaji, SKHH 10 TOro X Yy
TEXHOJIOTIYHOMY BIJHOIICHHI JIETKO IiJIa€ThCS

HaHooOpoOIii [1]. Bimbime Toro, IIIBKH Mii,
saxumeni okcugom HfO,, Takox 3a0e3mnedars
MOXJIUBICTh ~TPAKTHMYHOI'O BHKOPUCTAHHS  13-3a
HU3BKUX  BUTpaT  OUIbII  JIOPOTHX  IHIIHX
OMaropofHMX MeTalliB B CHUCTEMax peecTparii
IUIa3MOHHOTO ~ BIATYKYy  Ha  €JIEKTPOMAarHiTHe
30ymkeHHss. Och 4OMy TOJIOBHA MeTa pPOOOTH

MOJIATaTHME B OILIHIII PIBHA TakKOrO BIATYKY, IO
MIATPUMYEThCS  IUTA3MOHAMH  caMe€ B Takiil
TeTepPOCTPYKTYpi 3 0a30BUM MiTHIM IIAPOM.

EKl'lepl/IMeHTa.]'ll)Ha YacTUuHa

B sxocti 3pa3kiB Oynu BuOpaHi TOHKI IUTIBKU
XIMIYHO YMCTHX Mifi, cpibna i 3070Ta, 0CaPKEHUX

i 2 uM, ski Oymo naneceno CVD wmeromoMm Ha
KBapIOBY MIAKIAINHKY, a caMe OCa/pKeHI M
merogoMm rerepoctpykrypu: Cr(2nm)-Cu(37nm) —
3paszok 1, Cr(2nm)-Ag(53nm)-3pasox 2, Cr(2nm)-
Au(47nm) - spasox 3, Cr(1,5nm)-Cu(43.5nm) -
3pazok 4, Cr(1.5nm) - HfO,(7nm) — 3pasok 5, sk i
i ix  psg: Cr(1.5nm)-Cu(43.5nm)-rpaden —

spazok 6, Cr(1.5nm)-Cu(43.5nm)-HfO2(7nm)—
spazok 7,  Cr(1.5nm)-Cu(43.5nm)-HfO2(7nm)-
rpadeH — 3pa3ok 8.
12
_n .’1
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[ oOBXKWHA XBUAi, HM
Puc. 1. 3anexHICTh, MOKA3HUKIB 3aJ0MJIEHHS N
Ta norauHaHHA K Bix moBXMHM XBWai (HM) JUIA
MIJHOI TUTiBKH (3pa3ok 1).

OnTryHa JiarHOCTHKA 3pa3KiB  IPOBEICHA
METOIaMi 0araTOKyTOBOi CIIEKTPOENIIICOMETpii Ta
pediekroMeTpii y p-mossipu3oBaHOMy CBITI [4].
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Puc. 2. 3anexHiCTh MOKAa3HHUKIB 3JIOMJIEHHS N
Ta nornuHaHHsA K Bix MoBXHMHM XBWi (HM) Ui
CpiOHOI TIiBKY (3pa3ok 2).

Jlns TakMx MeTaneBMX CKiagoBux 3 3d-, 4d- i
50-psiniB Tabnuii MenneneeBa sk Cu , Ag ta Au
BIANOBIAHO, Ha  pHUCyHKax 1-3  mpoBeaeHO
MOPIBHSIHHSA OTPUMAaHUX B HAOJMMKEHHI HaIliB-
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HECKIHUEHOTO CEpElIOBHINA CIHEKTPiB  ONTHYHUX
CTaINX — MOKa3HHUKIB 3aJOMIICHHS N i moriuHaHHsS K
s 3paskiB 1-3. Taki TOHKI MeTalleBi IOKPHTTS
YTBOPIOIOTh CTiHKY OCHOBY JUISl YyTJIUBUX CCHCOPIB
Yy BUTTISIAL TUTIBKOBUX CHCTEM TpU 30y/KEHHI B HUX
TJIa3MOHHOTO pEe30HaHCYy. EdexTuBHiCTD i
YyTJIUBICTh CEHCOPIB, IO AiI0Th Ha OCHOBI €(EeKTy
IJIa3MOHHOTO 30Y/PKCHHS, 3QJICKUTh HE TIJIBKU Bij
BHOOpY Martepially 1 TOBIIMHH HOTO Imapy I
CTBOPEHHS TOHKO-TITIBKOBOT CUCTEMHU 3
ONTHUMAJbHUMHU CKJIaJOM 1 po3Mipamu, a 1 BiA
CHEKTPATbHO-KYTOBUX ONTHUYHUX XapaKTCPHUCTHK B
YMOBax iX (hyHKI[IOHYBaHHS.
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[ OB}1HA XBUAi, HM
Puc. 3. 3anexHICTh MOKA3HUKIB 3aJOMJIECHHS N
Ta normuHaHHsA K Bim HOBXMHH XBWI (HM) UIA

30J10TO1 IUTIBKH (3pa3ok 3).

Came 7151 TETEPOCTPYKTYPH 3 MIJHHAM IIApOM
nomiTHO (puc. 1), 1o 3anexHictsh N (L) mpu 3pocTanHi
JIOBKMHHU XBWJII A Ha Kparo MiDXX30HHOTO TOTJIMHAHHS
crajiac He Tak pi3ko. 3 i€l MPUYUHU CINiJI OYiKyBaTH,
0 HasBHA OCOOJIMBICTH TIOTJIMHAHHS CBITJIA €JIEeKT-
ponHOFO mifcuctemoro CU B MeBHiH Mipi BIUIMBaTHME 1
Ha T1epedir IUIa3MOHHOTO 30Yy/DKeHHS Yy BHAWMIN
obrnacTi criekTpa. SIKIo AeTabHille MOPiBHATH BiIOMi
pe3ynbTatHl [2] i oTpUMaHi HaMU AaHi TOOIM3Y Kparo
MDK30HHOTO TIOTJIMHAHHS MiJli 3 ONTUYHUMH BJIACTH-
BOCTSIMU TOHKHX IUTIBOK Ag (puc. 2) i Au (puc. 3), To
i3-32 TIOMITHOI TOMIOHOCTI TXHIX ONTHYHUX CIIEKTPIB,
gk 1e Oyio migkpeciaeHo B poOoTi [5], Bubip mimi B
SKOCTI 0a30BOTO Marepiaiy He € Oe3MMiACTABHUM.

Ha puc.4 mis ciocrepexeHHs 3MiH B CHEKTpax
ONTHYHUX ctaymx N i K mpu mepexoni Bix MigHOT
TUTIBKOBOT CTPYKTYpH (3pa3ok 4, B SIKOMY TOBIIMHA
d=43,5 um mwapy wmiai Oinbmia, HDK y 3paska 1) 10
MacHBHOTO Marepiajly MpOBEACHO MOPIBHIHHSA
HAIMX JaHWX JUIA [BOTO 3pa3Ka 1 pe3yibTaTiB
po6otu [2]. BumHo, 1m0 y MigHOI IUTIBKH [0
BIJHOIIEHHIO 10 MAaCHBHOI Mial a0OCOJIIOTHI 3HAYEHHSA
MOKa3HUKa 3aJIOMJICHHS 3aHMXEHi, a IOKa3HUKa
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MOTJINHAHHS 3aBHUIIEH] y JOCIIDKEHOMY
CIIEKTPATFHOMY 1HTEpBaIl
Hamanmi omuum i3 3aBmans pobotm  Oymo

3’sICyBaHHs, SK BIUIMBATHME 32 YMOBU BHOOpPY Mifi
SIK OCHOBHOT'O MaTepiayry 3 IeBHOIO HOr0 TOBIIMHOO
y CKIaal TeTepOCTPYKTypH  TpHUTaMaHHA  Ii
NPOBIAHICTE HAa  e(EeKTUBHICTh  IIA3MOHHOTO
30y/DKeHHsI B CHCTEMi, BEpXHIM MIapoM  SKOi
CIIyTyBaTHMe IIe 1 ByrieneBuid MoHomap (rpaden),
OCaJDKeHHH J0 TOrO X Ha Iap OKCHUAY TadHiro.
CIieKTp ONTHYHHMX CTaIUX Takoro okcuay ( 3pa3zox
5) npencrasiaeHo Ha puc. 5. lleit okcumuuii map, B
CBOIO Yepry, MOKPUBAE€ TOHKY MiTHY IDIBKY 1 HE
JO3BOJIIE T MAIATaTH OKHMCICHHIO B TOBITPSHIN
arMoc(epi. YTBOpEHa TakuM 3ac000M ILTIBKOBA

s+s=e=N ANIiBKA
—.=k nniBka

=1 MaCuB

— - /s
n macus ',

;

T
1000

1500 2000
[ OBXKHA XBUAi, HM
Puc. 4. TlopiBHSHHS 3aJIe)KHOCTEH IMOKA3HUKIB
3QJIOMJICHHS N Ta MOIVIMHAHHA K Bix JOBXUHU XBWIII
(M) JUTSE MITHOT TUTIBKM TOBIMUHOMO 43,5 HM (3pa3ok
4) i MacUBHOTO 3pa3Ka 3a JaHuMu podotu [2]. Kpusi
JUTSI TLTIBKH 3MileHi Ha 0,5 1o BepTHKal Bropy.

2.0+

0.5

0.0

T LI LI LI LI T T T T T T 17
300 400 500 600 700 800 900 100011001200

[ OBXKWHA XBUAi, HM

Puc. 5. 3anexHicTh MOKAa3HUKIB 3aJIOMIICHHS N
Ta TOMVIMHAHHA K BiIl JOBXHHU XBWII (HM) IS
okcuny ragHis (3pa3ok 5).
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CHCTEMa «CKJIIHA OCHOBa - Oy(epHuil meraneBuit
map — TOHKa MiTHa IDIiBKA — TIENeKTPHYHUN Tmap -
rpadeH» 3MOXe MaTh CYTTEBI TepeBaru 110
BITHOIICHHIO 10 CTaHIAPTHOI 30JI0TOI IUIIBKK Ml
yac (hYHKI[IOHYBaHHS y CKJaJli CEHCOpPa, CTBOPEHOTO
Ha TaKUX TEXHOJIOTIYHHX 3acajax.

Crniowyatky Oy/lO BHTOTOBJIEHO T'€TEPOCTPYKTYpHU
13 3a3HAYEHOIO BUIIIE TIOCIIIOBHICTIO IIAPiB 3 PI3HUMH

1.2

1-49
2-49.3
3-49,5
4-49,7
5-50
6-50,2
7-50,5
8-51
9-51,5
10-52
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Re

04

0.2
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T T T
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[oBXuUHa XBUAi, HM

Puc. 6. 3anexxHocTi KoedimieHTa BiAOWUTTS p-
MOJISIPU30BAHOTO CBITJIa BiI JOBXHHMA XBHIL (HM)
1Uist 3paska 4 3 6a30BMM METaJICBUM IIAPOM MiJli 6e3
0CaHKEHOT0 Ha HOTO TOBEPXHIO rpadeHa s Pi3HUX
KYTiB MaJliHHSA B iHTEpBAI Bif 49° no 52°, Kp. 2, 3,
4,5,6,7, 8,9, 10 3mimeHi 10 BEpTUKaAII Bropy Ha
0,05, 0,10, 0,15, 0,20, 0,25, 0,30, 0,35, 0,40, 0,45
BimmoBimHO. Ha BcTaBmi BUAiLIEHO (parMeHT MO0
MOBEIHKM MiHIMyMIB CHEKTPAIbHUX 3aleKHOCTEH
0e3 10JJaTKOBOT'0 3CYBY KPUBHX 110 BEPTHKAJII.

G(lJO
2(‘]0 4(‘10 B[IIU B[I]U 1 DID() I
[ OoBXMHA XBUA, HM

Puc. 7. 3amexxHOCT1 KOe(IIIEHTA BiAOUTTS Bix
JOBXXKWHU XBWJIl (HM) nans 3pa3ka 6 3 0a30BUM
METaJICBUM IIapOM Ml 1 OCAI)KEHHMM Ha HbOMY
rpad)eHOM ISl Pi3HUX KYTiB MaJiHHS B iHTEpBaJi BiJ
47° 1o 53°. Ha BcTaBui BUALICHO (dparMeHT 1070

MOBEIIHKM MIHIMYMIB IIHX 3aJICKHOCTEH.
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toBimHaMu mapy ( d=37 i 43,5 um) 6a3oBoro Metany
(Mimi) B HEX 1 TIPOBEACHO MiXK HHUMH IOPIBHSHHS
pe3yibTaTiB CTOCOBHO HOTO ONTHYHOTO BIATYKY TPH
TUIA3MOHHOMY 30YKeHHI B 3paskax 3 i 4 me 3a
BIZICYTHOCTI Tpa(heHOBOTO MOKPUTTSL.

OCHOBOIO  EKCIIEpUMEHTY CTajla  ONTHUYHA
JiarHOCTHKAa  IUIA3MOHHOTO  e(ekTy  IUIsIXoM
BUKOPUCTaHHS SIBUIIIA BiOMBaHHS p-
MTOJISIPU30BAHOTO CBiTIIa  BIO cthopmoBanoi
TeTepOCTPYKTYpH 13 IIIa3MOHHUM 30yIDKEHHSIM Ta
0araToKyToBO1 CHEKTPOETINCOMETPii 3 MOKIHMBICTIO
BU3HAUCHHs 2-X TapaMeTpiB: a3MMyTa BiJIHOBICHOT
miHIAHOT momspuzamii ¥ 1 3cyBy daz A Mixk
OpTOTOHAJIBHUMU BEKTOpa
HOJIAPU3ALII.

KOMIIOHCHTaMH

401

1-47
2-48
3-49
4-49,5
5-50
6-51
7-52

20+

T T
600 650

T
550

[ OBXKHA XBUAi, HM
Puc. 8. 3amexxHocTi  eNIICOMETPUYHOTO
napametpa ¥ BiJ AOBXHUHU XBUJIi (HM) ISt 3paska 4
3 0a30BHM METAJIEBHUM IAPOM MIifi A PI3HUX KYTiB
najinag B inTepsani Bix 47° no 52°.

3  Takoro = TUNYy  TpPOBEIEHUX  HaMHU
eKCIIepUMEHTIB Oyllo He TUTbKH 3a(ikCOBaHO cam
epekT IuIa3MOHHOro  30y/DKeHHS B TeTepo-
CTPYKTypax, ajie 3a HOro KyTOBOIO 1 CIIEKTPaIbHOO
MOBEIIHKAMH BU3HAYEHO YMOBH Haile()eKTHBHINIOTO
HOro TpOSABY NUIAXOM aHANi3y  BiJMOBIIHUX
3aJKHOCTEH  ONTHYHMX  XapakTepUCTUK 32
meroarkaMu poOiT [6,7]. Ha pucynkax 6 i 7 HamaHo
cektpu  koedimienta Bigourtss Rp(A) B p-
MOJIIPU30BAHOMY CBITII ISt 3pa3kiB 4 i 6, oTpuMaHi
MetonoM Kperumana-Perepa B ATR-reomerpii
(OpYIIEHOTO TIOBHOTO BHYTPIIIHBOTO BiIOUTTS)
MIpH KyTaxX MaJiHHSA BiJl 49° 510 52°. Taxi 3anexHOCTI
Rp(A) xapakTepu3yoTh Ia3MOHHUIT BIATYK 3TiHO 3
BHCHOBKaMH po0oTH [7] CTOCOBHO TIOSCHEHHS
MTOXOKEHHS JIHOOKOTO MIHIMyMY, 10
CIIOCTEPIra€ThCsl Ha BIJNOBIIHUX KPHUBHX, 1 JAIOTh
MOJJIMBICTh 3HAWTH CBOEPIAHUN ONTUMYM JUIS
TUTa3MOHHOTO 30Y/KEHHA B KoopauHatax (A,p ) B
TeTepOCTPYKTYpi 3 0a3oBuM MeTaneBuM Imapom Cu
0e3 HaHeceHHs rpadeny (puc. 6) i 3 Tum mapom Cu,
KU OKpHUTHiA TpadeHoM (puc. 7).
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ikaBo OyIo MOPIBHATH pesynmprat s Cu Ha puc. 4 ) BIEGBHEHO NICPCKOHYE B
pedaekToMeTpii B P-TIONSPH3OBAHOMY CBITII 3 MOMKIIMBOCTI BHKOPHUCTAHHS Milli B AKOCTI 0a30BOTO

JaHUMH 0arato-KyTOBOi CHEKTPOEINIICOMETPil 1o
napametpy ¥ 3a MmeToankoro poboru [8].

Tomy mposiB epexTy IUIa3sMOHHOTO 30yIKEHHS
mo mapamerpy Y B Merayo-mieNeKTpHUHii
TeTEePOCTPYKTYpi cIocTepekeHo st 3paska 4 6e3
HAaHECCHHS Ha HBOTO Hi TpadeHa B SKOCTI CaMoOro
BEpXHBOTO mrapy, Hi camoi miiBku HfO, mim Hum
(puc.8). AHanoriuHy 3aJeXHICTh, KA XapaKTepPU3ye

IJIa3MOHHUH ~ BIITYK ~ CIEKTPOHHOI  MiJICHCTEMH
TeTepoCTPYKTypr (3pa3ok 6), OTpUMAHO 1 I
3aXHUILEHOoi rpageHOM MiHOT ILTiBKY (puUc.9).
40 1-47
S 2-48,5
@
o 3-49
- 4-49,5
Q. 204 5-50
6-51
‘7 7-52
0 80 2 1
5:1-0 I SéO l SEIEO ' 660 l ﬁéO I 6¢I10 l SEIiO
[ OB1HA XBUAi, HM
Puc. 9. 3aneXHOCT! €IICOMETPUIHOTO

napamerpa ¥ Bijg JOBKHHU XBHJI (HM) I7is 3paska 6
3 0a30BMM METAJIEBUM IIapOM Mi/i Ta MOHOIIApOM
rpadeHy Ha WOTro MOBEpPXHi ISl PI3HUX KYyTiB
MajiHHs B IHTEPBAJI Bij 47° no 52°.

3 puc.6 1 puc.7 BUAHO, SK TOMITHO
PO3IINPIOETBCS  Jiana3oH  JIOBKHH  XBHJIb, [I€
3anexHicTh Rp(A) csrae minimymy [7]. Lle Hamae
OUITBITT MOMJIMBOCTI IIOJ0O BHKOPHUCTAHHA TaKOTO
TUITy TETEPOCTPYKTYpH (3 HaHeCceHWM TpadeHOM) B
SKOCTI CEHCOpa B TUIA3MOHHHX TNPHUCTPOSX, A€ B
MPOIIECi JIIarHOCTUKKA POOOYOI0 JIOBXKHUHOK XBHIII
CBiTIIa MoXke OyTH Ta, IO NPUTAMaHHA HEBHOMY
CBITJIOJIOly YW HAMiBIPOBIIHUKOBOMY JIA3€PHOMY
JDKepely B TaKUX MpucTposix [8].

Crhig 3a3HayuTH, 110 MIHIMQJIbHE 3HAYEHHSA
napamerpa ¥ Ha pucyHkax 8 i 9 gocsraeThcs mpH
JOBKHMHAX XBUJIL cBiTiIa 589 1 602 UM BigmOBIIHO,
SKi MONaIal0Th B poOOUMI iHTEpBall JOBXKHH XBUJIb,
0 BHUKOPUCTOBYIOTH B  HamoMy peduieKTo-
METPUYHOMY EKCIEPUMEHTI B P-TIOJSIPU30BAHOMY
CBITII /ISt TIITa3MOHHOTO 30y kenns [8,9].

[lopiBusiHHS pe3ynbTaTiB (pucyHku 6 1 8)
HAIIOTO EKCIICPUMEHTY (HasBHICTh THUIIOBOT CHCTEMH
pI3KHX MIHIMYMIB Ha KPHBHX MPH PI3HUX KyTax
MajiHHs ~ TOJIIPU30BAHOTO  CBITJIA) Ta  JaHHUX
CTOCOBHO ONTHKHU SK TOHKHX ILIiBOK CU, yn AQ, 4u
Au, Tak i MacuBHUX iXHiX aHayoriB [4] (Hanpukiag

MaTepialy Ui TeTepOCTPYKTYpH IIPH CTBOPEHHI
CeHcopa 3 IUTa3MOHHUM 30ymkeHHAM. Lle o3Hauae,
0 TeTePOCTPYKTYpH 3 TOHKMMHU IUIiBKamMu Cu €
ebexTHUBHI I BUKOPHCTAaHHSI B CEHCOpax, SKi
MaTUMyTh T€BHY ONTHMajbHy TOBILMHY NpHU
¢GyHKUIOHYBaHHI B yMOBax 30y[KEHHI B HHX
TUTA3MOHHOTO PE30HAHCY B JESIKOMY iHTEpBaJli KyTiB
TAiHHS P-TIOJISIPU30BAHOTO CBITIIA.

Psi, deg.

660
JoBK1HaA XBUAi, HM

Puc. 10. 3anexxHoCTi EIIICOMETPUIHOT O
napametpa ¥ BiJ AOBXHMHU XBUJII (HM) 1715 3paska 7
3 0a30BUM METAJECBUM MIAPOM MiJli 1 IApOM OKCHAY
radHi0 Ha HOTo MOBEPXHi A PI3HUX KYTIiB MaiHHI
B IHTEpBaJi BiX 45° 50 50°. Ha BcraBii BHIijeHO
(hparMeHT 11010 MIHIMYMIB IUX 3aJICKHOCTEH.

45—-
40—-
35—-
30—-

254

Psi, deg.

204

GéO
[ oBXXMNHaA XBUAi, HM

Puc. 11. 3anexHocTi  eIiNCOMETPUYHOIO
napametpy VW Bix ITOBXUHM XBWI (HM) [UIs 3pa3ka 8
3 0a30BUM METaJCBUM IIApOM Midi 1 3 TIapom
okcuay radHil0 Ta MOHOmAapoM rpadeHy Ha #oro
MOBEPXHI Ul pi3HUX KYTiB MaJiHHS B 1HTEpBaJi Bif
45° 0 50°.
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Opnax nobpe BiZIOMHUM HEIOJIIKOM OCHOBI OCTAHHBOTO 13 3a3HAYCHUX TETEPOCTPYKTYP

BuKoprcTaHHsd Cu € WOro OKWCIICHHS B TTOBITPSHIN
atmocdepi. L[poro MoXXHa YHWUKHYTH, CTBOPHBIIU
METaJo-1ieeKTPHYHY CHCTEMY, a came, HNOKPHUTU
TOHKY TUTiBKY Mimi okcumom HfO, [6]. Ha puc. 5.
MPEJCTABICHO, SKUMHU ONTHYHUMHU BJIACTHBOCTSIMH
BOJIOJII€ 1eH map B BUIUMIM 00JIaCTi.

Tomy kpame © Oyno mepeBipuTH, 4YM HE
MOTIPIIUTECS  e(PEeKT TUTa3MOHHOTO 30YKEHHS B
TeTepOCTPYKTYpl 3 TaKMM OKCHIOM, a TOTIM Ha i
30BHIIIHIO MMOBEPXHIO HAHECTH Ine 1 map rpadeny.
Jiia mporo BaKIMBO OyJI0 TIOPIBHATH IS JIBOX
3pa3KiB, OJIMH 3 AKUX € TETEPOCTPYKTYPOIO 3 MiTHUM
IapoM i OCa/PKEHOI0 Ha HHOMY IUTIBKOIO OKCHAY
HfO, (3pasok 7), a iHIIHI — HAHOCTPYKTYPOBAHOIO
CHCTEMOIO, IO CKIAJAETHCS 3 IUTIBOK XPOMY, Misi,
okcHy radHiio i rpad)eHOBOTO MOKPHUTTS (3pa3ok §),
CIIEKTpH elnincomerpuuHoro napamerpa W(A), ski
npencraBieHi Ha puc. 10 1 11 BigmoBimHO. 3 WX
PUCYHKIB BHIHO, 10 (OPMYBaHHS OKCHIO-MiIHOT
IUTIBKY 1 OCAJUKCHHS Ha Hel mapy rpadeHa (3pa3ok
8) memo po3uIMproe iHTepBal THX 3HAYECHb A Ta KyTiB
(¢ TagiHHSA CBiTJIA Ha IUTIBKY, B MEXaX SKHX
MiHIMI3y€TbCs emincoMeTpuuHuii mapamerp W i
MEBHUM YHHOM 3pOCTa€ Iia3MoHHe 30ykeHHs. Le
O3Hayae, 10 YYTJIUBICTh CEHCOPa, CTBOPEHOI'O Ha

Choucox BUKOPUCTAHUX JHKEPEJI
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nokputTsim / [B. I'. Kpasens, P. [xemin, L. 1. Kim Ta
im.]. // Scientific Reports volume 4. — 2014. — No5517.
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9. Onruka metanesux ctpyktyp / JI. B.Ilonepenko, HO.
B. Kynpssues, B. C. Cramyk, S. II. Jli. — Kuis:
BIIL«KwuiBcekuii yHiBepcuTeT», 2013. — 531 c.

(3pa3ok 8) CYTTEBO 3pOCTa€E AK IO MOXKIUBOCTI
BHOOPY A, Tak 1 KyTa MaaiHHS @, TOOTO ONTUMYM IS
TIa3MOHHOTO €(EKTY 13 CBOEPIIHOT IIIBHOI 00acTi
3HAYeHb Ili€i MapW BEIWYHH IEPETBOPIOETHCS B
OibI posiupeHy Gopmy B koopauHatax (A, @).

BucHoBKkH
3aBasiku MOJIIPU3AIi THIM
pedIeKTOMEeTpHIHAM i 0araToKyTOBHM
CITCKTPOCITIIICOMETPUIHIM JTOCITI JKESHHSM

BCTaHOBJICHO, 1110 B reTepocTpykTypax tumy Cr-Cu-
HfO,-rpaden  3aBmskm  HaHeceHHIO  rpadeHa
BiIOYBa€THCSI PO3MMUPEHHS CIEKTPaTbHOI 00JacTi,
JIe CHOCTEpirarThcs Pi3Ki MIHIMyMH IJIa3MOHHOTO
30y/DKEHHsI, TIOJOXKEHHS  AKHX  3aJIe)KUTh  BiJ
JOBXHHHM XBHJI I1aJal040T0 MiJ MEBHUM KYTOM p-
MOJISIPU30BAHOTO CBITIIA Ta TOBIUHU
¢byHKUIOHANBHOTO MinHOTO mapy. ONTHMalbHUMH
Ui e(eKTUBHOTO BUKOPDHUCTAHHS  TaKUX
TeTePOCTPYKTYp B SKOCTI ONTHYHHUX CEHCOPIB €
CHeKTpalbHUK niana3oH 590-675 HM Ta iHTepBai
KYTIB TIa{iHHSA BiJ 45° 10 50°,
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3anucano cnekmpu no2iuHaAHHA 800HO20 PO3HUUHY AOeHO3UH-3 -Monogocpamy (AM®D) ma aderosun-
mpucghocghamy (ATD® 6 dianazoni 200-400 Hm. Ompumano cnekmpu @uioopecyenyii AT® ma AMD npu
KIMHamuill memnepamypi O01a pi3HUX KOHYenmpayiti ix 600HUX po3uyuuis. Busereno, wo maxa
rioopecyenyis adenosumie GuHUKAE NpU BUCOKIT Konyenmpayii pozuuny (C=2*10"% M) ma mae maxcumym
Amax 6 obnacmi 410 nm. 3anpononoBano NOACHEHH MEXAHI3MY BUCOKOMeMNepamypHoi guioopecyenyii,
SAKUU NOAA2AE 8 (POPMYBAHT AOCHIH-AOEHIHOBUX eKCUMEDIE .

Kmouosi crosa: grroopecyenyis, adenosun-35 ’-monogocgamy, ATD, excumep

We registered the room temperature fluorescence of high concentration (C=10° M) of adenosine-5 -
monophosfate (AMP) water solution with Amax in region from 404 to 412nm. In our opinion, the appearance of
high-temperature fluorescence is associated with the formation of excimer pairs. Unlike dimers, the excimer
does not create an additional band in adenosine absorption spectrum, which is confirmed by our data. The
fluorescence from the deactivation of the excimer pair is excited by a continuous spectrum in a wide range, in
our case, up to 350 nm. Absorption by free molecules of adenine dramatically weakens the incident flow,
creating "failures” in the fluorescence excitation spectrum, which coincide with the adenine absorption bands.
According to our results, the excimiers creation is a threshold of concentration. According to literary data,
adenine m-electronic systems in the excimer are seems to be a sandwich-like orientation with an extremely

small distance of 2 A.

Therefore, during an active irradiation in the case of deactivation of the excimer

adenine molecules do not have time to move away and the excimer is formed again.
Key Words: fluorescence, adenosine-5'-monophosphate, ATP, excimer .

CrarTio nipezictaBuB 1.¢.-M.H., mpod. Makapeup M. B.

Beryn

[IporsiroM ocTaHHIX TiBTOpa JAECATKH POKIB
3’SBHJTUCH TyOUiKallii, B AKAX AUMEpHU3allisl aJcHiHa
JIOKJIAJTHO BUBYAJIACh SIK 3 EKCHIEPUMEHTAIBHOI TaK i
TEOPETHKO-PO3paxyHKoBOl mo3uiii. Po3rimsmarorses
Pi3HI YMOBU BHHUKHEHHS TUMEPIB — SK y BOJTHOMY
PO34MHI TakK i y OUIBII €K30THYHUX cucTemax. Harm-
puknan, B podoti [1] aHanizyeTbesi CTIHKICTh JBOBH-
MIpHHX MOJICKYJIIPHUX JIaHIIOTIB, YTBOPEHUX HPHU
aJcopOIlii ajeHiHy Ha BHCOKOOPIEHTOBAHY MipOJIi-
tuudy rpadiroy (HOPG) mnosepxHio. BusiBuiocs,
0 TIPOIIEC CaMOYTBOPEHHS CTAaOLIBHHUX JIBOBUMIp-
HHUX aJICHIHOBUX MOHOIIApPi 3yMOBJICHUH YTBOpEH-
HSIM CHJIBHHMX BOJHEBUX aJICHIH-aJICHIHOBUX 3B'f3-
kiB. Lli 3B’s13kH, BIacHe, € BiJNOBiTATBHUMU 32 YTBO-
penns JJHK-map B >xuBuX 00’€kTax i, TAKAM YHHOM,
MOXYTh 3’ €JJHYBaTH TaKOX i OKpeMi Mosiekyu AM®
Y BOJHOMY PO34HHI y TU- 200 TPUMEPH.

3arayibHOBIJOMUM € (aKT, 10 BOJAHI PO3UMHH
aneHo3uHiB (AM®, AJID, AT®D) ne payopecuiroOTh
npU KIMHATHIM TeMIriepaTypi, Xo4a TpU HU3BKHX
TeMIieparypax ix (IayopecleHIlis Ma€e JTOBOJI BeIu-
Kuii KBaHTOBHMM Buxif. OmHak, B poboti [2] Oymo
Briepie 3agikcoBaHO (UIFOOPECICHIII0  BOJHOTO

© I0.T". Tepeutnera, O.M.CHinepora, 2018

pozunny AM® nipu KiMHaTHIH Temriepatypi. ABTOpH
BBQKAIOTh, IO JDKEPEIOM Takoi (hII0opecueHIii
CTiI BBaXKATH TPUCYTHI B PO3YMHI JOCTATHHO
cTalinbHI aJleHiHOBI auMmepu. Hamm excnepumeHT-
anpHO Oyiia BUSIBICHA BHCOKOTEMIIEpaTypHa (Irroc-
pECIICHIIST BOJHUX PO3YMHIB aJCHO3WHIB 3 HA/3BU-
YallHO BUCOKMM KBaHTOBHM BHXOJIOM, sIKa, OJHAaK,
Ha Hall TOTJIS, Ma€ HITY IPUPO.Y.
O0sagHaHHsA I MaTepiajan

B sikoCTI JOCIIKYBaHOTO MaTepiady BUKOPUCTO-
ByBaBCcs 1) XiMiYHO YHCTHH IMOPOIIOK JUHATPIEBOT
coni 5’-aneHo3uH MoHodocdaTy, SKU PO3BOAMIN B
OiIMCTIUIBOBAHIN BOMI, 2) BOJHHN PO3YMH HATPIIO
azieHo3uHTpodochary B CTaHIAPTHIN anTeyHiil KOH-
nenTparii (10 mr/mi). [[nst 3anmucy CriekTpiB MOTIIN-
HaHHA BOOHHUX po3unHiB AM® ta AT® Bukopucro-
ByBaBCsI CepiiiHUH JBONIPOMEHEBUH creKTpodoTo-
metp Specord UV-VIS. 3amuic mpoBouBCs B CTaHIa-
PTHUX KBaplEBHUX KIOBETaX TOBIIMHOIO ScM, 1 cM Ta
1 MM (mianason nponyckannst 170-1000 um). Crek-
Tpu (IIIOOpECIIEHIIIT TP KIMHATHIN TeMIlepaTypi 3a-
nucyBanuch Ha crnekrpodiroopumerpi Cary Eclipse
(Varian Inc., Agilent Tech.); BukopucroBysanu
CTaHIAaPTHI KBApIIOBi KIOBETH po3MipoM 1x1 ¢cMm.
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ExcnepuMeHTAIBHI pe3yJIbTaTH Ta iX aHATI3

Byno mpurorosneno asi rpymu 3paskis, ['1 ta 2,
BoxHI po3unH AM® pi3HOi KOHIIEHTpaMii B miama-
somi C=10%-10"M, tpers, I'3, amanoriuno, BoaHi
po3unan AT®. TexHONOTiA NPUTOTYBaHHS 3pa3KiB
rpynu ['1 momnsrana B po34rHEHH] AJ1s1 KOKHOTO 3pa3-
Ka y BOJI KasiOpoBaHOi KibKOCTI mopomky AMO®.
TexHonorig npuroTyBaHHs 3pa3kiB iHmoi rpynu ('2)
roJsTalia B IMOCHiJOBHOMY PO3BeIeHHI 0a30BOr0 BH-
cokokonnenrposanoro (C=10"1 M) spaska 1:10 mo
3MEHILEHHs] CTAPTOBOI KOoHIeHTpalii B 10° pasis.
Tpers rpyna (I'3) mpencrasmsna co6or Takox Hadip
3pa3KiB Po3BeACHUX BOMOIO B mpomopiiii 1:10, 1:100,
1:1000, 1:10000 3 6a30BOro anTeYHOTO PO3UHHY
AT®. Ins ycix 3pa3kiB OyJo 3amMcaHo CIIEKTPH IOT-
JUHAHHS, SIKi JUIS yCiX KOHIIEHTpaIliil BUSBUINCH TH-
[IOBUMHU. YHOPMOBAHUM CHEKTP IOIVIMHAHHA IIpea-
craBieHuid Ha puc. 1 (kp. 1) MICTUTB IBi CMyT'H TIOTJIH-
HaHHS, 3 MakcuMyMamu mipu 260 ta 212 BM, sKi Big-
HOCSITBCS, BiJIIIOBITHO, /IO TIEPIIIOTO Ta JPYTOTO elleK-
TPOHHUX T[EPEXOMdiB aJICHIHOBOI  T-C€JICKTPOHHOI
cucremu. J{ist ycix 3paskiB mpu KiMHATHIN Temrepa-
Typi B pexumi ¢IroopecteHItii Oyau 3amucani Crek-
Tpu BuripominioBanHs. s 3paskiB AM® rpymu 'l
3 KOHIICHTpAIliSIMH C=2*102 M i Ginbie OyJo BHSB-
JIEHO HU3bKOTeMIepaTypHy ¢uroopecnenmito. [Ipu
MEHIINX KOHIEHTpAIlisiX CBiUueHHS He 3a(iKCOBaHO.
Hns 3pazkiB rpyn [2 ta I'3 ayrodmoopecueHtis
AM® Ta ATO Oyna BusiBJIeHa B yCiX 3pa3kax, IMpH-
4oMy 11 IHTEHCHBHICTh 3MEHIyBaJaCh i3 3MEHIIICH-
HSIM y 3pa3Ky KoHueHrtpanii AM® i Buxoamina Ha
piBEHb IIYMiB MPHU PO3BEJCHHI CTAPTOBOTO PO3YHHY
B 10000 pa3iB. Ha Hanry gymKy mosiBa BHCOKOTEMITE-
parypHoi (yopeclieHIli MoB’si3aHa 3 YTBOPEHHSM
eKCUMEpHHX (eKCHIUIeKCHUX) map. Ha BimmiHy Bin
JIMMEpiB, EKCUMEPU HE CTBOPIOIOTH B CHEKTPi A0oAaT-
KOBOi CMYTH MOIJIMHAHHSA, IO MiATBEPAXYETbCS Ha-
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Puc. 1. YHOpMOBaHI crieKTp mormuHaHHA (Kp. 1),
(uroopecieHIi (xp. 2) Ta 30y/KCHHS
dmroopecuentii (kp. 3) AM® npu T=293 K.

muMu  JaHuMu. DIIOpECHeHINis BiJ JeaKTUBAIl
EKCUMEpHOT Mapu 30YKY€EThCsSI HETIEPEPBHUM CIIEK-
TPOM B IIMPOKOMY JTialla3oHi, B HAIIIOMY BHUIIAJKY 10
350 am. [lornmHaHHS BUTBHUMH MOJIEKYJaMU aJieHi-
Ha IpaMaTHYHO OCNIA0IIOE Maal0Yrii TIOTIK, CTBOPIO-
I0YU «IIPOBANM» y CHEKTpi 30YyIHKEHHS Quroopec-
IEeHIl, AKi CHiBHaJaloTh 31 CMyraMu MOTJIHHAHHS
afeHiHa. CTBOpEHHS €KCHMEpIB, 3TiHO 3 HAIIUMHU
pe3yibpTaTaMy, HOCUTh TIOPOTOBHI XapakTep Mo KOH-
nentparii. Kpim Toro, 3rimHo pospaxyskis [3] ame-
HIHOBI T-€JICKTPOHHI CHCTEMH B EKCHMEpi MaroTh
IIBUJIIIE 332 BCE CaHJBIU-OPIEHTAIIIO 13 HA3BUYAIHO
Manoro BiacTanHio — 2A. Tomy mig gac akTHBHOTO
OTIPOMIHEHHS B pa3i JeaKTHBaIlii eKCHMepa MOJEKY-
JIM aJicHIiHa HE BCTUTAIOTh BIIJIAIMTHCH 1 SKCUMEP
YTBOPIOETHCS 3HOBY.

BucHoBku

3apeecTpoBaHa BHCOKOTEMIIEpaTypHa Qurroopec-
LEHI[IS BOJHUX PO3YUHIB aJCHO3MHIB 3 BHCOKUM
KBAaHTOBHUM BHXOJOM, III0 BHUHUKAE€ TPU BUCOKUX
KOHIIEHTpAIIisX , HaJJaHO MOSICHEHHS 11 MeXaHi3My.
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Pospobneno mpancimnedancrull niocuniosay NOCMItHO20 cmpymy O0as ¢Gomodioda, GeruyuHa
niocunenHs 3a0aemocs 306niwHiMu ynpasisiowumu TTL-cuenanamu i modice 3MIHIOBAMUCA HA 5 NOPAOKIS.
IIpuoineno yeacy numannam sasadocmivkocmi gumipiosanvbhoi anapamypu. Onucyeanuii npuiao 00380J4€
BUMIPIOBAMU NOMOKU ONTUYHO20 SUNPOMIHIOBAHHS, BEIUHUHA AKUX 3MIHIOEMbCA 8 OUHAMIYHOMY Oiana3oHi
96 0F i mooce bymu 3acmocosanull 01 AGMOMAMU308AHUX DIZUUHUX eKCnepuMenmid y (omomempii,
CNeKmpoCKonii, enincomempii, mouo.

Kniouosi cnosa: ¢pomodioo, nepemeopiosay cmpym-nanpyaa, yughpose ynpasiinHs.

In this paper, a photodiode transimpedance amplifier with a controlled gain based on PGA103 chips
was developed. To avoid distortion of the signal and to reduce the measurement error operational amplifier
AD711 with low bias and leakage current was used. The scheme is very sensitive to internal mutual
interference, is inclined to self-excitation and requires special arrangement and careful shielding. Therefore,
appropriate circuitry solutions were adopted, such as separate cascade power supply, signal filtering,
special stabilization of reference voltages, buffering of the control inputs of the amplifier. The device has
three cascades: the first is a current-voltage converter with a conversion factor of 40 mV/nA, the next two
are voltage amplifiers. Digital inputs allow you to set the total gain from x1 to x10000 (5 ranges). The device
designed showed good linearity (nonlinearity of the response is 1.3% with an amplification of x10000, and in
the remaining ranges it does not exceed 0.5%). Compensation of zero shifts by trimmer resistors is not fully
achieved; it must also be done programmatically at the stage of processing the measured signal. For each
range, the zero offset is different. The frequency range of the amplifier is from 0 to 85 Hz, this allows, if
necessary, to modulate the optical radiation at a small frequency. The described photodetector module can
be used in physical experiments, metrology or industrial tasks that require measuring light fluxes in a wide
dynamic range.

Key words: photodiode, transimpedance amplifier, current-voltage converter, digital gain control.

Crartio npeacraBuB A.¢.-M.H., npod. Makapeup M. B.

Beryn oJIsIpHU3ariii CBITIIOBOL XBUII. IIpouenypa
BUMIPIOBAaHHS J03BOJISIE BHIUIMTH 110 1H(OOPMAILIi0
i3 CBITJIOBOrO TMOTOKY 1 BHMKOPUCTaTH i1 MM
(GI3UYHUX JOCHIJPKEHb Y, CKaXIMO, JUIS YIIPaBIiHHS
TEXHOJIOTIYHUM ITPOIIECOM.

TexHiuna 3agaya aBTOPIB (TOHIOMOIAPUMETPis
po3cisHOro cBiTJIa) Tependavaia BHMIpPIOBaHHS
ONTUYHUX TOTOKIB, BEJMYMHA SKUX 3MIHIOETHCS Ha
KUTbKa MOPSAAKIB 1 MOXKe HaOMWKaTHCA A0 PiBHS, HE
Habarato OLIBLIOTO 3a MOPIT YyTIMBOCTI JIIOACEKOTO
oKa. 3 OTJIsiay Ha OCOOJIMBOCTI €KCIIEPUMEHTATBHOI
YCTAaHOBKH Ta 3 MIpKyBaHb CTaOlIBLHOCTI MpHUitMada
OyJI0 BUPIIICHO BiJIMOBUTHCS BiJl TUIIOBOTO ITiIXOY

BuMiproBaHHs CBITJIOBUX MOTOKIB € aKTyaJIbHUM
3aBJIaHHSAM Yy 0araTbOX Taly3sX HayKH 1 TEXHIKH.
OnTryHe BUNIPOMIHIOBAHHS Hece B co0i iH(opMallito
Mpo  cepeJioBUINEe, sKe WOoro mopoio (3ipka,
po¥kapeHa JeTaib, JroMmiHodop, ToIIo), abdo
pPEYOBHHY UM OO’€KT, i3 SKUM BOHO B3aEMOJIISIIO
(Hampukian, BigOunocs BiJ MOBEPXHI
HaITiBIPOBITHWKA,  TOHKOIUTIBKOBOI  CTPYKTYPH,
MIPOMIIIIIO KPi3h PO3YMH, PO3CISIIOCH HA YaCTHHKAX
pedoBuHM ab0 HEONHOPIZHOCTSX CEPEOBUILA).
IHdopmariss MOke MICTUTHCH y aMILTiTYadl, ¢asi Ta

© A.JL Smnonscekuit, O.B. MakapeHko,
A.l. lapama, 2018
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BUKOPUCTAHHS ()OTOCTCKTPOHHOTO MOMHOXYBaya, a
HATOMICTh ~ 3aCTOCYBaTH  CHCTEMY  peecTpallii
CBITJIOBUX ITOTOKIB Ha OCHOBI (poTOTI0/A.

3riqro 3 [1], doromionn, Oymydn YBIMKHEHI B
CXeMy 3 OIepamiifHuM ITiICHIIOBAYeM, J03BOJSIOThH
OXOITMTH CHUTHAITH, aMIUTITYIA SKUX JIeKAaTh B MEXax 5
TTOPSIIKIB.

V [2] TeopernuHO MOKA3aHO, IO AMHAMIYHUIIA
niamazon  ¢oromiona moxe csarath  ~100 nb
(oTpuMaHO 3 IIyMOBHX XapaKTEPUCTHK (OTOMI0NA 32
imeamsHUX yMOB). PeanmpHO BiH OyB Ha 2 mOpsaku
MEHIIIe BHACIIOK Jerpasaiii (hoToMi0JHOI0 MAaCUBY
3 4YacoM. Ane jgaHa po0oTa  MpHCBSYCHA
BUTIPOOYBAHHSM HOBOTO €KCIIEPUMEHTAJILHOTO TUITY
JIOJIIB, TEXHOJIOTisI BUTOTOBJICHHS SIKUX IE HE Oyia

BiIIpallbOBaHa, TOMY (POTOMIOAM, IO CEpPiHO
BHITyCKAIOTBCSl TPOMHCIIOBICTIO, TIOBHHHI MAaTH
Kpallli XapaKTepPUCTHKH.

dororanbBaHiYHAN pexUM KOpPOTKOI'O

3aMHKaHHA QoTromiona Mae psa mepeBar [3]: He
Tpeba [pKepena Hampyrd 3MIMIeHHsS, BIICYTHii
TEMHOBHUI cTpyM (OTOIioAa, JiHiIHA €HEpreTHYHa
XapakTepuctuka. Tomy miast  po3poOIOBaHOTO
MiICUITIOBaYa MU 00palii came 1el peskuM poOOTH.
Bemukuii BrmacHWl KOeiIlieHT ITiICHIICHHS
OIepaliifHoro miZICKI0BaYa MPU3BOAMTH IO TOTO,
10 WOTO iHBEPTYIOUHIA BXif[ € BIpTyaJIbHOKO 3€MIICHO.
Taka cxema n00pe MiAXOMUTH ISl BUMIPIOBaHHS

CTpYMIB BiJ JAECATKIB MiJiaMIep JO0 4YacTOK
mikoamIiepa [4]. MaxkcuManbHui CTpyM
OOMEXYEThCSI BUXITHUM CTPYMOM OTEpaIifHOro
HiICHITIOBaYa.

HwxHs ~ Mexxa  BHMIPIOBAHOTO  CTPyMY
BU3HAYAETHCS  BXITHOIO  HApPYror  3MIIICHHS,
BximHumu crpymamu 3mimeHsas Oll Ta ix npefidamu.
BxinHa IIIyMOBa Hamnpyra orepariftHoro

HmiCWIOBaya MEpelaeTbcs Ha BHUXiA 3 HU3BKUM
xoedinientom migcunenns A =1+ Ry, Ry (una
MOCTIHHOTO CTPYMY) 3a PaxyHOK BEIHUKOTO OIOpY
mioma Rjy. Ane emuicte gioma Cj momudikye
3BOPOTHHH 3B’SI30K HA BUCOKHX YacTOTax, JOJAI0UU
nificuiieHHs. BpaxoByroun 3Ha4Hi BEeNMYMHH R; Ta
Cy, e]exT MOoke NpOSABIATHCS BXKE Ha JIOCHThH
HU3BKHX YacToTax [5].

Bemukuii  BXigHME  orIip
YTBOPEHHS  pI3KMX TMiKIB Ha  MepelaTOovYHil
XapaKTePUCTUIll 1 HaBiTh JO CaMO30yKEHHS
migcwmoBaya [5,6]. B 3araneHOMYy BUmaaky Ie
SBUIIEC YCYBalOTh, BMHUKAIOUM HapajesibHO R,
HEBEIMKUN KOHIEHCATOp (OJAMHMINI-ASCATKH D).
Yacto goctaTHbO OyBa€ Mapa3HTHOI €MHOCTI
MOHT&Xy. AJe ciiJ naMm’sTaTd, MO MpH Takid
KOMIICHCAIII CYTTEBO 3BYKYETHCSA CMyra pobodmx
9acTOT TPAHCIMIIETAHCHOTO TIiCHITIOBAYA.

NPU3BOIUTH IO
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BpaxoByroun  HEoOXimHiCTb  3abe3medeHHs
BUCOKOTO  KOe(illieHTa MIJCWJICHHS CXeMHU 1
BUIICOMKUCaHI OCOOJIMBOCTI MEpEeTBOPIOBaYa CTPYM-
HaTpyTa, aBTOPU MPUHHSIN PIlICHHS 3BY3UTH CMYTY
rioro mpomyckanHs g0 <100 ['m. Takum umHOM,
Memow 0anoi _pobomu € pospobrka i nobyoosa
MPAHCIMNEOAHCHO20 — NIOCUNIO8AYA  NOCMIUHO20
cmpymy 011 pomo0dioda 3 MOMICIUBICINIO NPOSPAMHO
3MiHIO8aMU  KoehiyicHm  NIOCUNEHHA 8 MedCax
KIIbKOX NOPsIOKis.

KoncTpykuis mincunoBaya

B skocti mpuiiMada OyB oOpanuii (oTOmiON
®J1-288b, B mepury uepry, 3aBIsSKA CBOIM po3Mipam
(miametp YyTIIMBOI IUTOLIA KA 11,3 Mm).
CrexTpaibHUi  niama3oH y  Hboro Al =
0,3...1,1 MKM , iHTerpajbHa CTPYMOBa YyTJIUBICTBH
0,24 A/Bt, MakcHMyM CHEKTPaJbHOI YyTIUBOCTI
npumagae  Ha  Apyge = 0,81 MM [7] - Taki
napamMeTpy  IJIKOM  3aJOBOJIGHSIIOTH ~ BHUMOTaM
€KCIIEPUMEHTAJIHOI YCTAHOBKH.

Cxema (oTompuiiMaIbHOTO MOAYJSI  MICTHTH
Tpu Kackanu. llepmuii — ne neperBoproBaud CTpyMm-
Hampyra, noOyJIoBaHWH  HAa  NpenH3iiHOMY
omepariiinomy  miacwmoBadi  AD711  (puc. 1).
Pesucrop R5 mo3Bossie 3minryBaTi BUXiIHY HApyry
Kackajlly B MEXax KiIbKOX MUTIBOJBLT. JIaHIIOKOK
3BOPOTHOTO 3B’si3Ky wMictuth 4 SMD-pesuctopu
tunoposmipy 1206, omopom no 10 MOM KOXHHIA.
Taki pesucropu Oynu oOpani depe3 iX BiJHOCHO
HEBEIMKY TeMIepaTypHy HectabiinbHicTh. Yacrora
3pi3y Kackaly BH3HAYa€ThCS OMOPOM Ta E€MHICTIO
JIAaHKHW 3BOPOTHOTO 3B 513Ky 1 ckianmae 85 ['m.
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Hpyruii Ta TpeTiii Kackaau OJHAKOBi (pucC. 2).
Bonu moOymoBaHi Ha cHemiadbHI MIKpocXemi
miciioBaya 3 MPOrpaMOBaHUM  KoedillieHTOM
migcurenas PGA103 dipmu Burr-Brown. IMoparoun
uudpoBi curHand 3 TTL-piBHAMH Ha yHpaBiAOUi
Bxomu A0 ta Al, MOxHa OOHMpaTH OJHE 13 TPHOX
macuiaens: x1, x10, x100. Takum YmHOM, ABa
Kackaau naroTh miacwieHHs o x10000. Ha puBig 3
MOMAEThCS  ONMOpHA  HANpyra, BIHOCHO  SIKOI
3MIUCHIOETBCS BUMLIIK cHTHANIB. JDkepemo 1€l
Hampyrd TOBHHHO MAaTH IyX€ Malui BUXITHUI
OMp: HAaBITh JECATI JOJi OMa CIPUYMHIOIOTH
HENIHIWHICT, BEJIWYMHOK B AECATI JOJ1 BIICOTKA
npu migcuiaenni y 100 pasie [8]. Takum mkepesom €

MOBTOPIOBAY  Hampyrd Ha 0asi  omepauiiHOTO
migcwtoaya  OP07  (Takok  HAmEXKWTh 0
Nperu3iinHuX).
1 ”W‘ 3 +158
R16 CIZL _Lcm 178112 _Lc,;
2k4 22@ y,i 2 y.ﬂ
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Ri2 LM385
. 2 >
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Puc. 2. Cxema miACHITIOBaJIbHOTO KacKay Ha
Mmikpocxemi PGA103
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s 3amaHHS  ONMOPHUX PIBHIB  3aCTOCOBAHO
CTIeliajibHi MIKPOCXEMH TaK 3BaHUX «IIPOTPAMOBAHHX
crabinitponiey LM385. Ix Buxinmy mampyry 3a
HEOOXIAHOCTI MO’KHA 3MIHIOBATH MOJUIBHUKOM 13
IBOX pe3ucropiB. [lpy BKJIFOYEHHI, TOKa3aHOMY Ha
puc. 2, Hanpyra Ha LM385 cknanae 1,24 B.

3agaBaibHI KOJIa ONOPHUX PIBHIB CHPOEKTOBAaHI
Tak, 00 MiHIMI3yBaTH iX OIip, YUCIIO EIEMEHTIB i,
BIJIMIOBIZITHO, UYTIMBICTH JIO HaBOJOK. Uepes
crabutitporn LM385 mnporikae ctpym 5,4 MA, a
4yepe3 miJcTporoBajbHUA pe3uctop R13 — 1,24 MA.
CxemMa  po3paxoBaHa TaKMM  YHHOM,  II00
3a0e3neUnTH PETYIIOBaHHS HYJsI B Mexax +5 MB.
Jyis momaTkoBOi CTaOUTLHOCTI JIO MiJCTPOIOBAIBHUAX
PE3UCTOPIB  MIIKIIOUEHI KOHJIEHCATOPH €MHICTIO
0,33 mMx®.
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Cxema BHSABMIACHE IyXX€ KPUTHYHOI [0
KOMITOHYBaHHs. BHacHmigok HEBIaaoi TOMOJOTIl
JPYKOBaHOI IUIATH y TepIIid KOHCTPYKUIi mpuiamgy
criocTepiraiach TeHepallis Ha YacTOTi OJIM3BKO
200 k[, sika MOYMHANIA CYTTEBO IMPOSBIATUCS TPH
migcuneHusx x1000 1 Bume. I[lpuuman TOoMy —
Onm3bKe po3TalryBaHHs BOX MikpocxeM PGA 1 psf
Mapa3suTHAX €MHOCTEH MDK TPOBITHUKAMH IUIATH,
Yepes K1 BUXiJ IMiJCHUITI0BaYa B3aEMOJIISB 13 BXOJIOM.

I[Ippy poGoTi B MHUPOKOMY AHHAMITHOMY
Jiama3oHi BENMKE 3HAYCHHS Ma€ BpaxyBaHHSA
IIYMOBUX XapaKTEPHCTHK €JIEeMEHTIB Ta BIUIUBY
30BHINIHIX €JICKTPOMArHITHUX HaBOJOK.

Ilymr y BUMIIAAI  CUTHANIB-3aBaf, IO
MPUXOMAATH Yepe3 3B’ SI3KHU 3 JKEPEJIOM JKUBJICHHS Ta
3a3eMJICHHS, HA MPAKTHII MOXKYTh OYTH Ba KITUBIIIi,
aHiX BHyTpimmHI mymu. HInsxomM mpaBHIEHOTO
pO3TaIlyBaHHS W KOHCTPYIOBAHHS CXEMHU Li 3aBaau
MOXXYTh OyTH 3MEHIICHI J0 HECYTTEBOI BEIMYUHH
[9].

Beepenuni mpuiany CUrHamd MOXYTh JOCUTH
JIETKO TPOXOIWTH IIUISIXOM  EJIEKTPOCTATHYHOTO
3B’3Ky. Meroau OOpOTBOM 3 IIMM — PO3HECCHHSI
YaCTHH CXEMH Y MPOCTOpPi, BCTAHOBIIEHHS MK HUMH
€JIeKTPOCTAaTUYHUX EKpaHiB, €KpaHyBaHHA KaOeliB,
PO3MIIIICHHST TPOBIIHUKIB YIPUTYJI JI0 3EMIITHUX
IIMH, @ TaKOX 3HIKEHHS 32 MO>KJIMBICTIO TOBHOTO
omopy Bxois [10].

CyTreBuif  BmIMB  Ha  poOOTYy  JITaHOTO
MiJCHIIIOBaYa  YWHATH  KOHJYKTHBHI ~ HABOJKH.
KonnykTrBHa HaBOJIKa — L€ 3aBaJia, U0 IEePeIaEThCs
13 CyCIJIHIX eNEeKTPUYHUX KU MUIIXOM HPOXOJKEHHS
EJEKTPHYHOTO CTPYMY CIUTBHHMHU TPOBiTHUKAMH, B
OCHOBHOMY, 4epe3 CIiIbHI TUISSHKH 3a3€MIICHHS i

JKUBJICHHA. THUIIOBOIO NPUYMHOK iX TOSIBU B
cucTeMax MIPOMUCIIOBO1 aBToMaTu3anii €
HEIpaBUIbHE BHUKOHAHHS 3a3eMJICHHS [10].

BigzHaunMo TakoX, IO MpH TMepeAadi CUTHAIY IO
Ka0emo MK TajdbBaHIYHO 3B’SI3aHMMH TIPUIIAJaMHU
POJIb KOHIIYKTHBHUX 3aBaJI JIy’KE 3HAYHA.

3 ypaxyBaHHAM BHIIECKa3aHOTO, BUPILIMIH
CEeKI[IOHYBaTH CXeMy Ta eKpaHyBaTh Kackaad. J{is
BUKJIFOUEHHsI KOHIYKTUBHHX HaBOJOK KOXEH KacKaJ|
Ma€ BJIacHe cTalOinaizoBaHe >KMBIeHHsA +12 B, a Bci
3eMJISIHI TIPOBIIHUKHM CXOAATHCS B OAHY TOuKy. lle
BiJ[3HAUEHO Ha CXeMaX CIeUiAIbHUM CHMBOJIOM
a”aioroBoi 3emil. OnguH OIK IUIATH BiABEICHHUH s
eKpaHHUX Ta CHUIBHUX NpoBigHMKIB. KojkeH Kackan
HaBaHTakeHWH Ha pesuctop 30 kOM, a MK HUMH
yBIMKHEHI GinbTpu HIWKHIX dacToT Ha 106 I
(R9C10), AKi MIOJIaBIIOIOTh MOJKJIMBY
BHUCOKOYACTOTHY F'€HEPaLilo.

ITogaya 30BHINIHIX YNPaBISIOYAX CHTHAIIB
OpraHizoBaHa  4epe3 KIIOYi Ha  IOJBOBHX
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TPaH3UCTOPax BSS123 JUTST MiZBUINCHHS TepeayciM TOTPIOHO BHCTABUTH HYJI KOXHOTO
3aBajocTiikocTi mpwiany. Ha puc. 3 nokasana kackany. lle MoxHa 3poOuUTH 3a JIOIOMOTOMO
CXeMa TaKoro KIoYa, a TaKOX iX YBIMKHCHHS 1 BOJBTMETpa, BKJIIOYAIOUU HOTOo JIO MPOMIKHHX
TaONIUIISA KOMIB U KePYBAaHHS T ACHICHHSIM. KOHTPOJBHUX TOYOK 1 TIONA0OYM  HEOOXimHI

+128

56k

do PGA
BSS123

Ynp.1  Ynp.2

Yop.1 Yap.2 Ynp. 3 MidcunexHsa
1 1 1 x1
1 0 1 x10
0 1 1 x100
1 0 0 x1000
0 1 0 x10000

Puc. 3. Knrodi 1iudpoBoro ynpapiiHHS i ICHICHHAM
1 TaOJIMIA BIAIIOBIAHUX KOIIB

Puc. 4. bynoBa ¢oTonpuitMaabsHOTO MOTYJIS.

Ilpunax  CKOMIIOHOBAaHO 32  MOZYJIBHUM
npunimnom (puc. 4). dotomion 3’e€qHYEThCs 3i
CXEMOI0 KOPOTKMMHU TpoBojamu. [lincuiroBaiibHi
PGA-kackagu  BUKOHaHO Yy  BHUIJISAI  JBOX
OJHOTHUITHUX  €KPaHOBaHMX  IUIAT-BCTABOK,  SIKI
PO3MIIIYIOTECS Ha OJHIN Benwkiil mati. Ha miid ke
IaTi 3HAaXOAWTBCA TOYKA 3 €IHAHHS 3EMIISTHUX
MPOBIIHUKIB. YCIO CXEMy BMIIICHO B METaJCBHUIl
KOPIIYC, SIKHM KpIMUThCS HA EKCIEPUMEHTAIbHY
ycTaHOBKY. JKWBIIGHHS Ta CUTHAIH HAJIXOASTH II0
kabeno gepe3 po3’em Ty PI'1H-1-3.

HanamryBaHHs, po0oTa i XapakTepucTHKH
MiJCHII0OBaYAa

Bucmaesnenna Hynie  kackaoie. IlounHaroun
po0oTy 3 HOBUM (POTONPUAMAIBLHUM MOJYJIEM,

KoMmOiHamii Ha ympasisiroui Bxogu. MikpocxeMa
PGA103 Bunae Hampyry BiIHOCHO TOTO K ONOPHOTO
piBHS (BHBIA 3), BIZHOCHO SKOTO  copwiimae ii,
TOMY B pexkuMi X1 3CyB HyJIS Hi Ha IO HE BIUIHUBAE,
BuxingHa Hampyra Ug,, Oyme B TOYHOCTI piBHa
BximHiH Ug,. IluM MoXHA CKOpHUCTaTHCS TIpH
HaJIAIITyBaHHSIX.

CrioyaTky BHKOHYETBCS KOMIICHCALS 3CYBY
HyJIsl Kackaay [epeTBOpIoBada CTpyM-Hampyra.
Slkmo n[Ba HAcTymHUX Kackaid NpU  LbOMY
paloBaTUMYyTh B PEXHMI  MOBTOPIOBaua,
KOHTPOJIBHUH BOJBTMETP MOXXHA BMHUKATH Ha BUXiJ
npunaay. Jlam HanamToBYIOTh HACTYIHI KacKaim.
3rigHo TexHiuHOT mokymeHTtamii Ha PGAL03, mis
pI3HUX MiACWICHb HYJNI MOXYTh HE CIIBIaJIaTH.
ToMy mist 3MEHIICHHS 3arajibHOl MOXHOKM OyIo
MPUIHATO PIIIEHHS KOMIEHCYBaTH 3CYBH HYIIIB
koxHoi PGA103 came B pesxumi x100.

[licns HamamTyBaHb HEHYJIBOBI  3HAUCHHS
BUXIIHOT HAmpyTH JUIsi KOXXHOTO Jiara3oHy IpH

3aTeMHEeHOMY (oTomioni BapTO 3amUcaTtH A
MOJANBIIO]  MPOTPaMHOi  KOPEKIii  pe3yJbTaTiB
BHUMIipIOBaHb.

Ilepesipxa  ninitinocmi.  1lpu  mpoBeneHHI

TOHIOMOJSIPUMETPHYHHUX BHUMIPIOBaHb B 3aJIEKHOCTI
BiJl BEIMYMHU CHTHaly Oyae 3AiiCHIOBATHCH
ABTOMAaTHYHE TEPEMHUKAHHS Jiana30HiB MiICHICHHS.
106 MOJKHA OyJ10 TOYHO BU3HAYaTH
CIIBBIJIHOIIICHHS PI3HUX CUTHAIIB (BaXKJIUBO IS
emincomeTpii), moBuHHa Oyt  3abe3meuyeHa
«GIIMBKay» Jiana3oHiB. s IbOro BapTO MEPEBIpUTH
JIHIWHICTG MiACHIIOBaYa.

Haiinpocrimmii i HaiOLIBII MPaBUIBHUHN HUISAX

JUIA  LObOr0  —  CKOPUCTAaTHCS  JDKEpEIoM
BUTIPOMIHIOBAaHHS, 1HTEHCHBHICTh SIKOTO MOXKHA
3MIHIOBaTH 3a JIHIHHUM 3aKOHOM. Ale 3a

BIJICYTHICTIO TakKOro JpKepesla aBTOPH BHPILIMIN
MIPOKOHTPOJIIOBATH JIHIWHICTD 1HAKILIE.

Ha puc.5 cxemarnyHo TI0Ka3aHO IPUHLKI
BUMIPIOBaHHS MPH 3MiHI B HIMPOKOMY THHAMIYHOMY

Jiana3oHi CUTHAJIBHOI HANpYrW TNCHSA  EpIIOro
KackaJy-TepeTBOproBaya Ucyru- Xait BOHA
3MEHIIYEThCS, TOJI TPH JIOCATHEHHI BHXIIHOIO

Hampyroto U, 3HauenHs, B 10 pasiB MeHe
MOYaTKOBOT'O, BXKE MOJKHA BUMIPIOBATH B HACTYITHOMY
Qmiama3zoHi — I Hampyra HE TIEPEBUIINTH PiBHA
HacwdeHHS Uy, ,. JJ1s 3alIyMIIeHUX CHTHAIIIB MOYXKHA
BBeCTH Ticrepesuc BemuumHow AU. BimnosigHo,
OO0l TUIAHKY [Tiaria30HIB HABSACHO YKUPHUM.
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VsaBiMo co0i, 1o miAcuIoBad HemHidHMHA. [le
O3HayaTuMe, IO rpadikud MiJCHICHHS MaTUMYTb
3aruH B objacti moomusy U,,,., ajde B obnacti

. 1 .
HEeBEIMKUX BUXIAHMX Hanpyr (U, < 1—0Umax) X e
MOJKHAa BBaXaTH JiHIMHUMH. lle o3Havae, 10
KOHTPOJb  JIHIAHOCTI  MiACHICHb Yy  PI3HUX
Jiana3oHax MOXHa 3IHCHUTH, TIOPiBHIOIOYH BHUXI1IHI
Halpyrn Ha CHOUTBHUX MUIIHKaX JBOX CYCIIHIX
Jiarma3oHiB IpH OJJHAKOBUX 3HAUYEHHSX Ugyry-

Upf-————-—

w{—— /"

> Ueyyy

Puc. 5. IlpuHiun nepeMUKaHHS Jiana3oHiB.
Macurabu He [oTpUMaHi
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Puc. 6. B3aemna 3anexsicts Buxinnoi Hanpyru U,
npu nigcuteHasx X10000 ta x1000 mis nepeBipku
JIHIAHOCTI Iiara3oHiB ITiACUIIIOBaYa

Posrnsaemo ne Ha mpukmazni. [ianazon x1 — e
peXMM  TOBTOpIOBaya, BiH JIHIHHUA  ampiopi.
Bcranosumo TaKy IHTEHCUBHICTh JoKepena
BUTIPOMiHIOBaHHS, 100 y pexumi x10 He Oyio
HacuueHHs — migcumoBaua  (Up < Upygy). Hus
nepeBipku  JiHiiiHOCTI miamasony x10 Oymemo
3MEHITYBAaTH ITf0 1HTCHCHBHICTH 1 BHUMIPIOBATH
cUrHaibHI Biaryku U,, MOpiBHIOIOYH iX 3 TiHIHHUME
Biarykamu niamasony x1. IloOymyemo 3amexHicTh

Usx10 Uzx1 - Tlo cyTi me mapamerpudHO 3amaHa
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(GyHKIIiS, SKa MOBUHHA OyTH HPSAMOIO 3 TAHTEHCOM
KyTa Haxury 10.

Taki pgocmijpkeHHs OynM TPOBEACHI  JUIs
YOTHPHOX Map cycigHix miama3oniB. lloOGymyBamm
3aJICXKHOCTI Uzx10 Uzx1 s Uz x100 Uzx10 >
Uzx1000 Uzx100 T2 Uzx10000 Uzx1000 - OcTaHHS,
UId TIpUKJIagy, IpexactasieHa Ha puc. 6. La
3aJeXHICTh  BIANOBiZAa€ TMmapi  HAWIYTIHMBIIINX
Jiama3oHiB 1 micTuTh HaiiOinbmie Quykryamii. Sk
0aurMo, BOHa ayske OJHM3bKa 0 MPSMOi.

ATIpOKCHMYIOUH [IaHi 3aJIeKHOCTI TOJIHOMaMHU

2 CcTemeHs, OJepXaJld BITHOCHI HENiIHIHHOCTI

AU . . )

U—Z BigmoBimao 0,002 (3amexuicte x1 x10),
2 Umax

0,000 (zanexmictep x10 x100), 0,004 (3anexHICTH
x100 x1000) Ta 0,013 (3anexunicts x1000 x10000).
BinmoBigHi TaHreHcu KyTiB Haxuiy ckiainu 10,00,
9,98, 9,97 Tta 9,81 — oTKe, MAEMO peanbHi 3HAYECHHS
KOeQIIliEHTIB MiJCWICHHS, IO JO3BOJIMTH IIIE
TOUHIIIE TIepepaxyBaTH pe3ylnbTaTH BHUMIpiB. Sk
06aduMo, JIHIWHICTH MMiICHITIOBaYa XOPOIIIa.

Junamivnut dianazon. ONIHAMO IUHAMITHHMA
Jiama3oH HAIIOro MiJACHIIOBava, y PO3YyMiHHI
npminaay sk misoro. Lle e BiqHOMEHAS] MAaKCUMAIIEHO
MOJKJIMBOI CUTHAIILHOI HAMIPYTH 10 MiHIMAJIBHOI, Ky
e MO)XKHa 3apeectpyBaTtd ((pakTHYHO, JO piBHS
IIYMIB).

MakcuManbHAN CUTHAN Oy/ie y BUNAJAKY, KOJIH
py  OJUHUYHOMY TWIiJACHJICHHI Ha BHUXOIl Oyze
U, =10 B. To6to U,y = 10 B = 10000 MB.

IIpu migcumenni y 10000 pasip mmpuHa
IIyMOBOi JOpiKKM Ha Buxomi ckiamae 1,5 B. e
O3Hayae, 110 MIiHIMAJIBHUN PiBEHb CHUTHAIY Oyze
Ueyry = 0,15 MB.

Takum YHHOM, JTUHAMIYHAN niama3zoH
MiACUIIIOBaYa
D = 201 10000 mB = 96,5 nb
— %9 015w A
Bucnoexku

[Ipn moOyaoBi mepeTBOprOBaYa CTpyM-Hampyra
BRXIUBO JOTPUMYBAaTHCh MpPaBWJI  TPacyBaHHSI
CTa0KOCUTHAIBHUX KU, 30KpeMa, 3acTOCOBYBAaTH
OXOpPOHHHMH KOHTYp Ha IIIaTi HAaBKOJO BXOIY.
Bucoka ctpymoBa uytnuBicte (40 B/MKA ans
NEepUIOro Kackaay) Yy TO€JHAHHI 3 BEJIMKUM
migcwieHHs M 3a Hanpyroro (o x10000) maxmagae
BUCOKI BHUMOTHM /0 KOMIIOHOBKH W €KpaHyBaHHS
JaHOTO Mpujay.

OO6acth poOOYMX YACTOT MiCHIIOBAYA JICKHUTH
y mexax 0...85Tm Ile mo3Bomsie mparoBatu 3
IOCTIMHMMH CUTHQJIaMH, a 3a HeO0OX1ZHOCTI
MPOMOYJIIOBATH ONTHYHHN TIOTIK 3 HEBEIHUKOIO
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gactoTo0. B po3poOmenii cxemi  (i3muHO TiAcWiaoBaya CTaHOBUTH 1,3% mpum miacuieHHi
MiACTPOIOBAILHUMU pe3ucTopamu MoxkHa x10000, a B pemri miana3zoHiB He nepesutye 0,5%.

BCTAaHOBUTH Hymi 3 TouHicTio Omu3pko 0,3 MB.
[lomanpmry KOMITEHCAIifo 3CyBYy HAaIpyTH CIij
BUKOHYBaTH IpOrpaMHO, Ha eTami OOpOOKH
pe3yNbTaTiB BHMIpPIOBaHb. BigHOCHa HENiHIWHICTh
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