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A model is proposed for describing the shape change of isotropic and anisotropic graphite under the influence of high temperatures
and high neutron radiation fluences. The model is based on a new approach, which uses the following provisions: description of the
near-pore neighborhood in graphite as a solid solution using the theory of phase transformations of the first kind; consideration of a
new phase as a spheroidal pore of small eccentricity, flattened along the direction of greatest stress; taking into account the clustering
of carbon atoms at fluences of more than 2x10°° n/m”. The graphite non-isotropy is characterized by different pore sizes, different
diffusion coefficients, the lengths of the paths of graphite atoms along and across volume of the sample, which in turn depend on the
temperature of the sample. It is proposed that the initial element on the basis of which a new phase will be formed is the spheroidal
pore of small eccentricity, flattened along the direction of the highest tension. A kinetic equation that describes the diffusion of pores
under the influence of high temperatures and intense neutron fluxes is obtained. Initially, the pores are in a field of predetermined
stresses oriented along and across the sample. The contribution of diffusion processes is due to the term proportional to the pore
distribution function in the sample, and the effect of the neutron flux is described by an additional term in the kinetic equation. The
obtained kinetic equation for anisotropic graphite can be transformed for isotropic graphite. For isotropic and anisotropic graphite,
model solutions have been obtained that characterize the change in its volume with time under the influence of a neutron flux and
high temperature. It is shown that the magnitude of the change in the relative volume of reactor graphite for isotropic graphite
exceeds a similar value for anisotropic graphite. Theoretical confirmation of the laws governing the swelling of anisotropic graphites
under the influence of large neutron fluences and in the high-temperature field, previously obtained by other authors, is obtained:
longitudinal compression of anisotropic graphite samples corresponds to a change in the linear dimensions of isotropic graphites; the
transverse compression of anisotropic graphite samples is less than the change in the longitudinal linear dimensions of isotropic
graphites.

KEY WORDS: theory, graphite, forming, neutron, fluence, high temperature

The radiation dimensional stability of graphite is its most important characteristic and it largely determines its
performance as a material and construction as a whole [1-7]. The rate and nature of changes in the size of graphite
products depend on irradiation temperature and are changing in the process of the set of neutron fluence at a fixed
temperature. In the general case, the change in the dimensions of carbon materials under the influence of neutron
irradiation is in a complicated dependence on the irradiation conditions: from the magnitude of the integral flow and
temperature. As a rule, at the initial stage of irradiation the accelerated shrinkage of irradiated graphite is observed.
With the growth of the neutron fluence the shrinkage rate is slowing, and then reverses the sign - shrinkage is replaced
by secondary swelling.

The rate of secondary swelling of graphite is higher than the rate of shrinkage, and this is accompanied by a
change in its physical properties. In graphite develops microcracks, which become larger and merge and form
macrocracks [4].

The strength of the material decreases, which should limit the service life of the reactor, and, consequently, the
entire masonry of the reactor.

The increasing of temperature reduces the dose corresponding to the transition from shrinkage to secondary
swelling and increases the speed of the latter.

It is known that metals irradiated for a long time pass into a state of saturation with point defects. This state is
unstable to the nucleation and formation of volumetric accumulations of vacancies in the form of vacancy pores. As a
result of the formation of such cavities in the metal, an increase in its initial volume is observed, thus its swelling
occurs. First vacancy swelling of metal about 10 nm in size associated with the cell was discovered experimentally in
1967. Moreover, as it turned out, swelling, such as steel, it may be 6 % or more of the initial volume

The most undesirable consequences of swelling include deformation, bends and an increase in the size of various
structures that can lead to self-welding of individual parts, jamming, as well as to overheating inside the working units.
Exposed radiation swelling phenomenon correlates not only for metals, but also for widely used as a neutron absorber
reactor graphite.

© Mykola P. Odeychuk, Victor I. Tkachenko, Leonid A. Bulavin, Boris V. Borts, Stella I. Skoromnaya, 2019
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In some types of nuclear reactors, graphite components are used inside the nuclear reactor as structural elements.
Irradiation of neutron fluxes and high temperature carried to deformation (creep) graphite to disruption of its structural
integrity. Therefore, the experimental and theoretical investigations of graphite forming under the influence of the
above factors are important for the safe operation of nuclear reactors. In this direction, active research work is carried
out, as a result of which theoretical models [8] are created that give a good correspondence with the experimental data
on the graphites forming. However, it should be noted that the experimental database on the graphite forming under the
influence of irradiation and high temperatures does not possess completeness and is fragmentary.

The purpose of this work is the development of the theory of graphite forming under the influence of high
temperatures and high fluences of neutrons on the basis of the theory of phase transformations of the first kind, in which
the near-porous neighborhood of graphite is considered as a solid solution [9,10], or similar to a liquid medium [11].

FORMULATION OF THE PROBLEM
Graphite forming under the influence of neutron fluxes of large fluences in a high-temperature field.
Initial information about the graphite forming

The effect of neutron fluxes of large fluences and high temperatures on nuclear graphite, to some extent, is similar
to the formation of pores in solid solutions under the influence of certain external factors. In the latter case, phase
transformations of the first kind take place, accompanied by the formation of pores in a solid [9,10] or bubbles in a
liquid [11].

The formation of pores in reactor graphite taking into account [9-11] can be described as follows.

In a simplified embodiment the reactor graphite is a mixture of petroleum coke and coal tar. Blocks are pressed
from this mixture, usually about 500 mm in diameter and about 2000 mm in length, and then these blocks are processed
at a high (up to 3000 °C) temperature. In the process of heat treatment, pores are formed in graphite, the amount of
which (porosity) depends from the technology of production.

As practice shows, graphites under the influence of load and irradiation, as well as metals are subject to pore
formation processes [2,12], as a result of which their dimensional changes take place.

However, these processes must occur in different scenarios due to the fact that for different graphite marks may
vary not only the initial porosity, density and strength characteristics, but also internal stresses, which are caused by the
method of graphite making. So, for example, there are isotropic graphites, in the manufacture of which isostatic
pressing is used. For anisotropic graphites, which are produced with using traditional pressing methods with uniaxial
compression, which determines the difference in properties of these graphites along the axes a and c.

The pressure in the pore is created by an inert gas, in which medium the production of reactor graphite takes place
and at the initial instant of time always exceeds the pressure in the crystalline structure of graphite. During irradiation
and temperature loading, graphite loses its elastic properties and passes into a state where the pressure in the pore tends
to pressure in the crystal, slightly exceeding it.

The finished product is composed of compacted graphite fine grain size of about 500 A [5] with different
orientation of the graphite planes. The porosity of reactor graphite is usually about 26 %, and in modern grades of
reactor graphite - (9-10) %.

The interaction of neutrons with the carbon atoms of the grain is accompanied by the formation of vacancies and
the removal of atoms into the interstitial space. Moreover, along with the modification of the initially existing
micropores, the formation of new pores is also observed in reactor graphite, i.e. the formation of a new phase.

In virtual space, the formation of a new phase can be viewed as the result of mutual transitions of carbon atoms
from one phase (atoms at lattice sites or in internodes) to another phase (the pores formed by the accumulation of
vacancies). It can be assumed that the crystal lattice of graphite in the immediate vicinity of the pore is strongly
saturated with point defects (carbon atoms located in internodes).

Conditionally, we will consider a pore as such, which is not located in the crystal lattice, but in an amorphous,
liquid-like medium located near the pore surface and consisting from irregularly arranged carbon atoms.

The phenomenon of amorphization of the reactor graphite is studied for a long time [13-16]. Graphite can be
amorphized under the influence of high-energy ions, neutrons or electrons. Judging by the diffraction pattern of a
transmission electron microscope (TEM), observed along the axis ¢, amorphization occurs when samples are irradiated
to a dose of about 1 atomic displacement (sleep) at room temperature [13].

A schematic representation of the pore surrounded by an amorphous or liquid-like medium inside a graphite
crystal is shown in Fig. 1.

With such an examination, the near-pore neighborhood can be considered as a solid solution, and the theory of
phase transformations of the first kind can be applied to its description [9-11].

As follows from this theory, the equations describing the phase transformations contain coefficients that are
expressed in terms of the coefficients: viscosity 7, diffusion D, surface tension G, as well as the mean free path of a

point defect (carbon atom) in the crystal lattice /. These coefficients have a certain view [9-11] and can be used to
construct a fundamental system of equations describing the time variation of the distribution pores function in a space
of dimensions, which include the coordinates and velocities of the centers of spherical pores, as well as their size and
the quantity of vacancies in them.
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For description of the phase transformations in reactor
graphite, we will assume that the processes of pore
formation during heat treatment of graphite at high

temperatures and under the influence of neutron fluxes are
similar. In the first case, the source of energy for the

formation of a new phase is high temperature, in the second
- a moderate temperature and neutron flux.

In isotropic graphite, the displacement of carbon
atoms is isotropic due to the isotropy of internal stresses.

In anisotropic graphite, the knocked out carbon atoms

will move in an inhomogeneous force field, which is
characterized by various internal longitudinal o, and

transverse O, mechanical stresses of the sample.
Ultimately, the carbon atoms will preferably be displaced to

the region of equal internal pressure from the medium, i.e.,

Fig.1. Location of the vacancy pore in a graphite crystal to the axis of the axisymmetric internal field of internal

1 - vacancy pore, 2 - liquid-like medium near the pore, 3 - tension of the non-isotropic sample. In this connection, the

hexagonal planes of a graphite crystal. formed pores will reflect the structure of internal stresses in

the sample, and will apparently have the form of an

ellipsoid of revolution. Such ellipsoidal form of pores is established as a result of computer analysis of plane optical

images of reactor graphite samples [17]. Here, optical images obtained as a result of structural studies quantitatively

revealed changes in the structure of pores and their cross-sectional area and the values of the eccentricity of the ellipses

(0.908, 0.931, 0.929 and 0.922 for IG-110, PGX, NBG-18 and PCEA graphite samples respectively) and their
preferential orientation was identified.

Theoretical model of graphite forming under the influence of neutron fluxes
of large fluences in a high-temperature field
On the basis of the foregoing, we obtain a kinetic equation for the pore distribution function having the form of an
ellipsoid of revolution in anisotropic graphite under the influence of large neutron fluences and at high temperatures.
We assume that the distribution of pores in a viscous medium at a given time ¢ is determined by the distribution

. . . . 4
function f (7 (¢),7(2), v, (£),V, (), V, ),V (£), N, (¢), N, (2),¢) , in which the variables are as follows: V. (¢) = ?TER;RP - pore

volume at constant radius along the anisotropy direction R, with coordinate 7.(¢) and speed v, () of its center;

N, (t) — the number of vacancies in this pore (the number of carbon atoms, retired from the volume V,(¢));
4r . . . . - - .
Vo(t) = ?RTZRP — pore volume, but at a constant transverse it radius R, with coordinate 7, () and speed v, (f) ofits

center; N, (#) - number of vacancies in this pore.

When deriving an equation describing the dynamics of the pore distribution function in time ¢ and in the space of
variables {fﬂ (D, V5(0),V(1), Ny (t)} , where the index f takes values B =T,P, it is convenient to introduce a
dimensionless number N, (2)="V,(?)/V, , where V, — change in pore volume over time Ot , and we assume Of so
small, that when the volume changes on ¥, the number of vacancies changes on one. Over the same period of time ot
coordinate of the center of the pore 74(7) is displaced on a small amount Or, with the module 3- Vol/ } / 4n and the speed
will change on a small amount 6¥,,(¢) = 67, /6¢ with the module 37, /(4m-8t).

The introduction of a number N (t) for the pore distribution function simplifies calculations because the

similarity transformation is performed:
S E (O, 1 (0,5 0,V (0, V(0 V, (0), Ny (1), N (1), )dV,.dV, =
= [ 0,7 (8), V7 (0,9 ,(0), Nip (6), Ny o (6), Ny (0), N (0),0)dN, AN,
Where
Vo S0, 5 (0, (0, Vo (0, V (0),Vp (1), Ny (8), N (0),0) =
= [ (0,7 (0,5, (0,550, Ny (0, Ny p (0, Ny (0, N (1), )

In view of  the foregoing, the time variation of  the distribution function
SE@), @),V (0),V (), Ny (1), N, p (), N, (£), N (2),¢) , which we will write in abbreviated form in the form
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_f(fﬂ,v 45 N, 5 ﬂ,;), is described by the equation:

dﬁ Nr 1 1 aI”Pl
d—{——([N, _IN,—l)_(INT. _[N,.—l)_([zvp _INF—I)_(INH _INm-l) :_E_Wﬂ_ﬁ_ 81\;;,] +®(t) ’ (1)

where: 1Nﬁ - flow in space N 5 [Nm - flow in space Ny, ;

I/v/y ZVNA,NﬁHf(’_; »VﬂaNlﬂa ﬂﬂt)_VNﬁJrl,NﬂJ?(’_; »Vﬂa lﬂ!N +1,1);

Iy, :VNwan“J?(? ,\”/ﬂ,Nlﬂ,Nﬁ,t)_VNWH,wa(? VN g+ LNy, )3 Vi i, - frequency of transition from state K to
state K+/, where K ={N 5N ﬂ} ; Viax - frequency of the reverse transition from state K+ to state K; ®(¢)>0 -

monotonic increasing function, describes the influx of neutrons into the volume of a graphite sample. The monotonous
growth with time of the function @(¢) is explained by the fact that the fast neutron in graphite slows from the mean

fission energy to the thermal energy, after experiencing about 114 collisions [5]. It should be noted that the last term in
equation (1) characterizes the amorphous action of the neutron flux, i.e. an action aimed at creating point defects in the
crystal, which means an increase in the number of pores or their dimensions.

We simplify the record of the subsequent calculations, introducing the abbreviated notation for the distribution

function f/ — f, and come back again to the designation of the pore volume Ny — 17/3, where the sign "tilde" in

subsequent calculations is omitted.

Using the results obtained for isotropic graphite, we can formally generalize them to anisotropic graphite.
Allowance for anisotropy leads to an increase in the arguments of the pore distribution function in graphite. The
generalization gives the following form of the initial equations:

ol ol
Uog] e D L), @
dt 5\ ON, IV,
where:
dN o (7.9 ,,V, +LN 0., _a, o 7y, ¥ 5,V + LN 1)
_WNp o 5:Ve:Vp B _ 82" Vi
Ly, ==L [ 9V + LN =Dy, W, — L f (7,9, Y +1,N,,0) =D, - ", ;
dN 1 OF(V, D OF(V,,N Vs
“b-_p, - M’ Dy =V, . =4Rmo—Ln"; M:T.lnp_;
dt T §N/, ’ L 21, é‘Nﬁ p
dﬁ_ DV l M’ , =VV v I.VOZZWLT; 5F(V/3:Nﬁ)_ Ly Vs ZO'(Rﬁ),
dt T o, b et T A

B s

, , w20(R) ). ;
F(V/,,Nﬂ)z% Vﬁ(ptﬂ_p'/;)JrNﬂ (ﬂw_ﬂlﬂ)Jrf Ig )dV 5 F(N,.N,) - the difference between the free energy of the

0
medium pore volume ¥, and the number of vacancies N, and the free energy of the medium without pores; T -
medium temperature; n* - density of atoms in a crystal; #'” - chemical potential of vacancies in the pore; u" -
chemical potential of a crystal atom; p - saturation pressure by pores; p'* - the pressure of vacancies in the pore; p™ -
pressure in the crystal along (=P or across (=T ) the axis; 6(R) - the coefficient of surface tension at the
boundary of the pore, which in general can depend of the pore radius R, (t)s 7, - dynamic viscosity of a crystal along
(B =P)and across ( S =T ) the axis of the stress field of a crystal; 0 <o <1 - a coefficient that takes into account the
additional barrier that can exist for the last jump of the carbon atom from the pore; D,/ - the diffusion coefficients of
the carbon atoms and the length of the elementary displacement of the vacancy in the crystal along ( f = P ) and across

(B =T ) axes of the stress field in the crystal.

Assuming that the medium is uniform in space and in pores no external mechanical forces other than an external
radiation source, the equation (2) is simplified and takes the form:

a 2 (1. o Lo
o = e f+z{azv ( Pu o }av ( Py H (1), ®

dN av, vy
where: I' (N, V)—l 8 = J Eiln ]'[
2B aNﬁ dt vV, dt dt

dt

dN
dr

wgn(S/,) dNﬁ dVﬁ

S, =
P dr  dr
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The writing of the term I',(V,”) in the form of a total time derivative corresponds to a search for the signs of the

dN
quantities Tﬁ and Tﬂ , as well as their derivatives by N, and V; The coefficient 1/2 in equation (4) is necessary
t t

to ensure the passage to the kinetic equation describing the creep of isotropic graphite (when the index f corresponds
only to the value P) under the influence of large fluences of neutrons at high temperatures.

Thus, the kinetic equation pore diffusion has divergent form in the crystal pore size in the space with the addition
of the right side of a term proportional to pore distribution function.

Equation (3) must be supplemented by an equation describing the conservation of the number of atoms in a unit
volume, including vacancies in the pores and carbon atoms dispersed in the crystal:

n* (0)(1 I
(1

I £ N, (V. Ny 0)dV,dV,dN,dN,

(Ve +V,) f(Vﬂ,N,,,O)dVTdVPdN,dNPj =

o-—;g o—3

/
i

ce—g o—3

(v, +7,) f(Vﬂ,Nﬂ,t)dVTdVPdNTdNPjJr (4)
0

+

Equations (3) and (4) constitute a system that describes the change in time f (Vﬁ,N ﬁ,t) and n" (¢). For a

complete description of the time dynamics of these parameters in a medium, the system of equations must be
supplemented by initial and boundary conditions.

In order to compare the parameters of the forming of isotropic and anisotropic graphites under the influence of
large neutron fluences and in a high-temperature field, we briefly describe the phenomenological theory of the isotropic
graphite forming.

QUALITATIVE ANALYSIS OF ISOTROPIC GRAPHITE FORMING UNDER THE INFLUENCE
OF HIGH TEMPERATURES AND LARGE NEUTRON FLUENCES

Analysis of the isotropic graphite forming under the influence of neutron fluences to 2x10°° n/m’
Equation (3) describes the time variation of the pore distribution function in an isotropic graphite crystal in the
case when the pore is spherically symmetric R, = R;, and the index £ takes only the value T.
This equation can be analyzed in the simplest case, when the pore distribution function depends only on the time
/ =n(t), and does not depend on the variables ¥ and N. Then we can assume that all pores have the same volume V,

and contain an equal number of vacancies N, . In this case, the total volume occupied by the pores is:
1 u

u

Vz(t):

ct—Z=
o —

It follows from expression (5) that the change in the volume of graphite in the case under consideration is
proportional to the distribution function of the pores in the space of dimensions. Moreover, the distribution function is
normalized in such a way that at the initial time it is equal to the total number of pores in a unit volume of graphite:
n,(0) = Ny . For describing of the change in pore volume per unit volume of graphite, it is necessary to find a solution

of equation (3), which, taking into account the above assumptions about the form of the distribution function, takes the
form:

dn, (t)
dt

where the index 7 denotes isotropic graphite.
Equation (6) is a linear differential equation, whose solution has a simple form:

n(t)= exp(—F(t))(n, (O)+£<D(x) -exp(F(x))dx) ) (7

=-T(N(2),V(t))-n (t)+ (1), Q)

where F ()= jl"(N(x),V(x))dx.

0
For the analysis of solutions (7) introduces the simplifying assumptions:
— we assume that F(N(t),V(t)) .is a positive constant, i.e. F(N(t),V(t)) =C, =const>0;
— we assume that the contribution of the neutron term on the right-hand side of (7) is described by a linear function
of time: ®(7)=®,-¢.

In this case, the solution of (7) takes the form:
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®

n, (7) =ni(0)(l+Xi)[exp(—r)—l+ X, +1J

1+ X,

-1
where 7=C, -t - dimensionless time, X, =®, (Clznl. (0)) - parameter describing the neutron flux and the properties

of isotropic graphite.

When calculating the total volume occupied by the pores, it was introduced by the assumption of the constancy of
the pore size. Therefore, the total volume of pores will change only as a result of a change in their number.

If we proceed from this model representation, we can determine from (8) the change in the relative pore volume of
isotropic reactor graphite in a result of exposure to high temperature and intense neutron flux:

ATy (T)| _ (ni (T)—n,. (O))
7 (0) | n,(0)
From the expression (9) follows that at the initial time the change of the pore volume is zero. The influence of the

neutron flux and temperature leads to a change in the total pore volume. In Fig. 2 shows a qualitative curve described by
expression (9), and displaying the change in the relative volume of pores in the graphite with the time 7 when the

=(1+Xi)(exp(—r)—1+rlf}'(j. ©)

parameter X, =7 . As follows from Fig. 2, graphite under irradiation first shrinks and then swells. This behavior of

graphite under irradiation corresponds with experimental results.

. . . . 1+ X,
From (9) we can determine the time to reach the maximum compression of the sample 7, = ln( % : ) and the
maximum relative compression of its volume:
AV (7 1+ X,
:(7) =X, In Ll-1. (10)
72 (0) | X

Analyzing the behavior of the curve in Fig. 2, it can be concluded that the change in the relative volume of pores
of reactor graphite is due to the flow of two mutually exclusive processes. The first process is due to the decrease in
time (exponentially) of the number of pores as a result of diffusion of point defects (thermal diffusion of graphite atoms
in the graphite crystal lattice). The second process is characterized by a time-linear increase in the number of pores and
is associated with the amorphization of graphite under the influence of fast neutron flux.

It should be noted that the dimensionless time can be expressed through the fluence of fast neutrons, since its value
is proportional to the integral dose of irradiation of graphite by neutrons.

0.1

0.03

=0.03

-0 0.1 02 0.3 0.4
T

Fig.2. A qualitative curve for the change in the relative volume of pores in isotropic graphite with a dimensionless time 7 .

Analysis of the isotropic graphite forming under the influence of neutron fluences is more 2x10* 1 /m’

With increasing neutron fluence to a value more 2x10°° n/m’ it’s necessary, in our opinion, take into account

the growing number of formation of lattice defects (vacancies) of reactor graphite. Displaced carbon atoms are clustered
in small groups of 5-10 atoms [3]. At this stage, due to neutron scattering on such clusters, the effect of increasing
(accumulating) neutron fluence should be observed. For process modeling of increasing the neutron fluence, we shall
assume in the right-hand side of equation (3) that the function ® (#) in the form:

D (1) =Dyt +P,1° (an
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The solution of equation (7) in this case takes the form:

2d-X,) X, +1 d-X,
n (7)=n(0)(1+X,)| (exp(-7)-1)| 1- Ll+——+ Lr(r-2) |, 12
(7= (0) ,)[< p(-7) )[ HXJ sl )] (12
D, o . . .
where d = - constant, which is depending from the property of clustering of reactor graphite.

C

01
In order to determine the applicability of expression (12) for describing the change in the relative elongation of
reactor graphite parallel to the direction of its formation, we use experimental data [3]. In Fig.3 shows the experimental
points on which the analytical dependence (12) is imposed for the values X, =1.3, d- X, =177.87 . The dimensionless

parameter 7 is related with the neutron fluence by the relation: 7 =17, -107® , where 7, =30.72.

0+ "/‘
-‘ //
\ m /
1w /
é \m /
o) \ /
o) \
% -2 - A\ /
5 N
o N\ /
§ =\ /
-3 4 N ] /
| . [} /
\\I /
~ L %
\‘\\! _m
4 - L m W L
LI |
T T T T T T T
0 1 2 3 4 5

Dose (10% n/cm?)

Fig.3. Changing the linear dimensions of the H451 reactor graphite sample parallel to the direction of its formation at 600 °C [3].

In Fig. 3 within the limits of permissible experimental errors seen a good quantitative correspondence of the
proposed model to the experimental data.

Thus, this analytical representation of the effect of clustering of reactor graphites under the influence of increased
levels of neutron fluxes is applicable to the description of the reactor graphite forming under the influence of high
temperatures and increased neutron fluxes.

The condition of applicability of the isotropic graphite forming model under the influence
of neutron fluences and high temperatures
Consider the conditions for the applicability of the solution (8). It was obtained under the assumption of the
validity of the relation:

T(N,V)=C, >0. (13)

The relation (13) can be detailed using the notation of symbols included in the expression I'(N,V). It can be
rewritten in the form of an equation, using expressions (2,3):
sign(S)
—In| |[—||— =C,. 14
dt || dt|| dt ] 1 (14

d dV||dN
The solution of equation (14) gives the following relationship between the parameters of reactor graphite:

dN sign(S)
dt

dv

E = C4€_Clt. (15)

From the condition C, >0 that are chosen in the solution (15), it follows that the sign of the parameter

=a;1—];]a;—lt/ has a positive value. In this case, finally, taking into account (2), (3), equation (15) takes the following

form:

D 3V 20 P’
ToR? =nt =| pt = p" + ==L |In| & |=C,¢", 16
" Zn(p D R I 4 (16)
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where it is considered the assumption of the validity of the condition of equilibrium on the surface of the pore,
p(R,t) = p*, and also the fact was used, that the surface tension of pores of large dimensions does not depend on the
size of the pores, i.e. 6(R)=0,. The constant C, is determined by the values of all the parameters specified in
equation (17) at the initial moment of time (7 =0).

Equation (16) determines the temporal dynamics of the change in the ratio of pressures inside the pore p’ and
outside the pore p" . From this equation it follows that the effect of high temperature and intense neutron flux indirectly
affect the ratio of pressures inside and outside the pore through the coefficients of viscosity #, diffusion D, surface
tension G, , and also through a point defect free path length / (carbon atoms) in the crystal lattice.

Equation (16) has a solution expressed in terms of the ratio of pressures p” / p* :

Vv Vv
T:—ln(C;)+1n[(1—%+%)1n(%n, (17)

C4
oR’ p* b n" v
2n
It follows from equality (17) that for all pores of the same volume ¥, and an equal number of vacancies in them
N,, the ratio of pressures p” / p" should depend on time. This means that the value p” is constant, and p” - function

where C, =

of time.
Thus, expression (17) determines the dependence of the relative pressure in the pore p” / p* on time.

In Fig.4 shows graphs of the dependence of the dimensionless time 7 from the ratio of pressures p” / p* for

. 20 ,

different values of the constants: R L and C;.
P
Starting from the family of curves in Fig. 4, we can conclude that these curves for the same values of the constant

GP
Rp*
least, by the intersection of two of these curves. Such an intersection can lead to a change in the time dynamics of the
relative pressure in the pore: with increasing time, the decrease in the relative pressure in the pore can be replaced by its
growth. For example, the intersection of curves 1 and 5, shown in Fig. 5, may lead to the following change in the
pressure in the pore: point a in Fig. 5 is to the left of the maximum of curve 5. Therefore, with increasing time the
pressure in the pore must decrease in accordance with the direction of travel along the arrow from point a to point b.
When reaching the point b, corresponding to the intersection of curves 1 and 5, the pressure reduction in the pore is
changed to its increase, which corresponds to moving along the curve 5 from point b to point c.

C, and different values do not intersect. However, the appropriate choice of these constants can be ensured, at

ppt
Fig. 4. Curves of the dependence of the dimensionless time 7 from the ratio of pressures p” ( p* )_1 at a value C; =10.55:

20,
- L

20,
RpL

20,
L

1 =052~ 2% 03,3 2% _g5.4- 2O _gg5;5 2O
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Thus, the presented numerical estimates demonstrate the validity of the condition (13). This condition can be
fulfilled with a corresponding change in the relative pressure in the pore without changing its relative volume. The
relative pore volume of isotropic reactor graphite, as noted in (5), will vary due to a change in the total number of pores.

Pyp T 15
,=76.

Fig.5. Intersection of curves 1 and 5 at values: C2‘1 =10.55 and C;,

QUALITATIVE ANALYSIS OF ANISOTROPIC GRAPHITE FORMING UNDER THE INFLUENCE
OF HIGH TEMPERATURES AND LARGE NEUTRON FLUENCES

Analysis of the anisotropic graphite forming under the influence of neutron fluences to 2x10° n/m’

For anisotropic graphite equation (3) can be analyzed for homogeneous in the variables V' u N of pore distribution
function, but depends only on the time f =n, (). Then we can assume that all the pores have the same volume Vs, but
different shape (compressed or elongated ellipsoid of revolution), and contain an equal number of vacancies N, . In
this case, the total volume occupied by the pores is:

1 NTu VTu NPu VPu
2 _ —
V2 (t)= NN ! ! ! ! £ (¢)dV,dN,dV,dN, = n, (£)V; Vs, - (18)

It follows from expression (18) that the pore volume in anisotropic graphite is proportional to the pore distribution
function in the size space. The distribution function is normalized in such a way that at the initial time it is equal to the

total number of pores in a unit volume of graphite: n, (0) = N,y N, . For describing of the change in pore volume per

unit volume of graphite, it is necessary to find a solution of equation (3), which, taking into account the above
assumptions about the form of the distribution function, has the form:

d”;—t(’):—ra(zv(t),v(t)).na (1)+ (1), (19)

where N, (#)=N,(t)=N(t), N,(1)=N,(t)=N(t) - by definition, all pores are the same in volume and have an
equal number of vacancies.
Equation (19) is a linear differential equation whose solution has a simple form:

n,(t)= exp(—F(l))(na (0) +:I)CD(x)~exp(F(x))dxj , (20)
where F(t)= il"a (N(x),V (x))dx .

As before, for the analysis of solutions (20) we introduce the simplifying assumptions:
— we consider that T, (N (¢), (¢)) is a positive constant, i.e. T, (N (¢),V (¢))=C/ = const >0;

— we assume that the contribution of the neutron term on the right-hand side (20) is described by a linear function
of time: ®(7)=®, 7.

In this case, the solution (20) takes the form:

1, ()= 1, (010, exp (o) -1+

TXHHJ’ @1

I+ X,
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’ . . . ’ -1 . e
where 7=C,-t - dimensionless time, X, :(DO(Clzna(O)) - parameter which describing the neutron flux and

properties of anisotropic graphite.
Under the condition of constancy of the pore size of the anisotropic reactor graphite relative change of their
volume due to the high temperature and intense neutron flux can be determined by the following expression:

(exp(—r)—lJrle()”( j

a

M0 K0)-R0)_fn @)
ACIEAG) n, (0) 1 flexp(-0)(1+ X, ) +2X, - X,)
From the expression (22) it follows that:
— at the initial time, the change in pore volume is zero;
— the change in the pore volume in the case of anisotropic graphite is less than for an isotropic graphite.
In Fig. 6, curve 2 corresponds to expression (22), and displays the change in the relative pore volume in
anisotropic graphite with time 7 at a parameter value X, =10 . In Fig.6 for comparison curve for the change in the

(22)

volume of isotropic graphite is shown (curve 1).
0.1

0.05

- 0.03]

oy 01 02 03 04

Fig.6. Model curves of the change in the relative volume of pores with dimensionless time 7 in graphites
1 — isotropic graphite; 2 — anisotropic graphite

Analyzing the curves in Fig. 6, we can conclude that the magnitude of the change in the relative volume of reactor
isotropic graphite exceeds the analogous value for anisotropic graphite. At the same time, both in one case and in the
other, a decrease in the volume of samples is observed first, and then an increase in the volume. Based on the
experimental results on the swelling of reactor graphites given in [3], we can formulate the following patterns of
swelling of anisotropic graphites under the influence of large fluences of neutrons in a high-temperature field:

— the longitudinal compression of anisotropic graphite samples corresponds to a change in the linear dimensions of
isotropic graphites;

— the transverse compression of anisotropic graphite samples is less than the change in the longitudinal linear
dimensions of isotropic graphites.

Analysis of the anisotropic graphite forming under the influence of neutron fluences is more 2x10* n/m? .

Taking into account the clusterization of reactor graphite with increased fluences of neutrons of the form (11)
gives an expression for changing the number of pores in a unit volume in the direction perpendicular to the molding
direction of reactor graphite depending on the dimensionless irradiation time:

()=, <0><1+Xa>[<exp<—r>—1>[1—Wu ] X, 44,

T(7-2) |, 23
I+X, I+X, 1+X, ( )J @)
D, . . .
where d, =—— - constant, depending on the property of clustering of reactor graphite.
0~1
For determination of the applicability of expression (23), we use the experimental data from work [3]. In Fig.7
shows experimental point on which the analytic dependence (23) is imposed for the values of the parameters X, =4.0,
d-X,=30.2. The dimensionless parameter 7 is related with the neutron fluence ® by the relation 7=7,-107®,

where 7, =30.72.
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Fig. 7. Changing the linear dimensions of the H451 reactor graphite sample perpendicularly
to the direction of its formation at 600 °C [3].

Comparison of the experimental data and the theoretical dependence shown in Fig.7 show their good qualitative
and quantitative correspondence.

Thus, the analytical dependence (23), which takes into account the clusterization of reactor graphites under the
influence of elevated levels of neutron fluxes and high temperatures, is applicable to the description of the forming of
anisotropic reactor graphites.

CONCLUSION

The model to describe the forming of the isotropic and anisotropic graphite under high temperatures and high
fluence neutron radiation was proposed. The non-isotropy of graphite is characterized by different pore sizes, different
values of the diffusion coefficients, the mean free paths of the graphite atoms along and the volume of the sample,
which in turn depend on the temperature of the sample. It is suggested that the initial element on the basis of which a
new phase will be formed is the spheroidal pore of the small eccentricity flattened along the direction of the greatest
stress. A kinetic equation is obtained that describes the diffusion of pores under the influence of high temperatures and
intense neutron fluxes. Initially, the pores are in a field oriented along and across the sample, given stresses.
Contribution of diffusion processes which driven by terms proportional to pore distribution function in a sample, and
the effect of the neutron flux is described by an additional term in the kinetic equation. The resulting kinetic equation
for anisotropic graphite can be converted for isotropic graphite. Model solutions are obtained for isotropic and
anisotropic graphite, which characterize the change in its volume over time under the influence of the neutron flux and
high temperature.

It is shown that the change in the relative volume of reactor graphite for isotropic graphite exceeds the analogous
value for anisotropic graphite.

Theoretical confirmation of the regularities of the swelling of anisotropic graphites under the influence of large
neutron fluences and in the field of high temperatures obtained by other authors was obtained:

— the longitudinal compression of anisotropic graphite samples corresponds to a change in the linear dimensions of
isotropic graphites;

— the transverse compression of anisotropic graphite samples is less than the change in the longitudinal linear
dimensions of isotropic graphites.
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MOJAEJb ®OPMO3MIHMU I3OTPOITHOI'O I AHI3OTPOITHOI'O I'PA®ITY MIIJ AI€I0 BUCOKUX TEMIIEPATYP I
®JIIOEHCIB HEWTPOHHOI'O OITPOMIHEHHSI
MLIL Opeiiuyk!, B.I. Tkauenxo'?, JI.A. Bynasin®, 5.B. Bopu!, C.I. Ckopomuas’
!Hayionanvhuii nayxosuii yenmp «XapriecoKutl isuko-mexniunutl incmumymy
8yn. Axaoemiuna, 1, 61108, Xapxis, Yxpaina
?Xapriecoruii nayionanvruii ynicepcumem iveni B.H. Kapasina
matioan Ceoboou, 4, 61022, Xapxie, Yrkpaina
3Kuiscoruii nayionanvnuii ynisepcumem imeni Tapaca Illeeuenxa
8yn. Bonooumupcora, 60, 01033, Kuis, Vkpaina
3anporoHOBaHO MOJIEINb Ul ONUCY (OPMO3MIHH i30TPOITHOTO i aHI30TPOIHOTrO rpadiTy MiJ i€l BUCOKMX TEMIEPaTyp i BUCOKUX
(iTF0OEHCOB HEWTPOHHOT'O OIMPOMIHIOBaHHA. Mojenb 3acCHOBaHa Ha HOBOMY MiAXOJi, SIKH BUKOPHCTOBYE TaKi IOJIOKEHHS: OIUC
HABKOJIOMIOPOBOi OKOJIUII B rpadiTi SK TBEPAOTO PO3UYHHY i3 3aCTOCYBaHHAM Teopii (Pa30BUX MEPETBOPEHB MEPIIOTO POLY; POITIILL
HOBOI (a3H, sK cdepoifalbHOI MOPU MAJIOTO EKCIEHTPHCHUTETY, CIUIIOCHEHO! B3JIOBXK HANpsAMKYy HaHOUTBIIOI Hampyrw; oOIik
KIacTepisamii aTomiB Byrnemoo mpu uroencax 6imbme 2x10% 7/m?’. HeizoTpomHicTs TpadiTy XapaKTephsyeThes Pi3HUMH

po3mipamu mop, BiIMiHHMMH 3Ha4eHHAMH KoegiuieHTiB qudy3ii, JOBKUHAMH MPOOIriB, aTOMiB rpadiTy y340BXK i Homepek 06’emy
3pa3Ka, SKi B CBOIO YEpry 3ajieKaTb BiJ TEMIEpaTypH 3pa3Ka. 3ampornoHOBAHO, IO MOYaTKOBUM €JIEMEHTOM, Ha OCHOBI SIKOTO Oyne
(dopmyBatHcs HOBa (asza, € cepoigaabHa Mopa MAIOro EKCIEHTPUCUTETY, CIUIIOCHYTa B3HOBXK HAIMPAMKY HAMOUIBIIO! HAMpYTH.
OtpuMaHO KiHETHYHE PIBHSIHHS, IO ONHCye MU(Y3ii0 Mip IiJ BIUINBOM BHCOKHX TEMIIEPATyp i iIHTCHCHBHHUX ITOTOKIB HEHTpOHIB.
CrnodaTKy mOpHU 3HaXOAATHCS B IIOJII OPIEHTOBAHHX Y3[OBX 1 MOIEpEK 3pa3Ka 3aJaHuX Halpy>KeHb. BHecok nu¢y3iiHHX mporecis,
00yMOBJICHHH CKIIQJIOBOIO, MPOMOPIiitHOK (QYHKIIIT PO3MOALTY TOp Y 3pa3Ky, a Jis HEUTPOHHOTO MOTOKY OMUCYETHCS JOJaTKOBOIO
CKJIQIOBOIO B KIHETHYHOMY piBHSHHI. OTpHMaHe KiHETHYHE PIBHSHHS IS aHI30TPOIHOTO rpadity Moxke OyTH HEepeTBOPEHO IS
i3otpornHoro rpadity. s i3oTpomnHOro i aHizoTponHoro rpadiTy OTpHMaHi MOJCNBHI PillleHHS, sIKi XapaKTepH3ylTh 3MiHy HOro
00’eMy 3 yacoM IpU BIUTMBI IOTOKY HEWUTPOHIB i BHCOKOI TemmepaTypu. [loka3aHo, IO BeNWYMHA 3MIiHHM BiJHOCHOTO 00'eMy
peakTtopHOrO TpadiTy s i30TPOMHOro rpadiTy MEpeBHIIyE aHAIOTIYHY BEIWYMHY A aHi30TpomHOro rpadity. OTpumaHo
TEOPETUYHE MiATBEPDKEHHS 3aKOHOMIPHOCTI pO3IyXaHHS aHI30TPONHUX TpadiTiB mia BIUIMBOM BENUKUX (DIFOCHCIB HEUTPOHIB 1 B
TI0JTi BUCOKHX TEMIEpaTyp, paHille OTPHMaHi iHIMMMH aBTOpaMU: TTO3/I0BXKHE CTHCHEHHS 3pa3KiB aHI30TPOITHHX rpadiTiB BimoBigae
3MiHI JTiHIHHUX po3MipiB i30TponHUX rpadiTiB; HOMEepevHe CTUCHEHHS 3pa3KiB aHi30TPOIHUX IpadiTiB BUABISLETHCS MEHIIE 3MIHCHHS
TIO3JJOBXXHIX JHIHUX pO3MIpIiB 130TPOIHUX rpadiTiB.

KJIFOYOBI CJIOBA: Teopis, rpadir, popMo3MiHeHHs, HEHTPOH, (QIIIOEHC, BUCOKA TeMIIepaTypa
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CIIEIyOIINe TOJOXKEHUSI: OIMHMCAHHE OKOJIONMOPOBOH OKPECTHOCTH B Trpadure Kak TBEPAOrO pacTBOpa C NPUMEHEHHEM TEOPHU
(ha3oBBIX TpeBpalleHHil MEpBOro poja; paccMOTpeHHe HOBOM (a3bl, Kak CcQepougaibHOW MOpbl Maloro SKCLEHTPUCHTETA,
CIUTIOCHYTOH BJIOJIb HAIIPABJICHHs HAaHOOJBLIEr0 HANPSDKEHMS; ydyeT KIAaCTepH3allid aTOMOB yriepozja mpu (uroeHcax Oosee

2x10% n/m’ . Hen3oTponHOCTh TpaduTa XapaKTepH3yeTcs PasHBIME Pa3MEpPaMH Mop, OTINYHBIMU 3HAYEHHMAMH K0d(Q(HIHEHTOB

muddy3ny, aMHaAMU 1po0OeroB, aToMoOB TpaduTa BIONb M IONpEeK oO0beMa 00pasla, KOTOpble B CBOIO OdYepelb 3aBUCSAT OT
TeMnepaTypsl oOpasua. IIpeanoxeHo, 4To NepBOHAYAIBHBIM 3JIEMEHTOM, Ha OCHOBE KOTOporo Oyner (opmupoBaTbcs HoBas (asa,
ABIIsieTCs cheponIaIbHas Iopa MajJoro SKCLEHTPHCHTETA, CIUIIOCHYTAs BJIOJIb HATIPABJICHU HauOobIIero HanpsbkeHus. IlomyueHo
KHHETHYECKOEe YypaBHEHHE, omuchiBaoiiee Iuddys3uto mop mox BO3AEHCTBHEM BBICOKMX TEMIIEPATYP W MHTEHCHBHBIX IOTOKOB
HeWTpoHOB. IlepBOHaYaIBHO MOPHI HAXOSTCS B IOJIE OPHEHTUPOBAHHBIX BJOJb U MONEpeK 00pa3lia 3aJaHHbIX HampsbkeHnil. Briasg
I Qy3UOHHBIX MTPOIECCOB 00YCIOBIEH CllaraeMbIM, IPOIIOPIIMOHATIBHEIM (DYHKIMHU pacTpeiesieHus mop B o0paslie, a BO3AeHCTBHE
HEWTPOHHOTO ITIOTOKA OMMCHIBAETCS MONOJIHUTENBHBIM ClIAraeMbIM B KHHETHYECKOM YypaBHeHHHU. [loiydeHHOe KHHETHIECKOe
YpaBHEHHE [UIsI aHW30TPONHOTO rpadura MOKeT OBITh IpeoOpa3oBaHO JUIT HM30TPONHOro rpadura. s H30TpomHOTO MU
AQHMU30TPOITHOTO TpaduTa IOIy4YeHBI MOJEIbHBIE PELICHHs, KOTOPhIE XapaKTepH3yIOT M3MEHEHHEe ero o0beMa cO BpeMEHEM IIpH
BO3JIEHCTBUU MOTOKa HEWTPOHOB M BBICOKOI TeMmeparypbl. [lokazaHo, YTO BelIMYMHA HM3MEHEHHs OTHOCHTENBHOro o0beMa
peakTopHOro rpadura Ui U30TPONHOro rpaduTa MPEBHIIACT aHAJOTHYHYIO BEIMYMHY Ui aHM30TpomHoro rpadwura. ITomyueno
TEOPETHYECKOE TOJTBEPIKICHNE 3aKOHOMEPHOCTH pacIlyXaHHs aHHU30TPOIHBIX I'PaMTOB IOJ BO3IECHCTBHEM OONMBLINX (IIFOCHCOB
HEWTPOHOB U B IMOJI€ BEICOKUX TEMIIEPATyp, paHee MONydeHHbIE IPYTHIMH aBTOPAMH: MPOJIOIBHOE CKaThe 00pa3oB aHW30TPOITHBIX
rpaduTOB COOTBETCTBYET M3MEHEHUIO JTHHEWHBIX Pa3MepOB H30TPOIHBIX TPA(HUTOB; MOMEPEUHOE CHKaTue 00pa3loB aHW3OTPOITHBIX
rpaduTOB OKa3bIBACTCS] MCHBIIE N3MEHEHUS POIOIBHBIX JINHEHHBIX Pa3MepOB H30TPOITHBIX IPa(uTOB.

KJIIOUEBBIE CJIOBA: Teopus, rpadut, popmMon3MeHeHHe, HEHTPOH, (ITIOSHC, BRICOKAs TEMIIEpaTypa



18
EAST EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 4. 18-33 (2019) DOI:10.26565/2312-4334-2019-4-02

PACS: 47.10.ad, 47.11.-j, 47.20.Bp, 47.20.Qr, 47.27.Te, 47.32.-y, 47.55.pb
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The stability of a rotating and heated from below horizontal cylindrical layer of a viscous, incompressible liquid with free boundaries
was theoretically investigated. Neglecting the centrifugal forces, the equations of motion, thermal conductivity and incompressibility
of the liquid were written, from which the well-known dispersion equation was derived in the linear approximation. The stability of a
rotating cylindrical volume of a liquid with no heating from below was considered, provided that the temperature difference between
the horizontal boundaries of the liquid was fixed and equal to zero. It was demonstrated, that with no heating from below the
temperature difference between the horizontal boundaries of the rotating liquid was not fixed and not maintained from the outside,
the perturbed liquid temperature would increase, but its final value did not exceed the phase transition temperature. The obtained
result was used to explain the heating of water in Ranque — Hilsch vortex tubes. It was concluded that the water heating in Ranque -
Hilsch tubes should be considered as the inverse Rayleigh problem, in which the temperature gradient can be determined from the
known distribution of velocities inside the volume. The stability of a rotating cylindrical volume of a liquid when heated from below
was analyzed. It was demonstrated, that the value of the specified temperature difference at cylinder boundaries, as well as the initial
rate of its variation, determine the final heating temperature of the liquid. A comparison of the proposed theory and experimental data
for water heating shows their good qualitative and quantitative agreement.

KEY WORDS: theory, stability, viscous, incompressible, liquid, horizontal cylindrical layer, rotating, heated, free boundaries

It is known that a periodic structure in the form of Benard cells [1] is formed in a horizontal layer of a viscous,
incompressible, below-heated liquid. Rayleigh described in [2] the physical nature of the convection onset in such
layers. He obtained analytical expressions for perturbed velocity and temperature in the Cartesian coordinate system.
On the basis of this theory, it was possible to explain the threshold nature of the convective instability development,
when the convection occurs only at a certain temperature difference. The obtained solutions describe the occurrence of
convective rolls in a horizontal liquid layer, on the vertical common boundaries of which the velocity was directed
periodically up / down and vice versa. However, these solutions did not describe the experimental fact of the
availability of polygonal structures, the number of angles of which varied from four to seven, but with a predominance
of six [1]. Therefore, to explain the appearance of hexagonal convective cells, geometric transformations of the found
solutions were used. The description of cells with a different number of angles also means involving geometric
manipulations. And if we continue the work and try to describe the entire set of polygonal convective cells, then this
task turns out to be practically impossible.

In contrast to the method of geometric transformations described above, the energy principle of the formation of
Benard cells was proposed in the work [3]. The principle is based on the fact that cells in the nucleation phase are few
in number and have a cylindrical form [3]. As the temperature of the lower boundary of the layer increases, their
number increases. Ideally, all cells are tightly packed in a liquid layer, and create a polygonal (hexagonal or other)
structure, i.e. Benard cells.

As we see, initially the main element of Benard cells is an elementary cylindrical convective cell, whose perturbed
parameters under free boundary conditions are described in the work [3]. At a uniform rotation of the liquid in the cell
relative to the vertical axis, new possibilities of controlling the thermal convection described in [1 - 3] emerge. The
control parameters under the new conditions will be Coriolis and centrifugal forces [4, 5].

In this work the onset of convection in a uniformly rotating and below-heated cylindrical tank with a viscous,
incompressible liquid with free boundaries was investigated.

THE INITIAL EQUATIONS OF CONVECTION IN A ROTATING VISCOUS, INCOMPRESSIBLE LIQUID
OF A CYLINDRICAL FORM WITH FREE BOUNDARIES
Let us consider a cylindrical volume of radius R, filled with a viscous, incompressible liquid, the lower and upper

boundaries of which coincide with the planes z =0 and z = & . The liquid rotates uniformly as a whole with an
angular velocity Q =Q-é_, where éz - the unit vector directed along the vertical, which coincides in direction with the

© Oksana L. Andreeva, Leonid A. Bulavin, Viktor I. Tkachenko, 2019
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axis z and is in the gravitational field, the direction of acceleration of which is ¢ = —g - e_ opposite to the direction
of the axis z . In Fig. 1 vector @ - gravitational acceleration, 7 - radial coordinate.

The temperature distribution inside the cylinder T (z) is set so, that the temperature of the lower boundary is
higher than the temperature of the upper one: 7,(0)=T,,, T,(h)=T,,, (7?),2 > TOJ) . We suppose, that in equilibrium

the temperature distribution is described by a linear function in the coordinate z :
- o ._
VT, (z)= -

were, ©@ =T, — T, - the temperature difference between lower and upper plains.

-

Z

Ty,

(!
N\

\b{ﬂ

Fig. 1. Schematic representation of a cylindrical volume with a viscous incompressible
liquid rotating at an angular velocity Q in a gravitational field g .

Let us write the equations describing convection in a cylindrical volume heated from below and rotating as a
whole. These equations consist of the Navier — Stokes equation, with regard to inertial forces in a rotating coordinate
system — Coriolis and centrifugal [4], the heat conduction equation and the continuity equation:

%JF(W)V:—%ﬁprWg—zQXV—QX(QM), )
%+(W)T:AT, @
div(v) =0, Q)

where V - small perturbations of the liquid velocity in a rotating coordinate system, 7 - radius-vector of the liquid
element, p, p, T density, pressure and temperature of the liquid, V - gradient operator, A - Laplace operator.

From system (1-3) it is possible to obtain equations that describe the spatial-temporal dynamics of small
perturbations of pressure p and temperature 7 with respect to their equilibrium values po(r,z) and

C]
T, (Z) =T, _;Z :
p=p,+p,T=T,(z)+T. 4)
Small values of pressure and temperature perturbations meet the requirement: | f | << | f0| .

When analyzing the Navier — Stokes equation we assume that Boussinesq’s assumptions regarding the being
determind influence of the temperature compressibility of a liquid are met, i.e. we assume p = p, (1 - pT ) [4], where
B - the coefficient of a liquid temperature compressibility.

We assume, that the velocity perturbations are small, which allows us to neglect the quadratic in velocity
summands in (1). Taking into account the assumptions made, and after substitution (4) into equation (1) we have:

(1—ﬁf)%=—pi?(po + p)+vAV —(1- BT ) gé, —20xV —(1- BT ) Qx(Qx 7). (5)
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We suppose the diameter of the cylindrical tank is small: D << gQ™. This condition allows neglecting the

centrifugal convective force, as a result of which the last summand in (5) can be neglected [4].
Let us eliminate the unperturbed summands in the equation (5), setting:

VP =—poge.. (6)
The remaining summands give the force balance equation for perturbed values:
ov

1 = - —
= Vp+VAV + BTe8. —2QxV.
Py py P pTge. (7)

In units of layer thickness %, time 7 = h*v"'and temperature ® the equation (7) is converted to a dimensionless
form:

% =-Vp'+AV' +RTe, - E™'é, xV, ®)
t

where the “prime mark” denotes the corresponding dimensionless value, R =g ,Bh3®/ (v;() - the Rayleigh number, v

and y - the coefficients of liquid kinematic viscosity and thermometric conductivity, correspondingly, E = v/ ( 2Qh2) -

the Ekman number, which is very small in most experiments with rotating liquid [6].
In further calculations to simplify writing process the “prime mark™ notation is omitted.
Equation (8) should be supplemented by the equation of heat conduction (2), which, taking into account the linear
dependence of temperature on height, takes the dimensionless form:
por_ ve. = AT, 9)
ot ’
where P =v/y - the Prandtl number.

The continuity equation 3) in dimensionless variables has the same form.
For a rotating viscous, incompressible liquid of a cylindrical form we will assume that the boundary conditions are free
[2, 4, 5]. These conditions mean that vertical projections of the velocity perturbations are equal to zero at the boundaries
of the liquid:

z=0, — 09
= (10)
and tangential stresses:

=0. (11)

z=0,
z=1

o = oyl e, OV
rz p 0 52 ar
The boundary conditions (11) taking into account the continuity equation (3) can be transformed to the form:
o’v

== =0
7 s (12)
z=1

We assume that the temperature at horizontal boundaries of the cylinder is fixed. It follows that the temperature
perturbations at the boundaries z = 0,z =1 are equal to zero:

T

0 =0. (13)

To the boundary conditions (10), (12), (13), we should add the condition for the perturbed velocity at the external
boundary: v, (r,z,t)=v,(r,z,t) =0atr =R, .

As an initial condition we assume, that at the time point # =0 all the perturbations are either missing:

v,f,[a| =0 (14)

t=0

or specified as:
I, p| | =¥(7,0),7(7,0), 5(7,0). (15)

Thus, the problem of studying the stability of a rotating, heated from below, viscous, incompressible liquid of a
cylindrical form with free boundaries is reduced to solving the eigen value problem for the system of equations (3), (8),
(9) with boundary conditions (10), (12), (13) [4] and with initial conditions (14), (15).
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SOLUTIONS OF THE ORIGINAL SYSTEM OF EQUATIONS
We write equations (3), (8), (9) in a cylindrical coordinate system r,@,z. We assume the perturbations are

axisymmetric, i.e. such that the perturbations do not depend on the angular coordinate ¢. This means that all the
perturbed values meet the condition 0.../d¢p =0. Rotation of the cylindrical volume of a liquid is a flow with an
equilibrium azimuthal velocity 7, (r) =Q-r [7, 8], which is obtained from the Couette flow, if we set the radius and
angular velocity of rotation of the inner cylinder to zero. Based on this we write the projections of the velocity vector in
the cylinder: v= (Vr Y, (r)+v,.v. ) .

The equations for the perturbed velocity projections follow from (8):

ov 0 . v 0
L=——DpD+AV ——L+E vV _, 16
ot or P T ¢ (16)
ov, \
2 =Av ——2_FEv , 17
ot v " 17
ov 0 ~
= =——p+Av,_+RT, 18
Py A E (18)
2
where A:li ri +a—.
ror\ or) oz’
In cylindrical coordinates the continuity equation (3) is converted to the form:
10 0
——(rv, )+—v_ =0 19
r ar( ) o0z °© (19)

Equations (16) (19) should be supplemented by the equation of heat balance (9).
We will seek solutions of the original task in the form:

v, (r,z,t)=—A-exp(-At)-nxk ' cos(nrxz)J, (k.r), a)
v, (r,z,t) = D-exp(—At)-cos(nzz)J, (k,r), b)

v_(r,z,t) = A-exp(—At)-sin(nxz)J, (kr), ©) (20
p(r,z,t)=C-exp(-At)-cos(nmz)J, (k.r). d)
T(r,z,t)=B-exp(-At)-sin(nzz)J, (k,r) = B(t)-sin(nzz)J, (kr), e)

where A - eigen values characterizing attenuation (A > 0), increase (A <0) or stationary state (4 =0) of
Anr

krE(kr2 +(nz)’ - ﬂ.)

perturbations (18); 4,B,C,D= - perturbation amplitudes; J (x), J, (x) - Bessel functions of the

first kind of zero and first order of the argument X respectively; k,, - radial wave number characterizing the

dependence of the perturbations on the transverse coordinate 7, n=1,2,3... - the mode number.
It is easy to see, that the boundary conditions on the external boundary are automatically satisfied, if we set
k = O'U/RO ,where o, - I - th zero of Bessel functions of the first kind of the first order (J, (0'1,1.) =0),i=1,2,3,.....
From (20) a), ¢), and e) it follows that the spatial distribution of perturbations of horizontal and vertical velocities

and temperature are similar to those implemented for a layer of heated from below, viscous, incompressible liquid
without rotation in a cylindrical coordinate system [3].

THE STABILITY ANALYSIS OF A ROTATING, VISCOUS, INCOMPRESSIBLE, HEATED FROM BELOW
LIQUID OF A CYLINDRICAL FORM
Substitution of solutions (20) into equations (9), (16) (18) gives a cubic characteristic equation for determining

eigen values A :

P +al* +bAl+c=0, (21)
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2P+1 P+2) P(nz) Te—k’R 2R—k® —(nz)' T
where, a=—kj( i ),b=kj( - )+ (mr)ze K ,c=k’ ki —(n7) e, ki=k2+(n7r)2,
P P kP P
Te=E” =4Q’h*/v* - Taylor number.

Let us consider the solutions of the characteristic equation (21), which describe a stable rotation of a viscous,
incompressible and heated from below liquid of a cylindrical form.

We determine the condition of a monotone instability of a rotating, viscous, incompressible and below-heated
liquid of a cylindrical form from (21), similarly to [5].

ﬁ@:“ﬁf+@@ﬁa, (22)

where R, - critical Rayleigh number of monotone instability.

It should be noted, that the expression (22) goes into the expression obtained in the Cartesian coordinate system by
Rayleigh, if we replace k~ by k* = k> +ky2 (4, 5].

The condition of monotone instability (22) in graphic form is shown in Fig. 2. Here the dependence of the lines of
the logarithm levels of the critical Rayleigh number ln(Rc)upon the wave number kr and the Taylor number 7e is
presented.

The level lines show, that the wave number kr,m (the abscissa of the maximum of the level line) corresponding to
the minimum critical Rayleigh number increases with increasing Taylor number, starting from the value of
k= 7r/ V2~2221 [5]. In this case, the critical Rayleigh number increases also from value R, = 27(n7r)4 /4 = 657.11
that corresponds to the case of no rotation, i.e. Q=0.

0 6.67 1333 20
Fig. 2. Lines of the logarithm level of the critical Rayleigh number
In(R,) versus the wave number &, and the Taylor number 7e .

Let us define the conditions for the equation fulfillment (22).

We rewrite the equation (22) relatively the unknown kf , and get an incomplete cubic equation:
(k) + pk? +q =0, (23)
where p=-R ;q=(nz) (Te+R,).

Since k2 = k> +(nx)’ > 0, then we will look only for real positive solutions of the equation (23).
It is known that the type of solutions (23) depends on the sign of the discriminant Q :

Q=(£I+(1T=[szfij{nip@( Ri+qﬂkf—%[ Rz—q} (24)
3 2 2 R R |\\R R R (\R.
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The discriminant Q is positive for Te/R’ >R, /R (\/RC /R —1) >0. The equation (23) in this case has one

negative real and two complex conjugate roots. Therefore, by the requirement of k; >0 the solutions (23) are not
considered for the case O > 0.

The discriminant Q is equal to zero forTe/R. =R /R’ («/RC /R —1) . The equation (23) has one negative and two

coincident positive roots. The negative root is equal to (kf)l =—2{/((n7z)2(Te+Rc)) /2 and positive roots -

k: ={/((nﬂ)2 (Te+RC))/2 )
The discriminant Q is negative for Taylor numbers 0 < Tt e/ R <R / R («/Rc / R —1). This condition is true for

Rayleigh numbers R, / R: >1 . Within these ranges of variation of the Rayleigh and Taylor numbers the equation (23)
has three different real roots. From them, by virtue of the requirement, we select positive root within the whole range of
variation 7e and R, :

(kf)3 z_[(’mf R:T{i/im_(YJrX)}H;EJFC'C” (25)

where Y =T e/ R, X=R / R’ , c.c. - denotes a complex conjugate value.

The lines of the logarithm level of the radial wave number /n (kr) versus the Rayleigh number (1< R, / R <10)
and the Taylor number (0 < 7e <100 ) for the case n=1 are presented in Fig. 3.

102

1 5 10
X

Fig. 3. Lines of the logarithm level of the radial wave number /n(k, ) versus

the Rayleigh number X = R, / R’ and the Taylor number ¥ = Te/ R

According to the level lines for the radial wave number, (k,)min differs in exponent from that given in [5] by a

factor of two

Thus, from the Fig. 3 it is seen that the minimum radial wave number (the inflection points of level lines) increases
nonlinearly with increasing the Taylor number and the Rayleigh number.

At large Taylor numbers Y >>1 the minimum critical Rayleigh number varies according to the law

(R). ~ (RZ)I/3 Te?? =(277z'4/4)1/3 T =3(7r2/2)2/3 Te® [5, 9] and the corresponding radial wave
number - (, ) (7[2/2)1/3 Te'” (Fig. 2).

It should be noted that the expression of monotone instability (22) is observed for the values of radial wave
numbers:

min
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o

K :#((m)z (Te+R))[2, & :_[%] \/z [ =(r+x) |-(r+x) “;ﬁ rec. (26)

To analyze the stability of perturbations of the boundary-value problem we turn to expressions (21), (22).
Further, when describing the stability of perturbations in a medium, we will consider only the perturbed
temperature, noting that the transition to other perturbed quantities is carried out in accordance with expressions (20),

a)-e).
The fulfillment of the monotone instability condition (22) gives the following eigen values of the problem:
, , 2P +1) (1-4P) P(nz)’ Te-k’R
‘=0, :kZ( + [k} - . 27
& ) & \/ to4p kP (0

The perturbed temperature (20), ) depends on time as a general solution of the characteristic equation (21),
consisting of the sum of partial perturbations:

3
B(1)=)_C, exp(—4,1), (28)
m=1
where C| - arbitrary constants determined by initial conditions, m =1;2;3.
For the case of the development of monotonous instability, the eigen value A, = A equal to zero corresponds to
the time-invariant amplitude of the partial perturbation and the eigen values 4, , = 47, describe the temporal dynamics

of the partial perturbations depended on the radicand value.
Below, we consider the solution (21) for the case with lack of external temperature effect (the lower boundary of
the layer is not heated), as well as for the case when this temperature effect occurs.

THE STABILITY ANALYSIS OF A ROTATING LIQUID CYLINDRICAL VOLUME
WITHOUT HEATING FROM BELOW
Let us determine the characteristic numbers of the equation (21) without heating the liquid from below. Despite
the fact that there is no heating of the liquid, the Rayleigh number is not equal to zero, but it is determined by the
temperature difference between the lower 7, ;, and upper 7] ;, boundaries at the fluctuation level: ©® , =7, , -T, ,.

The temperature fluctuation value of the upper boundary of the liquid cylindrical volume with radius R, and

thickness of several molecular layers #, is determined by a number of water molecules in it and the average temperature
1
of the medium 7" [10]: T,~N?T ", where N is the number of particles in the volume ¥ ~ 7R’ h, . For water the

fluctuation level of temperatures is sufficiently small and is of the order of ® , 107 +107 C.

Therefore, if the liquid is not heated from below, we assume that the Rayleigh number is equal to R = R;, where
R, = gpn’ 0, / (VZ) - the Rayleigh number for the fluctuation temperature difference between the lower and upper
boundaries of the tank. Here it should also be noted that the temperature unit in (8) is no longer ®as well® .

However, this value is clearly not included in the characteristic equation (21), and thus does not affect its solutions.

At the above fluctuation level of temperature difference, the Taylor number is a fairly large value:
Te>> R,k >>1

In this case, the discriminant of the equation (21) takes the value Q, ~ <7Z'2T e/3k’ )3 +(7rzT e(P-1) /3P)2 >0, that

1
N
. Te \?
corresponds to one real root and two complex conjugate roots 4, , = ki i (%)
L
Substituting the roots of the characteristic equation in (28) and assuming C; = —(C, +C;), C;=i(C;—C}) we
get:

B(1)=C| exp[—%t] —(Cy cos(a,t)—Cysin(ayt) ) exp(—ayt) (29)

1
where o, =k}, a, = (7z2Te/kj)2 ,Q >> 0.
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If we set in (29), for example, C; = C/ and, C; = 0then the amplitude B(7) will have the form:

B(r)=C! exp(—%tj[l - exp(—(%jaltjcos(azt)} (30)

Further everywhere, without loss of generality, we can set C/ =11n (30).

The temperature difference between the horizontal boundaries of the liquid is fixed and equal to zero
As noted above, in case with no heating from below the temperature difference between the horizontal boundaries

of the liquid is not equal to zero, but it is determined by the fluctuation level® , =T, , -1} ;.

From (30) it follows, that the amplitude of the perturbed temperature as a result of action of viscous forces
increases from zero at # =0 to a maximum value at # =¢__ . After reaching a maximum it decreases to zero, oscillating

with exponentially decreasing amplitude of oscillations. The law of decreasing the average amplitude value B(t) is
determined by the expression (30) averaged over the period of fast oscillations.

T

dB P-1
(3
t 2 '

The temperature variation rate of the liquid (30) at the initial time (zero time) is equal to

where B, - the liquid temperature in °C.

The temperature dependence upon the time for different values ¢, is presented in Fig. 4.

Fig. 4. Temperature B(t) versus time without water heating from below

for different valuesar,: 1 - @, =10-¢,;2 - @, =15-;3 - a, =20-¢,.

From Fig. 4 it follows that with increasing «, and, consequently, the Taylor number, the amplitude of the first
temperature maximum increases and the time of the maximum reaching decreases.

Thus, in rotating liquid cylindrical volume with free horizontal boundaries at a temperature difference between the
lower and upper boundaries at the fluctuation level, increasing the perturbed temperature from zero is observed. Then it
reaches a maximum B(t) ~1.5,...,2.0 = k', and after it again decreases to zero with exponentially decreasing amplitude

of oscillations. In the final state at large times the water will rotate as a whole without perturbation of velocity, pressure
and temperature.

However, it should be noted, that the value of the first maximum of the liquid temperature exceeds the fluctuation
level by a factor of x=1.5,...,2.0. This indicates that the liquid is being heated within the time interval 0<7<¢__ .
The temperature difference between the horizontal boundaries of the liquid
is not fixed and not supported from the outside

If the temperature difference between the horizontal boundaries of the liquid cylindrical volume © is specified at
the fluctuation level and is not supported from the outside, then the system can be considered as isolated. In such a
system according to (30) the temperature B(t) will increase from zero to the maximum value x within the time

interval 0<¢<¢__ (refer to Fig. 4)

max

According to (30) a point in time ¢ =¢__, when the temperature should decrease with time increasing, comes in

max ?

the system. However, this cannot be realized, since the entropy of an isolated system S, (t) is a non-decreasing
function of time [11], i.e. the condition dS, / dt >0 should be met.
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Based on the principle of entropy increasing we will describe the dynamics of temperature variation in the system
within the time interval £ > _ .

The law of variation of the system entropy can be written using (30) in the form:

ds ® - ds
U K—exp —ﬂt 1—-exp —(ujalt cos(azt) ) 3D
a  «T,,T, , P P dt

where, S, =S, ,+S, ;, =const - the sum of entropies of microvolumes on the lower and upper boundaries of the liquid,

as, , / dt >0 - the entropy of the upper boundary increased with time.
From (31) it follows that the entropy increases for the time interval 0 <z <¢_ . At times ¢ >¢ _the inequation

(31) is violated, i.e. the entropy decreases. Therefore, the system has one way out: at the point of time ¢ =1¢_, it passes

from the first stage of instability to the second. At this stage of instability the cylindrical volume of a liquid is described
by the original system of equations (9), (16) - (19), but with the temperature difference at the boundaries of the volume
increased by a factor x compared with the first stage: ® ; — x© ;. Increasing the temperature difference at the liquid

boundaries by a factor x leads to the same increase of the Rayleigh number: R, — xR,

The overall increase of the liquid temperature at the second stage will be equal to (1 + K) . Increasing the Rayleigh

number does not violate the applicability of the characteristic equation (21) and the expression (30), since the condition
Te>> kR, is still met.

At the third stage, the process of increasing the temperature will repeat, and the maximum temperature will now be
equal to x°. The overall increase of the temperature will be equal to (1 +K+ K ) .

With multiple repeating of temperature rise stages, the liquid temperature will increase in increasing geometric

progression to the value Z k'™, where n >>1 - the number of stages of the temperature rise.

i=1

N
However, with a certain number of rise stagesn = N >> 1, the Rayleigh number R =R ﬂZK"‘ may increase to a

i=1

value R =R . In this case the characteristic equation (21) will have another eigen values and, consequently, another
expression for the temperature B(t) I, At that, the liquid temperature will increase, but its final value should not exceed

the temperature of the phase transition. Otherwise, the original system of equations is not applicable.
As an example of heating a uniformly rotating cylindrical volume of a viscous, incompressible liquid can be used
the heating of water in the Ranque — Hilsch vortex tubes [12, 13].

For a pure water with an initial fluctuation level of the temperature difference © , ~ 107 °C [10] and x~1.8,

heating to a temperature difference of the order of (8-9)-102°C (temperature difference at which the Rayleigh number
increases to a value R = R ) corresponds to the number of temperature rise stages n = 23.

Further increase of the difference in the water temperature from (8-9)-102 C to a given temperature is a continuation of
the previous multistage rise and will be described in the next Section (Stationary temperature perturbations at large
Rayleigh numbers (R = R)).

As follows from the above analysis, heating of the rotating volume of water in Ranque — Hilsch tubes is due to the
action of viscous forces. The spatial distribution of the vertical and horizontal velocity of water coincides with a similar
distribution in the Rayleigh problem on convection in a layer of a viscous, incompressible liquid heated from below.
Therefore, the problem of occurrence of a temperature gradient in a rotating volume of water, as well as the problem of
heating water in Ranque -Hilsch tubes should be considered as the inverse Rayleigh problem.

Rayleigh's inverse problem involves searching the temperature difference between the boundaries of a viscous,
incompressible liquid of a cylindrical form according to a given distribution of its vertical and horizontal velocities.

Analysis of the stability of a rotating cylindrical volume of liquid when heated from below
The expression for the perturbed temperature (30) will change if the rotating cylindrical volume of the liquid is
heated from below with a certain rate. To show this, let us set a dependence of the perturbed temperature amplitude
upon the time at heating in the form:

B, (1)=B(t)a, exp(4,1) (32)

! The solution of the characteristic equation (21) and the expression for the perturbed temperature for large Rayleigh numbers are
given in Section 5.
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where o, A, - constants determining the parameters of water heating.

Such a representation is similar to introduction to the characteristic equation (22) a number with a shift 1 -4,
instead of an eigen value A, where the shift value A4, is selected so that to reduce the free term ¢ to zero.

From (32) it follows, that there is no heating for the parameter valuesa, =1 and A, =0.

If we set A, = ¢, /P, we will get the expression for the temperature of the rotating liquid with heating:

B, ()= C{’(l —exp [—(%) altj cos(azt)], (33)

e Lo Br, -liquid temperature - in °C, 7,7, -

where B, (t)=B,,/0,, is measured in units O, =T, —T,

temperatures of the lower and upper boundaries of the liquid layer, respectively.
We will assume C'=1 in (33), as before.

The dependence of the perturbed temperature amplitude upon the time (33) for different values ¢, is presented in
Fig.4.

Fig. 5. Temperature B,(7) versus time at heating from below for

different values «,: 1- a,=10-¢,;2- a,=15-2,;3- a,=20-q,.

From Fig. 5 it follows, that the liquid temperature increases from zero with time at ¢ =0, reaches the first
maximum B, (t) ~ k and oscillating with an exponentially decreasing amplitude tends to unity.
From this we can conclude, that in experiments with heating a rotating cylindrical volume of liquid, the value ©

determines the final temperature of the liquid heating, as well as the initial rate of temperature variation, i.e.
dB, ,

dt

of a non-heated one.

P-1 e S
=0, (Tj o, . It follows that the rate of variation in the temperature of a heated liquid is greater than that
=0

STATIONARY TEMPERATURE PERTURBATIONS AT LARGE RAYLEIGH NUMBERS (R=R))

As follows from the previous presentation, the temperature difference between the horizontal boundaries of the
rotating cylindrical volume of a liquid increases. This leads to an increase in the Rayleigh number, which may possess
eventually a value R=R . In this case, the characteristic equation (22) has solutions in the form of stationary
perturbations, which differ from solutions (33).

Let us consider these stationary perturbations.

The eigen values of the characteristic equation at R = R, are as follows:

2(2P+1) .
A=0;4,, =k 7 tio, (34)
‘(2p-1)’ P-1)k
where n=1, R ACEDE a)zzuké(Rc—Rw).

YAk (P-1)P’ Pk
We will set the dependence of temperature on time in (20), e) for eigen values (34) in the form
D(t) = Bexp(—At). Then the overall solution can be represented as:
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D(t)= iDm exp(—4,t) = D, (D, cos(art)— D, sin (o) )exp(-5t), (35)

m=1

where D, - arbitrary constants determined by initial conditions.
From (35) it follows, that in a stationary state the general solution for the liquid perturbed temperature consists of
the sum of three particular solutions. One summand with an eigen value ﬂ,‘ =0 is a constant number. The other two

summands with eigen values 123 describe either exponentially damped temperature variation with a damping

(2P+1)
2P

decrement Re(4,;) =" =k and oscillation frequency

R.>R (P _1) k; s . P .
Im(/l2 5 ) =a, " =% ~(R.—R,)atR >R, or damped variation without oscillations with decrements
' P ki

2
Re(4,,)=a5™ =k} (22+1) + \/ k"z (P-1) (R,—R.) at R_ <R, .Moreover, in the latter case o< > &, >0.
’ ’ 2P KP

We use the expressions (33), (35) to describe the experimental data on the stability of a rotating cylindrical volume
of water heated from below [5, 9].

In some experiments (let's designate them as experiments I) the water was placed in glass cylinders with an outer
diameter of 29.4 cm. An electric heating element was attached to the horizontal bottom of the cylinder, which provided
controllable temperature variation. Heating was carried out at a low rate (heater power - 1 W), medium rate (heater
power - 3 W) and high rate (heater power - 10 W). The cylinder with water rotated around its axis using special tools.
The layer of water with a depth of 3 cm and the rotation velocity of 10 rpm was studied in the experiments.

For experiments I) in (34), the relation R, >> R is satisfied and, thus, the instability with the parameters o™
is realized.

In other experiments (experiments II) [4, 9] in water layers of 18 cm depth at a temperature difference of lower
and upper boundaries - 0.7 ° C and a rotation velocity of 5 rpm we have found by visual observations using a rotoscope,
that for a heating rate of more definite value in a cylindrical volume of water rotating as a whole the convective cells
with a diameter of 4.6 cm arose. The motion inside the cells becomes visible as a result of dispersing a small amount of
aluminum powder over the surface of the water.

We will analyze the described experiments on the basis of the performed analytical calculations below.

Stationary temperature perturbation at a low rate of liquid heating
At a low rate of heating the bottom of the tank, the process of water heating will take place in two stages. These
stages, due to the low rate of liquid heating and the low level of saturation temperature, will not go into one another, but
overlap, i.e. to the first stage of temperature variation, valid within the entire time interval, one should add the second
stage of its variation, valid after the temperature is established of the order of (8 - 9)-102°C (when the equality R = R,

is satisfied).
At the first stage the water temperature increases as a result of multi-stage rise, reaches values of the order of
8-9:102°C and the Rayleigh number increases to a value R = R, . This stage of the multistage temperature rise will be

approximated by the expression:
B,(t)=4, (1-exp(-B))0(t, —1), (36)

where A4 ,B, - constants describing the first stage of water heating, ¢, - the time of transition of water temperature rise
from the first stage to the second.
At the second stage, when R = R, the temperature variation is described by the sum of two temperatures, where

the first temperature from this sum B, (t)is set by the sum of the summands of the solution (36) with arbitrary

coefficients

B, (I)ZA;_DSI exp(—BSt), (37)

and the secondD(t) is the sum of particular solutions of the characteristic equation at R =R, :
D(1)= H(t—t”){Dl —(D2 cos(al 1)~ D, Sin(%ze(>Rut))exp(_al&>&t)} _

(3%)
=0(r-t, )(Ag +B, cos(C, (t-1,))exp(-D, (t—1, ))),
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where A/,D!,A4,,B,,C,,D,,t, - constants describing the second stage of water heating.

After summing up the solutions (37), (38) we obtain an expression for water temperature variation at the second
stage of instability:

1 _-Bit,
Dz<r>=<A;+Ae>e(r—r,r>(1—Dse (1—%8*"%s(@(r—re))je’*(”f’]» (9)

A+ 4,

where 6(x) - Heaviside unit function.

Constants in (39) can be determined by combining the theoretical dependencies (36), (39) with experimental data
[4,9].

Graphs of temperature versus time for the rotating cylindrical volume of water heated from below, obtained
experimentally, and calculated by formulas (36), (39) are presented in Fig. 6. The experimental dependence of
temperature upon time (solid line) was obtained as a result of digitization and graphic transformation to the Cartesian
coordinate system. The beginning of the obtained experimental curve was brought into coincidence with the beginning
of the Cartesian coordinate system.

As a result of approximation of formulas (36), (39) with experimental data the following values of the constants
were obtained: 4, =36.4,B =0.055, 4/ =D =8.86,4,=0,B, =1.92,C,=0.5,D, =B, =0.08, t, =—1,7, =15.8.

10

A \
T,,uI/4 \
/
/

0 15 30 45 60 75 90
f, min
Fig. 6. Temperature versus time of a rotating cylindrical volume of water with a low

[ ]

0

heating rate: solid line - experiment [4, 9]; o - formula (36), <> - formula (39)

In Fig. 6 the water heating rate at the initial time is determined by the quantity: % =0.676, it is a fairly small
t=0

quantity.

From Fig. 6 it follows, that the experimental data and theoretical dependences are quantitatively consistent. The
data show, that in a rotating cylindrical volume of water with a low heating rate, a monotonic rise in temperature to a
certain level and its stabilization at a slightly higher level are observed. Lack of convective vortices in the experiment
indicates that temperature stabilization in a cylindrical volume of water occurs, apparently, due to mechanical heat and
mass transfer, which occurs as a result of the liquid rotation.

The radial and vertical spatial distribution of the velocity of mechanical heat and mass transfer of a rotating liquid,
as follows from (20), is determined by the same expressions as for convective heat and mass transfer in the below
heated water layer with free boundaries [3].

Stationary temperature perturbation at high heating rate
At the tank heating rate of more than a definite value the process of water heating can be divided also into two
stages. However, the second stage of temperature variation, due to the high rate of water heating and rapid
establishment of the equality R =R , will be described only by the sum of particular solutions of the characteristic

¢

equation.
Thus, at the first stage in the time interval) <7 <7 __ the water will be heated to the value (1.5 + 2)T&r according
to the law (36).

At the second stage, when? > ¢ the temperature variation is described by the expression:

max °

D'(1)=0(t-t,) {D{ - (D; cos(af“ >R“‘t) —D;sin (af“>R“‘ t)) exp (—alR‘ > t)} =

(40)
=0(t~1, )(Ae’ +B!sin(C.(t-1.))exp(~D,(t —t;))).
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The constants in (36), (40) can be determined by combining theoretical dependences with experimental data.

Graphs of temperature versus time of a rotating cylindrical volume of water heated from below, obtained
experimentally and calculated by formulas (36), (40) are presented in Fig. 7. The experimental temperature dependence
on time was taken from [4, 9], digitized, and graphically transformed to the Cartesian coordinate system. The beginning
of the experimental curve thus obtained was brought into coincidence with the beginning of the Cartesian coordinate
system.

As a result of approximation of the experimental data using formulas (36), (40) the following values of the
constants were obtained: 4, =36.4,B, =0.055, 4’ =15.45,B, =27.245,C! =0.557,D. =0.197, ¢ =8.3411,t, =15.57.

5

20 R,

o " A
VTN
10

o

15 30 45 60 75 90
f, min
Fig. 7. Temperature versus time of a rotating cylindrical volume of water heated from below

with a high heating rate: solid line - experiment [4, 9]; o - formula (36), <* - formula (40).

. . P . dB, .
In Fig. 7 the water heating rate at the initial time is determined by the value: —*| =2.0. It can be seen that in

t=0
the case under consideration the water heating rate at the initial time is higher than the heating rate in the experiment
described above.

From Fig. 7 it follows, that at the first stage within the time interval 0<¢<¢__ the temperature increases

according to the exponential law (36) to a certain level. Then, at ¢ = ¢__ the first stage goes into the second, where the

perturbed temperature variation is described by the expression (40). At that, the perturbed temperature experiences
oscillations damped in time with respect to temperature 7 =15.45 .

It should be noted, that in Fig. 6, 7 and below, the part of the experimental curve, not marked with markers,
describes the water temperature variation after the heater is turned off.

Let us consider another experiment in which the water heating rate was higher than the heating rate used in the
experiment in Fig. 7.

Fig. 8 shows experimentally obtained and calculated by formulas (36), (40) graphs of dependence of the disturbed
temperature upon the time of a cylindrical volume of water heated from below at rate exceeding the heating rate in the
experiment in Fig. 7.

As before, the experimental dependence of temperature difference on time [4, 9] is digitized, and graphically
transformed to the Cartesian coordinate system. The beginning of the experimental curve thus obtained was brought
into coincidence with the beginning of the Cartesian coordinate system.

As a result of approximation of the experimental data using formulas (36), (40) the following values of the
constants were obtained: 4 =52.5,B, =0.055, A =14.817,B, =3.592,C. =0.772,D. =0.2, ¢, =11.451,t, =8.44.

In Fig. 8 the water heating rate at the initial time is higher than the heating rate in two previous experiments

Bl s,
dt|_,

From Fig. 8 it follows that increasing the water heating rate compared with the data in Fig. 7 changes the temporal
dynamics of the perturbed temperature: the first stage of heating exists for a shorter period of time, and the damped
vibrations at the second stage have a shorter period and larger amplitude of oscillations. As to the rest, the amplitude
dynamics of the perturbed temperature in Fig. 8 corresponds to the dynamics in Fig. 7: the amplitude of the first
maximum and the saturation level are almost the same.

The discrepancy between the experimental data and the theoretical curve in Fig. 8 at £ > ¢ is, apparently, due

to the fact that with a high heating rate it is necessary to take into account the contribution of nonlinear summands in the
initial equations (9), (16) - (19).
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Fig. 8. Temperature versus time of a rotating cylindrical volume of water with a

high heating rate: solid line - experiment [4, 9]; o - curve (36), < - curve (40).

CONCLUSION

In this work, in neglect of the centrifugal convective force, the equations of heat and mass transfer in a rotating,
viscous, incompressible liquid of a cylindrical form with free boundaries are analyzed. Solutions of the linearized
original system of equations in cylindrical geometry are obtained that satisfy the boundary conditions of the problem.
The spatial distributions of the projections of the perturbed velocity and the perturbed temperature of the liquid are
determined with the accuracy to constants.

It is shown, that the spatial distribution of horizontal and vertical velocities and the temperature of a rotating,
viscous, incompressible liquid of a cylindrical form with free boundaries are similar to those implemented for a layer of
a viscous, incompressible liquid heated from below without rotation, which correspond to solutions of the Rayleigh
problem in the cylindrical coordinate system.

The analysis of stability of a rotating, viscous, incompressible liquid of a cylindrical form heated from below was
carried out. A stability condition for the rotating, viscous, incompressible liquid of a cylindrical form heated from below
in the cylindrical coordinate system was obtained. For the case of its stable rotation the graphs of dependence of the

logarithm of the critical Rayleigh number ln(RL,)on the wave number £, and the Taylor number 7e, as well as the
logarithm of the radial wave number In(k,)on the Rayleigh number X =R, / R’ and the Taylor number

Y=Te/ R: were plotted. The obtained dependences, except for the minimum radial wave number

(k) . ~ (72'2 / 2)]/3 Te'” , fully match the previous studies by other authors.

The stability analysis of a rotating cylindrical volume of a liquid without heating from below was carried out. It
has been shown that at a fixed, zero temperature difference between the horizontal boundaries of the cylindrical tank of
a liquid, an increase in its temperature is observed starting from zero. Then it reaches a maximum value of the
orderx =1.5,...,2.0, and after, oscillating with exponentially decreasing amplitude of oscillations, again decreases to
zero. In the final state at large times the liquid will rotate as a whole without perturbations of velocity, pressure and
temperature.

If the temperature difference between the horizontal boundaries of the cylindrical volume of the liquid ® is set at a
fluctuation level and is not supported from the outside, then the system can be considered as isolated. In this case,
according to the law of entropy increasing in isolated systems, the liquid will successively go through only the stages of
temperature rise with the rise coefficient at each stage of the order K so, that its temperature eventually will increase in

i-1

increasing geometric progression up to the value ZK‘ , where n >>1 - the number of stages of the temperature rise.

i=1

N
However, at a certain number of rise stagesn = N, the Rayleigh number R =R /IZK'H may increase to a value

i=1
R =R, . In this case, the characteristic equation will have another eigen values and, consequently, another expression

for increasing the liquid temperature. The water temperature will increase, but its final value should not exceed the
phase transition temperature, since in this case the original system of equations is not applicable.

Based on performed calculations an example of heating a rotating cylindrical volume of water without heating
from below is considered. This example shows that the problem of the occurrence of a temperature gradient in the
volume of water, as well as its heating in Ranque-Hilsch tubes, should be considered as an inverse Rayleigh problem. In
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the Rayleigh inverse problem it is required to find the temperature difference between the horizontal boundaries of a
viscous, incompressible liquid of a cylindrical form according to a given distribution of its horizontal and vertical
velocities.

The stability analysis of a rotating cylindrical volume of a liquid at heating from below has shown, that over time
the temperature difference of the liquid increases from zero at ¢ =0, reaches the first maximum value of the order K
and tends to unity oscillating with exponentially decreasing oscillation amplitude. In experiments with heating the
rotating cylindrical volume of a liquid, the value of the temperature difference set from outside determines the final
heating temperature of the liquid, as well as the initial rate of its variation. It is shown that the rate of temperature
variation of a heated liquid is greater than that of a similar one without heating.

Stationary temperature perturbations are considered for different rates of water heating.

In all cases it was proposed to consider two stages of the development of stationary perturbations.

At the first stage the water, as a result of a multistage heating at a rate set from outside, acquires a temperature at
which the Rayleigh number is small, but increases from the value R << R . toR= R, .

At the second stage of heating, when R =R_, the eigen values of the characteristic equation and the type of

particular solutions, of which the general solution for a temperature consists, change. The temperature of the system is
described either by a superposition of general solutions for the first and second stages of the temperature rise (at a low
heating rate), or only by a general solution for the case R = R, (at a high heating rate).

Comparison of theory and experimental data for heating water shows a qualitative and quantitative agreement.
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CTIAKICTb TOPU3OHTAJILHOT'O IUJITHAPUYHOI'O IAPY B'SI3KOi, HECTHUCJIHUBOI PITWHM 3 BUIbHUMHA
MEXAMM, IO OBEPTAETHCS TA HIAIT'PIBAETHCS 3HU3Y
0.JI. Angpeesal?, JLLA. Byaagin®, B.I. Tkauenko'?
!Hayionanshuii nayxosuii yenmp «XapriecoKuti (isuko-mexuiunuti incmumymy
syn. Axademiuna, 1, 61108, Xapxis, Yrpaina
?Xapriecoruil nayionanbhuil ynicepcumem imeni B.H. Kapasina
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina
3Kuiscokuii nayionanvhuii ynieepcumem iveni Tapaca Illeeuenka
8y1. Bonooumupcwra, 60, 01033, Kuis, Yxpaina
TeopeTHuHO AOCTIHKEHO CTIMKICTh LMTIHAPUYHOIO TOPU30HTAIBHOTO APy B'SI3KO1, HECTUCIMBOI PiIHHU 3 BIIbHUMH MEXKaMH, 110
obepraeTscs 1 MiAIrpiBa€ThCs 3HU3Y. Y HEXTYBaHHI BiALCHTPOBUMH CHJIAMH{ 3allMCaHi PIBHAHHS PyXy, TEIUIONPOBITHOCTI i
HECTHUCIIMBOCTI PiAWHM, 3 SKUX B JiHIHHOMY HaONIKEHHI OTPUMAaHO BioMe AWcHepciiiHe piBHSHHSA. PO3risiHYyTO CTilKicTh
00epTOBOTO IMIIIHAPUIHOTO 00'€eMy PIIMHM y BiACYTHICTH MIJIrpiBY 3HM3Y 3a YMOBH, IIO Pi3HUIS TEMIEPaTyp TOPU3OHTATBHHX
rpaHunb piguHU (ikcoBaHa, i JopiBHIOE Hymo. [lokazaHo, IO y BiJCYTHICTh MiAIrpiBy 3HM3Y 1 SIKIIO PI3HHUI TEMIIEpaTyp
TOPU30HTAIBHUX KOPJIOHIB pinuHM, 0 00epTacThes, He (GiKcoBaHa, 1 HE MIATPUMYETHCS 330BHI, TO 30ypeHa TeMIepaTrypa piluHu
Oyne 30ubIIyBaTHCS, aje ii KiHIEBE 3HAYCHHS He NEepeBHINyBaTHMe Temmeparypy (aszoBoro mepexony. OTpuMaHuil pesyinbTaT
BUKOPHUCTaHUH JUISl MOSCHEHHS HArpiBy BOJIM Y BHXpOBUX TpyOkax Panka-Xinmma. 3po0ieHO BHCHOBOK IPO Te€, IO HArpiB BOJAM B
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TpyOkax Tumy Panka-Ximma ciig po3risaaTH sIK 3BOPOTHY 3aaady Penes, B siKiif 3a BiJOMHM pO3IOALIOM IIBHIAKOCTEH BCepeauHi
00'eMy piIMHM MOXXHAa BH3HAYMTH TPaJi€HT TEMIEPaTypu, W0 BuHUKae. HaBeneHo aHani3 cTilikocTi 06€pTOBOrO LHIiHAPUYIHOTO
o0'eMy piguuu mpu migirpii 3uu3y. Ilokas3aHo, 10 B eKCIEpHMEHTaX BEIHYHMHA PI3HMII TeMIepaTyp Ha KOpIOHAX LMIIHApA,
3aJa€ThCS, a TAaKOXK II0YAaTKOBA IIBUIKICTH i 3MiHM BH3HAYa€ KIHIEBY TEMIIEpaTypy HarpiBaHHS pinuHd. [lopiBHSIHHS
3aIpPONIOHOBAHOT TEOPii Ta eKCIIEPUMEHTAIBHUX JaHUX JJIsI HATPiBy BOAM MOKA3ye€ iX TapHY SAKICHY 1 KUTBKICHY BiAIOBIAHICTb.
KJIFOYOBI CJIOBA: Tteopisi, CTiiiKicTb, B'S3KHH, HECTHUCIUBHUMA, pPiHHA, TOPU3OHTAIGHUNA IWIIHIPUYHUN [Iap, obepTaeThes,
HarpiBaeThesl, BUIBHI TPaHUII

YCTOMUYHUBOCTH BPAIIAIOIIETOCA M TIOJOTPEBAEMOI'O CHU3Y T'OPU30HTAJIBHOI'O
IUJINHAPAYECKOI'O CJO0SI BA3KOM, HECXKUMAEMOM )KUJKOCTH CO CBOBOJJHbIMU I'PAHULIAMHA
O.JI. Anapeesal?, JI.A. Byaasun’, B.W. Tkauenko!*

' Hayuonanonuiii nayunotii yenmp «XapoKo6ckutl (ousuko-mexuudeckuti uncmunmymy
ya. Akademuyeckas, 1, 61108, Xapvkos, Yxpauna
2Xapwrosckutl Hayuonanvubitl yrusepcumem umenu B.H. Kapasuna
nn. Ceo600wi, 4, 61022, Xapvros, Yrkpauna
3Kueeckuii nayuonanvuwiii ynusepcumem umenu Tapaca Illesuenko
ya. Braoumupckas, 60, 01033, Kues, Yxpauna
Teopernuecku ucciaeoBaHa yCTOWYMBOCTH BPAILAIOIIErOCS U MOJOIPEBAEMOr0 CHHU3Y TOPH30HTAIBHOTO IMIMHIAPHYECKOTO CIIOS
BSI3KOH, HECXKMMAaEeMOM >KUAKOCTH CO CBOOOJHBIMU IpaHULIAaMH. B mpeHeOpexeHnn HeHTpoOeKHBIMU CHIIAMH 3aIIMCaHbl ypaBHEHUS
IBIDKCHHS, TEIUIONPOBOJHOCTH M HEC)KUMAEMOCTH JKHAKOCTH, M3 KOTOPBIX B JMHEHHOM NPHONIKEHUH IIONyYeHO H3BECTHOE
IICTIEPCHOHHOE ypaBHEHHE. PaccMOTpeHa yCTOWYMBOCTH BpAINAIOIIETOCS MIIMHAPUYIECKOTO 00beMa KXHIKOCTH B OTCYTCTBHE
MOJIOTPEBa CHU3Y TIPH YCIIOBHHU, YTO PAa3HOCTh TEMIIEPATYp TOPH30HTAIBHBIX TPAHUI] JKUAKOCTH (UKCHPOBaHA, W PaBHA HYIIO.
[TokazaHo, 4TO B OTCYTCTBHE IOAOTPEBA CHU3Y W, €CIH PA3HOCTh TEMIIEPATYP TOPH30HTAIBHBIX TPAHUIl BPALIAONICHCS KUIKOCTH HE
(uKcHpoBaHa, U HE TOJEPKUBACTCS W3BHE, TO BO3MYIICHHAS TEMIIEpaTypa >KHIKOCTH OyJIeT yBEIMYMBATHCS, HO €¢ KOHCYHOE
3HAYCHHUE HE MPEBBIIIACT TEMIIEPaTypy (pa3oBoro nepexona. [lonydeHHbIH pe3ynbTaT UCIOJIB30BaH /s O0BICHEHHS HArpeBa BOJIBI B
BUXpPEBbIX TpyOkax Panka-Xwunma. Crenad BBIBOJ O TOM, YTO HarpeB BOZbI B TpyOkax Tuna Panka-Xwuima ciemyer paccMaTpuBaTh
Kak oOpaTHylo 3anmady Poames, B KOTOpPOH IO H3BECTHOMY pPACHpPEAEICHHIO CKOPOCTeH BHYTpH 0OBbEeMa MOXKHO OIPEAETHThH
BO3HHKAIOUINHA TPaTUCHT TeMIeparypsl. [IpuBeneH aHaaW3 yCTOMYMBOCTH BPAIIAIOMIECIOCS LMIMHIPUYIECKOTO 00BhEeMa JKHUAKOCTH
mpu mojorpeBe cHu3y. [loka3aHo, 9TO B SKCIIEPUMEHTAaX BEIMYMHA 3aaBACMOW Pa3HOCTH TEMIIEpaTyp Ha TPaHUIAX IWIMHApPA, a
TaK)Ke HayallbHas CKOPOCTh €€ M3MEHEHHs ONpeAeisIeT KOHCUHYIO TEMIIeparypy HarpeBa KHIAKOCTH. CpaBHEHHE MPEIIOKCHHON
TEOPHHM W OSKCICPUMCHTAIBHBIX JAaHHBIX JUIi HarpeBa BOJBI ITIOKA3bIBa€T HMX XOPOIIEC KAUYECTBEHHOE M KOJUYECTBCHHOE

COOTBETCTBHE.
KJIIOYEBBIE CJIOBA: Teopusi, yCTOWYMBOCTD, BSI3KHM, HEC)KHUMAEMbIH, )KMIKOCTb, TOPU3OHTAIBHBIN LMIMHIPUUECKUIN CIIOMH,
BpalIaeTcsl, HarpeBaeTCsl, CBOOOIHbIE TPAHULIBI
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The paper presents the results of the study of the models of convective instability near its threshold of thin layers of liquid and gas
bounded by poorly conducting walls. These models single out one spatial scale of interaction, leaving the possibility for the evolution
of the system to choose the symmetry character. This is due to the fact that the conditions for the realization of the modes of
convective instability near the threshold are chosen. All spatial perturbations of the same spatial scale, but of different orientations,
interact with each other. It turned out that the presence of minima of the interaction potential of the Proctor-Sivashinsky equation
modes, the absolute value of the wave number vectors of which is unchanged, determines the choice of symmetry and, accordingly,
the characteristics of the spatial structure. In the case of a more realistic model of convection described by the Proctor-Sivashinsky
equation, it was possible to observe both the first-order phase transition and the second-order phase transition and detect the form of
the state function, which is responsible for the topology of the resulting convective structures: metastable rolls and stable square
cells. In this paper, it is shown that the nature of the structural-phase transition in a liquid when taking into account the dependence of
viscosity on temperature in the Proctor-Sivashinsky model is similar to the case of the absence of such a dependence. The transition
time turns out to be the same, despite the fact that a different structure is formed - hexagonal convective cells. As in the Swift-
Hohenberg model, a hard mode for the formation of hexagonal cells in a gas medium is possible only for a sufficiently noticeable
dependence of its viscosity on temperature. The phase transition times are inversely proportional to the difference in the values of
this function for two consecutive states. A similar description of phase transitions did not use phenomenological approaches and
various speculative considerations, which allows for a closer look at the nature of transients.

KEYWORDS: first-order phase transition, the second-order phase transition, state function, convective structures, Swift-Hohenberg,
Proctor-Sivashinsky models.

Below, we discuss the possibility of phase transitions in a thin layer of liquid or gas, between walls with poorly
conducting heat. The layer is limited only from below and above, in other directions there are no borders.

We first consider the Proctor-Sivashinsky equation with allowance for the temperature dependence of viscosity
[1, 2] in the case of the proximity of the Rayleigh number to the critical value of the occurrence of convection Rq , that

iS, Ra = Ra,(1+¢)

a¢ 4 2

StV ¢+V[(2—7¢—(V¢) )V¢}+a¢=o, (1)
9 - 3¢

where e<<1, V¢ =i-—=+j-== is a two-dimensional operator, and, 7 , j are single unit orthogonal to each other unit

o p

vectors in the (£',2) plane of the media separation, and we will assume k, =1, since we restrict ourselves to the case of

a weak excess over the threshold of convective instability. Indeed, for any deviation of the wavenumber from unity, the
perturbation amplitude rapidly decreases. Here ¢ is the relative temperature at the upper boundary of the layer. An

increase in this value indicates an increase in the thermal conductivity of the layer as a whole.
Table 1.

Transition from used variables to real physical quantities

Physical Value Representation
Temperature  T(x/e, ) T, +(T, - T )(~y+F(xJe,y)
Horizontal speed V¥, 60+/¢ - F -2y’ =3y"+y)
Vertical speed -y, -30e-(F. ),z Ot =21+ %)

where f:x\/g, N=y, F=0¢-17/660 -

Equation (1) contains vector quadratic nonlinearity (that is, dependent on the orientation of perturbations and
derived quantities), and the cubic nonlinearity, which takes into account the influence of the temperature field at the
upper boundary of the layer, responsible for the change in the topology of spatial structures of convection.

To describe such convection under the same conditions, the simplified Swift—-Hohenberg equation is often used [3]
© Ivan V. Gushchin, Volodymyr M. Kuklin, Eugen V. Poklonskiy, 2019
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where the vector character of the nonlinear terms is replaced by the scalar one. Heree=(1—a), where such
dependences are chosen g = 4-4/231/68 , and the dimensionless heat transfer coefficient between the fluid and the
boundary, here equals the number of Biot and is equal to h=£”- 3.

The growth of disturbance amplitudes in case of instability ¢ o< exp{Ilme-T}occurs with an increment
Imw=e—(k*—1)*. For ¥ > 0 gas flow (this corresponds to gas convection) it goes back to the center of the cell,
with ¢ < 0 (which corresponds to the movement of the liquid) - vice versa.

The Swift-Hohenberg equation, as noted in the review [4], describes, after the formation of an amorphous state of
disorderly convection, a system of distinct hexahedral cells as a result of a soft (for liquid) and hard (for gas) instability
regime, observed in particular in [5]. Moreover, the nature of the instability demonstrates all the features of the first-
order phase transition — the formation of a clear spatial structure of convection from an amorphous state.

The purpose of the work is the analysis of the soft and hard regimes of structural-phase transitions in the Proctor-
Sivashinsky model in the conditions of temperature dependence of viscosity.

DESCRIPTION OF PHASE TRANSITIONS IN THE MODEL OF THE PROCTOR-SIVASHINSKY IN
THE ABSENCE OF TEMPERATURE DEPENDENCE OF VISCOSITY

In contrast to the traditionally used Swift-Hohenberg equations, we use the 3D Proctor-Sivashinsky equation that
meets the real conditions. This task is obviously three-dimensional in space and non-stationary, which at first glance
creates significant problems. However, the Proctor-Sivashinsky model makes it possible to reduce the dimension of the
description and focus on topological aspects, that is, appearance, size and development time of spatial structures.

In the case of a more realistic model of convection, described by the Proctor-Sivashinsky equation (1), both the
first-order phase transition and the second-order phase transition can be observed, and the state function, which is
responsible for the topology of the resulting convective structure, was detected [6].

The equation that determines the dynamics of the temperature field of this process in the horizontal plane (x, y) is:

%’:gzq)—(1—V2)2q>+;—v(v<b|q>|2)+ng, 3)

where ® =0/+/3, £€* = e, f— is a random function describing external noise, @ — the temperature deviation from the

equilibrium one (varying according to a linear law), and the magnitudeg determining the excess of the convection
development threshold, we suppose, as before, to be quite small (0<¢e<1).We present the solution in the form of

®=¢Y. 4, exp(ik,7) with | 121. =1.
J

For replacements T - ¢ = ¢, for slow amplitudes in the absence of noise, we obtain a mathematical expression for
the Proctor-Sivashinsky model for describing convection.

o4, 3 2
o =A; =y A, Ay, ZVU |4 4, @
i=1

where the interaction coefficients are defined by the relations ¥, =1 and y —(» /3)(1 +2( i ];)2) ) /3)(1+ 2c0878,)> ¥ "
ij i ij

the angle between the vectors Ei and lgj with the initial values of the amplitudes of the spectrum A; 0= 4,0, =27/3-

The analysis of the Proctor-Sivashinsky model in the absence of the dependence of viscosity on temperature
(7¥=0) was studied in detail by authors of this work earlier [7]. It was shown that after the first-order phase transition, a
quasistable system of convective rolls (the form of which is shown in Fig. 1a) is formed from amorphous random
convection of a state. Later, as a result of rolls modulation within the framework of a second-order phase transition,
form a stable field of square convective cells (the form of which is shown in Fig. 1b).

The first-order structural-phase transition, noted earlier in [4], corresponds to the transition from an amorphous
state of convection to a state that has the form of a pronounced spatial structure. It should be emphasized that such a
spatial clarity of the structure is observed only in conditions of proximity to the instability threshold. If, as a result of
instability, the topology of the structure changes, we can speak of a second-order structural-phase transition.

In this case, the phase transition times are inversely proportional to the difference in the values of the state

function ZA,-Z .
(+) N
{[zAj {z) } oy ®)
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It was the fulfillment of the last relation that allowed us to consider the value as a state function, since each spatial
structure of convection uniquely corresponded to its value of this function, besides, the phase transition time was also
related to the changes of the magnitudes of this function (these changes can be seen in Fig. 2). The fragments of the
spatial structure of the temperature field distribution on the surface of layer are presented in Fig. 3.

Fig. 1. Convective structures: rolls (a) and square cells (b)

03
1
ﬂ —40.2
—10.1
° A
AN 0

0 100 200 T

Fig. 2. Behavior of the quantity Z A (upper curve) and its derivative Bz A / dT oftime T
. a . b
. c . d

Fig. 3. The appearance of fragments of the spatial structure of the temperature field distribution on the surface of layer
a) — after the structural phase transition of the first kind with the formation of convective rolls, b) — with the transverse modulation of
the rolls, ¢) — with the formation of a metastable spatial structure, after the destruction of the system of rolls, d) — with the formation

of a stable convective structure - square convective cells.
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PHASE TRANSITIONS IN THE PROJECT-SIVASHINSKY MODEL UNDER THE CONDITIONS
OF VISCOSITY DEPENDENCE ON TEMPERATURE
Soft mode of excitation of a six-sided convective structure. Taking into account the temperature dependence of
viscosity demonstrates the ability to implement soft (when y<0) and hard (that is, setting the initial perturbation

already in the form of the desired structure 20% higher than the average values of the amorphous state upony>0)

excitation of six-sided convective cells, the state function of which is almost equal to the state function of the rolls
system. The time of the first-order structural-phase transition from the amorphous state is almost the same. When
negative ¥ < 0 is observed, as in the Swift-Hohenberg model, the mode of soft excitation of six-sided convective cells

(Fig. 4).

Y A
2.4 ar

—0.3

_/ 402

Jdo.1
0.5 {

0 J —0.1

0 50 100 150 T

Fig.4. Behavior of the value ZAZ (upper curve) and its derivative of time 7, aZ A? / 97 in soft mode excitement at ¥=-0.25

The time interval of the first-order phase transition is equal 7,, but despite the fact that the values of the state

function are equal to unity, which in the former case of the absence of the temperature viscosity dependence (¥=0),
corresponded to a system of convective rolls. But in that case the system of six-sided cells is formed, as can be seen in
Fig. 5, which depicts the dynamics of the instability spectrum.

T

Fig. 5. Dynamics of the instability spectrum with soft imbalance mode (¥=-0.25)
Hard mode convective hexagon structure. In the case of ¥ > 0 mode only hard excitation possible, that is, the

initial conditions must be specified in the form of hexagonal convective perturbations, clearly expressed against the
background of fluctuations. Under these conditions, all characteristics of the process are similar to the case of mild
excitation at the same values| y|. Otherwise, the dynamics of the process even in the case of non-zero y>0is similar to

the case of the absence of dependence of viscosity on temperature, discussed above.
To implement a hard mode against the background of an amorphous state, a structure was formed whose
amplitude was 20% higher than the average value of the amplitudes of the modes (Fig. 6).
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0 8 16 24 32 40 48 56 64 72 8 88 J

Fig. 6. The initial state of the spectrum of modes on the background of the amorphous state of the system before the phase transition
in a gaseous medium (7> 0)
The behavior of the state function z A* and the derivative of time az A /9T is presented in Fig. 7 and Fig. 8 respectively.
>4

1

0.1

0.0

N

(=)

0.8

0.6

0.4

0 8 1 2 3 4 4 5 6 7 7

Fig. 7. Behavior of the value of time 7 in hard excitation mode y=0.2
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Fig. 8. Behavior of the value of time T in hard excitation mode = 0.2
The dynamics of spectrum formation are shown in Fig. 9. The change 1 < j < 100 corresponds to a change in

angle 0 < ¥} < 277 . The appearance in the spectrum of three modes shifted by 277 / 3 corresponds to the formation of
hexagonal cells.

Fig. 9. Instability spectrum dynamics with hard imbalance mode (7 = 0.2)
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CONCLUSIONS

The peculiarity of the models describing convective instability of thin layers of liquid and gas, bounded by poorly
conducting walls of Swift-Hohenberg and Proctor-Sivashinsky, is that they single out one spatial scale of interaction,
leaving the possibility for the evolution of the system to choose the symmetry character. This is due to the fact that the
conditions for the realization of the modes of convective instability near the threshold of convective instability are
chosen. All spatial perturbations of the same spatial scale, but of different orientations, interact with each other. It
turned out that the presence of minima of the interaction potential of the Proctor-Sivashinsky equation modes, the
absolute value of the wave number vectors of which is unchanged, determines the choice of symmetry and, accordingly,
the characteristics of the spatial structure. It was in the case of a more realistic model of convection, described by the
Proctor-Sivashinsky equation (1), that we were able to observe both the first-order phase transition and the second-order
phase transition and detect the form of the state function that is responsible for the topology of the resulting convective
structures.

It should be noted that such a description of phase transitions did not use phenomenological approaches and
various speculative considerations, which makes it possible to more closely examine the nature of the transient
processes, which arouses the greatest interest of researchers. It is necessary to pay attention that presented on Fig. 3c. a
metastable state in the vicinity of a second-order phase transition needs more careful analysis and will help clarify not
only the particular nature of this transition, but it is possible to see some common features of such transitions.
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®A30BBIE NEPEXO/IbI B KOHBEKIIUHU
H.B. I'ymun, B.M. Kyxiinn, E.B. IlokioHckuii
Xapvroeckuii Hayuonanvrviil yHueepcumem umenu B. H. Kapasuna, Xapvxos, Ykpauna
ni. Ce0600wi 4, 2. Xapvkos, Ykpauna, 61022

B paGote mpencraBieHsl pe3yibTaThl U3yUEHHs MOJENEH ONUCaHUs KOHBEKTUBHOW HEYyCTOMYMBOCTH BOJIM3M €€ MOpOra TOHKHX
CJIOEB JKUJIKOCTH U Ta3a, OrPaHUYEHHBIX IUIOXO IPOBOJSIIMMH CTEHKAMH. DTH MOJEIH BBIICIAIOT OAWH IPOCTPAHCTBEHHBII
Macmrab B3anMOJCHCTBHS, OCTABIISAS U ABOJIIONUH CHCTEMBI BO3MOXKHOCTh BEIOPATh XapaKTep CUMMETPHU. OTO CBS3aHO C TEM,
9YTO BBIOPAaHBI YCIIOBHS PEAM3al[MH PEKHIMOB KOHBEKTHBHOW HEYCTOHUYMBOCTH BOIM3M ee Iopora. Bce mpocTpaHCTBEHHBIE
BO3MYIIECHHS OJHOTO MPOCTPAHCTBEHHOTO MaciiTaba, HO pa3sHOH OpHEHTAIMH B3aMMOMACHCTBYIOT MeXIy coOoil. Oka3anoch, 4To
HaJIMYie MUHIMYMOB MOTEHIMAaNa B3aUMOJCHCTBUS MOJ ypaBHeHHH IIpokTopa-CHBamMHCKOrO, aOCOMIOTHAS BEJIMYHHA BEKTOPOB
BOJIHOBBIX YHCEN KOTOPBIX HEM3MEHHA, M OMNpEJeiseT BHIOOP CUMMETPHUH M COOTBETCTBEHHO XapaKTEPHCTHKU MPOCTPAHCTBEHHOI
CTPYKTYpBL. B ciryuae Gonee peanncTHuHOM MOJETHM KOHBEKIMH, ONMMCHIBaeMOH ypaBHeHHeM IIpokTopa-CHBAIIMHCKOTO, YAAJIOCh
Ha0II0AaTh MPOIECCHl KaK CTPYKTYPHO-()a30BOTO mepexoja MepBOro poia, Tak M Imporecc (azoBoro mepexona BTOPOTO poja U
OOHapykKUTh BHUJ (QYHKIMHM COCTOSIHHUSA, KOTOpas OTBEYAeT 3a TOMOJOTHIO OOpa30BABIIMXCSI KOHBEKTHBHBIX CTPYKTYp:
MeTacTaOMIbHBIX BaJOB M CTAOMIBHBIX KBAJIPaTHBIX sdeeK. B maHHOHM paboTe MOKa3aHO, 4TO XapakTep CTPYKTypHO-(a30BOTO
Mepexosa TepBOro PoAa B JKUJIKOCTU TIPH ydeTe 3aBHCHMOCTH BS3KOCTH OT TeMieparypsl B Mozenu IIpoxropa-CHBammHCKOTO
nofi00eH ciTyyaro OTCYTCTBHS TaKOH 3aBUCHMOCTH. Bpems mepexosia OKa3bIBacTCsl TEM K€, HECMOTPSI Ha TO, YTO (hOpMUpYETCs HHAs
CTPYKTypa — ILIECTHIPaHHbIC KOHBEKTHUBHBIC sdeiiku. Tak ke kak B moneian Caudra-XodHOepra, BO3MOXEH KECTKUH PeXUM
(dopMHpOBaHUS IIECTUTPAHHBIX SUEEK B Ta30BOM cpeAe JMIIb JUI JOCTaTOYHO 3aMETHOW 3aBUCHMOCTU €€ BSI3KOCTH OT
Temneparypsl. BpemeHa (a3oBbIX IepexoJoB OOpPaTHO NPONOPLMOHAIBHBI PA3HOCTH 3HAYCHMH 3TOH (GYHKLUMH a1 IBYX
HocJIe0BaTeNIbHbIX cocTostHuM. [Tono0HOe omucanue (a3oBbIX NEPEXOJOB HE HCIOJIB30BAIO (DEHOMEHOJIOTMYECKHE MOAXOIbI U
pa3IUuHbIe CIIEKYIATUBHBIE COOOPAXEHHS, YTO MO3BOMIAET O0Jiee MPUCTANBHO PACCMOTPETh XapaKTep MepPeX0JHbBIX MPOLECCOB.
KJIOYEBBIE CJIOBA: ¢a3oBble nepexosl IepBOro poza, (asoBble MEpexolbl BTOPOTO pOja, KOHBEKTUBHBIE CTPYKTYDHI,
GbyHkius cocrosHus, moaenu Ceudra -Xosubdepra u [Ipokropa-CuparnHcKoro.

®A30BI ITEPEXO/IA B KOHBEKIIIT
L.B. I'ymun, B.M. KykJin, E.B. [lokaonckmii
Xapxiecokuti nayionanvhutl ynisepcumem imeni B. H. Kapazina, Xapxis, Yxpaina

nn. Ceoboou 4, m Xapxis, Yrpaina, 61022
VY po6oTi npescTaBieHo pe3yabTaTH BUBYESHHS MOJEINEl ONMCcy KOHBEKTHBHOI HECTIHKOCTI 1MOOH3y 11 opora TOHKUX IIapiB piIuHA
i rasy, OOMEKEHHX CTIHKaMH, M0 clabko MpoBOJATH Temio. L{i Mozjeni BHIUIAIOTH OJWH MPOCTOPOBHU MacmiTad B3aEMOi,
3aJIMIIA0YH TSI CBOJIFOLIT CHCTEMH MOJKIUBICTh BHOpaTH XxapakTtep cuMerpii. Lle mos's3aHo 3 THM, 0 0OpaHi YMOBHU peaizamii
PSKUMIB KOHBEKTUBHOI HECTiHKOCTI mobum3y i mopory. Bci mpocTopoBi 30ypeHHS OIHOTO MPOCTOPOBOTO Maciitaly, ajne pi3HOi
Opi€HTAIli B3a€EMOIIIOTh MK c000r0. BusBHIOCS, IO HasBHICTP MIHIMyMIB MOTEHIialy B3a€MOii MOX piBHSHB I[IpokTopa-
CiBanriHCKOro, a0CONIOTHA BEIMYMHA BEKTOPIB XBHIJIBOBHX YHCEN SKMX HE3MiHHA, 1 BU3HA4ae BUOIp CUMETpii Ta XapaKTCPUCTUK
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MPOCTOPOBOI CTPYKTYpH. Y BHOAIKy OUIBII peasicTHYHOI MOJENi KOHBEKMii, omucyBaHOi piBHsSHHSAM IIpokropa-CiBamriHckoro,
BJAJIOCS CIIOCTEPIraTé MPOLECH SIK CTPYKTPHO-(a30BOro Mepexoay MEepLIoro poly, Tak i Mpolec cTpyKTypHO-(a3oBoro mepexomy
JOpyroro poxay i BUABUTH BHI (PYHKUIl CTaHy, sKa BiANOBifa€ 3a TOMOJOIiI0 KOHBEKTHBHUX CTPYKTYp: MeTacTabLIbHHX BaliB i
CTaOUIPHUX KBAJPaTHUX CTPYKTYp. Y HaHiii poOOTi MOKa3aHO, L0 XapaKTep CTPYKTYypHO-(a30BOro mepexoiy MEpuioro poay B
piiuMHK TpU ypaxyBaHHI 3aJle)KHOCTI B'S3KOCTi Bix TemmepaTypu B Mopaeini IIpokropa-CiBamriHcKoro mofiOHuii BHOAAKy Npu
BiZICYyTHOCTI Takoi 3aJeXHOCTi. Yac mepexoay BUSIBISIETHCS THM JKe, HE NUBJISAYUCH HA T, WO (OPMYETHCS iHIIA CTPYKTypa -
LISCTUTPAaHHI KOHBEKTHBHI cTpykTypu. Tak camo sik B mozeni Caidra-XoeHOepra, MOXIIUBHH JKOPCTKHH PexHUM (OPMYBaHHSI
IIECTUTPAaHHUX CTPYKTYp B Ta30BOMY CEPEIOBHIII JIMIIE I JOCUTh IIOMITHOIO 3aJeXHOCTI 1 B'A3kOCTi Bif Temmeparypu. Yacu
(ha3oBUX TEPEex0IiB 0OCPHEHO MPOMOPIINHHI Pi3HUIN 3HAUCHD i€l QYHKIT VIS TBOX MOCHIIOBHUX cTaHiB. [loaiOHuii onmc $hazoBux
TIepexo/iB He BUKOPHCTaB (DeHOMEHOJOTIUHI MiAXOAH 1 Pi3HI CHEKYJITHBHI MipKyBaHHS, IO AO3BOJISIE OLIBII MHIBHO PO3TIISTHYTH
XapakTep MepexiTHUX MPOIIECiB.

KJIFOYOBI CJIOBA: da30Bi nepexou nepuoro poay, Gba3oBi mepexoau APyroro poay, KOHBEKTUBHI CTPYKTYpH, QYHKIIS CTaHY,
mozeri Ceidra -Xoenbepra i [Ipokropa-CiBammiHckoro.
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ON FREQUENCY AND SPATIAL PERIODICITY OF THE WAVES OF THE
ANOMALOUS AMPLITUDE IN THE OCEAN

Volodymyr M. Kuklin, ““'Eugen V. Poklonskiy
V.N. Karazin Kharkiv National University, Kharkiv, Ukraine
Svobody Sq. 4, Kharkiv, Ukraine, 61022
E-mail: kuklinvm1@gmail.com
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The paper shows that the waves of anomalous amplitude are long-lived formations. They drift in the direction of the wave motion
with the group velocity of the wave packet, which is half the phase velocity of the main wave. The swing of the wave (the distance
from the hump to the trough) of the anomalous amplitude is more than three times the average value of the sweep of the wave
motion. The modulation instability of this wave form a perturbation spectrum, the energy of which is twice the energy of the main
wave in the developed process mode. The spatial size of the wave packet practically does not change, the amplitude of the swing in
the maximum first increases, then gradually decreases. The number of such waves in areas of strong wind exposure is much larger
than the statistics of random interference processes allow. This is due to the influence of the main wave (its amplitude remains
noticeably greater than the amplitudes of each of the modes of the wave packet) on the behavior of each pair of modes from the wave
packet of the perturbation. In the laboratory system, the duration of the anomalous wave coincides qualitatively with the time of
existence of the Peregrin autowave. Although the Peregrin autowave corresponds to a different physical reality, where the dispersion
of the wave is weak. Gravitational surface waves have a strong dispersion, and the NSE equation in this case is noticeably modified.
However, in rest system of the wave packet (moving relative to the laboratory system) the abnormal amplitude wave lifetime is much
longer. The distance that the wave packet travels with a persisting anomalous sweep is at least equal to several hundred wavelengths
and can reach hundreds of kilometers. A simple calculation of such waves by means of space monitoring due to the small viewing
area (frame) may be inaccurate. Once formed, such waves are able to drift over considerable distances. However, they may well get
into the next frame of view. That is, estimates of the number of such waves can be overestimated.

KEYWORDS: long-lived wave of anomalous amplitude, ocean waves, modulation instability.

The actual problem of the safety of shipping and oil and gas production in the oceans and seas is to determine the
conditions for the appearance of surface waves of abnormal amplitude that can lead to major disasters and accidents.
Earlier, when the intensity of shipping and oil and gas production was not so intense, the occurrence of such waves was
considered to be quite rare, and they simply did not consider it necessary to take into account their appearance and
impact. However, with an increase in the number of vessels and their personnel, numerous evidences of the appearance
of such anomalous waves appeared. However, people are not only worried about the detection of such waves of
anomalous amplitude, it is necessary to find out the characteristics of the life cycle of such waves, how long they are
able to exist and whether they can move. The purpose of this work is to try to find out the conditions for the existence of
waves of anomalous amplitude, the nature of their appearance and the dynamics of propagation.

DESCRIPTION OF SURFACE WAVES IN DEEP WATER
Large-amplitude surface waves in deep water that cause concern to ocean logistics have a frequency of [1]

w=\g-k-{1+] 4] K /2] (M
which approximately corresponds to the Lighthill-NSE equation [2] of the form
2
9 d=ior (1——|A a_] ()
ot
where A:Z\ A, |-exp{—iw-t+ i(k0+ K)x} is the deviation of the surface, g is the acceleration of free fall, with the

K
maximum steepness for stable waves before they collapse H/A=0.11+0.13, where H = 2| A | is the steepness

(span) of the wave, that is, the distance between the upper point of the wave crest and the lower point of the wave
trough, A=27/k, is the wavelength of large amplitude. The width of the spatial instability spectrum under these

conditions is not so small; therefore, the equation for the complex slow varying (here the dependence
oc eXp{—i@-t+i@,} is excluded) field amplitude is represented as [3, 4]

aa =04, —1(1/ (k, +K) \/gT) g(ky+K) {\AI 4}, . (€)
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In the simplest case of a plane wave front, the field of perturbations is written in the form

A(;,T) = (uo + Z [uK 28 {+iK§ + l(¢1< _¢0)} tu_g -exXp {_iK; +i(¢_1< _¢0)}])a )

K#0
K>0

where the following notation is used, 4, /| 4, |=a, = a, | exp{id, } =u, exp{id, },

2 k' | 4, |?
koé::;” 0(21(0 |Ao 2’ T=t-4/gk, 0|20|’ K > K/ky, 20-¢; 0, =D =D .

Spectrum modes are located in the intervals 0< K <2K,, and -2K, <-K<O0, K=0.3.L, i==+(1,2,..N),
N

@=0.05, N=100. The initial amplitudes u,(7=0)=10", and their phases ¢, (7 = 0) are randomly distributed in the

range of (0—27).
Finally, the system of equations describing the modulation instability of a wave of large amplitude takes the form
for the main mode

Juty +Ouy +2uy Y ugu_ sin®, =6, (5)
T K>0
aﬂ——uz—ZZ(u ® tu 2)—2Zu u_,cos® (6)
- (] K -K K*-K K>
aT K>0 K>0

and for the modes of the spectrum of the modulation instability developing in this case [5]

2[{A+K) -1
9 _ —M—(1+K)“ 2D ul ut + Lk > uy u_gcos(@ — Py}, Q)
ks a K%K Uy K=K
d
% =—Oug +(1+K)** [u_y -u)’sin® +2u_ Y u_sin(@, — D), (®)
K>0
where ¢ is the wave decrement, and to maintain the amplitude of the main wave, the same value is on the right-hand

side of (5).
Here, the description is used within the framework of the so-called modified S-theory [6], and the interaction

occurs only between the modes of the spectrum (kn +k_n =2k0, ks +k S =kn +k_n) that are symmetrical with respect

to pumping. In [5], it was shown that direct calculation of equation (2) and model (4) - (8) lead to qualitatively the same
results.

In the presented model, the characteristic spatial scale correlates with the wavelength, that is k,& = ¢, the time

. . . . oo . . . .
scale is determined by the ratio, that is 7 =¢ = the unit of measurement in space is the wavelength, and the unit of

measurement in time is the oscillation period multiplied by & - 7T .

MODELING OF THE PROCESS OF FORMATION OF WAVES OF THE ANOMALOUS AMPLITUDE
For each point in time, a relative maximum span is calculated: the ratio of the maximum span to the average over
the entire space.

o e
Hav J\ I o Al Mo ““H W
s ] m LM‘ J%M = K\ A 25 W MU M" ‘WN‘\ A ‘
5 Wm_ami MWW ”F“W/MWW {\L‘ e \\f \/“‘«J iy — | ‘HIWVM J\rb\wﬂu w)f/ MW w’k/m\ | JM'V
1.5 L 15 '-
0.5 0.5
‘ 0 200 400 600 800 1000 ¢ ° 0 200 400 600 800 1000

Fig. 1. Behavior of maximum wave span from time A __ (left) and relative maximum wave span H _, (right) in the interval

max rel

—1047 < ¢ <1047 (about 333 wavelengths)

At the initial stage of instability development, an exit to a quasistationary regime occurs with an average swing of
wave motion close to unity, which is approximately two times less than the initial value for the main wave. The largest
sweep of the waves is reached at the moment of time 7 =425 in the region near { = —482and also at the moment of
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time 7 =888 near { =956. For example, one can imagine phase diagrams and a field view in the vicinity of the swing

peak (Fig. 2).

=425 =888
u0=0.266 uo=0.304

940 950 960 970 ¢

) —

-500 -490 - -470 ¢
Fig. 2. Phase diagrams and field view near the maxima of the sweeps for the first maximum H
and H,, K =3.035 H,, =3.094 (right)

[ =3.118 H,, =3.253 (left)

rell

max |

It should be noted that, although the amplitude of the main wave (the fat point) is not small, it already loses control
of the instability. Indeed, in the developed mode, the energy of the main wave is half the energy of the spectrum
(Fig. 3), which by the way is characteristic of developed modulation instability modes in other cases [7].
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0 200 400 600
1-350

800

Fig. 3. Behavior in the developed mode of the energy of the main wave u02 (lower curve), energy of the spectrum Zuf{ (middle
K

curve) and total energy u,” + z u. (upper curve)
K

It is of interest to consider the motion of wave packets with a maximum amplitude in space and in time (Fig.4.)

Hya Hpa
3\/\/\ L T
2 2
1 1
410 420 430 440 1 870 880 890 900 910 7

Fig. 4. The change with time of the maximum amplitude of the wave packets near the maximums of swing for the first
maximum (left) and (right)
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For the first package (left), the maximum speed in units of model 21.6, for the second package (right) the
maximum swing speed is 21.7. That is, the movement of the crest of the anomalous wave occurs at the same speed. This
speed is the group velocity of the packet, which is easy to see when considering the ratio from where.

% gre=P b Ve 2 g% sy, ©)
oT ot w-(xl2) v

In the laboratory system, the change in the amplitude of the wave crest of the anomalous amplitude is more
pronounced (Fig. 5). This qualitatively corresponds to the duration of the Peregrin autowave [9] in the laboratory
reference frame. Although it should be noted that the Peregrin autowave corresponds to a different physical reality,
where the dispersion of the wave is weak. It is easy to see that gravitational surface waves from expression (1) have a
strong dispersion, and the NSE equation (3) in this case is strongly modified. However, in rest system of the wave
packet (moving relative to the laboratory system) the abnormal amplitude wave lifetime is much longer.

From Fig. 4 it can be seen that the time of existence of an abnormal amplitude wave in the reference frame moving
with the group velocity of the packet does not exceed 40 units in the model under consideration. Given its speed, a wave
can go through hundreds of wavelengths (Fig. 6). It is worth noting that in the considered numerical experiment, at one
time point, two waves of anomalous amplitude of 333 waves appeared in the observation area (Fig. 1) and during the
time about 40 units of new waves did not occur, then people at sea may encounter this same wave more than once.

H

o v

ph ph

3

88 88 89 T
Fig. 5. Changing the amplitude of the wave of anomalous amplitude for the second packet, the maximum values of which were

In conclusion, it is possible to imagine the dynamics of the motion of the wave packet, the maximum range of
which reached the highest value at the moment of time 7 = 425 in the region neary = —482.
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Fig.6. The dynamics of the wave packet, the maximum range of which reached its highest value at the time 7 = 425 instant
in the area near ¢ = —482 for time points a) 7 =420,b) T=425,¢) 7 =430
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CONCLUSION

Waves of anomalous amplitude, as it turned out, are long-lived formations drifting in the direction of wave motion
with the group velocity of the wave packet, which is half the phase velocity of the main wave. The longitudinal size of
the wave packet practically does not change, the amplitude of the swing in the maximum first increases, then gradually
decreases. The distance that the wave packet travels with a persisting anomalous sweep is at least equal to several
hundred wavelengths and can reach hundreds of kilometers for 300 meter waves.

It is important to note that a wave excited as a result of wind exposure as a result of modulation instability forms a
perturbation spectrum, whose energy is twice the energy of the main wave in the developed instability mode. It is the
interference of the modes of this spectrum that forms a bizarre wave pattern, where from time to time anomalous
amplitude waves appear.

On the one hand, the number of such waves in areas of strong wind exposure is much larger than the statistics of
random interference processes allow. This is due to the influence of the main wave (its amplitude remains noticeably
greater than the amplitudes of each of the modes of the wave packet) on the behavior of each pair of modes from the
wave packet of the perturbation. This is the effect of forced interference imposed by the main wave. However, the
simple calculation of such waves by means of space monitoring due to the small viewing area (frame) may also be
inaccurate. Once formed, such waves are able to drift over considerable distances. Moreover, they may well fall into the
next viewing frame, which will unreasonably increase the number of such waves in the entire observation zone. That is,
estimates of the number of such modes can be overestimated.

As shown in [7, 8], the shape of the packet, which contains a wave of anomalous sweep, more than three times the
average span of wave motion, is a train of three waves, similar to Peregrin's autowave [9]. V.E. Zakharov’s remark that
there are other types of anomalous waves of a given nature [10,11], based on observations [12,13], is explained by the
results of [14], where it is shown that converging wave fronts can certainly generate more powerful abnormal
perturbations of a different topology.

Authors are grateful to prof. V.A. Buts for discussing the results of the work.
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JO MUTAHHSA ITPO YACTOTY I TIPOCTOPOBY NEPIOJUYHICTbD IIOSIBH
XBUJIb AHOMAJILHOI AMILIITYIA B OKEAHI
B.M. Kykain, E.B. Iloki1oHckuii
Xapriscoruti nayionanohuu ynieepcumem im. B. H. Kapasina, Xapkis, Ykpaina
M. Ce0600u 4, m. Xapxis, Vkpaina, 61022
B po6orti noka3aHo, 1110 XBHJIi aHOMaJbHOT aMILTITYIH € JOBIO>KMBY4YUMH YTBOPEHHSIMU. BoHU 1peiidyoTh B HAIPAMKY XBUIILOBOT'O
PYXY 3 TPYHOBOIO IIBUIKICTIO XBHJIBOBOTO MAKETA, sIKa BABIYl MeHIIE (a30BOi MBUIKOCTI OCHOBHOI XBuii. Po3max xBuii (BicTaHb
Bif rop0a [0 3amajiH{) aHOMAaJbHOI aMIUTITYAX OLTBIN HiXK BTPHUUI IIEPEBEPIIYE CEPEAHE 3HAUCHHS PO3MaxiB XBHUIBOBOTO pyXy. B
pe3ysbTaTi MOIYIAIIHHOI HecTIHKOCTI miel XBUI (opMyeThesl CIIeKTp 30y UKEHb, SHEeprisl SKOro BJBIUi Oiiblle eHeprii OCHOBHOI
XBHIII B pO3BUHEHOMY pexwuMi mporecy. IIpocTopoBuii po3Mip XBHIBOBOTO MaKeTa IPAKTUIHO HE 3MIHIOETHCS, aMILTITYa pO3Maxy B
MaKCHMyMi CIIOYATKy HapoCTa€, HOTIM MOCTYIIOBO 3MEHINYETHCS. UHCIO TAKUX XBWIb B 30HaX CHJIBHOTO BITPOBOrO BIUIUBY 3HAYHO
Oiiplre, HDK Ie JO3BOJISIE CTaTHCTHKA BHIAAKOBUX iHTepdepeHuiiinnx mponeci. Lle o0ymoBieHO BIUIMBOM OCHOBHOI xBHII (11
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aMIUTITY/la 3aQJHIIAETBCS MOMITHO OLNbIIE aMIUTITY] KOXHOI 3 MOJ XBHJIbOBOI'O IIaKeTa) Ha IMOBEAIHKY KOXHOI Mmapu MOA 3
XBHJIBOBOTO Takera oOypeHHs. Y 51abopaTOpHii cHCTeMi TPHUBAiCTh BUHUKHEHHS aHOMAJbHOI XBHJII SIKICHO 30ira€ThCs 3 4acom
icHyBaHHs1 aBToBONHU [leperpuHa. Xodva cilijJi 3a3Ha4YMTH, 10 aBTOXBWIs [leperpuna BiAmoBifgae iHIIO! (i3UYHOT peasbHOCTI, e
Jucriepcis XBii ciabka. ['paBiTariiiHi MOBEpXHEBI XBHIII MalOTh CHIIbHY auctiepciero i piBHsHHS HYIL B 1bOMy BHIIAAKY MOMITHO
MomudikyeTbes. OHAK B CHCTEMI CIIOKOIO XBHJIBOBOTO MAKETY, (SKa PyXaeThesl BITHOCHO JTaOOpaTOPHOi CUCTEMH) Yac YKUTTS XBHIIL
AQHOMAJIBHOT aMILIITY ¥ iCTOTHO Oinblie. BifcTanp, sSIKy MPOXOIUTH XBIIILOBOI MAKET 3 aHOMAJIBLHUM PO3MaxoM, BIAIIOBINAE KITBKOM
COTHSIM JIOBXKHH XBHJIb 1 MOXE JIOCATaTH COTEHb KiloMeTpiB. [IpocTHil miipaxyHOK TAKHX XBHIIb 32C00aMH KOCMIYHOT'O MOHITOPHHTY
4yepe3 HEBEIHKY 30HY (KaJp) Meperdisiay MOXe BUSBUTHCS HeTouHMM. OJHOTO pasy 3°sBHBLIMCH, TaKi XBHJII 3/aTHi ApeidyBaTn Ha
3HayHi Bijicrani. [IpM 1[bOMY BOHH LIJIKOM MOXYTbh MOTPANUTH B HACTYNHHI Kaap neperysity. ToOTO OLIHKK YMCIa TAKHX MOJ
MOXYTb OyTH 3aBHIIICHI.

KJIFOYOBI CJIOBA: 10BrojkuByya XBUJIsi aHOMaJIbHO aMIUTITY/IH, OKEaHChKE XBHIIIOBAHHSI, MOy ISIIIIiHA HECTIHKICTh

K BOITPOCY O YACTOTE U TIPOCTPAHCTBEHHON MEPUONYHOCTH IMOSABJIEHUASA
BOJIH AHOMAJIBHOM AMILIUTYIbI B OKEAHE
B.M. Kykaun, E.B. Iloxsioncknii
Xapvrosckuil nayuonanvhvlill yHueepcumem umenu B. H. Kapasuna, Xapvxos, Ykpauna
ni. Ce60600wi 4, 2. Xapvros, Ykpauna, 61022

B pabore moka3zaHo, YTO BOJHEI AHOMAJIBHOM AaMIUTUTYJBI SBISIOTCS IOJTOXUBYIIUMHU oOpasoBanmsimMu. Oum npeiidyror B
HalpaBJICHUH BOJHOBOTO JIBIDKCHHS C TPYIIIOBOH CKOPOCTBIO BOJHOBOTO ITAKeTa, KOTOpas BABOE MeHbIIE (a30oBOH CKOpOCTH
OCHOBHO# BOJHBL. Pa3max BoJHBI (pacCTOsiHUE OT ropOa J0 BIAJMHBI) aHOMAIBHOH aMIUIMTY/ABl B pe3ylbTaTe MOJIYJISLIHOHHON
HEYCTOHYMBOCTH, Oojiee uYeM BTpOE INPEBOCXOJUT CpeJlHee 3HAUCHHE pPa3MaxoB BOJIHOBOIO JIBHKEHHMs. B pesysbrare
MOJYJIALMOHHON HEYCTOHYMBOCTH 3TOH BOJIHBI (HOPMUPYETCS CIEKTP BO3MYILIECHHS, SHEPTUsi KOTOPOro BBOE OOJIbIIEC SHEPTUU
OCHOBHOHM BOJHBI B Pa3BUTOM pEXHMe Ipoiecca. IIpocTpaHCTBEHHBINH pa3Mep BOJHOBOTO IMAaKeTa MPaKTUYeCKH He MeHseTcs,
aMIUINTyZa pa3Maxa B MaKCHMyMe CHaJdajla HapacTaeT, IOTOM IIOCTENIeHHO yObiBaeT. UMCIO TakMX BOJH B 30HAX CHIIBHOTO
BETPOBOTO BO3JCHCTBUS 3HAUUTENHHO OOIBINE, YEM TO pa3pelIaeT CTaTUCTHKA CIyYaifHBIX MHTEP(EPEHINOHHBIX MPOIECCOB. DTO
00yCIJIOBIEHO BIMSIHUEM OCHOBHOW BOJHBI (€€ aMILUTUTY 1A OCTACTCsI 3aMETHO OOJIbIIe aMILUTUTY T KaJKIOH U3 MOJI BOJTHOBOTO ITAKETa)
Ha TIOBEACHHME KaKIOW Mapbl MOJ W3 BOJHOBOTO IIaKeTa BO3MYIICHHS. B mabopaTopHOi cucTeMe HpOAOJDKUTEINEHOCTh
BO3HMKHOBEHUSI aHOMAJIbHOM BOJIHBI KaYECTBCHHO COBIIAZAET C BPEMEHEM CYILECTBOBAaHUS aBTOBOJIHBI [leperpuna. XoTs cienyer
OTMETHUTB, YTO aBTOBOJHA [leperpnHa oTBeuaeT MHON (PM3MYECKOIl pealbHOCTH, IJie JUCIepCUsl BOJIHBI ciadast. ['paBUTallMOHHBIE
MTOBEPXHOCTHBIE BOJHBI 00JIaal0T CHIIbHOHN aucniepcueid u ypasHenne HYI B sTom cinyuae 3ametrHo moauduuupyercs. OnHako B
JBIKYIEHCST OTHOCUTENBbHO J1Ia0OPAaTOPHOM CHCTEME IOKOSI BOJHBI BpeMs >KH3HM BOJIHBI CYLIECTBEHHO Ooubiie. Paccrosnue,
KOTOpOE ITPOXOAUT BOJTHOBOM MAKET C COXPAHSIIONIMMCS aHOMAJIBHBIM pa3MaxoM, 10 KpaifHeil Mepe paBHO HECKOJIBKHM COTHSIM JITHH
BOJIH W MOXET JOCTHUTaTh COTEH KHJIOMETPOB. IIpocToif MmojcYeT TakWxX BOJH CPEACTBAMH KOCMHYECKOTO MOHHTOPHHIA H3-3a
HeOONBIION 30HBI (Kajgpa) NPOCMOTpa MOXKET OKa3aThesl HEeTOYHBIM. OHaXIbI 00pa30BaBIIMCh, TAKHE BOJHBI CIOCOOHBI
npeiihoBaTh Ha 3HAUUTENBHBIE paccTosTHUS. [Ipu 95TOM OHHM BITOJTHE MOTYT IONACTh B CIEAYIONIHH KaIp IpocMoTpa. To ecTh OIeHKH
YHCJIA TAKUX MOJ MOTYT OBITH 3aBBIIICHBI.

KJ/IFOYEBBIE CJIOBA: nonroxxuByiias BoJHAa aHOMaJIbHO aMIUIUTYIbl, OKEAHCKOE BOJIHCHUE, MOYJIALIUOHHAS HEYCTOHUMBOCTD
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Raman Effect is the measurement of the intensity and wavelength of the inelastically scattered radiation that falls on a molecule. The
electric field of the incident radiation polarizes the molecule on which it falls and this leads to the creation of an oscillating dipole. The
incident polarized laser light is inelastically scattered by the molecular sample. The scattered light contains modified wavelengths
called the Stokes and anti-Stokes lines or wavelengths. The oscillating electric dipole, created by the incident radiation, creates an
oscillating electric field around it. Since the oscillating electric field of the incident radiation creates an oscillating electric dipole that
create an oscillating electric field around it, it was surmised that this oscillating electric field can affect the frequency of vibration or
oscillation of the oscillating electric dipole that produces it. This novel effect will change the frequency (frequencies) of the scattered
radiation resulting in Stokes and anti-Stokes lines with modified frequencies. This theoretical research and its importance can be
understood like this. For instance, if there are two cells or molecules, side by side, in which one is a healthy cell and the other is
cancerous, or two different types of molecules are sitting side by side, this types of scattering should be able to distinguish one from
the other since the Stokes and anti-Stokes lines from the two molecules will not be identical. Thus, the incident radiation of angular
frequency w1 polarizes the charges of the molecule on which it falls and this leads to the creation of an oscillating dipole of frequency
2. The oscillating dipole creates an oscillating electric field that can create additional frequency of the oscillating dipole that created
it, and let this be wp. Then the Raman lines can have frequencies (w1+w2+wp), (Wi1+w2-wp), (Wi-W2twp), and (W1-wW2-WD).
Depending on the relative magnitudes of w2 and wp, Raman lines will be designated as Stokes and Anti-Stokes lines. Due to the law
of conservation of energy, wpwill be less thanw: since an oscillating dipole cannot create field of frequency more than its own
frequency. Hence the frequencies (wi-w2+twp) and (wi-w2-wp) correspond to Stokes lines, and frequencies. (wi1+w2twp) and
(w1+tm2-wp) will correspond to Anti-Stokes lines. Calculations for Stokes and Anti-stokes lines have been done for some molecules,
namely Ammonia compound (NH3), Nitrousoxide compound (N20), Water (H20), Sulphur dioxide compound (SO2), Ozone compound
(O3). Calculations have also been done for compounds containing carbon, such as Dichloromethane compound (CH4Clz), Formic acid
compound (CH202), Methanol compound (CH40), Benzene compound (CsHs), Propane compound (C3Hs), and Carbonyl chloride
compound (Cl2CO). The theory developed predicts new phenomena of getting Stokes and anti-Stokes lines with modified wavelengths
which have not been observed experimentally as of to-day.

KEYWORDS: clectric dipole, Raman lines, Stokes lines, anti-Stokes lines, oscillating electric dipole

Inelastic scattering of light by a molecular sample was first predicted theoretically by Adolf Smekel [1]in 1923. The
phenomenon was experimentally discovered in 1928 by an Indian Scientist C.V Raman [2,3]. He discovered the
phenomena using filtered sunlight as a monochromatic source of photons, a colored filter as a monochromator, and a
human eye as a detector. Originally Raman and Krishna observed the scattering of spectrally filtered sunlight from a
liquid and observed that the scattered light contained very weak signals of light that had slightly different frequencies
compared to the frequency of the incoming light. Some of the incident photons are elastically scattered (Rayleigh
scattering), and it is found that hardly 1 in 107 incident photons are elastically scattered. The number of inelastically
scattered photons is much less. Quantum-mechanically, this process of scattering is interpreted as the shifted quantum
states of the molecule. However, the intensity of the Raman signal is very low since hardly in 1 in 10® incident photons
are inelastically scattered. The shifted quantum states lead to shifted frequencies in the scattering process, and these appear
symmetrically around the frequency of the exciting radiation. This leads to the conclusion that the molecule may be either
excited or de-excited during the scattering process. If the molecule is excited before the scattering event, it leads to Stokes
scattering i.e., if wiaser is the frequency of the incident light and ws is the frequency of the scattered light, then the Raman
shift in frequency (Stokes lines) is Aw=wiaser-s Which is positive. However, when the molecule is de-excited, the Raman
shift in the frequency will be such that ws>miaser, and these Raman lines are called anti-Stokes lines. Hence, the frequencies
of the Raman lines depend on the states of excitation of the molecule on which the incident radiation falls.

Now it is well known that when light falls on a molecule, the molecule is polarized by the electric field of the incident
radiation (also called the incident field). Both linear and nonlinear optical effects can be understood as resulting from the
interaction of the electric field component of the incident electromagnetic radiation with the charged particles of the
molecule or material. In general, an applied electric field moves positive charges in the direction of the electric field, and
negative charges in the opposite direction. The electric field associated with the visible and near-infrared range of the
electromagnetic spectrum oscillates at frequencies in the range of the 103 THz. These driving frequencies are quite large
such that light particles, like electrons in the molecules or material follow the rapid oscillations of the driving field. This
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is not the case for nuclei that are heavy particles. As a result of the driving fields, the bound electrons are slightly displaced
from their equilibrium position. This process creates induced oscillating dipole that creates oscillating electric field. This
oscillating electric field can affect the state of polarization of the molecule that created it, and also the quantum states of
the molecule. It is this phenomenon that motivated us to study its effect on the frequencies of the resulting Stokes and
anti-Stokes lines. It needs to be emphasized that the spectroscopic technique based on Raman scattering has been widely
used in chemical analysis, study of biomolecules, crystals and powders, food industry, medical and environmental
applications. The greatest advantage of this technique is that it requires very little or no sample preparation. The theory
developed in this manuscript and the experimental techniques that may be developed in future could be very useful in
medical science since the technique could be used to locate the disease in hidden parts of the body without destroying or
affecting any internal structure or organs of the body [4].

We will now describe the basic ideas that will lead to the development of the theory suggested in this paper. It is
well known that a dipole creates an electric field, say Ea, that polarizes the solid [5-7]. If all the molecules of the system
are at one place, they all get polarized (i.e. each molecule acquires an induced dipole moment) and each causes an electric
field at some point ro where the local field is calculated. An oscillating molecule under the action of an electric field (Ei)
from the incident radiation will develop an oscillating dipole resulting in the creation of an oscillating electric field (EL).
The magnitude of the molecular response is proportional to the sum of all the fields (Eit+EL) acting at the same or some
point ro, and the sum of these fields is called primary field. More explicitly we write the fields at the position ro at the
time t as, Ei(ro, t) and EL(ro,t), and the primary field say,

Ep(ro,t):Ei(ro,t)+EL(I‘o,t). ( 1)

Now if @, is the frequency of the incident radiation, w> is the frequency of vibration of the induced of the molecule
receiving the incident radiation (the frequency of the induced dipole is not to be confused with the natural frequency of
vibration of the molecule), and wp is the frequency of the oscillating electric field created by the oscillating molecular
dipole, then the frequencies of the Raman scattering or Raman lines or Raman scattered radiation can be,

®+Wrtep, (2)
®1+w2-0p, 3)
®1-WyT0p, “)
W[-02-Wp. &)

Depending on the relative magnitudes of @2 and wp with respect to w1, we can get Stokes and anti-Stokes lines. If
w2>0p, then the following frequencies will correspond to anti-Stokes lines, i.e.

w;+twrtwp and w;+w:-wp, (6)
whereas the following will correspond to Stokes lines
W-02+wp and W;-w2-wp. 7

Now w1 is the frequency of the incident radiation and this will be known since the frequency of the selected incident
light radiation for the experiment will be known. Then w2 is the frequency of oscillation of the induced dipole and this
will also be known for a given molecule. Now to calculate wp, we have to first calculate the oscillating electric field (EL)
of the oscillating dipole of the molecule, and then calculate the energy due to this oscillating electric field. If this energy
is denoted by U, then U=hwp will give the value of wp.

Some of the important objectives of this research are as follows:

(1) Since the incident radiation creates oscillating dipole, and the oscillating dipole creates oscillating electric field,
it must therefore affect the oscillating dipole. This in turn leads us to wp that results in Stokes and anti-Stokes lines with
new frequencies.

(i1) Electromagnetic field emitted or scattered by molecules located in close proximity can be used in areas such as
chemical and material science art restorations, military, plasmonics nanoparticles, the existence of cancerous and healthy
cells, infections and hereditary diseases [8-15].

(iii) It may motivate scientist to develop intense electric field lasers so that the value of wp can be increased such
that the phenomena can be easily observed experimentally.

As usual there could be a larger or small gap between the proposed theory and the design of an experiment that can
lead to the observation of the phenomena. For instance, Raman scattering was theoretically proposed in 1923, but
discovered in 1928 [1,2]. The theory of simulated emission was proposed by Albert Einstein in 1917, but laser was
discovered in 1960. Quite a few examples such, assuperconductivity, can be worth mentioning.
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FORMULATION
We have to calculate the oscillating electric field (Ev) of a dipole (oscillating dipole) when the charge at its two ends
is alternating with the angular frequency w (w=27f). Thus we have alternating charges *q andq such that,

q = Qcoswt, (8)

where Q — Is the maximum value of the charge on either sides.

Now to calculate the value of the oscillating electric field (EL) at the point of observation P, we have to know the
value of the electric field at point P due to both charges, *q and "q. Thus to know the value of E; at P due to the charges,
we must consider that the apparent value of the charge is not q given as by Eqn. (8), but the value of q at some earlier
moment. This is the moment at which a disturbance would have had to be emitted by the charge, and travelling at the

speed of light ¢, to reach at the point P. The time of delay is %, and hence the apparent value of the charge will be

q1 = Qcosw(t—%), )

where ri- distance between the center of the dipole and the point of observation P.
Similarly, for the charge q,, we write

q, =—0Q cosa)(t—%). (10)

It should be noted that the apparent charge is a function of its distance from the observer (point P), and this is clear
from Eqn. (9) and Eqn. (10). Secondly, with the oscillating dipole, the amount of this time delay is different for the two
charges since they are at different distances (r;#r2) from P(only when © = 90° = g,that r1=r2). Thus viewed in this way,

the apparent total charge on the dipole is not zero (qi#qz) but fluctuates between positive and negative values. The
apparent charge qapp can be written as,

Qapp = Q1+ 42 = Q[COSw(t—Z—l) —cosw(t—%z)]

. T\ .. wl
=-2Q smw(t—;) sin (Zcos 9), (11)
where it is assumed that > [, and
r= %(7‘1 +rp)andr; — 1, = —lcos#, (12)

where [ is the distance between the charges *q and q.

We should note that when w = 0 (static dipole), qapp = 0, the field is localized and no oscillations. Now since @ is
finite and the apparent value of the total charge is not zero, the field has a longer range, and falls off less rapidly with the
distance. Assuming that the length of the dipole is very short compared to the wavelength, A, of the disturbance it sends
out, we can write,

S=2«i (Az?z%). (13)
Using Eqn. (13) in Eqn. (11), we can write sin 8 = 6 when 8 is very small, and hence Eqn. (11) can be written as,
Qapp = —%IQ cos@.sina)(t—g). (14)
Here Q! is the maximum value of the dipole moment p, of the dipole, such that we can write,
Po = QL, 15)
and
Qapp = —%cose.sinw(t—g). (16)

We have now to evaluate the potential, v, which the dipole produces at the point P. If v, is the potential at P due to
the upper charge, and v, is the potential at P due to the lower charge, then,

V=1 + vy, (17)
where
41
V1= amegry’ (18)
v, = 22— (19)

amegry’
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Combining Eqns. (9), (10), (17), (18) and (19), we can write,
Q [COS a)(t—%) cos (A)(t—r?z)]. (20)

U=U1+V2=

41E T1 T

Assuming that the size of the dipole, [ is very small compared to r; and 1> then r; and 1, may be almost equal to each
other. Using the approximations, we get,

v=-—

Ql i[cosw(t—g)]. o

4mey 02 r

Eqn. (21) gives the basic formula for the potential due to the oscillating dipole. By putting w = 0, we get the potential for
a stationary dipole. Eqn. (21) can be rewritten as,

T
v=— Ql i cosw(t—z) 6_7“
4mEy OT r 0z’

0l F] cosw(t—g)

Amey’ “or r

r2 c r

_Ql cos @. [cos w(t—g) _ gsin(u(t—g)]. (22)

Here in Eqn. (22), the first term refers to the static potential (w = 0), and the second term gives the electrostatic
potential that would be produced by the apparent charge qq,,, given by Eqn. (16). In order to get the limiting form of v for
large distances, r. It is evident that the second term in Eqn. (22) becomes quite large compared to the first term (since the
second term has r in the denominator, and the first term has r in the denominator). Thus the asymptotic value of v can be
written as,

Qlw sin a)(t—g)
4megc :

v — (23)

From Eqn. (23) we can calculate the electric field strength E in polar coordinates r, 8, @. It can be shown that at large
distance r, the components of E that are denoted by E; (in the direction of increasing r), Ep, (in the direction of
increasing 6), and Ej, (in the direction of increasing @) have different values. In fact,

E, =0 and Ey = 0, (24)
whereas,
- Qlw? cosw(t—g)
Eq = pr— . (25)

Eqn. (25) shows that at large distances from the dipole the electric field E (= Eg) becomes entirely transverse, at
whatever direction relative to the dipole it is measured, and transversality is a necessary condition for the plane
electromagnetic radiation. (At large distances from the source, any wave become a plane wave).

It is important to understand that Raman Effect is a result of inelastic interaction between light and matter. This
interaction can in turn, generate linear and nonlinear optical phenomena,depending on the strength of the applied electric
field and the nature of the sample on which light falls. For instance, the electric field intensities must be higher than
typically 10° V/m to make the contributions of the induced dipole moment large enough to create a nonlinear effect in the
medium [16]. Such high electric field intensities can be obtained by using giant- pulse lasers. In fact, linear scattering can
be obtained when the frequency of the incident light (stream of photons) wy is far away from the molecular electronic
absorption frequency w; such that w, <€ wy < w,, where w,, is the vibrational frequency of the molecule. This is in line
with the restriction of photon wavelength (energy) which lies in between the visible and near-visible regions and
corresponds to vibrational and electronic molecular excitation energies. In this case, the photon transfers its energy
(hwg) to the whole molecule in order to displace the electron and produce an induced dipole moment. However, the
electron remains bound since the large mass of the molecule does not allow such a transition. Hence, most of the incident
light (photon) is transmitted without change of frequency and this type of scattering is called Rayleigh scattering, and is
also known as elastic scattering.

It is necessary to understand that the origin of the Stokes and anti-Stokes scattering can be explained in terms of
energy transfer between the incident light (photons) and the scattering system. When the molecule is initially excited to
a level above the ground state, the scattered photon will gain energy and this scattering is termed as anti-Stokes scattering
when the energy of the scattered radiation is #(w, + w,,). However, if the molecule is initially at the lowest level (the
ground state), the scattered photon will lose energy and is called Stokes scattering whose energy is h(wy — w,) [17].

The magnetic field associated with the radiation emitted by the oscillating dipole is, B, i.c.
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2 _r
B =29 gin 9.l (26)
4mEGC

Now Eg and B are at right angles to r, and at right angles to each other. The power radiated by the oscillating dipole
will begiven by the Pointing vector ‘S’ [18] which is,
S = ui(ExB), 27)
0

where
1

goc?’

4y = (28)

The average total power radiated is the surface integral of S over a sphere of radius r, and hence we get [6],

4,2
S = % Whire po = Ql 29)
w*pd
T 12megc3 30)

If wp is the angular frequency (wp = 2mfp ) associated with this field, then we can write,

S = hwp. (€29)
Between Eqns. (30) and (31), we get,
_ w'pd
Wp = 12megc3h’ (32)

Another method of calculating the energy, U, associated with the electric field E, will be to calculate the work done
by the electricfield E in the displacement of the charge say Q, i.e.,

U=Ey.q.7 (33)
__ Qqlw?sin® T
T 4meqc? [COS w (t C)] (34)
Now
x%  x*
cosx=1—;+;+, 35)
and for small x, we can approximate,
JCZ
cosx = (1 - 2—) (36)
and hence U becomes,
_ Qqlw?sin@ _ Qqlw?sing® 5 T 2
U= amegc? amege? w (t c) ’ G7)

Under initial conditions at just t = 0, the second term will have c¢* in the denominator, and this term will be very
small compared to the first term that will have ¢? in the denominator. Thus Eqn. (37) gives U as,

_ Qqlw?sin®

U (38)

4TTEqC?
Generally, the observations are made perpendicular to the z-axis, 8 = 90°, sin @ = 1, and hence,

y = Qal? (39)

4TEgC2

= Z0 (py = QD) (40)

4megc?

here Q=charge of one end of the electric dipole, g=electron charge.
Now if wp, is the angular frequency associated with this energy, then,
2
U = hwp oer=%=L::’EL0Cgh (41)
Now energy S given by Eqn. (30) is the energy radiated by the oscillating dipole, whereas the energy U given by
Eqn. (40) is the energy fed into the oscillating dipole that was responsible for the creation of the oscillating electric field.
It is this energy that can contribute to the Raman-shifted-frequencies or Raman scattering. Hence wp given by Eqn. (41)
will affect the Stokes and anti-Stokes frequencies or lines.

RESULTS
Equations (41) have been used to determine angular frequency wp for some compounds whose Electric dipole
moments and their angular frequency of vibration of the molecule were obtained from literature [19].
We considered krypton laser of the following wavelength (in nm):799.3, 752.5, 728.7, 676.4, 647.1, 632.8, 568.2, 530.9,
514.5,488.0,454.6,and 416.0, as incident radiation. The results of each compound considered are given in their respective
tables below:
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Ammonia compound (NH3)

Electric dipole moment (p,) = 1.4718 Debye

Angular frequency of vibration of the molecule (w2) = 6.2907x10s!,

Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 1.9405x10s"!

[ RS 104! W+ 0Wr+wp W1+ 0W2-wWp W1-W2-Wp W1-WrTwp
45.3173 53.5485 49.6675 37.0861 40.9671
41.4694 49.7006 45.8196 33.2382 37.1192
38.6311 46.8623 42.9813 30.3999 34.2809
36.6414 44.8726 40.9916 28.4102 32.2912
35.5095 43.7407 39.8597 27.2783 31.1593
33.1785 41.4097 37.5287 24.9473 28.8283
29.7914 38.0226 34.1416 21.5602 25.4412
29.1331 37.3643 33.4833 20.9019 24.7829
27.8711 36.1023 32.2213 19.6399 23.5209
25.8707 34.1019 30.2209 17.6395 21.5205
25.0525 33.2837 29.4027 16.8213 20.7023
23.8564 32.0876 28.2066 15.6252 19.5062

Nitrous Oxide (N20) compound

Electric dipole moment (p,) = 0.16083 Debye
Angular frequency of vibration of the molecule () = 4.1927x10%s!,

Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 1.4217x103s"

W x10Ms! ®Twtwp W TwW2-wp W-02-Wp ®W-W2twp
45.3173 49.6522 49.3678 40.9824 41.2668
41.4694 45.8043 45.5199 37.1345 37.4189
38.6311 42.9660 42.6816 34.2962 34.5806
36.6414 40.9763 40.6919 32.3065 32.5909
35.5095 39.8444 39.5600 31.1746 31.4590
33.1785 37.5134 37.2290 28.8436 29.1280
29.7914 34.1263 33.8419 25.4565 25.7409
29.1331 33.4680 33.1836 24.7982 25.0826
27.8711 32.2060 31.9216 23.5362 23.8206
25.8707 30.2056 29.9212 21.5358 21.8202
25.0525 29.3874 29.3874 20.7176 21.0020
23.8564 28.1919 27.9069 19.2515 19.8059

Water (H20) compound

Electric dipole moment (p,) = 1.8546 Debye
Angular frequency of vibration of the molecule (w) = 6.8941x10s!,
Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 4.4327x10%s!-

wx10Ms! w1 +wtwp ®W+wW-mp W1-02-Wp W1-Wr+wp
453173 56.6441 47.7787 33.9905 42.8559
41.4694 52.7962 43.9308 30.1426 39.0080
38.6311 49.9579 41.0925 27.3043 36.1697
36.6414 47.9682 39.1028 25.3146 34.1800
35.5095 46.8363 37.9709 24.1827 33.0481
33.1785 44.5053 35.6399 21.8517 30.7171
29.7914 41.1182 32.2528 18.4646 27.3300
29.1331 40.4599 31.5945 17.8063 26.6717
27.8711 39.1979 30.3325 16.5443 25.4097
25.8707 37.1975 28.3321 14.5439 23.4093
25.0525 36.3793 27.5139 13.7257 22.5911
23.8564 35.1832 26.3178 12.5296 21.3950
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Sulphur dioxide (SO2) compound
Electric dipole moment (p,) = 1.63Debye

Angular frequency of vibration of the molecule (w2) = 2.1699x10s!,
Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 3.859x10"3s!

wx10Ms! w1 +wtwp w1 +w-wp W1-02-Wp W1-Wr+wp
453173 47.8731 47.1013 42.7615 43,5333
41.4694 44.0252 43.2534 38.9136 39.6854
38.6311 41.1869 40.4151 36.0753 36.8471
36.6414 39.1972 38.4254 34.0856 34.8574
35.5095 38.0675 37.2935 32.9537 33.7255
33.1785 35.7343 34.9625 30.6227 31.3945
29.7914 32.3472 31.5754 27.2356 28.0074
29.1331 31.6889 30.9171 26.5773 27.3491
27.8711 30.4269 29.6551 25.3153 26.0871
25.8707 28.4265 27.6547 23.3149 24.0867
25.0525 27.6083 26.8365 22.4967 23.2685
23.8564 26.4122 25.6404 21.3006 22.0724

Ozone (O3) compound

Electric dipole moment (p,) = 0.5337 Debye
Angular frequency of vibration of the molecule (w2) = 2.0794x10%s!,

Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 1.161x10%3s

w;x10"s! w1 +wr+wp 0 +@-Wp W (-W2-Wp W-W2+wWp
453173 475128 47.2806 43,1218 43.3540
41.4694 43.6649 43.4327 39.2739 39.5061
38.6311 40.8266 405944 36.4356 36.6678
36.6414 38.8369 38.6047 34.4459 34.6781
35.5095 37.7045 37.4725 33.3140 33.5462
33.1785 35.3740 35.1415 30.9830 31.2152
29.7914 31.9869 31.7547 27.5959 27.8281
29.1331 31.3286 31.0961 26.9376 27.1698
27.8711 30.0666 29.8344 25.6756 25.6756
25.8707 28.0662 27.8340 23.6752 23.9074
25.0525 27.2480 27.0158 22.8570 23.0892
23.8564 26.0519 25.8197 21.6609 21.8931

Compounds with Carbon

Dichloromethane (CH4CL:2) compound
Electric dipole moment (p,) = 1.60 Debye

Angular frequency of vibration of the molecule () = 5.6537x10's"!,

Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 2.5719x10s!-

wx10Ms! w1 +wtwp ®W+wW-mp W1-02-Wp W1-Wr+wp
453173 53.5429 48.3991 37.0917 42.2355
41.4694 49.6950 44,5512 33.2438 38.3876
38.6311 46.8567 41.8129 30.4055 35.5493
36.6414 44.8670 39.7232 28.4158 33.5596
35.5095 43,7351 38.5913 27.2839 32.4277
33.1785 41.4041 36.2605 249529 30.0967
29.7914 38.0170 32.8732 21.5658 26.7096
29.1331 37.3587 32.2149 20.9075 26.0513
27.8711 36.0967 30.9529 19.6455 24,7893
25.8707 34.0963 28.9525 17.6451 22.7889
25.0525 33.2781 28.1343 16.8269 21.9707
23.8564 32.0820 26.9382 15.6308 20.7746
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Formic acid (CH202) compound
Electric dipole moment (p,) = 1.425 Debye

Angular frequency of vibration of the molecule (w2) = 4.9618x10s!,

Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 1.7642x10s!-

[ RS 104! W+ 0Wr+wp W1+ 0W2-wWp W1-W2-Wp W1-WrTwp

45.3173 52.0433 48.5149 38.5913 42.1197
41.4694 48.1954 44.6670 34.7434 38.2718
38.6311 45.3571 41.8287 31.9051 35.4335
36.6414 43.3674 39.8390 29.9154 33.4438
35.5095 42.2355 38.7071 28.7835 32.3119
33.1785 39.9045 36.3761 26.4525 29.9809
29.7914 36.5174 32.9890 23.0654 26.5938
29.1331 35.8591 32.3307 224071 25.9355
27.8711 35.5971 31.0687 21.1451 24.6735
25.8707 32.5967 29.0683 19.1447 22.6731
25.0525 31.7785 28.2501 18.3265 21.8549
23.8564 30.5824 27.0540 17.1304 20.6588

Methanol (CH4+0) compound

Electric dipole moment (p,) = 1.7 Debye

Angular frequency of vibration of the molecule (@) = 6.9394x10's™!,

Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 4.1168x10's!-

[ RS 104! W+0Wr+wp W+ 0W2-wWp W1-W2-Wp W1-WrTwp

45.3173 56.3735 48.1399 34,2611 42.4947
41.4694 52.5256 44.2920 30.4132 38.6468
38.6311 49.6873 41.4537 27.5785 35.8085
36.6414 37.6976 39.4640 25.5852 33.8188
35.5095 46.5657 38.3321 24.4533 32.6869
33.1785 44.2347 36.0011 22.1223 30.3559
29.7914 40.8476 32.6140 18.7352 26.9688
29.1331 40.1893 31.9557 18.0769 26.3105
27.8711 38.9273 30.6937 16.8149 25.0485
25.8707 36.9269 28.6933 14.8145 23.0481
25.0525 36.1087 27.8751 13.9963 22.2299
23.8564 349126 26.6790 12.8004 21.0338

Benzene (CéHs) compound

Electric dipole moment (p,) = 0.4236 Debye

Angular frequency of vibration of the molecule (w>) = 4.3228x10s!,

Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 3.9806x10"3s!-

wx10Ms! w1 +wtwp ®W+wW-mp W1-02-Wp W-Wr+wp
453173 50.0382 49.2420 40.5964 41.3926
41.4694 46.1903 45.3941 36.7485 37.5447
38.6311 43.3520 42.5558 33.9102 34.7064
36.6414 41.3623 40.5661 31.9205 32.7167
35.5095 40.2304 39.4342 30.7886 31.5848
33.1785 37.8994 37.1032 28.4576 29.2538
29.7914 34.5123 33,7161 25.0705 25.8667
29.1331 33.8540 33.0578 24.4122 25.2084
27.8711 32.5920 31.7958 23.1502 23.9464
25.8707 30.5916 29.7954 21.1498 21.9460
25.0525 29.7734 28.9772 20.3316 21.1278
23.8564 28.5773 27.7811 19.1355 19.9317
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Propane (C3Hs) compound

Electric dipole moment (p,) = 0.084 Debye

Angular frequency of vibration of the molecule (w2) = 5.6065x10s!,

Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 1.3278x10"3s!-

wx10Ms! w1 +wtwp w1 +w-mWp W1-02-Wp W-Wr+wp
453173 51.0566 50.7910 39.5780 39.8436
41.4694 47.2087 46.9431 35.7301 35.9957
38.6311 44.3704 44,1048 32.8918 33.1574
36.6414 42.3807 421151 30.9021 31.1677
35.5095 41.2488 40.9832 29.7702 30.0358
33.1785 399178 38.6522 27.4392 27.7048
29.7914 35.5307 35.2651 24.0521 243177
29.1331 34.8724 34.6068 23.3938 23.6594
27.8711 33.6104 33.3448 22.1318 22.3974
25.8707 31.6100 31.3444 20.1314 20.3970
25.0525 30.7918 30.5262 19.3132 19.5788
23.8564 29.5957 29.3301 18.1171 18.3827

Carbonyl chloride (C12CO) compound

Electric dipole moment (p,) = 1.17 Debye.

Angular frequency of vibration of the molecule (w;) = 1.0689x10'4s!,

Angular frequency due to the electric dipole created by the vibrating molecule (wp) = 6.72x10'2s7

X 10'4g! W twWTwp W twW-Wp W1-W2-Wp W-WrTwp
45.3173 46.4534 46.3190 44.1812 44.3156
41.4694 42.6055 42.4711 40.3333 40.4677
38.6311 39.7672 39.6328 37.4950 37.6294
36.6414 37.7775 37.6431 35.5053 35.6397
35.5095 36.6456 36.5112 34.3734 34.5078
33.1785 34.3146 34.1802 32.0424 32.1768
29.7914 30.9275 30.7931 28.6553 28.7897
29.1331 30.2692 30.1348 27.9970 28.1314
27.8711 29.0072 28.8728 26.7350 26.8694
25.8707 27.0068 26.8724 24.7346 24.8690
25.0525 26.1886 26.0542 23.9164 24.0508
23.8564 24.9925 24.8581 22.7203 22.8547

DISCUSSION AND SUMMARY

There are a number of important reasons as to why the development of Raman spectroscopy was very slow. An
important reason is that the Raman Effect is very weak [20]. Hardly one part in a million of the total intensity of the
incident light is elastically scattered (Rayleigh scattering), whereas for Raman scattering this value is one part in 108 of
the incident light intensity [21]. This is also the most important reason that the discovery of Raman Effect was delayed.
Even the discovery of laser was delayed up to 1960, but once a large number of lasers with powerful beams were
discovered, new laser techniques stimulated the field of molecular spectroscopy and Raman spectroscopy.

Raman Effect arises when a photon is incident on a molecule, and it interacts with the dipole created by the electric
field of the incident light radiation. In fact, an oscillating dipole is created. Now an oscillating dipole creates an oscillating
electric field, and in this manuscript it is assumed that the oscillating electric field, created by the oscillating dipole can
affect the frequency scattered due to the Raman Effect. The modification in the frequency of the Stokes and anti-Stokes
lines due to this effect is calculated and is denoted as wp. The values of wp for different molecules have been calculated.
These values are different for different molecules and are smaller than w1 and w2 by a factor of roughly 10. We
emphatically believe that it should be possible to measure the value of wp by an appropriate experimental design and by
using an intense electric field laser. One method could be that two laser beams are used. First a Q-switched laser beam
(pulse of a beam) is projected on the molecule and then a continuous wave (CW) laser beam be projected on the same
molecules. This process of getting Stokes and anti-Stokes lines may help in getting a specific value for wp for different
molecules. This process can be called double beam Raman scattering. It is not easy to surmise how soon the exact value
of wp can be measured since the gap between theoretical prediction and experimental observation has beengenerally
large. Moreover, an intense electric field laser can lead to larger wp values that can be measured. Intense electric field
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can affect wp, but larger number of photons in the laser beam will affect the intensity of Raman lines. Typical electric
field intensities of order of 10'°V/m or more may be required to obtain values of wp that can be measured.

Raman spectroscopy provides a unique biochemical study capable of identifying and characterizing the structure of
molecules, tissues, and cells. In identifying cervical cancer, it is established that it is a promising biochemical tool due to
its ability to detect pre-malignancy and early malignancy stages [11-13, 22-25]. Raman lines differ between normal and
malignant biopsy samples. In our case it is the value of wp that will differ between normal and malignant biopsy samples.

A greater body of experimental evidence may be needed in future to establish the validity of the theory developed
in this manuscript. However, the fact remains that the type of Raman scattering proposed in this manuscript can be
observed experimentally, and it can become a promising biomedical tool, especially by obtaining Raman lines after
radiotherapy cycles and so on.

The concept in this manuscript is that the molecule may be excited not only by the incident laser radiation but also
by the oscillating electric field created by the oscillating dipole. It is quite possible that our study can be used in the study
of Four-Wave mixing microscopy of nanostructures [26], and Surface-Enhanced Raman Spectroscopy (SERS), and
Coherent Raman Spectroscopy (CARS) [27-30,]. We are not competent to say how the experiments may be designed to
observe these phenomena.

We must point out that we have not been able to find out any theoretical and or experimental observations on these
lines in literature. From the above results, it shows that the theory developed predicts new phenomena of getting Stokes
and anti-Stokes lines with modified wavelengths. It is proposed that such a phenomenon may be observed experimentally
by using intense electric field laser.
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Edexr Pamana nonsirae y BUMipIOBaHHI iHTEHCHBHOCTI Ta OBXHWHH XBHJIb HEMPYXKHO PO3CISTHOTO BHIIPOMIHIOBAaHHS, sIKE MaJa€ Ha
MoueKyity. EnekTpruHe mosie BUIIPOMiHIOBAaHHS HOJISIPU3Y€ MOJICKYJLY, Ha SIKY BOHA MaJae, 1 e MPU3BONTD 10 CTBOPCHHS KOJIMBAaHb
qurnoss. [Tonspu3oBane J1a3epHe CBITIIO, IO MaJla€, HEMPY KHO PO3CIIOETHCS MOJIEKYISIPHAM 3pa3KkoM. Po3cisiHe CBITIIO MiCTHTH 3MiHEH1
JOBXXMHHM XBWJIb, AKi Ha3uBalOTbCd CTOKCIBCBKUMH Ta aHTH-CTOKCIBCBKMMHU IOBXHHAMU XBWJIb. EJEKTpUMYHMH AWNONb, IO
KOJIMBAETHCS BHACIIIOK Maal0q0r0 BUIIPOMIHIOBAHHS, CTBOPIOE HABKOJIO ceOe KoNMBaIbHE elNeKTpHyHe rnojie. OCKUTbKY KOMNBAIbHE
SJICKTPUYHE MOJIC IaJafodor0 BHIIPOMIHIOBAHHS CTBOPIOE KOJIHMBAIBHHI EJICKTPHYHUH JUIIONb, SIKMH CTBOPIOE HABKOJO HBOTO
KOJIMBAJbHE EJICKTPHYHE I10JI€, TO BBAXKAETHCS, 110 L€ KOJIMBAJbHE EJICKTPUYHE 10JI€ MOXKE BIUIMBATH HA YAaCTOTY KOJNUBaHb abo
KOJINBAHHS €JIEKTPHYHOTO AUTIONS, IKUI Horo BUpoOsise. Lleit HoBHit e(eKT 3MIHUTH YaCTOTY (4aCTOTH) PO3CISTHOTO BUITPOMIHIOBAHHS,
mo npu3Bene 0 mosBu JiHid Ctokca Ta anTH-CTOKCa 31 3MiHEHMMH YacToTaMHu. lle TeopeTHYHe MOCHIIKEHHS Ta HOro 3HAYCHHS
MOJXKHA TTOSICHUTH HACTYITHUM YHHOM. Hampukias, sKIo € JBi KIITHHU a00 MOJIEKYJIH OPYY, Y SKHX OJIHA € 370POBOIO KIIITHHOIO, &
1HIIIA — paKOBOIO, a00 J1Ba Pi3HUX THUIIIB MOJIEKYJ IO 3HAXOJATHCS MOPSII, el THIT pO3CiIOBaHHS IMIOBHHEH OYyTH B 3MO31 PO3PI3HUTH
OJIHY CHUTYyaIlifo Bix iHImoi, ockinbku ninii CTokca i anTH-CTOKCa BiJ JBOX MOJIEKYJI HE OyAyTh iTeHTHYHIMH. TakuM YHHOM ITafarode
BUIIPOMIHIOBaHHS KyTOBOI YacTOTH w1 IOJSIpH3ye MONEKYIy, Ha SKy BOHA Iajae, i Iie IPU3BOIUTE J0 CTBOPEHHS KOJNMBAJIHHOTO
JUTIONS 4acToTH 2. KonmuBanbHMI JWIONL CTBOPIOE KOJMBAJIBbHE ENEKTPUYHE I0JIe, SIKE MOXKE CTBOPUTH JOJATKOBY YacTOTY
KOJIMBAJIBHOTO JAWMONA, KUK Horo cTBOpWB, i1 Hexail me Oyne wD. Toxi nminii Pamana MoxyTs Maté 4acTotH (wl+w2+wD),
(w1l+w2-wD), (w1-w2+wD) Ta (w1-w2-wD). 3anexHo Bix BITHOCHUX BeTHYUH w2 i wD, niHii Pamana Oy 1y Ts mo3HavyaTHCA K JiHIT
Crokca i anTu-CToKca. Uepes 3akoH 30epeskeHHsI eHeprii wD Oye MeHIe Hixk w2, OCKITBKH KOJTHBATGHUH TUTIONb HE MOXKE CTBOPHTH
TI0JIe YaCTOTH OiIbIIe cBOET BIacHOi 9acToT. OTke, 4acToTH (w1-w2+wD) 1 (w1-w2-wD) BigmosinaoTs miHisM CTOKCa 1 4acTOTaM.
(wl+w2+wD) i (wl+w2-wD) 6yxyTs Bixnosixaryu mniHisM anTH-Crokca. Po3paxynku miniit Crokca Ta antu-Crokca Oyiu 3pobieHi
Ui aeskux Mojekyn: amiaky (NHs), okcuay asoty (N20), Bogu (H20), miokcuay cipku (SO2), (O3). Po3paxyHku Takox Oynu
MPOBEJEHI ISl CIOJYK, IO MIiCTATh ByrJielb, Takux sk auxiaopmeran (CH4Clz), mypammnoi kucnotn (CH202), meranony (CH40),
oenzony (CsHs), mponany (CsHs) ta kapboninxmopuny (Cl2CO). Po3pobiieHa Teopis nependadae HOBI SBHINA ISl OTPUMAaHHS JTiHIN
Crokca Ta anTu-CToKca 31 3MIHEHOIO JJOBXXHUHOIO XBUIII, SIKI HE CIIOCTEPIrajiicsi eKCIepUMEHTAIBHO Ha ChOTOJHILIHIH JeHb.
KJIFOUYOBI CJIOBA: enexTpy4HUii AUMOIb, JiHil Pamana, miHii Ctokca, anTu-CTOKCa, KOJMBAIBHUHN SISKTPUIHUHA ANUIOTH

BJIHUAHUE OCIHUJINPYIOIIEI'O SJIEKTPHYECKOI'O ITOJIA
YEPE3 OCHULIIALNNHA SJJEKTPUYECKOI'O IUITOJISI HA PAMAHOBCKHUE JIMHUN
Xanna M. Kanun', Mypeii K. F'unéepm?
!Kageopa ¢pusuxu, Ynueepcumem Endopem, P.O. Box 1125-30100, Endopem, Kenus
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Oddext Pamana cocTonT B M3MEPEeHWH MHTCHCHBHOCTH M JUIMHBI BOJIH HEYNPYTO PAcCESHHOTO M3IydeHHs, KOTOpOoe MagaeT Ha
MOJIEKYJTy. DIEKTPUIECKOE IT0JIe H3ITyYSHUS TOJISIPU3YeT MOJIEKYJLy, Ha KOTOPYIO OHa MaJIaeT, ¥ 9TO IPHBOJIHUT K CO3JIaHUIO KOJIeOaHHi
qumnons. [lonspru3oBaHHBIN JIa3epHBIH CBET, MAAAalOUIMH HE YNPYro pacceuBaeTcsi MOJIEKYJSpHBIM 00pasily. PaccesHHblil cBer
COJICPKUT M3MEHEHBI JUIMHBI BOJH, KOTOPbIe Ha3bIBArOTCsl CTOKCOBCKUMHU M aHTU-CTOKCOBCKMMH UTMHAMH BOJH. DIEKTPUYECKHI
JIUIIONB, KOTOPBIA KOJEOJEeTCs BCJISACTBUE IMAJAIOLIEro M3JIyYeHHUs, CO3JaeT BOKPYTr cebs KojebaTenbHOE DIIEKTPUYECKOe IOJIe.
ITockonbKy KonebaTeTbHOE IEKTPHUECKOE T0JI€ MAJA0IIET0 U3ITydeH s CO3aeT KOneOaTeNbHbIH JMEKTPUIECKUil TUITOb, KOTOPHBIi
C03JaeT BOKPYT HETO KoJIeOaTeIbHOE AEKTPHIECKOE TI0JIE, TO CIUTACTCS, YTO 3TO KOJIeOaTeIbHOE IEKTPHIECKOE MO MOXKET BIUSTh
Ha YacTOTy KoJjeOaHUH WM KOJIeOaHHUs 3JIEKTPUUECKOTO JIHIOISI, KOTOPBIH €ro MPOU3BOAUT. DTOT HOBBIH 3P (EeKT M3MEHUT 4acToTy
(JacTOTHI) PacCEsIHHOTO U3IIy4YeHHs, YTO MpUBEAET K MosBaeHHIo uHnil CTtokca n aHTH-CTOoKCa ¢ M3MEHEHHBIMU YacTOTaMH. DTO
TEOPETHIECKOe HCCIISIOBAaHNEe M €T0 3HaUYCHHE MOXKHO OOBSICHHUTH clieqylomuM obpazom. Hampumep, ecnm ecTh ABe KIETKH HIN
MOJIEKYJIBI PSIOM, B KOTOPBIX OJHA SIBIISIETCS 3J0POBOM KJIETKOH, a JApyras - pakoBO WM J(Ba Pa3IMYHBIX THUIIOB MOJIEKYII,
HaXOAAIMINXCS PSIIOM, 3TOT THI PACCESHUs JOJKEH OBITh B COCTOSHHU Pa3UYUTh OAHY CHTYAIMIO OT JIPYToi, MOCKONBKY JTUHHUU
Crokca u aHTH-CTOKCa OT JBYX MOJIEKYN He OyIyT MAEHTHYHBIMU. TakuM 00pa3oM Majarolmiee M3IydeHHe yTIIOBOH JacTOTH ®l
TIOJISIPU3YET MOJIEKYITy, Ha KOTOPYIO OHA ITaJlaeT, ¥ 3TO MPUBOANT K CO3/IaHMIO KOJIeOAaTeILHOTO JUITONA YacToThl 2. KonebarenpHbIi
JMIIONB CO3/aeT KojaebaTeIbHOe IEKTPUUECKOE MoJIe, KOTOPOE MOXKET CO3/1aTh AOMOTHUTENBHYIO YaCTOTY KOoneOaTenbHOro AUMOIs,
KOTOPBIN €ro co3nal, u mMycTh 370 Oynetr wD. Torna muann Pamana moryT uMeTh 9acToThl (01+m02+w@D), (01+w02-0D), (01-02+nD)
1 (01-w2-0D). B 3aBHCEMOCTH OT OTHOCHTEIBHBIX BeNINH 2 1 oD, mnann Pamana Oy ayT o603Hauatscst kak imHIE CTOKCa M aHTH-
Crokca. Yepes 3ak0oH coxpaHeHUs 3Hepruu oD OyneT MeHbIe YeM ®2, IOCKONbKY KoJeOaTenbHbIH AUMONb HE MOXKET CO31aTh IoJIe
4acTOThl OoJbIIe cBOei coOcTBeHHON dacToThl. UTak, wacToThl (wl-w2+wD) u (wl-w2-wD) coorBercTByroT nuHUsAM CTOKCAa U
gactotaM. (01+02+wD) n (01+w02-oD) OyxyT cooTBeTcTBOBaTH MHHIAM aHTH-CTOKCa. Pacuers! muHuit Ctokca 1 anTH-CTOKCA OBUTH
clIeTaHbl U HeKOTOphIX MoJiekyn: ammuaka (NH3), okcuaa azora (N20), Bomst (H20), auokcuna cepsl (SOz2), o3oHa (O3). Pacuers
TaKke OBUTH MPOBEICHBI I COeUHEHUH, COAepKaIIUX yriaepo, Takux kak auxiopmerad (CH4Clz), mypaBeunas kucnora (CH20z),
metanona coequHenue (CH40), 6enzona (CeHe), npomana (CsHs) u xkap6onmmxiopuna (C2CO). PaspaboTannas Teopus npeamonaraer
HOBBIE SIBICHUWS Uil moiydeHus: juHUH Crtokca W aHTH-CTOKCAa € W3MEHEHHOW MJIMHOM BOJIHBI, 4TO HE HaOJIoJaINCh
9KCTIEPUMEHTAIBHO Ha CETOAHSIIHNH IEHb.

KJIFOUYEBBIE CJIOBA: siekTpu4ecKuil Turmoiis, TuHnd Pamana, muaun Ctokca, aHTH-CTOKCa, KOJIeOATeIbHBIA DIICKTPUUCCKHIA
JIUTIONB
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The applicability of the three-step Forster resonance energy transfer (FRET) to detection of insulin amyloid fibrils was evaluated, using
the chromophore system, containing Thioflavin T (ThT), 4-dimethylaminochalcone (DMC), and two squaraine dyes, referred to here
as SQ1 and SQ4. The mediator chromophore DMC was found to enhance the fluorescence intensity of the terminal acceptor, SQ1,
excited at 440 nm (at the absorption maximum of the principal donor, ThT), in fibrillar insulin compared to the system without DMC,
providing the evidence for the cascade energy transfer in the chain Th'T>DMC—SQ4—SQ1. Furthermore, the resulting Stokes shift
in the four-chromophore system was 240 nm, as compared to 45 nm for the fibril-bound ThT, suggesting that higher signal-to-noise
ratio is the advantage of amyloid fibril detection by multistep FRET. The maximum efficiencies of energy transfer in the insulin fibrils
estimated from the quenching of the donor fluorescence in the presence of acceptor for the donor-acceptor pairs ThT-DMC, DMC-
SQ4 and SQ4-SQ1 were 40%, 60% and 30% respectively, while negligible FRET occurred in the non-fibrillized protein. The most
pronounced differences between fibrillar and non-fibrillized insulin were observed in the 3D fluorescence spectra. Specifically, two
intensive spots centered at the emission wavelengths ~ 650 nm (SQ4) and ~ 685 nm (SQ1) were revealed at the excitation wavelength
~ 440 nm in the 3D patterns of insulin amyloid aggregates. In contrast, in the case of the non-fibrillized protein, the barely noticeable
spots centered at the same wavelengths, as well as higher fluorescence intensities at the excitation above 550 nm were observed,
suggesting the predominant impact of the direct excitation of SQ1 and SQ4 on their fluorescence responses. The inter-chromophore
distances calculated from the experimental values of the energy transfer efficiency assuming the isotropic rotation of the dyes, were
found to be 2.4, 4.5 and 4.3 nm for the ThT-DMC, DMC-SQ4 and SQ4-SQI1 pairs, respectively, revealing the different fibril binding
sites for the examined dyes. The quantum-chemical calculations and simple docking studies provided evidence for the SQ1, SQ4 and
ThT, DMC binding to the wet and dry interface of the insulin amyloid protofilament, respectively. The dye-protein complexes are
likely to be stabilized by the hydrophobic, van der Waals, aromatic and electrostatic interactions. In summary, the above technique
based on the multistep FRET can be employed for the identification and characterization of amyloid fibrils in vitro along with the
classical ThT assay, allowing the increase of the amyloid detection sensitivity and lowering the probability of the pseudo-positive
result. The applicability of the multistep FRET for amyloid visualization in vivo can be also tested by the involvement of the near-
infrared fluorescent dyes to the cascade.

KEYWORDS: cascade resonance energy transfer, 4-dimethylaminochalcone, fibrillar insulin, squaraine dyes, Thioflavin T.

During the past decade a phenomenon of the Forster resonance energy transfer (FRET) has emerged as an extremely
useful tool for retrieving information about proximity relationships and structural dynamics of biological macromolecules
and their assemblies [1-3]. Due to a strong dependence of the energy transfer efficiency on the donor-acceptor distance,
FRET is particularly useful while determining the intra- and intermolecular distances on a nanometer scale [4,5]. Although
most FRET studies involve analysing a conventional one-step energy transfer, a multistep FRET (msFRET) has been
attracting much attention in recent years [6-10], inspired by the natural photosynthetic systems containing several light-
harvesting complexes that efficiently transfer the absorbed energy between a number of chromophores [11,12]. The
energy transfer within multiple chromophore systems usually follows a cascade route, moving from an initial donor
chromophore through the intermediate donors/acceptors onto a final acceptor chromophore [6-10,13]. The multistep
FRET offers several advantages over the one-step FRET: i) a higher efficiency of long-range transfer [14]; ii) a larger
Stokes shift [13,15]; iii) the possibility to monitor inter- and intramolecular interactions beyond the range 1-10 nm [16];
and iv) an extended excitation wavelength range for fluorescence lifetime measurements [14]. As a result, the cascade, or
multistep FRET appeared to be especially useful in developing molecular photonic wires and light harvesting systems [6-
8, 17]. Most of such artificial systems are devised through synthesizing the arrays of covalently linked chromophores
with a specific design to ensure large collection efficiencies, as well as fast and efficient energy migration. By analogy
with the natural antenna, the majority of these systems are based on the porphyrin pigments [13,15,18,19]. Another
application of msFRET involves the DNA photonic wires self-assembled around CdSe/ ZnS semiconductor quantum dots
acting as a nanoscaffold and a FRET donor to a series of DNA-intercalating dyes [17]. More importantly, the msFRET
systems are effectively used in biosensors for sensitive detection of multivalent complexation [20], protein labeling [15],
genotyping of single nucleotide polymorphism [21], DNA sequencing [16], estimating the stoichiometry of protein
complexes [22], determination of the tumor necrosis factor [23] and analysis of multiprotein interactions in living cells
[24], to name only a few.
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Remarkably, the multistep FRET have been successfully employed for the detection of a specific type of protein
aggregates — amyloid fibrils, whose formation is associated with the pathogenesis of neurodegenerative diseases, type 11
diabetes, systemic amyloidosis, etc. [25]. More specifically, it was demonstrated that amyloid-sensing potential of the
classical amyloid marker, Thioflavin T, can be reinforced by its implication as a primary donor in the two-step energy
transfer process [25], creating a background for application of amyloid nanostructures as a molecular framework for
controlled positioning of a multitude of chromophores communicating via the multi-step FRET in photonic devices. To
the best of our knowledge, so far, the potential of amyloid-scaffolded msFRET remains poorly investigated. In view of
this, the aim of the present study was to assess the insulin amyloid-sensing potential of the three-step Forster resonance
energy transfer using the four-chromophore system containing a benzothiazole dye Thioflavin T, 4-
dimethylaminochalcone and two squaraine dyes, SQ1 and SQ4.

THEORY

Forster resonance energy transfer is a long-range electrodynamic interaction of two chromophores: the excited donor
and the ground-state acceptor, as a result of which the energy of the excited donor is non-radiatively transferred to the

acceptor [26]:
D'+A—>D+4 (1)
The main prerequisites for FRET include 1) the overlap between emission spectrum of a donor and absorption
spectrum of an acceptor and ii) the donor-acceptor separation falling in the range 0-10 nm. Each donor-acceptor pair can
be characterized by the three parameters: £, the energy transfer rate; r, the distance between chromophores; and R, ,

k() = i(ﬁ] @

Tp

the Forster radius, related by the equation [27]:

where 7, is the donor fluorescence lifetime in the absence of acceptor. The energy transfer efficiency E, i.e. the
probability that the excited donor will transfer energy to the ground-state acceptor, can be written as:
k R

t
= = 3
k + r; Rg +r° )
The Forster radius, i.e. the donor-acceptor distance at which the energy transfer efficiency equals 50%, is given by:
1/6 e e
R,=9719(x’n*0yJ) s J = [ F,(A)e, (A)A*d2 [ F,(2)dA C)
0 0

where J is the overlap integral; F, (ﬂ) is the donor fluorescence intensity, &, (/1) is the acceptor molar absorbance at

the wavelength A, n_ is the refractive index of the medium; (), is the donor quantum yield; & ? is the orientation factor
defined as:

K = (e =3epsep)enise)) ®)

where % , a are the unit transition vectors of the donor and acceptor respectively; a is the unit vector drawn from
the donor to the acceptor [28]. The orientation factor may take a value from 0 to 4, but usually R, is calculated with

K =2/ 3 (when the orientations of the donor emission and acceptor absorption transition dipoles randomize during the

fluorescence lifetime). The uncertainty in & is the main limitation of the FRET technique resulting in the distance

estimation error up to 35%) [28-30]. This problem can be partly circumvented through narrowing the & limits by
measuring the anisotropy of donor and acceptor [28, 29, 31].

A B
k
a 12 0 Fig. 1. A four-chromophore system for energy transfer:
(A) three-step FRET (energy is transferred from
K,; chromophore 1 to 4 via 2 and 3), and (B) all possible
e K4 e pathways of the energy transfer.

In the present study, the FRET system consisting of four chromophores is considered. There are many scenarios for
this system and the two most important of them are illustrated in Fig.1. Let us designate the chromophores 1, 2, 3, and 4
as D1, D2, D3, and A3, respectively.
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In the case A (Fig. 1A), it is shown that the total three-step FRET efficiency (£) measured from the enhancement of
the A3 emission is the product of efficiencies for each of FRET steps [33]:

E=E,E.E, (6)

where E,, , E,, and E,, are energy transfer efficiencies from D1 to D2, from D2 to D3 and from D3 to A3, respectively.

In the case B (Fig. 1B), the concentration of chromophores in the excited state can be described by the following
differential equations:

. =—[ D |k, + ks + kg +7,0) @)

d| D,
{0k b s+ ®

d| Dj
[d;] =—[ D} | ks, +255) +[ D] [y +[ D5 b ©)

d| 4
[d:] =—[4 ] +[ D] ks +] D; ko +[ D5 ks, (10)
The energy transfer efficiency measured through monitoring the increase in acceptor fluorescence is given by [33]:
pola (11)
z-A
I, :nij[A;‘](t) dt (12)
00

where 1, = [Dl*](t =0), 7, is the acceptor lifetime. Assuming that [Dl* J (t=0)=1, and
[D;](t =0)= [D;](t =0)= [A;](t =0)=0, from equations (10) and (12) one obtains:

— k12 k23 k34 + k13 k34 (k23 + k24 + 12)12) + k12 k24 (k34 + TE)S) + k14 (k23 + k24 + TBIZ )(k34 + Z-[7)13)

I
(kpy +hoy +hy + 71511 Why, + 1y + 2';2 Wy, + z';3) T;;

3

(13)

Using the formula for the energy transfer efficiency within one donor-acceptor pair (Eq. 11), the £ value in the three-
step FRET can be written as follows:

E = E]’Z E2,3 E34 + El’3 E34 + EIVZ E2’4 + E1’4 (14)

where E| is the energy transfer efficiency from the donor i to the acceptor j in the presence of the parallel energy transfer

from the donor i to other acceptors.

EXPERIMENTAL SECTION
Materials
Bovine insulin, dimethyl sulfoxide (DMSO), Tris, thioflavin T (ThT) and phosphotungstic acid hydrate for electron
microscopy were purchased from Sigma. 4-dimethylaminochalcone (DMC) was from Signe (Latvia). The squaraine dyes
SQ1 and SQ4 were synthesized in the University of Sofia, Bulgaria. All other reagents were used without further
purification.

Preparation of working solutions

The insulin stock solution (10 mg/ml) was prepared in 10 mM glycine buffer (pH 2.0). The reaction of the protein
fibrillization was conducted at 37 °C in the above buffer under constant agitation on the orbital shaker. The kinetics of
amyloid formation was monitored using the Thioflavin T assay [34]. Hereafter, the fibrillar protein and its non-fibrillized
counterpart (the insulin solution in glycine buffer that was not subjected to agitation) are denoted as InsF and InsN,
respectively.

The dyes stock solutions were prepared in DMSO (SQ1 and SQ4) and ethanol (DMC), while ThT was dissolved in
10 mM Tris buffer (pH 7.4). The fluorimetric measurements were carried out in 10 mM Tris-HCI buffer (pH 7.4).

For the transmission electron microscopy assay, a 10 ul drop of the protein solution was applied to a carbon-coated
grid and blotted after 1 min. A 10 pl drop of 1.5% (w/v) phosphotungstic acid solution was placed on the grid, blotted
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after 30 s, and then washed 3 times by deionized water and air dried. Then the grids were viewed with the EM-125 electron
microscope (Selmi, Ukraine).

Fig. 2. Transmission electron microscopy photograph of the Fig. 3. Chemical structures of the employed donor and acceptor
insulin amyloid fibrils. fluorophores.

Spectroscopic measurements

The absorption spectra of the examined dyes were recorded with the spectrophotometer Shimadzu UV-2600 (Japan)
at 25 °C. The dye concentrations were determined spectrophotometrically using the extinction coefficients
et =3.46-10°Mlem™!, 24 =2.3-10° Mlem!, £2)°° =4.21-10° M lem™ and ¢4 =3.6-10* M'em™ for DMC,
SQ1, SQ4 and ThT, respectively. Steady-state fluorescence spectra were recorded with RF6000 spectrofluorimeter
(Shimadzu, Japan). Fluorescence measurements were performed at 25 °C using 10 mm pathlength quartz cuvettes.
Fluorescence spectra were recorded within the range 460—820 nm with the excitation wavelength 440 nm. The excitation
and emission slit widths were set at 10 nm.

The efficiency of energy transfer was determined from the quenching of the donor fluorescence in the presence of
acceptor [29]:

Eo1-to (15)
D
where 1, I,),, are the donor fluorescence intensities in the absence and in presence of the acceptor, respectively. The

donor fluorescence intensities measured in the presence of acceptor were corrected for inner filter effect using the
following coefficients [29]:

AT+ A2
Jo =10 +4" (16)

where A7, A™ are the acceptor optical densities at the donor excitation and emission wavelengths, respectively. The

critical distance of energy transfer was calculated from eq. (4) using the Mathcad 15.0 software.

Molecular docking study
The molecular docking was carried out to ascertain the putative sites for the dye binding to insulin fibrils. The model
of fibrillar insulin was taken from http://people.mbi.ucla.edu/sawaya/jmol/fibrilmodels/ [35]. The structures of the dyes
were optimized using the semiempirical method PM6 (MOPAC2016 version18.012L) [36]. The top 10 conformations
obtained with the PatchDock algorithm were then refined by the FireDock software [37]. The docked complexes were
visualized by the Visual Molecular Dynamics (VMD) software.

Quantum-chemical calculations
Using the MOPAC2016 software, the geometry optimization of the dye conformations was performed, followed by
the calculation of the quantum-chemical characteristics, such as: the solvent-accessible area (CA ); molecular volume (

CV ); energy of the highest occupied ( £,,,,,, ) and lowest unoccupied ( £, ,,,, ) molecular orbitals; molecular length (L

), height ( /') and width (" ); ground state dipole moment ( 4 A ) and molecular weight (M. wt.). The LogP ,a compound

lipophilicity, was obtained using the ALOGPS 2.1 program (http://www.vcclab.org/lab/alogps/) [38]. All the calculated
parameters are presented in Table 3.

RESULTS AND DISCUSSION
The ensemble of four dyes including the classical amyloid marker ThT (donor D1), chalcone dye DMC (acceptor
Al for ThT and donor D2), squaraine dyes SQ4 (acceptor A2 for DMC and donor D3) and SQI1 (acceptor A3) were
selected to study the msFRET applicability to amyloid detection based on our previous results [25].
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At the first step of the study we addressed the question of how the fluorescence of the terminal acceptor (SQ1) is
sensitized by the other donors/acceptors of the energy transfer chain. To this end, the fluorescence spectra of the SQ1-
protein mixtures were measured with the excitation wavelength 440 nm (Fig. 4) that was chosen based on the spectral
characteristics of the primary donor, ThT. The fluorescence intensity of SQ1 in the emission maximum (680 nm) did not
exceed 1000 a.u. in the presence of fibrillar insulin (InsF). The addition of SQ4 (D3) into this system led to some decrease
in SQ1 (A3) fluorescence, as well as to the appearance of the SQ4 fluorescence band. This implies that the expected
enhancement of acceptor fluorescence does not occur at this stage, presumably because of relatively low fluorescence
signal from SQ4 under the employed experimental conditions. At the same time, no SQ1 and SQ4 fluorescence was
observed in the presence of the control protein (InsN). However, the subsequent addition of ThT resulted in the
pronounced fluorescence increase in InsF, indicating that the energy is transferred from ThT to the squaraines. There are
two possibilities by which such energy transfer may occur, the parallel pathway (ThT—SQ4 and ThT—SQ1) and the
sequential one (ThT—SQ4—SQ1). Moreover, when the FRET chain was complemented by DMC serving as a bridge
between ThT and SQ4, the squaraine fluorescence showed a further enhancement increasing with the elevation of DMC
concentration (Fig. 4A,B). It is interesting to note that squaraine peaks emerging in the presence of DMC were observed
also for InsN with SQ4 fluorescence signal being higher than that of SQ1, while in the absence of the mediator SQ1 and
SQ4 fluorescence was negligibly small. The excitation spectra measured at the emission wavelength 720 nm at the highest
DMC concentration also are indicative of the marked difference between the InsF and InsN (Fig. 4C). The squaraine
peaks are clearly resolved in these spectra at 637 nm for SQ4, and 676 nm for SQ1, in the presence of the fibrillar insulin,
while small hypsochromic shifts ca. 8 and 3 nm for SQ4 and SQI, respectively, along with significantly lower
fluorescence intensities were observed for the control non-fibrillized protein.

A B
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Fig. 4. Changes in the emission spectra of the squaraines (SQ1
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for SQI1, and [ i648 /1 ;’gz for SQ4 at increasing DMC concentration (Fig. 5), where [ 1.683 and [ 1.648 are the fluorescence

To quantify the above effects, the enhancement in the fluorescence intensity was calculated as the ratio [ i683 /1

intensities at the i-th point of the sample titration with DMC; [ 5231 and [ ;’;i are the initial fluorescence intensities of the

squaraines. As seen in Fig.5, the addition of the donor D1 (ThT) resulted in the SQ1/SQ4 fluorescence enhancement by
6/12 times in the presence of fibrillar insulin and by 1.2/1.6 times in the presence the of the control protein, respectively.
The mediator (DMC) led to a further enhancement of the squaraine fluorescence for both fibrillar and the non-fibrillized
control protein with respect to that of the mediator-free systems.
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The ratio of the signal amplification in the presence of the fibrillar protein to that in the control showed somewhat

decrease with increasing the DMC concentration (Fig. 5C). However, at all mediator concentrations, the dye fluorescence
enhancement was more than 3 times stronger in the presence of fibrillar insulin with respect to the control protein for both

SQ1 and SQ4.
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At the next step of the study, the ThT-protein mixtures were consecutively titrated with DMC, SQ4 and SQ1.The
donor fluorescence gradually decreased with increasing acceptor concentration for each FRET step in the presence of
both fibrillar and control protein, except for the ThT-DMC pair in InsN, where the donor and acceptor fluorescence
increased simultaneously due to superposition of the DMC and ThT emission spectra (data not shown). The efficiencies
of energy transfer for the three donor-acceptor pairs were calculated from the quenching of the donor fluorescence. As
illustrated in Fig. 6, FRET efficiencies in the presence of fibrillar insulin increased with increasing acceptor concentrations
by the factors of 3, 2.4 and 7.5 for the pairs ThT-DMC, DMC-SQ4 and SQ4-SQ1, respectively. The largest values of
FRET efficiency were observed for the pair DMC-SQ4 (E> 60%). Remarkably, the energy transfer efficiencies in the
presence of fibrillar insulin were ~ 12 times greater and ~1.5 times lower than those for the control protein for the pairs
D2-A2 and D3-A3, respectively. A more pronounced FRET observed in the control protein for the pair SQ4-SQI as
compared to InsF did not have a critical influence on the resulting transfer efficiency, since at the first step of cascade
FRET the energy was not transferred in InsN and at the second step the efficiency was lower than that in InsF.

As seen from Egs. (3) and (4), the efficiency of energy transfer depends on the distance between donor and acceptor
and the Forster radius which, in turn, is determined by the overlap between the donor emission and acceptor absorption
spectra, the donor quantum yield and the acceptor extinction coefficient, the refractive index of the medium and the
orientation factor. The overlap integrals, the Forster radii and the donor-acceptor separations were calculated for the pairs
ThT-DMC, DMC-SQ4 and SQ4-SQ1 taking the isotopic value of the orientation factor (x> =2/3).

The relative quantum yield of the donors (Table 1) was calculated as:

QZQ_G*“”%WZ

17
T (1-10%)S 52 1n

where Q. is the quantum yield of the standard, 4, and A, are the optical densities at the donor excitation wavelength,

S, and S, are the areas under the fluorescence bands, 71, and 71, are the refractive indexes of the medium for the donor

and standard, respectively. Notably, the binding of ThT to fibrillar insulin resulted in the increase of the dye quantum
yield by more than two orders of magnitude (Table 1).

Table 1
Donor quantum yields in the presence of fibrillar insulin
Donor 0, Standard
ThT 0.02 ThT in buffer (Q=10"*) [39]
DMC 0.18 DMC in ethanol (Qs=0.2) [40]
SQ4 0.014 Nile Blue in water (Qs=0.01) [41]

The normalized emission and absorption spectra of the three donor-acceptor pairs are depicted in Fig. 7, while the
overlap integral value (J) evaluated by the numerical integration are presented in Table 2. The pair SQ1-SQ4 demonstrated
the greatest J value due to a small shift (~32 nm) between SQ4 fluorescence and SQ1 absorption maxima, and a high
extinction coefficient of SQI.
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Fig. 7. Overlap of the normalized donor emission (slanting lines) and acceptor absorption (horizontal lines) spectra for the donor-
acceptor pairs ThT-DMC (lg;fr =483 nm, ﬂ,‘fg; =421nm), DMC-SQ4 (lg;fr =535nm, ﬂ;g; =641nm) and SQ4-SQ1
(A = 644 nm, A% =676 nm).
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The Forster radius, a characteristic of each donor-acceptor pair, was calculated from equation (4). The largest value
of the Forster radius (Table 2) was obtained for the pair DMC-SQ4 due to the greatest values of DMC relative quantum

yield (0.18) and SQ4 extinction coefficient (£2)*’ =4.21-10° M'em™). The donor-acceptor distance r was estimated

based on the classical expression for the distance dependence of FRET efficiency (Eq. 3) using the £ values at the
maximum acceptor concentrations.
Table 2
FRET parameters obtained under assumption of isotopic rotation of the fluorophores

System J, M 'em 'nm* R,,nm r, nm
ThT-DMC 3.73-10 2.3 2.4
DMC-SQ4 5.32-10% 5.0 4.5

SQ4-SQ1 1.52-1016 39 4.3

The distinctions between the fibrillar and control proteins appeared to be the most pronounced in the 3D fluorescence
spectra. As illustrated in Fig. 8A, in the system consisting of ThT, DMC and SQ4 bound to InsF, the strongest fluorescence
centered around ~ 650 nm corresponds to SQ4; the spot located above the excitation wavelength 550 nm is related to the
direct excitation of SQ4, while the bottom spot centered at Agx ~ 440 nm originates from the energy transfer
ThT—-DMC—SQ4. A residual ThT fluorescence is observed at Agx~ 440 nm and Agm ~ 580 nm. The addition of SQ1 into
the above ternary system resulted in the appearance of a new spot centered at Agm~ 685 nm and Agx ~ 440 nm, and in the
decrease of SQ4 signal (Fig. 8C), suggesting that the energy is transferred from ThT to SQ1 via SQ4. As seen in Figs. 8B
and 8D, the intensity of the analogous patterns is substantially lower in InsN compared to InsF. The barely noticeable
spots centered at the SQ4 (Fig. 8B) and SQ1 (Fig. 8D) emission maxima at Agx ~ 440 nm were observed, while the higher
emission intensities observed at Agx > 550 nm are related to the direct excitation of the fluorophores.
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Fig. 8. 3D fluorescence spectra recorded in the presence of DMC (0.53 uM) and SQ4 (0.16 uM) in the ThT— fibrillar (A) and control
(B) protein mixtures, followed by the addition of SQI (1.4 uM) to the fibrillar (C) and control (D) insulin. The emission and
excitation wavelengths were varied within the ranges 580-760 nm and 410-560 nm, respectively. The excitation and emission slit
widths were set at 10 nm. The protein and ThT concentrations were 4.9 and 1.2 uM, respectively.

In the last step of our investigation, the simple docking studies were performed to provide additional structural
characterization of the dye-fibril complexes. As seen in Fig. 9A, ThT, DMC and SQ4 tend to associate with the 4-5
residues of the L17 ladder of the insulin fibril protofilament located on the dry steric zipper interface, suggesting the
predominant role of hydrophobic and van der Waals dye-protein interactions. A similar binding motif was previously
proposed for ThT [42]. In turn, the bulky moieties of zwitterionic SQ1 seem to prevent its binding to the dry amyloid
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surface, and thus, SQI1, being the most hydrophobic among the examined dyes (possessing the highest LogP value,

Table 3) binds to the wet surface groove formed by the residues GLN15 and GLU17 of the insulin A-chain. In this case,
the hydrophobic, aromatic and electrostatic forces may stabilize the dye-protein complex. Interestingly, the distance
between fibril-bound SQ4 and SQ1 was about 3 nm, being close to the value ca. 3.9 nm obtained from the FRET efficiency
(Table 2).

However, precise identification of the fibril binding sites for the dyes seem to be complicated because the rigid
docking algorithms used here are based on the shape complementarity principles (PatchDock) and perform only the
protein side-chain optimization (FireDock). In turn, the ligand structure remains fixed during the docking process that
may lead to the appearance of the false protein binding sites if the optimized dye geometry used for calculations differs
from the real geometry. Thus, the discrepancies between ThT-DMC, and DMC-SQ4 distances obtained experimentally
(Table 2) and by the molecular docking (Fig. 9A) can be explained by the drawbacks of the docking technique. To

Table 3
Quantum-chemical characteristics of the dyes after geometry optimization (PM6, MOPAC)

Dye SQl1 SQ4 DMC ThT
c4, A? 611 438 304 318
cv, A3 767 519 320 350

Eono- €Y -6.9 -6.8 -8.3 -11.0
E, o€V -2.0 -1.9 -0.7 -4.4

L,A 21.1 18.5 14.4 14.3

w, A 10.7 6.4 5.7 5.7

H,A 8.1 4.5 34 3.7
i, ,D 3.2 5.8 5.7 2.7

g b
M. wt. g/M 608.82 424.54 251.33 188.61
LogP 9.81 1.59 3.84 —0.14

correlate the FRET and docking results, one should assume that SQ4 and SQ1 are bound to the wet insulin protofilament
surface (because of their similar structure), while DMC and ThT reside at the dry amyloid surface due to their small
volumes and molecular weights (Table 3). If SQ4 and SQ1 are associated with the two opposite sides of the fibril surface,
the intermolecular distance will be about 3 nm. In turn, if ThT and DMC are bound to the L17 ladders available on the
first and second B-sheet of the insulin protofilament, respectively, the distance between the two fluorophores will be about
2.5 nm (Table 2).

ThT, DMC, SQ4

A B

Fig. 9. Schematic representation of the energetically most favorable dye complexes with fibrillar insulin, obtained using
PatchDock/ FireDock servers and visualized by VMD software.

The drawing method was set as Bonds and NewCartoon for the dyes and the protein, respectively. ThT, DMC, SQ4 are bound to
the L17 ladder of the B chain, located at the dry steric zipper of the insulin fibril protofilament, while SQI1 is attached to the surface
groove formed by the residues GLN15 and GLU17 of the A chain (A). The distance between SQ1 and SQ4 is about 3 nm (B).
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CONCLUSIONS

To summarize, we have successfully designed the dye ensemble suitable for the three-step sequential FRET in the
insulin amyloid fibrils. The following chromophores were recruited as the components of the fibril-scaffolded FRET
chain: i) a primary donor, Thioflavin T, transferring its energy to the mediator dye, DMC, upon excitation at 440 nm; ii)
a novel squaraine dye SQ4 accepting the energy from DMC; and iii) squaraine fluorophore SQ1 accepting the energy
from SQ4, followed by the emission enhancement at 680 nm. The above cascade showed notable increase in the SQ1
fluorescence compared to that devoid of DMC. Despite the parallel FRET between the dyes cannot be excluded, the
donor-acceptor distances estimated for each pair assuming the isotopic chromophore rotation appeared to be consistent
with the intergroove separations in the core of insulin fibrils. The recovered distances fall in the range 2.4 — 4.5 nm,
suggesting different fibril binding sites for the dyes. The fact that no cascade FRET was observed in the non-fibrillized
protein, highlights the importance of the dye association with the highly ordered amyloid structure for the energy transfer
to occur in the chain ThIT->DMC—SQ4—SQ1. These results may prove of importance in the development of the novel
sensitive fluorescence approaches to amyloid detection and characterization, particularly, in vivo, by introducing the near-
infrared fluorophores to the cascade.
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TPbOXETAITHUI PE3OHAHCHUI MTEPEHOC EHEPT'Ii B AMIJIOITHUX ®IBPAJIAX IHCYJIHY
VY. Tapa6apal!, M. Illyka', K. Byc!, O. Kurnsikiscoka!, B. Tpycosa!, I'. Top6enxo!, H. Taxxkes?, T. Jleaireoprics?
'Kagheopa meouunoi izuxu ma 6iomeduunux nanomexnonozit,
Xapxiecvruil Hayionanvruil yHisepcumem imeni B.H. Kapaszina
nn. Ceoboou 4, Xapkis, 61022, Vxpaina
2@axynemem ximii i papmayii, Cogpiticoxuii ynieepcumem, Cogpis, 1164, Boreapis

3a pornomororo cucteMu Xxpomodopis, 110 ckiaaganacs i3 rioduasiny T (ThT), 4-aumernnaminoxankony (IMX) i 1Box ckBapaiHOBHX
6apBHuKiB, SQI i SQ4, npoBeeHO OLIHKY MOXKINBOCTI BAKOPHCTAHHS TPHOXETATHOTO iHIYKTHBHO-PE30HAHCHOTO EPEHOCY eHepril
(IPTIE) mnst nerextyBaHHs aMinoiguux ¢iOpun iHcyniny. Bussneno, mo meniaropuuit 6apBuuk JIMX 306inmbliye iHTEHCHBHICTD
¢nyopecuentii kinnesoro akuenropa SQI, mo 30ymkyersest Ha 440 HM (y MakCHMyMi TOTJIMHAHHS OCHOBHOTrO aonopa, ThT), y
¢bibpuisipHOMY iHCYJIiHI, Y MOPIBHSHHI 3 duryopecieHiieto y BigcyTHocti IMX, 1110 CBIAYHUTH PO HASBHICTH KACKAJHOTO MEPEHOCY
eneprii B3goBx nanmiora ThT—IMX—SQ4—SQ1. Oxpim 1poro, CTOKCOBHH 3CyB y CHCTEMi 3 4OTHpMa XpoMo(opamMu CKJIagaB
240 uM, y nopiBHsHHI 3 45 HM Juts 3B’s13aHOTO 3 amijoinHuME (ibpuiaamu Tiodainy T, 110 CBIAYNTH PO MepeBary AETEKTYBaHHS
aminoigaux Gibpui 3a momomororo 6araroerannoro IPTIE 3aBnsku BUIIOMY CITiBBiTHOIICHHIO CUTHAI-ITYM. MakcUMaIIbHI 3HAYCHHS
e(eKTHBHOCTI TepeHocy cHeprii B ¢iOpmiax iHCYJiHY, BHU3HAUCHI Uil KOXKHOI KacKaJHOI Mapy NpPU BHUMIPIOBAHHI TaciHHS
(tyopecueHIii J0HOpa B MPUCYTHOCTI akientopa, ckinananu 40%, 60% i 30% ans noHopHo-akientopaux map ThT-JIMX, IMX-SQ4
i SQ4-SQ1, BigmosinHO, , ToAl K y BHHAAKy HediOpmiizoBaHoro Oika mepeHoc eHeprii OyB HpakTUYHO BincyTHiH. HaiOinbmr
BHUPAXKCHI BIIMIHHOCTI Mixk (iOpriisipHuM Ta HeiOpuitizoBaHUM OikoM crocTtepiranuchk B 3D crekTpax ¢uryopeciieHiiii. 3okpema, y
GiOprspHUX arperaTax iHCYJiHY BUSBIICHO ABI IHTEHCHBHI 00JIacTi 3 IGHTPaMK Ha JIOBXKUHAX XBUIb (uryopecreHii ~ 650 uM (SQ4)
Ta ~ 685 HM (SQ1) npu 30y KeHHI Ha TOoBXHHI XBIII ~ 440 nm. HaTomicTs, 1 HedibpritizoBaHoro Oiika, OyJii HasBHI JIeIb TOMITHI
001acTi Ha TUX CaMUX JIOBXKHHAX XBHJIb, 4 TAKOXK, OLIbII iIHTEHCHBHI 001acTi MpH 30yKCHHI Ha JOBXKUHI XBWII MOHAA 550 HM, 110
CBITYUTH PO NEPEBAXHUH BILTUB IpsiMoro 30ymxeHHs SQ1 Ta SQ4 Ha duryopecnieHTHY BiIIOBIIbL 30HAIB. MIXKMOJIEKYIIApHI BiACTaH,
po3paxoBaHi Ha OCHOBI EKCIICPHMEHTAJIBHUX 3HAYCHb €(PEKTHBHOCTI NMEPEHOCY €Hepril y MpPUITymIeHHI i30TPOIHOr0 OOEepTaHHS
xpomodopis, cranosunn 2.4, 4.5 1 3.2 am s map ThT-JAIMX, IMX-SQ4 1 SQ4-SQ1, BiamosiaHo, IO CBIAYHUTH PO Pi3HI caiiTh
3B'3yBaHHS OapBHUKIB 3 QiOpumamMu. KBaHTOBO-XIMIUHI pO3paxyHKH 1 METOX MOJEKYJSIPHOTO JOKIHTY JO3BOJIMIIH IIPUITYCTUTH, IO
3B's3yBaHHA SQI, SQ4 i ThT, IMX BinOyBa€eTbCS 3 «BOJIOTOIO» 1 «CYXOIO» MOBEPXHSAMHU NPOTO(ITAMEHTIB IHCYIIiHY, BiANOBIIHO.
Kommuiexcn 30HA-0110K, BOYeBUb, CTaOLII3YIOTECS TiipodoOHIMHE, BaH-/Iep-BaanbcoBUMy, apOMaTHYHUMH Ta €IEKTPOCTATHIHIMH
B3a€MOJISIMU. TakuM YHHOM, 3aBJISIKH BUCOKIH UyTIMBOCTI Ta HIKYIH BIPOT1THOCTI IICEBIO-TIO3UTHBHOTO PE3YNbTATy, po3polieHnit
METOA MO>KHAa BHUKOPHCTOBYBATH Ul NETEKTYBaHHS Ta XapakTepu3amii aMinoimHux (iOpmi in vitro mapajielpbHO 3 KIACHYHAM
TionaBiHOBEM MeTOmOM. [lepcrieKTHBHUM TakoX € BHKOpucTaHHsS Oararoeramuoro IPIIE mnsa Bi3yamizamii amimoinis in vivo, 3a
YMOBH BKIIIOUEHHS JI0 KacKaay 30HAY, 10 Ma€ CMYT'H OTJIMHAHHS 1 (IIyopecueHii y OivkHil iHppadepBoHii 001acTi.

KJIFOYOBI CJIOBA: kackagHHii PEe30HAHCHHH MEPEHOC CHEprii, 4-TUMeTHIaMiHOXaNKOH, (iOpHISpHHUHA 1HCYJIH, CKBapaiHOBI
30H1H, Tiodnasin T.
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C nomouipto cuctemsl xpomodopos, copepxaieii Tnodaasun T (ThT), 4-mumermnamunoxankod (JMX) u 1Ba cKBapamHOBBIX
kpacutens, SQ1 u SQ4, mpoBeneHa OIEHKa BO3MOXHOCTH HCIIOJIB30BAaHHS TPEX3TAIHOTO MHAYKTHBHO-PE30HAHCHOTO IIEpeHoca
sueprun (UPIIE) mis nerextupoBaHusi aMuIoOUIHbIX (GuOpmin uHcyiarHa. OOHapyKeHO, 4TO MeAuaTopHbld kpacutens JIMX
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YBENTMYUBACT HHTCHCUBHOCTD ()IyOpecIeHIH KoHeuHoro akientopa SQ1, Bo30yxaaemoro npu 440 HM (B MaKCHMyM€ MTOTJIOIICHUS
0ocHOBHOTO foHOopa, ThT), B pubpriisipHoM HHCYIIHHE 1O CpaBHEHUIO ¢ (ryopecteniueii B orcyrcrBue JJMX, 4To CBUACTEIBCTBYET
0 HAJTMYHMHK KacKaJIHOTo nepeHoca suepruu Baoib uenu ThT—IMX—SQ4—SQ1. Kpome Toro, CTOKCOB CABUT B CHCTEME C YETHIPbMSI
xpomodopamu cocraBuin 240 HM, o cpaBHeHHIO ¢ 45 HM i THo(uaBuHa T, CBSI3aHHOTO C aMWJIOWAHBIMU (GUOPHIIIAMH, YTO
CBHUJIETENILCTBYET O NMPEHMYIIECTBE IETEKTUPOBAHHS aMUIOUAHBIX arperaTos npu nomouy MuorostantHoro MPIIE 6naronaps 6omnee
BBICOKOMY OTHOILCHHIO CUTHAJI-IIyM. MakcUMaibHble 3HaueHHs 3((EKTHBHOCTU INepeHoca 3Hepruu B (GuOpWUIaX HHCYJIHMHA,
ONpE/IeICHHbIe Ul KaKIOH KacKaJHOW Hapbl NpU W3MEPEHHU TYIICHHs (IyopecleHIMH AOHOpa B NPUCYTCTBHH AaKLENTOpa,
coctaBuin 40%, 60% i 30% mns nonopuo-akuentopusix map ThT-IMX, IMX-SQ4 u SQ4-SQ1, cooTBEeTCTBEHHO, TOT /A KaK B CIy4dae
HeuOpPWIIM30BaHOTO Oelka MEepeHOC OJHEPrHH IPaKTUUECKH OTCYTCTBOBaj. Haumbonee BBIpaKEHHBIE pa3IUUUs MEXIY
GuOpMUIIPHEIM 1 HeuOpUIM30BaHHEIM OenkoM HabOmonanmuck B 3D cnekrpax ¢uyopecueHuuu. B yacTHOCTH, B aMHIIOMIHBIX
arperaTax MHCYJIMHa OOHApy>KeHO JBE MHTECHCHUBHBIX OOJIACTH C IIGHTPaMH Ha JUIMHAX BOJH MuccHu ~ 650 HM (SQ4) u ~ 685 HM
(SQ1) mpu Bo30Y)IcHUM Ha JTHHE BOJIHBI ~ 440 HM. B cBOYO Ouepesb, i HepUOPHUITH30BaHHOTO OENKa BBISIBICHBI €/1BA 3aMETHBIC
00JIaCTH C LIEHTPAaMHM Ha TeX )K€ CaMbIX JJIMHAX BOJH, a TAK)XKe — 001acTu ¢ O6ojiee BEICOKUMU HWHTCHCUBHOCTSMHU IIPH BO30YXKIICHUH
BbIIe 550 HM, YTO CBHICTEIBCTBYET O MPEUMYIIICCTBCHHOM BIIMSTHUHU MPsMOro Bo30yxaeHus SQ1 u SQ4 Ha (ayopeclieHTHBIN OTBET
9THX KpacuTeneil. MeXMOJeKyIsIpHbIe pacCTOSHMS, PACCUMTAHHBIE HAa OCHOBE JKCIEPHMEHTAJBbHBIX 3HaueHHH 3(dexTHBHOCTH
nepeHoca sHepruu, cocraBmii 2.4, 4.5 u 3.2 am st map ThT-AIMX, IMX-SQ4 u SQ4-SQ1, cOOTBETCTBEHHO, YKa3bIBasi HA pa3InIHbIC
CaliTHl CBS3BIBAHUS KpacuTeneil ¢ ¢uOpmwmiamu. KBaHTOBO-XMMHUYECKHE PAacdeThl M METOJ MOJICKYJISIPHOTO JOKHHTA ITO3BOJIVIIN
IIPeANONOXKUTH, 9To cBsi3biBaHMe SQ1, SQ4 u ThT, JIMX IpouXoauT C «BIAKHOH» U «CYXOi) IMOBEPXHOCTSIMU IPOTO(PHIAMEHTOB
HHCYJIMHA, COOTBETCTBEHHO. KOMIIIEKCH 30HA-0€JI0K, MO-BHANMOMY, CTaOWIM3HPYIOTCS,IHAPOGOOHBIMHU, BaH-Aep-BaanscoBbMy,
apOMaTHYECKUMH U 3JIEKTPOCTATHIECKUMH B3aUMOJEHCTBUSAMU. TakuMm oOpa3om, Ormaromapsi BHICOKOI 4yBCTBUTEIBHOCTH U Ooiee
HU3KOH BEPOSTHOCTH ICEBAO-TIOJIOKHUTEIBHOTO Pe3ylbTaTa, pa3pabOTaHHBIH METOA MOXHO HCIIONBb30BaTh AN JETEKTHPOBAHHS U
XapaKTepH3aliy aMIIONAHBIX (GUOPUILT in Vitro mapauIenbHo ¢ KIACCHUSCKUM THO(IaBHHOBEIM MeTOAOM. [lepcrieKTHBHOM SIBIIsIETCS
TaKKe OLEHKA BO3MOXKHOCTH UCTIONB30BaHMsA MHOoTo3TanHOro VIPIIE mis Bu3yanusanuy aMuIoHI0B in Vivo, TIPH yCIOBHU BKITIOYEHHS
B KacKaj 30H7a, KOTOPBIH MMEET MOIOCH HOTJIONICHHS U UCITyCKaHUs B OMmkHeH nH(paKkpacHOil o0macTH.

KJIFOYEBBIE CJIOBA: kackaiHblii pE30HAHCHBIH TEPEHOC SHEPTuH, 4-IUMETHIAMHHOXAIKOH, (UOPWIUIAPHBIA HWHCYJIHMH,
CKBapavHOBBIE 30HIbI, THO(IaBUH T.
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SIMULATED LABORATORY, ON THE MECHANICAL PROPERTIES OF THE
KAPTON H TYPE POLYIMIDE FILMS

Viktory A. Lototskaya'*, (“Leonid F. Yakovenko!, “ Evgeniy N. Aleksenko',
Nikolay I. Velichko', “Yuriy S. Doronin!, “’ Anna A. Tkachenko',

Ivan P. Zaritskiy', Vyacheslav V. Abraimov?, Wen Zhu Shao?

!B. Verkin Institute for Low Temperature Physics and Engineering of NAS of Ukraine
Prospect Nauky, 47, Kharkov, 61103, Ukraine
’Harbin Institute of Technology
Harbin, the People’s Republic of China
*E-mail: lototskaya@ilt.kharkov.ua
Received August 27, 2019; revised September 17, 2019, accepted Ocober 21, 2019

The mechanical properties (limit of forced elasticity, fracture stress, total deformation to failure and its components) of a 75 um-thick
polyimide film of kapton H type under uniaxial tension conditions at 293 K after exposure to the outer space factors were studied.
The electromagnetic radiation of the transatmospheric Sun in the wavelength range of 250-2500 nm (EMRS) for 100 hours and
vacuum ultraviolet (VUV) and ultra soft x-ray (USX) radiation in the range of 1.24-170 nm — for 100 and 500 hours were simulated
under laboratory conditions. The effect of separate exposure in each of the wavelength ranges was investigated. It was found that
after irradiation in the both wavelength ranges the films remained in a forced-elastic state. The tension diagrams, like in the initial
state, have two stages. The contributions of the elastic, irreversible and highly elastic (delayed and reversible at test temperature)
components to the total deformation to failure were determined. It was found that the limit of forced elasticity increased after
irradiation both with EMRS, and with VUV and USX radiation. In this case an increase in the limit of the forced elasticity under the
influence of EMRS was caused by heating of the film in the course of irradiation, and under the influence of VUV and USX radiation
— by radiation effects. The fracture stress and total deformation to failure change weakly and only under the influence of VUV and
USX radiation. With changing the duration of exposure to VUV and USX radiation (100 or 500 hours), the fracture stress and the
total deformation to failure change non-monotonously. The negative consequence of exposure to VUV and USX radiation is the
contribution values redistribution of the individual components of the total deformation to failure. VUV and USX radiation within
500 hours leads to a halving of the contribution of elastic deformation, which is reversible at deformation temperature.

KEY WORDS: polyimides, space factors, limit of forced elasticity, fracture stress, deformation

For several decades polyimide with the monomeric unit C»,HoN>Os (of kapton H, PM-A type, etc.) has been the
main ultra-lightweight radiation-resistant polymer, used as a heat insulator on the outer surface of spacecrafts (SC).
During this period the researchers’ attention, primarily, was paid to the influence of space factors on the polymer
electrical and thermo-radiation properties. In the process of development and design of small-sized satellites with an
increased "lifetime" in orbit, a great interest arose to the mechanical properties of the polymer. In the outer space a
number of extraordinary factors act simultaneously and alternately on the materials and elements of the spacecrafts:
high vacuum, electromagnetic radiation, charged particle fluxes, thermal cycling, etc. In our previous work [1] we
considered the influence of protons and electrons of the Earth’s radiation belts with a length free path, comparable with
the thickness of the film, on its mechanical properties under uniaxial tension. The obtained results on changing the
limits of the forced elasticity, fracture stress, and overall elongation are in good agreement with the results given in the
review [2]. The data on redistribution of different contributions to the total deformation (contributions of highly elastic,
reversible at test temperature, delayed highly elastic and irreversible deformation) are presented only in our work.

The object of this work is to study the patterns of deformation and strength of kapton H-type polyimide films after
simulating the separate effects of electromagnetic radiation from the transatmospheric Sun in the ranges of 250-2500
nm and 1.24-170 nm.

MATERIAL AND METHOD OF RESEARCH

The objects of study were samples of thermoplastic film of aromatic polyimide — poly-4,4'-diphenylene oxide
pyromellitimide, manufactured by PRC (People's Republic of China), with the thickness of 75 pm. The mechanical
properties of this film in its initial state and after its exposure to fluxes of corpuscular radiation were studied in [1, 3].

Samples for testing under uniaxial tension (Fig. 1) were obtained using a special die. The axis of tension coincided
with the direction of the film drawing. The shape and dimensions of the sample are close to type 1 according to State
Standard 11262, which is admitted for use in tensile tests of film polymer samples (State Standard 14236). The sample
was fixed with special grippers. The gripper consists of a roller, around which the sample blade is bent, and two clamps
that capture the roller with the blade.

The mechanical properties of the samples subjected to space factors (SF) were studied at room temperature in the
open air (293 K) not later than 24 hours after irradiation. The samples deformation under uniaxial tension was
© Viktory A. Lototskaya, Leonid F. Yakovenko, Evgeniy N. Aleksenko, Nikolay I. Velichko,Yuriy S. Doronin,
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performed using FPZ-100/1 tensile testing machine with a low-temperature unit, created in the Institute for Low
Temperature Physics and Engineering [4], with the active rod moving speed Vg = 0.85 mm/min and, correspondingly,

with the deformation rate € =7-10"*s™! (€ =Vet/Lo, where L, is the initial working length of the sample).

!

27

80

Fig. 1. The shape of the tensile test sample

In the process of deformation a tensile diagram was recorded in the coordinates “load P-elongation AL”, from
which the following mechanical characteristics were determined: the apparent limit of forced elasticity, corresponding
to the stress, at which the highly elastic deformation is 1%, Grore. = P19/So; fracture stress of the sample o = Pg/S,,
where S, is the initial cross section of the sample; total elongation AL, corresponding to the moment of the sample
fracture; elongation AL, corresponding to the elastic section of the curve. The other contributions to the total
deformation ALl = ALclast. + ALhigh e1.1 T ALnigh 12 + ALirrevers. Were determined as in [3]. All these mechanical
characteristics are presented below as average values according to the test results of six samples in each state.

The surface fractures of the samples were studied using MBS-9 optical microscope. In addition the surface
fractures of the film samples, deformed in the initial state at 77 K, were analyzed. Mechanical properties of these
samples are presented in [3].

The studied polyimide films were affected by SF (simulated in the laboratory) in a complex simulator of 8 space
factors CSSF (Fig. 2), developed at the Institute for Low Temperature Physics and Engineering of NAS of Ukraine,
which was described in detail in [5], and briefly —in [1].

2 8

12

Fig. 2. Scheme of CSSF simulator
1 — cryogenic vacuum chamber; 2 — proton-electron accelerator on combined beams; 3 — gas-jet source of VUV and USX radiation; 4
— drum; 5 — zone for sample installation; 6 — zone of radiation factors effect on the sample; 7 — sample holder board; 8 — control
system rack; 9 — electric vacuum connector; 10 — vacuum slide shutters; 11 — gas-discharge radiation source (GDRS); 12 — IS-160.

To simulate the electromagnetic radiation of the transatmospheric Sun (hereinafter EMRS) in the wavelength
range A = 200 - 2500 nm with the radiation intensity Js = 0.14 + 0.28 W/cm? and the irradiation area S = 100 ¢cm?, a
simulator of the transatmospheric Sun of CSSF type IS-160 is used (pos.12, Fig.2). In this investigation the samples
were exposed to EMRS in the range of 250 - 2500 nm for 100 hours without cooling the chamber jacket with liquid
nitrogen, what corresponded to 100 hours of solar irradiation on the near Earth orbit. The target temperature at
irradiation under these conditions was 94° C. Heating in the process of irradiation was simulated separately on 6
samples, which were annealed in the open air in a muffle furnace at this temperature for 100 hours.

Simulation of the effect of vacuum ultraviolet (VUV) and ultra-soft X-ray (USX) radiation in the range of
1.24-170 nm was provided by a gas-jet source GJS (pos.3, Fig.2), developed at the Institute for Low Temperature
Physics and Engineering [6,7]. The gas-jet method for generation of electromagnetic radiation is based on the excitation
of the supersonic jet of a gas mixture in the vacuum by an electron beam. This method allows introducing VUV and
USX radiation into the high-vacuum chamber of the CSSF simulator (10 Pa) in a wide space angle without using
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optical windows (Fig. 3). In this case the irradiation of the test object, located in the high-vacuum CSSF chamber at the
distance of 70 cm from the axis of the jet, can vary from 2 to 10-fold excess of solar irradiation in the Earth orbit. The
GJS source radiation spectrum is as close as possible to the solar radiation spectrum in the specified wavelength
range [6].

To reduce the experiment time, the irradiated films were placed not on the CSSF target, but directly in the GJS
source chamber, what allowed increasing the irradiancy on the samples to 2:10* W/cm?. Two doses of the samples
irradiation with VUV and USX radiation, corresponding to 100 and 500 hours of solar irradiancy on the Earth orbit,
were chosen.

High-vacuum
chamber

Electron
bearm

Supersonic
jet

Irradiated
ubJuL'l

a) b)
Fig. 3 GJS — gas-jet simulator of the Sun
a) schematic representation of the gas-jet method for generating electromagnetic radiation and introducing it into the high-
vacuum chamber, b) semi-cryogenic version of the VUV and USX radiation simulator of the Sun as a part of the CSSF simulator.

RESULTS OF EXPERIMENTS AND THEIR DISCUSSION

Fig. 4 shows typical curves “stress (o)-deformation (g)” of polyimide film samples in the states under study: (1) —
initial, (2) — after EMRS irradiation, (3) — after heating in a muffle furnace, (4 and 5) — after irradiation with VUV and
USX radiation during to 100 (4) and 500 (5) hours. The o - € curves of the samples, both in the initial state and after all
types of exposure, have two stages — linear and nonlinear. At the linear stage, only elastic deformation €.jast. 0Occurs and
the o-¢ diagram during loading and unloading is the same (Fig. 4). In the process of unloading, from the beginning of
the second stage of deformation a hysteresis of the o(g) curve trend is observed, and a part of the deformation is a
reversible highly elastic one €nighci1. With further loading, the contributions of the delayed highly elastic €nignhel2 and
irreversible €ievers. deformation also occur (Fig. 5). The last mentioned contribution does not disappear at heating to the
temperature T < T in the range of the polymer softening temperature Tsof..
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Fig. 4. Typical curves "stress (o) - deformation (g)" Fig. 5. The curve of deformation under loading and unloading
of a polyimide film 75 microns thick of an irradiated film deformed to some loading values (1,2,3,4)

at 293 K
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The deformation curves o-¢ of the film after all types of exposure differ little (Fig. 4). Only c-¢ curves of the films,
exposed to VUV and USX radiation for 500 hours, show higher stress values all over the curve. After the other types of
exposure, the strengthening effect was found only at the limit of the forced elasticity orore. Figure 6 presents histograms
with average values of the limit of forced elasticity Gfor, fracture stress o, and the total deformation € of the initial
and irradiated samples. The oo, limit increases after exposure to SF by an average of 14% (EMRS), and by 17% (VUV
and USX). However, under exposure to EMRS, the heating of the target was observed, which was absent under
exposure to VUV and USX radiation. Heating of the samples at the temperature corresponding to the target one (94°C)
for the same 100 hours of exposure causes a similar increase in the value of oo, therefore we associate hardening
when simulating the effect of EMRS only with heating of the sample on the target. The fracture stress o and total
deformation €11 after exposure to EMRS remain at the same level as in the initial samples.

After exposure to VUV and USX radiation, the values of these characteristics (6., €woti) also change slightly, but
ambiguously at different duration of irradiation. It was found that after 100 hours of irradiation, the average values of
the both characteristics were slightly lower than the initial ones (by 7%), and after 500 hours of exposure the average
values of the fracture stress became 5% higher than the initial ones, and the total elongation value was equal to that in
the initial samples.
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The average values of total deformation €1 and its individual components (highly elastic deformation €xigh el 1,
reversible at the test temperature, total forced highly elastic deformation: reversible € nignhel1+ delayed € pigher2 and
irreversible deformation €imevers) Of the samples, tested in the initial state and after their exposure to SF, are given in
Fig. 7. 1t is seen that EMRS effect does not cause any significant redistribution of the values of the total deformation
components. 10%-decrease in the contribution of the irreversible deformation €irrevers. after exposure to EMRS, as well
as after annealing in a muffle furnace, can be due to heating of the target. Exposure to VUV and USX radiation leads to
an unambiguous decrease in the contribution of the highly elastic deformation € pigher1, reversible at the test
temperature, which reached 50% after 500 hours of irradiation. It should be also noted, that a large spread of €irevers.
values in the samples exposed to irradiation for 100 hours can be observed.

In contrast to the samples, that were exposed to corpuscular radiation [1], no twisting was detected in the samples
deformed to failure and, hence, no macrostresses in them. However, in the samples exposed to VUV and USX radiation,
a change in the nature of the samples fracture was detected (Fig. 8).

The initial films destruction at 293 K (Fig.8a) arises due to tearing off transversely to the tensile axis of the sample
with a slim neck. At the temperature of 77 K (Fig.8b) in the initial film fractures some zones of slight tear and tension
bars are observed, what indicates to some embrittlement of the films. A similar picture is observed in the fractures of
films exposed to VUV and USX irradiation.
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Summarizing the results, we should note that our experiments confirm high radiation resistance of the polyimide
films of kapton H type to the electromagnetic solar radiation. However, it should be emphasized, that despite the small
content (103%) of VUV and USX radiation with respect to the total energy of the Sun, its effect on the mechanical
properties of polyimide is most evident. While the increase in the limit of the forced elasticity after exposure to EMRS
in the range of 250-2500 nm is due only to heating, an increase in G, as well as a decrease in the contribution of the
reversible highly elastic deformation and embrittlement of the fractures after irradiation with VUV and USX radiation
in the absence of heating, are associated only with radiation exposure. According to [2, 8] two competing processes, i.¢.
rupture of macrochains and intermolecular linking, can occur under irradiation. For a more detailed determination of the
physical mechanisms of the processes, some spectroscopic studies are required.
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Fig. 7. Average values of the total deformation and its components for the polyimide film samples deformed at T =293 K in the
initial state and after exposure to SF.

a) — total deformation to failure of the samples €iwtal, b) — highly elastic reversible deformation at the test temperature, €highel.1, C) —
total forced highly elastic deformation (€nigh el..1 T €nigh el 2), d) — irreversible deformation E€irevers..

c) d)
Fig. 8. Areas of destruction of the initial (a, b) and exposed to VUV and USX radiation for 100 hours (c), and for 500 hours (d)
samples after deformation at the rate £ =7-10"*s"! at the temperature T = 293 K (a, ¢, d), and T = 77 K (b).
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It should be also noted, that the increase in the forced elasticity limit after exposure to VUV and USX radiation for
not more than 500 hours, corresponds to the level of increase in this characteristic after exposure to protons with the
energy of 160 keV, when simulating a spacecraft flight for 100 years in the ISS orbit at H = 400 km, and a spacecraft
flight on the geostationary orbit at H = 36000 km for 10 years. From the applied point of view, an increase in the level
of the forced elasticity limit is of great importance. At the same time, a decrease in the level of reversible highly
elasticity of films after exposure to VUV and USX radiation is a negative factor, especially under cyclic loading.

CONCLUSION
1. It is shown, that kapton H-type polymer film under study is characterized by high radiation resistance to
electromagnetic radiation from the transatmospheric Sun in the wavelength ranges of 250-2500 nm and 1.24-170
nm.

2. It is found, that an increase in the forced elasticity limit Grore. by 14% after exposure to EMRS in the wavelength
range of 250-2500 nm is due to the influence of film heating under irradiation.

3. An increase in the forced highly elasticity limit Grre, by 17% was detected after exposure to VUV and USX
electromagnetic radiation in the range of different time (100 and 500 hours), which did not relate to heating.

4. The fracture stress O and the total deformation to failure € after all types of exposure vary slightly, but non-
monotonously after different time of exposure to VUV and USX radiation. After exposure for 100 hours, both
characteristics are slightly reduced (by 7%), and after irradiation for 500 hours € returns to its almost original
state, and O increases slightly (by 5%).

5. It is ascertained, that with a slight change in €. after exposure to VUV and USX radiation, a significant
redistribution of the values of its components occurs. The largest decrease (by 50%) is demonstrated by the
contribution of highly elastic deformation €nign c1.1, reversible at the test temperature.

6. From the applied point of view, it is important to increase the level of the forced elasticity limit after exposure to
electromagnetic radiation within all the wavelength range under study with a slight change in other macroscopic
mechanical characteristics. A negative factor, especially under cyclic loading, is a decrease in the level of reversible
elasticity of films after their exposure to VUV and USX radiation.
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BIIJIUB EJIEKTPOMATHITHOI'O BUITPOMIHIOBAHHSI 3BAATMOC®EPHOI'O COHILISL, 11O IMITOBAHO
JABOPATOPHO, HA MEXAHIYHI BTACTHUBOCTI IOJIIMIJIHOI IIIBKU THITY KAPTON H
Bikropis O. Jlorounka', Jleonin @. SIkosenko', Ceren M. Anexcenxo!, Mukoua I. Beauuxo!, IOpiii C. Joponin',
I'anna O. Tkauyenko', Isan I1. 3apiubkuii!, B’siuecinas B. A6paimos?, Wen Zhu Shao?
! Dizuxo-mexniunuii incmumym nusvkux memnepamyp im. 5.1 Bepxina HAH Yxpainu
np. Hayku, 47, m. Xapkis, 61103, Yrpaina
2 Xap6incokuii ITonimexniunui incmumym, m. Xap6in, KHP
JocipkeHo MexaHiuHi BIACTHBOCTI (IpaHHULs BHUMYILCHOI €TacTUYHOCTI, Hampyra pyilHyBaHHs, 3araibHa aedopmaiis a0
pyiHyBaHHs 1 11 ckianoBi) mosmiimiguoi ruiiBku Tumy kapton H ToBmunHOIO 75 MKM B yMOBax OJHOBICHOTO PO3TSATYBaHHS IMPH
temmepatypi 293 K micas BmiuBy (akTopiB KOCMIYHOTO THpocTopy. JlabopaTopHO iMiTyBanM eJIeKTpOMAarHiTHE BHUIIPOMiHIOBaHHS
3aatMocdeproro CoHus B niamazoHi goBxuH xBWiIb 250-2500 um (EMBC) mpotsrom 100 rogus i BakyyMHe yibTpadioneToBe
(BY®) i ynprpam’sike pertreniscske (YMP) BunpomintoBanns B gianasoni 1,24-170 am npotsirom 100 i 500 rogun. JocmimKyBaiu
BIUTHB PO3ALUIHHOTO ONMPOMIHEHHS B KOXXHOMY 3 Jiala30HiB JOBXUH XBIJIb. BUSBIIEHO, IO micis OMPOMiHEHHs B 000X Jiana3oHax
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JOBXUH XBHJIb [UTIBKH 3aJIMIIAIOTHCS B BUMYILICHOEGNACTIYHOMY cTaHi. JliarpamMu po3TsryBaHHs, SIK i B MOYaTKOBOMY CTaHi, MalOTh
nBi cranil. BusHaueHo Bxiamy TMpy>KHOI, HE3BOPOTHOI 1 BHCOKOeNacTHYHOI (3aTpuMaHoi i OOOpOTHOI IpW TeMmrepaTypi
BUIIPOOYBaHH) CKJI/IOBHX B 3arajbHy AeopMaliiio 10 pyiHHyBaHHs. BUABIEHO, 110 TpaHUI BUMYIIEHOI €1aCTHYHOCTI 3pOCTAE, SIK
micist onpominenHss EMBC, tak i BY® i YMP BunpowminroBanssaM. [Ipy 1poMy miJBHUIEHHS TPAHUII BUMYIICHOT €TaCTUYIHOCTI il
niero EMBC BuKIMKaHO HarpiBoM IDTIBKH IiJ 9ac OMpPOMiHEHHS, a Mia BIuiBoM BY®- i YMP BunpomiHioBaHHS - pagianitHUIMu
edexramu. Hampyra pyliHyBanHs i 3aranbHa fgedopmaris 10 pyHHyBaHHS 3MIiHIOIOTBCS ciabo 1 jume mix giero BY® i YMP
BunpoMiHioBaHHs. [1pu 3MiHi TpuBanocti onpominerass BY® i YMP sunpowminroBanns (100 a6o 500 roanH) Hanpyra pyHHYBaHHS 1
3arajipHa JedopMariist 10 pyHHYBaHHs 3MIHIOIOTHCS HEeMOHOTOHHO. HeratuBauM Haciinkom BBy BY® i YMP BunpomiHroBaHHS
€ TIepepOo3IOoIiI BEIMYMH BKJIAiB OKPEMHUX CKIIaJIOBUX cyMapHol nedopmariii. BunpominroBanss npotsrom 500 ro. npu3BOAUTE 10
3HIDKSHHSI B JIBa pa3u BKIIALy eIacTUYHOI Jedopmaltii, 060poTHOT pH TemmepaTypi aedopmarii.

KJIOUYOBI CJIOBA: mnomiimign, (Gpakropu KOCMIYHOTO MPOCTOPY, TPaHMII 3MYIICHOI eNacTHYHOCTI, HAmpyra pyHHyBaHHS,
nedopmartis

BJIUAHHUE JIEKTPOMATHUTHOI'O U3JIYYEHUA 3AATMOC®EPHOI'O COJTHIA, UIMUTHPYEMOI'O
JIABOPATOPHO, HA MEXAHUYECKHUE CBOMCTBA IMMOJUUMHUIHOM IVIEHKH TUIIA KAPTON H
Buxropus A. Jloroukas', Teonna ®@. SIxopenxo', Esrennii H. Anexcenxo', Huxonaii U. Besnuxo', FOpuii C. Jloponun’,
Anna A. Tkauenko!, Usan II. 3apuuxuii', Bayecias B. AGpaumos?, Wen Zhu Shao?

! Dusuxo-mexnuueckuii uncmumym nuzkux memnepamyp um. b.1U.Bepxuna HAH Ykpaunw
np. Hayku, 47, 2. Xapwvkos, 61103, Ykpauna
2Xapouncruii Ionumexnuyeckuti uncmuntym, 2. Xapbun, KHP
HccnenoBanbl MexaHHUECKHE CBOMCTBA (Ipe/ieN BbIHYKICHHOI 3JIaCTUYHOCTH, HANPsDKEHHE paspylieHus, obmas nedopmarus 10
pa3pyLIeHHs U € COCTaBJISIONINE) MOJMUMHUIHON IUICHKU Tuma kapton H TommuHO#N 75 MKM B YCIOBHSX OJHOOCHOTO PACTSKEHHS
mpu Ttemmeparype 293 K mocine Bo3meicTBUS (AKTOPOB KOCMHYECKOTO TpOCTpaHcTBa. JlabopaTopHO HMMHUTHpOBAIA
JIEKTPOMArHUTHOE HM3TydeHne 3aatMocdeproro Comnna B auanasoHe MuH BoiH 250-2500 aM (OMUC) B Teuenne 100 gacoB u
BakyyMHoe yibsTpaduoneroBoe (BY®) u ynsrpamsrkoe peatrenosckoe (YMP) msnydenue B nuanaszone 1,24-170 am B Teuenue 100
n 500 gac. MccnenoBanu BiMSHHE Pa3feNbHOrO OOMyYeHMs B KaXKIOM M3 JMANa3o0HOB JIMH BoJH. OOHAapyXeHO, YTO IOCIe
o0urydeHus B 000MX JIMania3oHax JUIMH BOJIH IUIGHKH OCTAIOTCSI B BBIHYKACHHOYJIACTUUECKOM COCTOSIHUM. JlnarpaMMBbl pacTsKeHHMS,
Kak M B HCXOJHOM COCTOSHMH, MMEIOT IBe craguu. OmnpeneneHbl BKIAAbl YNPYroi, HEoOpaTUMOH M BBICOKOAIACTHYECKOM
(3azmepxaHHON ¥ OOpATHMOM IIPU TEMIIEPAType UCIBITAHMUS) COCTABIIAIONINX B 00LIyI0 AedopMaruio 10 paspyuienus. OOHapy eHo,
YTO Tpelesl BBIHYKACHHOH 3IacTHYHOCTH BO3pacTaer, kKak mocie oomydenus DMUC, tak u mocne Bozaeiictsus BYD u YMP
n3nydeHueM. [Ipn 5ToM MOBBIIIEHHE TpeAeia BEIHYKACHHOH 31acTHYHOCTH NoA AerictBeM DMIC BEI3BaHO HAarpeBOM IUICHKH B
npornecce odirydeHus, a 1moj BozjelictBueM BY® u YMP usnydenus - paguanuonasivu 3¢ dexramu. Hampspkenne paspymeHust 1
obmast gedopmanus 10 pa3pymICHUS H3MEHSIOTCS Cllabo W TOJBKO moja aevicteueM BY® um YMP uznyuenus. [lpu m3meHeHun
qrensHocTH o0mydenust BY® nu YMP wmsnydenus (100 wiam 500 wac.) HampsbkeHue paspynieHus u oOmas nedopmanus 1o
paspylleHus U3MEHSIOTCS HEMOHOTOHHO. HerartuBHbeIM mnocnencrsueM BozaelictBus BY® u VYMP wusnyuenus sBisercs
nepepacnpesieieHle BeIUYMH BKJIAI0B OTAEIBHBIX COCTAaBIAIOIINX cyMMapHOH medopmauumu. OOmydenue B TeueHue 500 wyac.

MIPUBOAUT K CHIKEHHIO B JIBa Pa3a BKIIaJa 3IacTH4ecKoil fedopManuu, 0OpaTUMOi pu TeMIiepatype AeopMaliy.
KJIFOYEBBIE CJIOBA: nmonmunMuabl, pakTopsl KOCMUYECKOT0 MPOCTPAHCTBA, MPEIEN BEIHYKACHHOH 3JIaCTUYHOCTH, HANPSIKECHNE
paspymeHus, nedopManus
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To ensure the controllability and high noise immunity while measuring the characteristics of the accelerators of relativistic electron
beams (REB) “TEMP”, and parameters of the processes in them, triggering devices with galvanic isolation of input and output
circuits, allowing to set up the pulse delays in the range from 1 ps to tens of milliseconds, have been developed. When they are used,
the effect of loop currents, which flow in the common ground circuits and affect the operation of the measuring equipment, is
eliminated. To synchronize the operation of the REB accelerator “TEMP” a triggering device was developed and assembled. It was
assembled from blocks produced on the up-to-date elemental base and is a complete functional product. The triggering device
comprises a trigger block and delay units. The trigger block is developed on the basis of an AND - NOT chip and a multivibrator.
The delay units are built on single-shot vibrators K155AG1 and differ in the value of adjustable delays, which are determined by the
external elements R and C, connected to the multivibrator. Unfortunately, in case the millisecond delays are set up, the pulse drop on
the multivibrator is not stable. Therefore, a digital triggering device was developed. The digital triggering device is built on the basis
of digital microcircuits and consists of the following blocks: binary-decimal counters, decoders, and one oscillator with quartz
frequency stabilization, which is common to all four channels. It contains four identical channels with delay adjustment from one
microsecond to one hundred milliseconds. Such a pattern of the circuit allows, if necessary, adding channels for starting other units.
Pulse signals of the triggering device are fed to the ignitor unit of the spark-gaps. A pulse generator for igniting the spark-gaps of the
REB accelerator “TEMP” has been developed. A generator, designed to control the spark gaps ignition in the High Voltage Pulse
Generator (HVPG) and spark gaps ignition in the magnetic systems, which are used in switching systems of the capacitor banks with
the energy of 60 + 150 kJ, has been described. The generator provides voltage pulses with the amplitude of up to 20 kV, at the
current in the short circuit mode of 5 A, the pulse duration of the first half wave of 12 ps, and the pulse repetition frequency (PRF) of
not more than 10 Hz.

KEYWORDS: accelerator, relativistic electron beam, spark-gap, digital triggering device.

The REB accelerator “TEMP” is designed to produce high-power pulses of REB and X-ray bremsstrahlung
(XRBS) with the energy of up to 150 kJ. The devices allow obtaining a REB with the current of 2 + 20 kA and particle
energy of 300 + 800 keV. In this case the maximum dose of X-ray bremsstrahlung per current pulse can be obtained
~ 9100 R without induced activity. The REB accelerator “TEMP” comprises the following major components: a high-
voltage pulse generator (HVPG) with the circuits of charging, triggering and monitoring of the charging voltage;
solenoids of magnetic systems intended to generate focusing and transporting REB of magnetic fields; a magnet;
isolated vacuum diodes with diagnostic equipment, as well as vacuum pumping facilities, capable to maintain the
working pressure in the diodes at the level of 1-10* Pa. For the successful functioning of the Radiation Beam Complex
(RBC) of "TEMP" a reliable operation of its numerous units is required. This is achieved by the stable triggering of its
systems [1]. In the process of the REB “TEMP” accelerator operation some transient current and voltage steps occur,
causing electromagnetic fields, which can produce loop currents flowing in common ground buses and in connecting
cables. The currents flowing in the wires, connecting various units of the REB accelerator “TEMP”, can reach
considerable values, what causes uncontrolled starts of its devices or failure in its operation. A radical method of
controlling the disturbances of this type is galvanic isolation of all the circuits, connecting the synchronization system
with the pulse sources and registering apparatus.

Object of the work: for better controllability of the REB accelerator “TEMP” to develop a triggering device that
would allow setting up the pulse delays in the range from 1 ps to tens of milliseconds. The digital triggering device
should stably and accurately preset the start-up time of the REB accelerator “TEMP” units under the strong
electromagnetic interference caused by its operation, and have a galvanic isolation for improving the noise immunity
and low power consumption.

To develop a pulse generator for igniting spark-gaps of High-Voltage Pulse Generator (HVPG), which allows
obtaining an ignitor pulse several times higher than that of similar devices. To develop a scheme of the ignitor pulse
generator, which would reliably and stably control the accelerator spark gaps operation.

TRIGGERING DEVICES
To synchronize the operation of the REB accelerator “TEMP” a triggering device was developed and assembled.
A simple circuit, providing a galvanic isolation of the input and output circuits of the synchronization system, is
proposed, what allows eliminating the occurrence of pulsed currents caused by operation of various accelerator units.

© Aleksey B. Batrakov, Eugeniy G. Glushko, Andrey A. Zinchenko, Yuriy F. Lonin, Anatoliy G. Ponomareyv,
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The triggering device was assembled from blocks, produced on the up-to-date elemental base, and is a complete
functional product. The triggering device comprises a trigger block and delay units. The schemes of the input part and
the delay channel of the triggering device are presented in Fig. 1 and Fig. 2, respectively.
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Fig. 1. Schematic diagram of the input part Fig. 2. Schematic diagram of the delay channel
of the triggering device of the triggering device.

The trigger block is built on the basis of an AND NOT chip and a multivibrator. It allows triggering both manually
and by an external positive pulse with the amplitude of up to 50 V. The delay units are built on single-shot
multivibrators K155AG1 and differ in the number of adjustable delays, which are determined by the external elements
R and C, connected to the multivibrator. The output pulse shaper is based on a multivibrator and three transistors. The
output positive pulse amplitude makes 500 V. Channel # 1 provides triggering of the cone-shaped solenoid of the first
magnetic field without delay. Channel # 2 provides triggering of a cylindrical solenoid of the second magnetic field
with the delay of 20 ms, which is adjustable with the time step-interval of 0.2 ms + 20 ms. Channel # 3 is triggered from
channel # 2 and provides the oscilloscope start with the delay of 5 ms and adjustment of 0.1 ms + 10 ms. Channel # 4 is
triggered from channel # 3 and provides the start of the high-voltage pulse generator (HVPG) with the delay of 100 ps
and adjustment of 10 us + 100 pus. The delay setting accuracy is not worse than one percent at each range; time
resolution is 0.001 of the range duration. All the channels of the delayed pulses of synchronization system have one
common power source; the output cascades are galvanically isolated by optical couplers with the common
synchronization system. The oscillogram of the control pulses and the total magnetic field distribution along the axis of
the accelerating column, when two solenoids are triggered, is shown in Fig. 3.
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Fig. 3. Oscillogram of the control pulses and of the total magnetic field strength distribution along the axis of the accelerator column

In Fig. 3 beam 1 is the total magnetic field distribution along the axis of the accelerating column, beam 2 is the
trigger pulse of the first solenoid, beam 3 is the trigger pulse of the second solenoid, beam 4 is the HVPG trigger pulse.
Unfortunately, when the millisecond delays are set up, the pulse drop on the multivibrator is not stable. The errors at
triggering of the first channel cause the failure of the entire device. Therefore, a new digital device of trigger pulses was
developed and manufactured. To improve the noise immunity, the digital triggering device has a galvanic isolation of
all the circuits, connecting the device to various units of the facilities. The galvanic isolation eliminates the flow of the
pulsed currents caused by the operation of various units of the accelerators. The triggering device is based on digital
chips [2] and consists of the following units: binary-decimal counters, decoders, and one generator with quartz
frequency stabilization, which is common to all four channels. The triggering device contains four identical channels
with adjustable delay, ranging from one microsecond to one hundred milliseconds. Such a construction of the scheme
allows, if necessary, adding channels to trigger some other units. The delay adjustment is performed using decoders.
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The triggering device works as follows: the input trigger (T) is started both manually and by an external positive pulse
with the amplitude of up to 50 V, and allows pulses propagation from the crystal oscillator (G) to 5 binary-decimal
counters (CT1-CT5) with decoders (DC1-DCS5). The crystal oscillator frequency is 1 MHz. Each channel has its own
decoder (DCx;-DCys), which allows setting up the necessary delay of the trigger pulse. The delay is adjustable from 1 ps
to 100 ms. After the counters are filled up the last pulse resets the input trigger and sets the counters to zero initial state.
The device is ready for the next external start. The block diagram of the triggering device is presented in Fig. 4.
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Fig. 4. Block diagram of the digital triggering device

The digital triggering device generates pulses for starting the dischargers of the conical and cylindrical
solenoids [3]. They allow creating conditions for magnetic isolation and beam transport. The delay in start of the
discharger of the cylindrical solenoid is about 15 ms. The magnetic field strength of the conical solenoid makes 4 kOe,
and that of the cylindrical solenoid is 11.7 kOe. In case a digital triggering device is used, the high-voltage pulse
generator is started at the moment of the highest intensity of the magnetic fields in the solenoids. A typical oscillogram
of the REB current and voltage in the REB accelerator “TEMP”, obtained using the developed digital triggering device,
is shown in Fig. 5.

1.000us @R [P ] T B -400nl

@

CHl= 5.88U [(sjjm 2,800
Fig. 5. Oscillogram of the REB current and voltage in the accelerator “TEMP-B”

In Fig. 5 the upper beam corresponds to the HVPG voltage of 750 kV, and the lower beam corresponds to the REB
current of about 20 kA. The duration of the REB current pulse is about 1.5 ps. The developed digital triggering device
allows the accelerator to work stably in the normal mode.

GENERATOR OF STARTING PULSES FOR IGNITION OF SPARK GAPS

For galvanic isolation of the triggering device from the REB accelerator “TEMP” some pulse transformers and
starting pulse receivers with low input resistance are used, what significantly reduces the interference influence in the
connecting cables. Pulse signals of the triggering device are supplied to the spark gap ignition unit. A circuit based on a
transistor high-voltage pulse shaper was developed. The generator provides voltage pulses with the amplitude of up to
20 kV, current in the short circuit mode of 5 A, pulse duration of the first half wave of 12 ps, and pulse repetition
frequency of not more than 10 Hz.

Schematic diagram of the generator for spark gaps ignition in HVPG and for the ignition of the spark gaps in the
magnetic systems is presented in Fig. 6.

The circuit comprises: an isolation transformer T1, a voltage doubler made on VD1, VD2, Cl1, C2, storage
capacitors C3, C4, a switch based on a triac VD6, a step-up pulse transformer T3, from the secondary winding of which
the signal is fed to the control electrode of the spark gap. As the switch, a BTA41-800B triac is used, which provides a
discharge of the storage capacitors to the high-voltage transformer. The transformation coefficient of T3 transformer
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is 35. The secondary high-voltage winding of the transformer consists of 4 sections and allows obtaining the ignitor
pulse of about 20 kV. The developed pulse generator for ignition of spark gaps allows obtaining an ignition pulse
several times higher than that in similar devices [4]. The oscillogram of the voltage pulse is shown in Fig. 7. Fig. 8
presents the current oscillogram, obtained in the short circuit mode.
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Fig. 6. Schematic diagram of spark gaps ignition circuit
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Fig. 7. Oscillogram) of the output voltage pulse Fig. 8. Oscillogram of the ignition current pulse in the
in the idling mode short circuit mode on the resistive load of 0.13 Ohms

The maximum value of the current that flows in the discharge circuit is determined by the inductance of the
transformer primary winding and makes about 40 A.

The triac VD6 control pulse comes from the triggering device via the pulse isolating transformer T2 and the
current-limiting resistor R3. The control pulse for starting the VD6 triac has a positive polarity with the amplitude of
15V and the duration of 4 ps. Resistors R1, R2 are used to limit the charge current of storage capacitors C3, C4.
Resistor RS limits the discharge current of capacitors C3, C4 to 400 A. The indication of the ignition generator
operation is performed using the light-emitting diode VD4.

The presented scheme of the ignition pulse generator allowed obtaining a stable triggering of the high-voltage
spark gaps and can be utilized in the power systems of HVPGs and HCPGs (high-current pulse generators), used to
solve various technological tasks, which are applied for changing the properties of the condensed matters and
modification of the surfaces of polycomposite materials, [5].

CONCLUSION
The digital triggering device allows to preset stably and accurately the start-up time of the REB accelerator
“TEMP” units under the strong electromagnetic interference, resulting from its operation, it has a galvanic isolation for
improving the noise immunity and low power consumption.
The developed pulse generator for ignition of spark gaps allows obtaining an ignitor pulse several times higher
than that in similar devices. The developed circuit of the ignition pulse generator allows controlling reliably and stably
the operation of the accelerator spark gaps.
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MUO®POBUI MTPUCTPIN 3AITY CKAIOUMX IMITYJIBCIB TA TEHEPATOP 3AITY CKAIOUHUX
IMITYJbCIB JJIs1 HIATTAJTY PO3PAAHUKIB MIPUCKOPIOBAYA PEII « TEMID»
0.B. Batpakos, E.I'. I'nymko, A.O. 3inuenko, F0.®. Jlonin, A.I'. [lonomapes, C.1. ®egoTon
Hayionanvnuii nayxosuii yenmp «Xapxiecokutl (isuxo-mexHiunuil iHcmumymy
8yn. Axaoemiuna 1, Xapxis, Yxpaina, 61108

Hns 3a0e3nedeHHs KEPOBAaHOCTI Ta BHCOKOI 3aBaJOCTIMKOCTI BUMIPIOBaHb XapakTEPHCTHK 1 MapaMeTpiB MpPOIEciB s
IIpUCKOpIOBadiB pensriBicTckix enekrpoHHux myudkiB (PEIT) «TEMII» Oymmu po3pobieHi 3amyckarodi IPHUCTPOi 3 rajJbBaHIYHOIO
PO3B’S3KOI0 BXIJJHUX 1 BUXIJHUX JIAHIIIOTIB, SIKi IO3BOJISIOTH BCTAHOBJIFOBATH 3aTPUMKH IMITyJIBCIB B Jiana3oHi Bif 1 MKC 10 IECSTKIB
MinicekyHn. [Ipu iX BHKOPHCTaHHI YyCyBAa€ThCSl BILIMB KOHTYPHHUX CTPYMIB, SIKI HPOTIKalOTh B 3araJlbHUX KOJIaX 3a3eMJICHHS 1
BIUIMBAIOTh HA POOOTY BUMIipIOBaibHOI anaparypu. s cuHXpoHi3yBaHHs poboTtn nmpuckopioBaya PEIT « TEMIID» Gyno po3poGieHo
Ta 3i6paHo 3amyckarounii npuctpiit. Moro Gyio 3i6pano 3 6110KiB Ha cydacHiil eneMenTHiit 6a3i i BiH € 3aKiHueHnM (yHKI[IOHAIBHIM
BUpOOOM. 3amyckarouuii HpHCTPiii CKIagaeTbest 3 OMOKy 3amycKy i OJokiB 3aTpuMok. Biiok 3amycky moOyaoBaHHiT Ha OCHOBI
mikpocxemu I HE i mynbruBiOpatopa. broku 3atpumok noOymosani Ha ogueBiOpatopax KI1S55AI'l i BiApi3HSIOTBCS piBHEM
PeTyIBOBaHUX 3aTPUMOK, SIKi BH3HAYaIOTHCS 30BHIIIHIME eneMeHTamu R i C, migkiaroueHMMH 10 MynsTHBiIOpaTopa. Ha xanp mpu
YCTaHOBLI MIiTiICEKyHIHHX 3aTPUMOK CIIaJ IMIyJIbCy Ha MyJlbTUBIOparopi He crabinpHuil. Tomy Oyno po3poOieHo uudposuit
3amyckaounii npucTpid. Iudposuii 3amyckaroumii NpUCTpili BHKOHAHO HAa IHU(POBUX MIKpOCXeMaxX 1 CKJIAJA€Thesi 3 OJOKIB:
JIBIMKOBIX-IECATKOBUX JIYWIBHUKIB, JEMH(PATOpiB 1 OAHOrO 3arajJlbHOrO0 Ha BCi YOTHUPH KaHAIM TeHepaTropa 3 KBapIOBOIO
cTabinizaliclo 4acToTd. BOHO MICTHTh YOTHPH iIEHTUYHHMX KaHAJIM 3 PEryJIOBaHHSAM 3aTPUMKH BiJl OfHI€] MIKPOCEKYHIHU O CTa
Mminicekyna. Taka moOymoBa cXeMH J03BOJISIE B pa3i HEOOXiTHOCTI JOMATH KaHAIM JJIs 3aMyCKy 1HIIMX BY3JIiB. IMIyJIbCHI CHTHAITH
3aIyCKal04ero MpUCTPOIO MOJAIOThCS Ha OJIOK MiAnany po3psaHuKiB. Po3pobieHo reHepaTop iMITyJbCiB 3alaaioBaHHs PO3PSIHHUKIB
npuckopioBada PEIT «TEMII». HaBeneno ommc reHepartopa, po3poOieHOro uisi ympaBiiHHS pospsanukamu miamamy ['THa i
PO3pAIHUKAMH TIJNATy MAarHiTHUX CHCTEM, IO BHUKOPHUCTOBYIOTBCA B CHCTEMax KOMYTalil KOHISHCATOPHHX OaTapeil 3
eneprosamacu Big 60 xo 150 k/[x. ['enepatop 3abe3mnedye OTpuMaHHS IMITyJIECIB HAPYTH 3 amInIiTyaor 10 20 kB, npu ctpymi B
PEeKHMMi KOPOTKOTO 3aMHKAaHHS 5 A, TPUBAJIOCTI IMIyJIbCY IIEpIIOi HamiBXBWIL 12 MKC, 4acTOTi HOBTOPEHHS IMITyJIBCIB He Oijblre
10 I'o.

KJIFOUYOBI CJIOBA: npuckoproBad, pelsITUBICTCHKUI €IEKTPOHHUHN ITy4OK, PO3PSAHUK, IM(PPOBUIT 3aITyCKAIOUMi TPHCTPIil.

IMU®POBOE 3AITYCKAIOIIEE YCTPOMCTBO U TEHEPATOP
SAIIYCKAKOIIUX UMITYJbCOB 1JIS1 TOJKUT A PA3PSITHUKOB YCKOPUTEJIA POIT1 «TEMII»
A.B. Batpakos, E.I'. I'tymko, A.A. 3unyenko, 10.®. Jlonun, A.I'. Ilonomapes, C.U. ®exoros
Hayuonanvholii Hayunvlil yenmp «XapbKoscKkull (pusuko-mexHuiecKuti UHCmumym»y»
yn. Akademuueckas 1, Xapvkos, Ykpauna, 61108

Jnst obGecriedeHus yIpaBIIsieMOCTH M BBICOKOHW ITOMEXOYCTOHYMBOCTH HM3MEPEHHH XapaKTEepHCTHK U IapaMeTPOB IIPOIECCOB IS
YCKOpHTENeH PEISTUBUCTCKUX AIeKTPOHHBIX IydkoB (POII) «TEMII» Obun pa3paboTaHbl 3allyCKaroliue YyCTPOWCTBA C
raJbBaHMYECKOH Pa3BsI3KOM BXOJHBIX M BBIXOAHBIX LEIeil, KOTOPHIEC MTO3BOJIIOT YCTAHABIMBATH 3aJICP)KKH HMITYJIECOB B JMAlla30He
oT 1 MKC 10 necsaTkoB MmutHceKyHA. IIpn mX MCronbp30BaHUM YCTpaHsSETCsS BIHSAHHE KOHTYPHBIX TOKOB, KOTOPbIE NMPOTEKAIOT B
OOIIMX IIEMsIX 3a3eMIICHUS M BIMSAIOT Ha pabOTy H3MepUTENbHOH ammaparypbl. st cuHXpoHHM3amuu paboTsl yckoputens POII
«TEMII» 6pu10 paspaboraHo u coOpaHO 3amyckaromee ycTpoiictBo. OHO ObUIO coOpaHO M3 OJIOKOB Ha COBPEMEHHOH 3IEeMEHTHON
0a3e u mpeacTaBisieT co0ol 3aKOHYCHHOE (YHKIMOHAIBHOE H3JENHe. 3allyCKalollee YCTPOWCTBO COCTOMT M3 OJIOKa 3amycka U
0110K0B 3azmepxkeK. biok 3amycka moctpoeH Ha ocHoBe MuKpocxembl I HE u mynsTuBuOparopa. briokn 3amep:kek MOCTpOeHBI Ha
oxnoBuOparopax K155AI'] u oTnM4aoTCs BEIMYNHON PETYINPYEMBIX 3aepiKeK, KOTOPBIE ONPEJeISIOTCS BHEITHUMHE 3JIEMEHTaMHU
R u C, moxxmouéHHpIME K MyIbTUBHOpaTopy. K coxanieHuro, IpH yCTaHOBKE MIJUIMCEKYHIHBIX 3aJepiKeK CIaJ| UMITyJbca Ha
MysbTUBHOpaTOpe He crabuieH. ITosromy Oblio paspaborano LuppoBoe 3amyckaromee ycrpoicrso. Ludposoe 3amyckaromee
YCTPOHCTBO BBINOJTHEHO HA IU(POBBIX MHUKPOCXEMaX M COCTOUT M3 OJIOKOB: JBOMYHO-JECATUYHBIX CUETYMKOB, NEMN(PATOPOB U
OJHOTo 00IIero Ha BCE YEThIpEe KaHaja TeHepaTopa C KBapleBoil crabmmusaiedl 4acToTel. OHO COJAEPIKHT YEThIPE MASHTHUHBIX
KaHaja ¢ perylIupOBKON 3aepKKH OT OTHON MHKPOCEKYHIBI 0 CTa MUJUIMCEKYH/. Takoe MOCTpOEeHHE CXEMBI MO3BONISAET B ClIydae
HEOOXOIUMOCTH JTOOAaBUTh KaHANBI JUIS 3allyCKa IPYTHX y3/10B. VIMITyJIbCHBIE CHTHAJBI 3aIlyCKAIONIEr0 yCTPOICTBA IMOJAIOTCA Ha
OJIOK TOMKHTra pa3psgHUKOB. Pa3paboTaH reHepaTop MMITYJIBCOB IMOMKHTa pa3pagHukoB yckoputens POIl « TEMIDy». Ilpuseneno
OIIICaHHE TeHepaTopa, pa3paboTaHHOTO JUIsl YIPaBICHUS pa3psaHUKaMu nomkura I'eneparopa nMiynscHoro Hanpsbkenust (I'MHa) u
pa3psIHUKaMH TIO/DKHTa MAarHHTHBIX CHCTEM, HCHONB3yeMBIMH B CHCTEMax KOMMYTAallMM KOHJECHCATOPHBIX Oarapeil ¢
sHeproszamnacom ot 60 1o 150 x/lx. ['enepaTop obecrneunBaeT MOJIy4YeHHE MMITYJIbCOB HANpPsDKEHMS ¢ aMIUIUTyAod xo 20 kB, npu
TOKE B PEKHME KOPOTKOT'O 3aMbIKaHHS 5 A, JUIMTEIFHOCTH MMILYJIbCa MIEPBOil MOIyBOIHBI 12 MKC, 4aCTOTE IOBTOPEHHSI UMITYJIHCOB
He 6onee 10 I'm.

KJIIOUEBBIE CJIOBA: yckopuTeb, pelSITUBUCTCKUI JICKTPOHHBIH ITy40K, pa3psIHUK, HU(POBOE 3amycKaloliee yCTPOHCTBO
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In this work the spatial resolution and measurement accuracy of the ultrasound diagnostic system at acoustic remote palpation (ARP)
using high-intensity focusing ultrasound (HIFU) are studied theoretically and experimentally. A physical model is proposed, which
describes the specific features of ARP taking into account the remote nature of ultrasound Doppler probing of the soft tissues local
movements, which are caused by the radiation pressure of HIFU pulse. Taking into account the accepted simplifying assumptions it is
shown that the model conclusions are in a good agreement with the results of the experiments on measuring the value of displacements
under the influence of HIFU. In particular, the nontrivial dependence of the value of displacements, measured by the Doppler method,
on the probing depth and focusing degree of the incident and scattered wave beams, is proved. An experimental study was performed
on the transverse resolution at ARP in the case of probing of the medium with Young's modulus irregularity, as well as on the influence
of noise and interference on the measurement accuracy and resolution. It is concluded, that the transverse resolution at ARP is
determined by the parameters of the local area of the movement, and can be significantly higher than the transverse intrinsic resolution
of the ultrasound system at B-mode of diagnostics. The obtained results indicate that ARP is a promising method for monitoring the
process of the soft tissues thermal ablation, when HIFU is used.

KEY WORDS: ARP, HIFU, ablation, Doppler probing, elastography, spatial resolution, measurement accuracy

Nowadays the techniques based on the high-intensity focusing ultrasound (HIFU) are widely used in medicine and
are still intensively developed towards expanding the scope of medical applications. For example, it has been
demonstrated in vivo and in vitro, that within a few minutes the short-pulse HIFU can mechanically crush the blood clots,
caused by blood vessel thrombosis, due to the developing cavitation processes [1-4]. An important task here is providing
safety of HIFU application in order to prevent the involvement of biological tissues outside the defined local area, what
requires strong focusing of ultrasound waves.

At the same time, the most common and well-known technology is the ultrasound ablation of soft tissues [5-11]
using HIFU through coagulation necrosis of malignant neoplasms and other soft tissue regions with pathological changes.
Strong wave focusing and high radiation intensity in such traditional medical applications are necessary to achieve high
temperature (about 80°-90°C) in the focal region resulting in thermal ablation of soft tissue. Nevertheless, the real-time
monitoring of the thermal ablation process and the tissues state diagnostics remains one of the topical questions.
Insufficient exposure can cause a relapse and even an accelerated growth of the neoplasms, while the excessive exposure
can cause the involvement of the neighboring healthy tissues.

As it is known, the most common methods in diagnostics of the soft tissues and cardiovascular system are ultrasound
methods. They are, in particular, ultrasound Doppler methods, including spectral Doppler studies, color Doppler mapping
of blood flows and some others, whose physical properties are described, for example, in [12-15]. The Doppler methods
are successfully applied and developed also for diagnostics of the soft tissue state [16-18]. At the same time, considering
the intrinsic physical meaning of ultrasound methods [19], it is quite difficult to directly determine directly with their help
the level of the biological tissue thermal destruction.

Recently, in ultrasonic medical diagnostics the methods of ultrasound elastography of soft tissues, such as acoustic
radiation force impulse (ARFI) imaging [20-22] and shear wave clastography (SWE) [22-24], have been widely used.
These methods are based on ultrasound registration of the soft tissue response to the radiation force of an ultrasound
pulse, and in the both methods the same ultrasound transducer of the diagnostic system is used for both creation of the
radiation pressure force and registration of the response [20]. The difference is in the fact, that in the ARFI method the
value of the tissue displacement is measured directly at the region of the radiation force pulse impact, while at SWE the
velocity of the shear wave, propagating in the tissues from the initial region of the force impact, is measured.

In [25] for monitoring the process of tissue thermal ablation it has been proposed to use a diagnostic system, which
measures the value of the tissue displacement at the region of the radiation force impact, generated directly by the HIFU.
It was shown experimentally [25], that under local heating up to the temperature of 43° C, the value of the maximum
displacements in the muscle tissue of a cow in vitro changes, what indicates to a change in its viscoelastic properties.
Earlier, a similar strong dependence of the value of displacements and the velocity of shear waves on the growth of
temperature, caused by the HIFU exposure, was found in gelatinous phantoms of tissue [26].

The focal length of the real HIFU transducers, used for ablation of soft tissue, can reach a large value, of about
10 - 20 cm. This naturally requires solving the problem on the spatial resolution of the ultrasound Doppler diagnostic
© Evgen A. Barannik, Viktor I. Pupchenko, Anatoliy I. Marusenko, Oleksiy V. Knyazyev, Igor M. Tsybin,
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system and on the accuracy of measuring the value of tissue displacement in the HIFU focal region at acoustic remote
palpation (ARP), carried out using HIFU transducers.

PHYSICAL MODEL
When describing the ultrasound response of soft tissues, the continual physical model of scattering by fluctuations
in mass density and compressibility is generally accepted [27], which allows, in particular, to describe in detail the spectral
characteristics of Doppler signals [13-15,28,29]. A distinctive feature of both ARFI and ARP is the fact, that the direction
of tissue movement under the radiation force impact coincides with the direction of probing. If we neglect the geometrical
and transit time spectral broadening [13.27] of the complex signal of ultrasound Doppler response, then in the plane-wave
approximation it can be written in a simple form:

e(p) = [; g®eds, 4))

where g(#) = go(#)exp(i2kd) is the dimensional complex value, proportional to the diagnostic system sensitivity
function, averaged over the sample volume in the direction of probing; Ox, d is the probing depth along the probing
direction; k is the wave number; @(7) = 2ku(#) is the phase of a local Doppler signal, depending on the local tissue
displacement u(#), and ¢’ is the phase of the complex signal of the full Doppler response, having the in-phase and
quadrature components. In expression (1) the integration is carried out over the cross-sectional area of the sample volume,
therefore 7 is the coordinate of the area element dS in the plane of section (y, z), and the actual value g, () describes
the spatial distribution of ultrasound fields in the plane of section and determines the transverse resolution of the
ultrasound system in the usual B-mode. Note, that the real signal of the ultrasonic Doppler response is also proportional
to the average level of the medium density and compressibility fluctuations.

The transverse dimensions of the area of the radiation force impact for the real HIFUs are of the order of 1-1.5 mm.
Therefore, a specific feature of ARP, as compared to ARFI, is the fact, that the transverse dimensions of the local
displacement region and, accordingly, its cross-sectional area S, at the probing depth, can be considered small: S, < S.
In particular, the transverse resolution of the ultrasound diagnostic system depending on the probing depth, the degree of
focusing, and the ultrasound frequency is of the order of 3—7 mm, what results in a large difference in the value of the
areas. This allows to write down the contribution of the localized region of displacements under the influence of HIFU in
(1) as a separate term

e(9") = [y, 9(DeDdS + g(R)See™?,

where R is the coordinate of the center of the radiation force impact region in the sectional plane, ¢ is Doppler phase of

the signal from the region of the force impact and g(ﬁ)So is the complex amplitude of the response from the region of
the force impact. In the remaining integral @ (7) = 0, as long as it describes the contribution of those areas of the
measuring volume, where there is no movement. As a result, we have the equation:

e(9") = g(R)(S — So) + g(R)Spe®, )

where g (ﬁ) is the average value of the response amplitude in the cross section of the measuring volume minus S, area.
It is evident, that such an average value also depends on the position of the center of the radiation force impact.

The value of the displacement between two sequential probes can be determined using the Doppler phased tracking
method [19,30]) by calculating the correlation function C = e*(¢")e(¢’ + A¢"), where ¢'(R) is the phase of the
observed Doppler signal at the first probing, which depends on the location of the displacement region, and A(p’(ﬁ) is the
change in this phase. In accordance with the phased tracking method, the phase change of the Doppler signal is described
by the formula:

ImcC

tgdg'(R) = = (3)

ReC '

It is easy to show that, taking into account that the area S is small, the greatest contribution to the real part of the
correlation function is made by the term:

ReC = go(R)%(S — Sp)? = go(R)?S2. 4)

When calculating the imaginary part, with the strict inequality S; < S taken into account, we can neglect the
quadratic S, terms. In this approximation we find:

ImC = g, (ﬁ)go (ﬁ)SSO [sing(cosd@ — 1) + cospsinde]. 5)

where A = 2kAu is the change in the phase of the Doppler response of the movement region, which is determined by
the true tissue displacement Au.
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The phase increment between two sequential probes, virtually in all important cases, satisfies the strong inequality
Ap K 1, therefore the first term on the right-hand side of formula (5) can be neglected. As a result after substituting (4)
and (5) into (3), we find:

tgA(P’(ﬁ) = go;%coswsind(p K1. (6)
0

Taking into account that the phases Ago’(ﬁ) and A¢ are small, it is easy to write down the relationship directly
between the true and the measured displacements during the probing period as follows:
ey _ 90(B)So
Au'(R) = @5 cos(2ku)Au . @)
The total displacement in the process of observation is obtained by summing the displacements from the start of the
movement to the value u at any moment of the displacements registration. Taking into account, that the displacements

are small, we can turn from summing small increments (7) to integrating, what results in the final equation for the observed
displacement:

13y _ 90(R)So fu _ —190(R)So _,
u'(R) = B (@)s Jy cosQkw)du = (2k) 5@ sin(2ku) . (8)

Equation (8) determines the accuracy of the displacements measurement during ARP without taking into account
the influence of noise and interference. Directly from (8) we also obtain the formulae:

u' (B _ go(R) go(0) )
u'(0)  go(0) Go(R)’

As it is known, the transverse spatial resolution of the ultrasound diagnostic system is determined by the width of
the point spreading function. In the above discussion the role of the point source was played by a rather well-localized
region of the tissue displacements, induced by the radiation force impact. In this sense, equation (9) describes the
transverse resolution of the diagnostic system at ARP in the case, when the displacements are determined at different
spatial positions of the probing transducer axis relative to the axis of HIFU and the region of tissue movement.

However, according to the meaning of the problem of monitoring the ablation process, the issue concerning the
ability to distinguish the stiff (soft) Young's modulus irregularities on the homogeneous soft (stiff) background in the area
under study is, obviously, more important. According to the physical meaning, in such a formulation of the experiment
the resolution during the ARP is determined by the maximum distance, at which the movement in the soft (stiff) part of
the inhomogeneous medium still experiences the braking (accelerating) effect of the adjacent stiff (soft) parts due to the
arising internal viscoelastic stresses. At such a definition of the resolution, the axes of the HIFU transducer and of the
probing transducer must coincide, what ensures the highest sensitivity and locality of determining the displacements in
the tissue area with a given stiffness.

MATERIALS AND METHODS

In our experiments we used a commercial ultrasound diagnostic scanner Angiodin-Sono/P (JSC “NPF BIOSS”,
Moscow, Russia) as an ultrasound diagnostic system, which is capable to perform measurement of tissue displacements
at SWE and ARFI modes with the accuracy of not worse than 10%. The measurements were carried out in the ultrasonic
phantom of soft tissue CIRS Model 049 (CIRS, Norfolk, VA, USA), which is used for elastographic and elastometric
studies. The Young's modulus in the region of homogeneity of this phantom and in stiff heterogeneities of a spherical
shape with diameter D = 1 cm was, respectively, 18 kPa and 67 kPa. The Doppler probing of the phantom points was
carried out using commercial ultrasound transducers P2-4/20APX and P4-9/16 (Prosonic Co., Seoul, Korea) with the
carrier frequency of 3.5 MHz (wavelength 4 = 0.42 mm) and 6.5 MHz (1 = 0.23mm), respectively. Due to the developed
specialized software, the Angiodin diagnostic scanner control system allowed to fine-adjust all the parameters, necessary
for performing ARP, and to measure the displacements at the chosen point of phantom. Like in [23-26], the Doppler
probing was synchronized with the HIFU pulses, whose parameters, for example pulse duration, could also vary.

As the HIFU emitter, the focusing ultrasound transducer H-148 (SONIC CONCEPTS, INC., Bothell, WA, USA)
with the radiation aperture diameter of 64 mm and the radius of the radiating surface curvature of 64 mm was used. In
these experiments, the HIFU pulses with the carrier frequency of 2.2 MHz had the duration of 900 ps at the voltage of the
emitter power supply of 20 V. In the center of the HIFU transducer there was a hole (Fig. 1) with the diameter of 20 mm,
through which the Doppler probing was performed. To superimpose the axes of the HIFU transducer and the ultrasound
transducer of the diagnostic system, a positioning device was used, which allowed to position the probing transducer in
the horizontal plane with the accuracy of 0.1 mm, and to change the distance between the probing transducer and the
HIFU emitter in the vertical direction.

Figure 2 shows the general scheme of the experiments, from which it can be seen, that the focus of the HIFU emitter
is always located at the distance Fyry=71 mm from the upper surface of the emitter holder. The probing depth d was
chosen so, that the cross section plane (y, z) of the sample volume of the diagnostic system passed through the focal point
of the HIFU. In the process of the measurements the acoustic phantom, the HIFU emitter, and the working surface of the
probing transducer were located in a container with water.
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Fig. 1. HIFU Emitter

Fig. 2. General scheme of the experiments
1 — probing ultrasound transducer; 2 — ultrasound transducer holder; 3 — holder
with the HIFU transducer; 4 — ultrasound soft tissue phantom; 5 — container with
water; 6 — water.

EXPERIMENTAL RESULTS AND DISCUSSION

From expression (8) it follows, that the displacements, measured at ARP, are always smaller than the true ones, and
strongly depend on the ratio of the areas Sy, and S. With an increase in the area of the diagnostic system focal spot the
value of the measured displacements decreases. This specific property of the measurements at ARP is illustrated by the
Table data, which show the value of the measured maximum displacements, during their registration, in the region of
phantom homogeneity at the probing depth d = 78 mm. The measurements were carried out under conditions, when the
holder of the HIFU transducer was located directly on the phantom surface (h =0). The largest displacement
u'(0) = 12.9 um in the HIFU focal region was found at electronic focusing by the P2-4/20APX transducer both of the
transmitted and of the received beams of ultrasound waves with the focal length F = d = 78 mm. Switching-off at least
one focusing (infinity focusing, F = o0) caused a decrease in the value of the measured displacements due to an increase
in the width of the sample volume, formed by the probing wave beams. When the electronic focusing of both the
transmitted and received wave beams was switched off, the value of the measured displacements significantly decreased
to the value u'(0) = 3.3 pm. In this case the probing transducer formed piston-like wave beams, which were similar to
the plane waves in the Fresnel zone.

Table
The value of the maximum displacements, measured during their registration, at the probing depth d = 78 mm
Transmitter: F, mm Receiver: F, mm Displacement, u'(0), um
78 78 12.9
o0 78 11.7
78 00 11.2
o0 00 3.3

Note, that even in the absence of focusing in the probing plane (x, y) the static focusing always takes place in the
plane (x, z), perpendicular to the probing plane, due to the own focusing lens of the probing transducer. For the ultrasound
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transducer P2-4/20APX the corresponding focal length is about 70 mm. That is why the shape of the focal spot is close
to a circle, strictly speaking, only if the electronic focusing of the transmitted and received waves with F = 70 mm is
available.

F,cm

Fig. 3. Dependence of the measured value of displacement in the HIFU focal region on the focal
distance of the probing transducer at the constant depth of probing = 78 mm

The results, obtained in the experiments with variable focal lengths (see Fig. 3.), have the same physical meaning as
to the value of displacements.

In these experiments the probing depth remained unchanged and was in the focal region of the HIFU under the same
experimental conditions and the focal length at transmitting was varied in a wide range (from 10 mm to 200 mm) in the
absence of electronic focusing of the received wave beams.

From Fig. 3 it follows, that the measured value of the displacement has a sharp maximum in the HIFU focal region,
and drops abruptly as the focus of the probing transducer moves away from it both with a decrease in the focal length and
with its increase. In both cases this is due to an increase in the sample volume and its cross section for a defocused beam,
both in front of and behind the focal region of the probing transducer. A more abrupt drop at strong focusing (small focal
lengths) of the waves is caused by the considerable diffraction divergence of the wave beam behind the focus, and in
particular, on the probing depth corresponding to the HIFU focus. At weak focusing of the incident converging wave the
beam width changes substantially smaller in a prefocal region, and, as a result, the dependence of the beam width in the
HIFU focal region on the focal length is weaker, what also affects the value of the measured displacements.

The ratio g, (}_f) /90(0) on the right-hand side of equation (9) describes the sensitivity distribution of the ultrasound
system in the sectional plane of the sample volume and has a maximum at R = 0. The width of this maximum at the given
level determines the transverse spatial resolution of the system at B-mode of diagnostics. The second ratio g, (0)/ g, (ﬁ)

also has a maximum at R = 0, as long as the average value of the response amplitude, without the contribution of the area
So, increases as its center moves away from the center of the sample volume cross section, where the sensitivity is
maximal. As a result, the transverse resolution of the ultrasound diagnostic system, when registering a localized area of
movement, can be even a bit higher, than at B-mode of diagnostics.

The experimental data on the transverse distribution of maximum displacements in the probing plane are presented
in Fig. 4 for two probing depths d = F = 78 mm and d = F = 108 mm at electronic focusing of both transmitted and
received wave beams. From these data it follows, that when registering the movement in localized region at the depth of
78 mm, the transverse resolution at the level of 6dB is about 4 + 4.5 mm, and at the depth of 108 mm it is about 5.5 mm.
These values are, at least, not worse, than the transverse resolution at B-mode of ultrasound diagnostics, when using a
transducer P2-4/20APX with the same frequency of 3.5 MHz.

Strictly speaking, with a greater probing depth of 108 mm, the value of the displacements, shown in Fig. 4, should
be not higher, but lower than that in Fig. 3 due to the larger cross-sectional area of the sample volume. This result can be
explained by the influence of noise and, in particular, speckle noise on the measurements accuracy. If the probing
transducer is displaced along the probing line so that the sample volume does not completely coincide with the volume,
which was set at a lesser depth, then the speckle noise level can change considerably. Another significant factor, affecting
the measurements accuracy in these experiments, was the reverberation of ultrasound caused by the reflections from the
upper surface of the HIFU transducer. A high level of noises and interferences is indicated, in particular, by the zigzag
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curve in Fig. 4 for the depth of 108 mm. For the same reason, because of a high level of reverberation noise and
interference in our experiments, we failed to obtain reliable results for the depths of more than 108 mm.

u, 10 r ! ! ! T T ! T I
pm ‘ : i ' ' ‘

», mm

Fig. 4. Distribution of displacements along the direction Oy in the probing plane at the
depthd = F =78 mm (1), and d = F = 108 mm (2) in the homogeneous part of the soft
tissue phantom with localized region of displacements.

The distributions, whose example is shown in Fig. 4, were used to adjust the probing transducer for superimposing
its axis with that of the HIFU transducer. To study the transverse resolution of the diagnostic system, when probing the
inhomogeneities of shear stiffness in the medium, the probing and HIFU transducers were rigidly fixed relative to each
other after aligning the axes, so that the working surface of the probing transducer was directly adjacent to the hole in the
HIFU transducer. Such a schematic of the experiment allowed reducing considerably the reverberation noise. As Fig. 2
shows, in this case d = F = Fy;py = 71 mm, and the distance between the lower edge of the holder of the HIFU transducer
and the phantom surface was chosen equal to A = 35 mm, what ensured the positioning of the foci of HIFU and probing
transducers at the same depth with the center of the stiff spherical inhomogeneity. To find the inhomogeneity in the plane
(y,z) we used a B-image of the inhomogeneity and a positioning device, which moved the rigidly connected HIFU and
probing transducers.

In these experiments the distributions of the displacement of the phantom material under the influence of HIFU
along the both transverse directions Oy and 0z were determined. To improve the accuracy of the results, the data for 10
depths of probing, spaced 0.4 mm apart was obtained, so that d = 71 mm represented the average value. The distributions,
obtained using the ultrasonic transducers P2-4/20APX and P4-9/16, are shown in Fig. 5 and Fig. 6, respectively. The red
curve in all the figures corresponds to the average value, with the data for all 10 depths of probing taken into account.

First of all, note, that according to the data in Fig. 5 and Fig. 6, the average value of the maximum displacements in
the central part of the spherical stiff inhomogeneity is always approximately four times greater, than that in the soft
environment, what indicates that ARP is the promising method for controlling the changes in the mechanical properties
of the medium under study. On the other hand, this result is in a good agreement with the ratio of the Young's modules
for these areas of the used phantom. The inversely proportional dependence of the displacements value on the Young's
modulus indicates to the quasistatic nature of the resulting deformation, at which the displacement reaches the maximum
value, corresponding to the given force of the radiation pressure due to the sufficiently long pressure pulses [31].

The distributions, shown in Fig. 5 and Fig. 6, as to their meaning, are one-dimensional images of a stiff spherical
inhomogeneity inside the soft environment. If the boundary of inhomogeneity of this kind is defined, for example, from
the coordinate of the point, at which the displacement corresponds to a certain average value in the soft environment
region, then in this case the apparent diameter of the inhomogeneity is equal to D = 12—13 mm. Given the true size of the
spherical inhomogeneity, we can conclude that the broadening of its boundary does not exceed 1.0—1.5 mm. An important
feature of this result was, that it practically did not depend on the type of the used ultrasonic transducer, on the carrier
frequency of the probing wave beams, and on the choice of the transverse direction, along which the distribution of the
displacements value was build.

The latter circumstance gives a reason to assert, that the maximum distance, at which the movement, for example,
in the soft part of the medium with Young's modulus irregularity can still experience the braking effect of the adjacent
stiff inhomogeneity, in our experiments corresponds to the obtained value of 1.0 — 1.5 mm. In physical terms, this means,
that the region of the internal stresses, resulting from the effect of the radiation force, which cause the displacements, and,
accordingly, the value of the displacements region itself in our experiments was 2.0-3.0 mm. As it was expected, this
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value was larger than the diameter of the focal region of the HIFU transducer (see, for example, [26, 31]). On the other
hand, this result means, that when probing the medium with Young's modulus irregularity using ARP, the resolution is
determined by the transverse dimensions of the movement area, formed by a certain HIFU transducer, and therefore can
be significantly better than the own spatial resolution of the ultrasound diagnostic system used for the tissue ablation
monitoring.

u',
pm

0 i i i i |
0 5 10 15 20

y, mm z, mm

Fig. 5. Transverse distribution of displacements, obtained using a P2-4/20APX transducer, in the region of the inhomogeneity inside
the soft tissue phantom at F = Fy;py =71 mm, and at ten values of the depth of probing, the average depth being d = 71 mm (red line
corresponds to the average distribution): 1 — along the axis Oy; 2 — along the axis Oz.

o : ‘ — . . : a a
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Fig. 6. Transverse distribution of maximum displacements, obtained using a P4-9/16 transducer, in the region of the inhomogeneity
inside the soft tissue phantom at F = Fy;py = 71 mm, and at ten values of the depth of probing, the average depth being d = 71 mm
(red line corresponds to the average distribution): 1 — along the axis Oy; 2 — along the axis Oz.

In conclusion, we note, that in the focal region of the HIFU the dependence of the measured displacements (8) on
the real ones remains monotonically increasing in a fairly wide range of displacements. Under the simplifying
assumptions, which we made, the uniform dependence ends when ¢, = 2ku, = m/2, what, for example, at the diagnostic
system carrier frequency of 3.5 MHz corresponds to the real displacements of about 50 pm. With a further increase in the
value of the real displacements under the radiation force impact, the determined displacement will decrease according to
the sinusoidal law. In this case, when the medium moves back to the equilibrium state, an increase in the measured
displacement should be observed until u, value is reached, and then the measured displacements decrease again.

In all our experiments the displacement value was measured for all the moments of time, from the start of the
movement under the radiation force impact to the end of the relaxation movement to the equilibrium state, however, the
movement of such a pseudo-oscillatory nature was not observed. This means, that the real displacements did not reach
the critical value, what was due, in particular, to a sufficiently high stiffness of the used soft tissue phantom. Besides, the
critical value of the phase ¢, is always greater than that of /2, obtained under accepted simplifying assumptions, and
grows with the increase of the area S,. From formula (2), for example, it follows, that in the limiting case of ARFI, when

So = S and R =0,the equality ¢'(0) = ¢ is always satisfied, i.e. the critical value is missing. The above results regarding
the transverse dimensions of the movement region indicate, that in these experiments the phase value ¢, was quite high.

CONCLUSION
In conclusion, we note that in this work, the spatial resolution and measurement accuracy of the ultrasound
diagnostic system at ARP are theoretically and experimentally investigated. A physical model is proposed, which
describes the specific features of ARP, taking into account the remote nature of ultrasonic Doppler probing of the soft
tissues local movements, which are caused by the radiation pressure of a high-intensity focused ultrasound pulse. Taking



89
Spatial Resolution and Measurement Accuracy of the Ultrasound Diagnostic System... EEJP. 4 (2019)

into account the accepted simplifying assumptions, it is shown that the model conclusions are in a good agreement with
the results of the experiments on measuring the value of displacements under the influence of HIFU.

In particular, the nontrivial dependence of the value of displacements, measured by the Doppler method, on the
probing depth and the focusing degree of the incident and scattered wave beams, in the process of probing the localized
region of the movement under the HIFU impact, is proved. An experimental study was performed on the transverse
resolution at ARP in the case of probing the medium with Young's modulus irregularity, as well as on the influence of
noise and interference on the measurement accuracy and resolution. On the basis of the carried out studies it was
concluded, that the transverse resolution at ARP was determined by the transverse dimensions of the of soft tissues
movement region, formed by the HIFU transducer, and could be significantly better than the own spatial resolution of the
used ultrasound diagnostic system at the B-mode of diagnostics.

In the real commercial soft tissue ablation systems, which use HIFU, the diagnostic probing transducers are built
directly into the hole of HIFU transducer, through which ultrasound probing is performed. This allows to avoid the
problems with the interference, caused by the reverberation of ultrasound probing wave beams. Taking this circumstance
into account, the results, obtained in this work, indicate that ARP is a promising method for monitoring the process of the
tissues thermal ablation, when HIFU is used.

This work was financially supported by the Ministry of Science and Higher Education of the Russian Federation,
unique identifier No. RFMEFI57818X0263.
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IMPOCTOPOBA PO3ILIIBHA 3IATHICTh TA TOUHICTHh BUMIPIOBAHD YJIbTPA3ZBYKOBOI JIATHOCTUYHOI
CHCTEMM ITPA AKYCTHUYHIN BIIJIAJEHINA MAJBITAIIIT 3A TOIIOMOI'OI0 CPOKYCOBAHOI'O
VJIbTPA3BYKY BUCOKOI IHTEHCUBHOCTI
€.0. bapannuk!, B.I. Ilynuenko?, A.I. Mapycenko?, O.B. Knsizes?, LM. I{uo6in?, O.1O. bepkoBuu*

! Xapriscoxuti nayionanvnuii yuisepcumem imeni B.H. Kapasina, Xapxis, Ykpaina
’TOB «Yavmpacaiiny, Xapkis, Yipaina
3AT «HB® BIOCC», Mockea, Pocis
4@rA0Y BO «Canxm-IlemepOypsoxuii norimexuiunuii ynisepcumem Iempa Benuxozoy, Canxkm-Ilemep6ype, Pocis
B naniii po0OTI TEOPETHMYHO Ta EKCIEPHUMEHTAJIBHO JOCIHI/KEHI IPOCTOPOBAa PO3JiIbHA 3[aTHICTH Ta TOYHICTH BHMIPIOBaHb
yIBTPa3ByKOBOI IIarHOCTHYHOI CHCTEMHU IIPU aKyCTHYHIH BijnaneHiit nansnauii (ABIT) 3a monomororo cdoxycoBaHOTO yJIBTPa3ByKy
Bucokoi intencuBHocti (CYBI). 3anpononoBana ¢isuuHa mopens, ska omnucye ocobmuBocti ABII 3 ypaxyBaHHSIM BifJaneHOro
XapaKkTepy yJIbTPa3ByKOBOI'O JONILIEPiBCHKOIO 30HlyBaHHS JIOKAJIBHOTO PyXy M’SKHUX TKaHHH, 10 BUKJIMKAHUH CHIIOIO pajialliiiHoro
tucky immynscy CYBI. [Toka3zano, 110 3 ypaxyBaHHSM 3pOOJICHHUX IS CIIPOILEHHS IPHUITYILICHb BUBOAN MOAETI JOOpE y3TroHKYIOThCS
3 pe3yJIbTaTaMH MPOBEACHUX €KCIEPHMEHTIB 100 BUMIPIOBaHHS BEIWYWHH HepeMinieHs mia BrmuBoM CYBI. JloBeneHa, 30kpema,
HeTpHBiaJbHA 3aJISKHICTh BEIMYUHU NEPEMIIICHB, [0 BUMIPIOIOTHCS TOMIUICPIBCHKUM METOJIOM, BiJl ITTHOMHH 30HIyBaHHS Ta CTyIEH1
(oKycyBaHHS 111aI0Y0T0 Ta BIIOUTOrO Iy4KiB XBWIb. EXCIIepHIMEHTAIBHO HOCTIPKeHa MToNepedHa po3aiiabHa 3aaTHicTh npu ABITy
BUIA/IKy 30HyBaHHs HEOIHOPIHOTO 3a MoxysieM FOHra cepenoBuIna, a TAKOXK BIUIUB IIYMY i IIEPEIIKO]] Ha TOYHICTh BUMIPIOBaHb Ta
pO3AiNBHY 31aTHICT. 3pOOJICHNI BHCHOBOK PO Te, IIO IONepedHa po3ninbHa 3natHicTh npu ABII Bu3HawyaeThcst mapamerpamu
JIOKaJIbHOT 00J1acTi pyXy i MOXke OyTH CyTTEBO Kpalloio, HiX BJIACHA PO3/iJIbHA 34aTHICTh YJIBTPa3ByKOBOi CUCTEMHU IpH B-pexumi
niarsoctuku. OTpuMaHi pe3ynbraTi cBiguath mpo nepcnektuBHicTs ABIT st MOHITOpHHTY mpolecy TepMiuHOi aOmsii M’sKux

TKaHUH 3a Jonomoroo CYBI.
KJIFOYOBI CJIOBA: ABII, CYBI, a6usmis, nomnmiepiBcbke 30HIyBaHHs, exacTorpadis, mpocTopoBa po3iibHa 31aTHICTh, TOUYHICTh
BUMIpIOBaHb.

HPOCTPAHCTBEHHAS PA3PEIIAIOIIASL CHOCOBHOCTDh 1 TOYHOCTh U3MEPEHUI YJIbTPA3BYKOBOM
JAATHOCTHYECKOW CUCTEMBI TPU AKYCTHYECKOM YIAJIEHHOM IMMAJBIAIIUH C ITIOMOIIBIO
®OKYCHPOBAHHOT'O VJIbTPA3BYKA BBICOKOM HTHTEHCUBHOCTHN
E.A. Bapannux'*, B.W. Ilyn4enxo?, A.U. Mapycenko?, A.B. Kusizes?, U.M. lp10un’, A.E. Bepxosuy*

' Xaporoeckuii nayuonanshuiii ynusepcumem umenu B.H. Kapasuna, Xapokos, Yxpauna
2000 «Ynvmpacaiiny, Xapvkos, Yipauna
340 HII® « BHOCCy», Mocksa, Poccus
*®rA0Y BO «Canxm-IlemepOypeckuii norumexnuyeckuii ynusepcumem Ilempa Benuxozoy, Canxkm-Ilemepbype, Poccus
B nacrostieit paboTe TeOpeTUIECKH B 3KCIIEPUMEHTAIBHO HCCIIE0BAHbI IPOCTPAHCTBEHHAS pa3pelIaronias ClloCOOHOCTh H TOYHOCTh
HU3MEpEeHUH YJIBTPAa3BYKOBOH JMAarHOCTUYECKOW CHCTEMBI NpPH aKycTHYecKod ypaneHHodW mnanbnamuu (AVYII) ¢ momorsio
(OKyCHpPOBaHHOTO yJbTpa3Byka Bbicokol uHTeHcHBHOCTH (DYBU). Ilpemnoxena ¢usuyeckas Mojeidb, KOTOpas OMHCHIBACT
ocobenHocTH AVII ¢ yueToM yaaneHHOro XapakTepa yJIbTPa3ByKOBOTO JOMNIIEPOBCKOTO 30HIHPOBAHUS JIOKAIBHOTO JABMKCHUS
MATKUX TKaHEH, BBI3BAHHOTO CUJION pasnanoHHOro AasiaeHus umnynbsca @YBIU. [loka3aHo, 4To ¢ y4eTOM CIEIaHHBIX YIPOILAIOLINX
TIPEANONOKEHIH BBIBOIBI MOJETH XOPOIIO COTIACYIOTCS C Pe3yIbTaTaMH MPOBEAECHHBIX SKCIEPHMEHTOB MO N3MEPEHHUIO BETHINHBI
nepemeniennii nox aedcteuem OYBU. J[lokazana, B 4YacTHOCTM, HETPUBUAJIbHAS 3aBHUCUMOCTb BEJIMYHMHBI H3MEPSIEMBIX
JONIUIEPOBCKUM METOJIOM IepeMENIeHHH OT TITyOUHBI 30HUPOBAHNS U CTEHNECHU (POKYCHPOBKH MaJAIONIET0 M OTPAXKEHHOTO IyYKOB
BOJIH. DKCIIEpHMEHTAILHO MCCIICIOBAHA TIONIepedHas pa3peniatomas criocooHocts npu AYII B cirydae 30HAMpOBaHHS HEOJHOPOAHOM
1o moay:o FOHra cpenpl, a Takke BIUSHUE IIYMOB M IOMEX Ha TOUHOCTb U3MEPEHUI U pa3pellarollyto ClIoCOOHOCTh. ClenaH BbIBOJ
0 TOM, YTO MOTePEeYHas pasperniaronias crnocoonocts npu AYII onpenensercs napameTpamMu JOKAILHON 00JaCTH IBIKCHUS K MOXKET
OBbITH CYIIECTBEHHO JIydllle, YeM COOCTBEHHAs pa3peliaronas ClocoOHOCTh YIbTPa3ByKOBON CUCTEMBI IpU B-pekiMe THarHOCTHKY.
ITomyueHHbIE pe3ynbTaThl CBUAETEILCTBYIOT O nepcrnekTuBHOCTH AVYII U MOHUTOPHHTA Mpoliecca TEPMUUECKON aOIAIMU MATKHX

TKaHel ¢ nomompo ®YBU.
KJIFOYEBBIE CJIOBA: AVYII, ®YBU, abusuus, TOMUIEPOBCKOS 30HANPOBAHHE, dIacTOrpadus, MPOCTPaHCTBEHHOE pa3pelIeHue,
TOYHOCTb U3MEPEHUI
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In the present work we found the maximum discovery distance for *Pu-Be source using the detectors based on ZWO (ZnWO4) and
BGO (BisGesO12) oxide scintillators. Detection distance was defined by using the radiation monitoring system "PORTAL”. This
research gives us data for estimation of the contribution of low-energy cascade gamma quanta CGQ. The CGQ emitted by excited
scintillator nuclei defined the effective discovery distance of the fast neutrons source. The maximum detection distance was obtained
with PMT in a single-photon counting mode. The maximum discovery distance for a BGO scintillator of size ©@40x40 mm — 38 cm,
ZWO scintillator of size @52x40 mm — 54 cm, with reliability about 0.001. The results of the experiment on the ZWO scintillator can
be explained by the registration of additional gamma quanta from the inelastic scattering reaction and the CGQ arising from resonant
neutron capture region. This two mechanisms further lead to increase the sensitivity of the detector and increase the detection distance
of the monitoring system. The key features of the monitoring system are: ZWO oxide scintillator, wide band measuring path, utilize
PMT in single photon mode. The obtained detection distance was about 1.4 times higher in comparison with the spectrometric recording
mode and 1.9 times higher in values of efficiency. Our results demonstrate the advantages of the ZWO scintillator compared to the
BGO and demonstrate the possibility of using the resonant capture mechanism by ZWO detector nuclei to increase the fast neutrons
sensitivity. The resonance capture mechanism increase sensitivity and maximum detection distance of the monitoring system. The low-
energy gamma-quanta, which discharge of compound nuclei, are substantially suppressed in comparison with the classic spectrometric
recording mode.

KEY WORDS: detector, fast neutrons, excited states, countable efficiency, density of nuclear levels

The compact gamma-neutron radiation detectors based on the oxide scintillators allow the creation of compact,
highly sensitive systems for monitoring the unauthorized movement of fissile and radioactive materials. The response of
detectors during neutron moderation in oxide scintillators is primarily formed by instantaneous gamma quanta of the
inelastic scattering reaction and delayed cascade of gamma quanta from the radiation capture reaction in the resonance
region emitted by excited states of the scintillator compound nuclei [1, 2]. Both of these reactions can be realized when
neutrons are thermalized in some oxide scintillators of a few centimeters in thick.

Earlier [3-5], the signals of oxide scintillation detectors in order to suppress CGQ were amplified in the spectrometric
mode, while the time of formation of the signal from the PMT in this mode was in the range 1 — 10 microseconds. Also,
the physical efficiency (impulsexs'xcm?/neutr'xcm?) in spectrometric mode does not exceed 1. In [6,7] the first results
of counting efficiency studies with ZWO scintillators and BGO. When using the mode of counting single photons in the
ZWO scintillator, an increased (up to 60 pulsexs ' xem?/neutronxs-'xcm?) was detected, compared to the BGO scintillator
(2.5 pulsexs ' xcm?/neutronxs ' xcm?), which was explained by the registration of cascade quanta arising in the scintillator
nuclei.

The aim of this work is a comparative assessment of the maximum neutron detection distance of a 2*’Pu-Be source
by a monitoring system using ZWO, BGO detectors in two significantly different modes - spectrometric and single photon
counting mode. It was the use of the single photon counting mode in the monitoring system with the highly sensitive
wideband preamplifier that made it possible to estimate the contribution of low energy CGQ generated in the compound
nuclei of the oxide scintillator to the maximum detection distance.

Since the energy of CGQ emitted by excited states of compound nuclei is small due to the high-level density, a
preamplifier with a high gain and baseline low noise level was used. Due to the fact, that the CGQ emitted by the
compound nuclei can be superimposed in the measuring path, it was possible to register them separately by using a
broadband preamplifier with a differentiating delay line. To ensure the highest possible counting efficiency of cascade
gamma-quanta, a single photon counting mode was applied in the PMT, which made it possible to isolate signals of
extremely low energies and durations about nanoseconds.

Earlier [6] the obtained data indicated the absence of a noticeable generation of CGQ in the BGO scintillator with
size of ¥40x40 mm. The measurement results by using the monitoring system confirm the previous results, since the
measured maximum detection distances for the case of counting single photons and the spectrometric mode for the BGO
scintillator are practically the same.

© Gennadiy M. Onyshchenko, Volodymyr D. Ryzhikov, Ivan I. Yakymenko, Oleksandr P. Shchus, 2019
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RESEARCH & METHODS
The counting efficiency of neutron detection by oxide scintillators in units of impulsexs!'xcm?/neutronxs!xcm2
was previously estimated according to the procedure described in [6]. For effective coupling of scintillator with
monitoring system in current work, we use parameter “maximum distance of discovery”. This parameter is defined by
monitoring system threshold and can be obtained by using equation

X=Xavg kX (1/(0-1) X E(Xi-Xavg)?),

where k = 3.5, X — threshold level, xav; — average value, x; — enumeration of all values. The dispersion of the count rate
was achieved by using standard deviation low for each data point. It was also found that the background fluctuation is not
depend on Poisson distribution. The data reliability of the maximum detection distance was set at 0.001% (error rate),
otherwise, no more than 1 false pulse per 1000 pulses. The sensitivity measurements of a radiation monitor system based
on ZWO, BGO single crystal detectors under fast neutron irradiation were carried out in a spherical geometry [8]. We use
29Pu-Be with flux 0.95x10° neutronxs™!, @320x30 mm and 52 grams. The source is placed inside a lead ball @100 mm
with a well @20 mm. The lead ball simultaneously attenuates the accompanying gamma radiation from the 2°Pu-Be
source [6, 7]. We add an additional lead shield — 5 mm to protect the detector from background gamma radiation. The
principle diagram of the monitoring system Fig. 1.

detector

PORTAL

MeU PC host

—a-| fast comparator |——m| Cortex™-M4 core FUSB—- dalaa::'ulslllun
line driver
fast amplifier  —m| 50 Ohm
discrimination
-~
circuit

Fig. 1. The principle diagram of the monitoring system

The minimum pulse width of the input signals is ~ 4 ns. The signal accumulation time was defined by software and
can be set from 10 ms and more.

In experiment of determination the maximum discovery distance the pulse accumulation time was about 1000
seconds, number of iterations — 1000, time of one sample accumulation 1 sec. Data was obtained in two mode with neutron
source and without. Counting rate in single photon counting mode for ZWO ©@52x40 mm?® was ~ 3000 sec’!, in
spectrometric mode ~ 40 sec™’. Principle of data accumulation was shown on Fig. 2. Where red line is calculated threshold,
data below the red line is background fluctuation without source and data above threshold from 2*>Pu-Be.

200

150

0 100 200 300 400 500 600
time, sec

Fig. 2. The data accumulation by using portal software (source 2*’Pu-Be). Red line is threshold
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Structure diagram of measurement setup contain PMT R1307 Hamamatsu, ultra-low noise amplifier and was
discussed previously [6] in our works. The signals from PMT (baseline noise fluctuation + electronic noise ~ 10 mV) was
amplified by 6x stage preamplifier (band ~ 200 MI', 60 dBm, output current on 50 Ohm 80 mA). In addition, output
signal was trimmed by shorted delay line of 2 m length. The PMT voltage in single photon mode was 1250 — 1350 V, in
spectrometric mode — from 650 V to 850 V. Signal slew rate in spectrometric mode was 1 us, in “PORTAL” path ~ 2 ns.

RESULTS
In this work, we obtained the experimental values of the maximum detection distance “source-detector”. The
counting speed of the recorded signals did not exceed the predefined threshold Xq = Xayg+ k X (0 — 1) X Z (Xi - Xave)?).
The reliability of the measurements is about 1 false alarm per 1000 pulses for ZWO detectors and BGO. The
measurements were carried out in two modes — in the spectrometric mode and the mode of counting single photons. The
Table shows the results of measurements of the maximum detection distance R (cm) for ZWO, BGO scintillators in the
monitor, K1 coefficients — increase in the maximum detection distance, K2 — increase in sensitivity in the monitoring
system, K3 — increase in the effective area of the detector compared to the spectrometric mode.
The sensitivity increment and the effective area of the detector were estimated according to the law of inverse
squares.
Table.
Discovery distance R (cm) for ZWO, BGO

K1 K2 K3
e R, cm R, cm . . . . . . .
scintillator (t~21s) | (t=1us) (increase in detection (increase in (increase in detector
distance) detection efficiency) window)
ZWO 54 39 14 1.9 1.9
BGO 38 38 1 1 1

DISCUSSIONS AND CONCLUSIONS

The obtained values of the maximum detection distance of the “detector — radiation monitor” system during the
registration of fast neutrons of a >*’Pu-Be source for a ZWO single crystal detector can be explained as follows.

In the ZWO scintillator [6, 7] arise the additional CGQ which associated with the primary gamma quantum from the
inelastic scattering reaction, which results in the case of their efficient isolation and registration (single photon counting
mode) to increase the statistics of signals related to one input particle and, as a result, to increase the sensitivity of the
system. At the same time, measurements carried out in the spectrometric mode on a ZWO scintillator did not give an
increase in sensitivity, since CGQ (with low energies ~ 0.2-1 keV) are suppressed in this mode. CGQ registration is
require high amplifier gain ( ~60 dBm) and single photon counting mode for PMT.

In the BGO scintillator of the indicated sizes [6, 7, 9, 10], CGQ are practically not observed, which is confirmed by
the results of measuring the maximum detection distance of the monitor in different modes — photon counting and
spectrometric. Thus, for BGO-type scintillators, an increase in statistics (photon counting mode) practically does not lead
to an increase in sensitivity, since the conditions for the extraction of CGQ are not realized in BGO. It should be noted
that in monitoring systems, in addition to signal statistics, the dispersion of the signal from neutrons plays an important
role, which depends on the mechanism of neutron energy conversion in the scintillator, i.e. on the type of scintillator and
reaction.

Thus, the use of the ZWO scintillator as part of a monitor recording signals in the photon-counting mode makes it
possible efficiently using of a CGQ from the resonance capture of fast neutrons. That leads to increase the sensitivity of
the monitoring system compared to the spectrometric mode by about 1.9 times and increasing the maximum detection
distance by about 1.4 times.
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HOPIT BUSABJIEHHS MATEPIAJIB NOALTY CHUAHTAIAIIAHUMHA
JETEKTOPAMH ZnWO4 TA BisGe3On2
I'.M. Onimenxo'?, B.JI. Puxikos?, LI SIkimenko!, O.I1. [lycn!
' Xapvrosckiii Hayionanonuii Yuisepcumem imeni B. H. Kapazina, 61022, Xapxis, Yxpaina
2Inemumym cyunmunayitinux mamepianie, HTL] "Incmumym monoxpucmanie", HAH Yxpainu, 61001, Xapxie, Yxpaina

V nauiii po6oTi BUMipsiHA MakCHMajbHa BiACTaHb BUABIeHHA °Pu-Be Iykepena WIBHIKMX HEHTPOHIB JETEKTOPAMH Ha OCHOBI
okcuaHuX cruHTWIATOpiB ZWO (ZnWO4) i BGO (BisGe3O12). Bumipu BincTaHi BUSBICHHS NPOBOAWINCS 3 BHKOPHCTAHHSAM
po3pobIeHol CHCTeMM pafmiallifHOro MOHITOpHHTY. lle 103BONMIO OIHMTH BENWYHMHY BKJIATy HU3bKOCHEPIeTHYHUX KACKaIHUX
ramma-kBaHTiB (KI'K), 1110 BUITyCKatOThCs 30YDKCHUMH SIPaMy CLIMHTHIIATOPA B BiZICTaHb BUSIBJICHHS LIBUIKMX HCHTPOHIB. 3HAUCHHS
MaKCHMAJIBHOI BiJICTaHi BUSBJICHHS JIETEKTOPIB OTPUMaHI B PeXKUMI paxyHKY OJUHHYHUX (OTOHIB i cKiayu 38 cM IUIsl CHUHTHIIATOpA
BGO po3mipom ©@40x40 mm, s cupaTHIATOpa ZWO posmipom B52x40 mm — 54 cm 3 HapiiiHicTio He riprie 0.001. Pesynbratu
eKCIiepuMeHTY Uit cuuHTIsiTopa ZWO MOXyTh OyTH MOSICHEHI peecTpaliero, KpiM raMma-KBaHTIB 3 peakilii HEempy)KHOTo
poscitoBanHs, Takok KI'K, 110 BUHHKAIOTh NPU PE30HAHCHOMY 3aXOIUICHHI HEHTPOHIB, IO MPU3BOJUTH A0 3POCTAHHS 4y TJIHUBOCTI
JEeTeKTopa 1 30UIBIICHHIO BiACTaHi BUSABICHHS cUcTeMH MOHITOpuHTYy. Husbkoeneprernuni KI'K peectpyBanucs B pexxumi paxyHKY
onuHUYHAX (HOTOHIB. OTXKE, 3aCTOCYBaHHS B CHCTEMi MOHITOPHHTY OKCHIHOTO cuuHTHIATOpa ZWO, B CKIIa/li IKOTO MICTATBCSA SIpa,
mo BumyckaioTb KI'K 3 peakmiii pe30HaHCHOTO 3aXOIUIEHHS, I ITHPOKOCMYTOBOIO BHMIpPIOBAJIBHOTO TPAKTY, IO IPAIIOE B PEXKUMI
paxyHKy OAMHHYHUX (OTOHIB J103BOJISIE 30UIBIINTH €(DEeKTUBHY UyTIHBICTH AETEKTOpa MpHOIM3HO B 1.9 pasw, 0 NPHU3BOIUTH 10
30UIBIICHHS BiJICTaHI BUSIBJICHHS JUKepena HeWTpoHiB nerekropoM ZWO npubiusHo B 1.4 pasu B MOpIBHSHHI 31 CHEKTPAIBHUM
pexxuMoM peectpanii. OTpuMaHi pe3yabTaTH AEMOHCTPYIOTH nepeBarn cuuHTHisiTopa ZWO B mopiBrsHHI 3 BGO 1 BkasyroTh Ha
MOXKJIMBICTh BUKOPUCTAHHS MEXaHi3My PE30HAHCHOTO 3aXOIUICHHS HEHTPOHIB simpamu getekropa ZWO st 301IbIIeHHS 4y TIIHBOCTI
JIETEKTOpa 10 IIBUAKUX HEUTPOHAX. BUKOpHCTaHHSA MEXaHi3My PE30HAHCHOTO 3aXOIICHHS NPU3BOAUTH [0 IMiIBUILCHHS Yy TIMBOCTI 1
301IbIICHHST MAKCHMAJIBHOT BiICTaHI BUSIBICHHS CHCTEMH MOHITOPHHIY B IOPIiBHSHHI 31 CIEKTPOMETPHYHUM PEKUMOM peecTpallii, B
SIKOMY HM3bKOCHEPIeTHYHi raMMa-KBaHTH PO3PSAAKH KOMIAyHJ Siiep, 10 YTBOPIOIOTHCS B PE3yJIbTaTi PE3OHAHCHOTO 3aXOIUICHHS,
iCTOTHO TMIPHUTHIYEHi.

KJIIOYOBI CJIOBA: nerekrop, mBHIKI HEUTPOHH, 30y PKEHI CTaHH, JIIYMIbHA €()EeKTUBHICTD, IIUTBHICTD SIEPHAX PIBHIB

MMOPOI' OBHAPY X KEHUS MATEPHAJIOB JEJEHUSI CHUHTUIISIHUOHHBIMH
JETEKTOPAMM ZnWO4 U BisGe3O12
I'.M. Onnmenxo'?, B.JI. Poixukos?, U.U. SIkumenko!, A.®. llycn!
'Xaporosckuii Hayuonanonwiii Yuusepcumem umenu B.H. Kapasuna, 61022, Xapvkoe, Yrpauna
2Hucmumym Cyunmunnayuonnvix Mamepuanos, HTL] “Hncmumym Monoxpucmannos”, HAHY, 61001, Xapvros, Yipauna

B HacTosmel paboTe M3MEPEHO MAKCUMAIILHOE PACCTOSHUE 0OHapysKkeHus >>°Pu-Be HcTOUHMKA GBICTPBIX HEHTPOHOB JIETEKTOPAMH HA
OCHOBE OKCHAHBIX cUMHTWILIATOPoB ZWO (ZnWO4) n BGO (BisGesO12). M3mepenne paccTosiHus 0OHApY>KEHHUs MPOBOAUINCH C
HCTIONb30BaHUEM Pa3padOTaHHONW CHCTEMBI paJHAllMOHHOTO MOHUTOPHHTA. OTO MO3BOJWIO OIECHUTH BEJWUYUHY BKJIAJa
HU3KOPHEPreTHYHBIX Kackagublx ramma-kBantoB (KI'K), mcmyckaembIx BO30Y>KIASHHBIMH SAPaMH CLHUHTHUIATOPAa B PAcCTOSHHE
oOHapy>keHUsI OBICTPBIX HEHTPOHOB. 3HAUEHUSI MAaKCHMAJIBHOTO PACCTOSHUSI OOHAPYIKEHUsI ICTEKTOPOB IOJy4YEHBI B PEXKUME cueTa
eIUHUYHBIX (OTOHOB M cocTaBmid 38 cMm st cuuHTHLLITOpa BGO pasmepom P40x40 mwm, ans cuuHTHiusitopa ZWO pazmepom
052x40 MM — 54 cm ¢ HagexxHOCThIO He Xyxe 0.001. Pe3ynbraTsl skcniepumenTta Ha cuuHTHLIATOpEe ZWO MOryT OBITE 00BSICHEHbI
perucrpanueii, KpoMe raMmMa-KBaHTOB U3 peakuuu Heynpyroro paccessHus, takxke KI'K, Bo3zHuKalommx npu pe3oHaHCHOM 3axBaTte
HEWTPOHOB, ITO IPHBOJHUT K POCTY TyBCTBHTEIBHOCTH AETEKTOPA M YBEIIMUCHUIO PACCTOSHHS OOHAPY>KEHNSI CHCTEMBI MOHUTOPHHTA.
Hmskosneprernunsie KI'K perucrpupoBanuce B pexxume cdeTa eJUHUYHBIX (GoroHOB. Takum oOpa3zoMm, IpUMEHEHHE B CHCTEMeE
MOHHUTOPHHIa OKCHIHOro cHuHTHWUIITOpa ZWO, BcocraBe KOTOpOro copepxarcst sapa, ucmyckaromme KIK n3 peakmmit
PE30HAHCHOTO 3axBaTa, W IIMPOKONOJIOCHOTO HM3MEPUTEIFHOTO TPakKTa, PadOTAIOMIEro B PEeXHMME CyeTa EeIUHUYHBIX (OTOHOB
HO3BOJIET YBENNIUTH () (PEKTUBHYIO TyBCTBUTEIBHOCTD AETEKTOPa MPUMEpHO B 1.9 pasa, 4TO NPUBOAUT K YBEIUUCHUIO PACCTOSHHS
00HapyXeHHUs] UCTOYHUKA HEUTpOoHOB neTekropoM ZWO npumepHo B 1.4 paza 1o CpaBHEHHUIO CO CIIEKTPOMETPUUYECKUM PEKUMOM
peructpauu. IlomydeHHbIe pe3yabTaThl AEMOHCTPUPYIOT MPEUMyIiecTBa CHUHTHILIITOpa ZWO 1o cpaBHenuto ¢ BGO u ykaspiBator
Ha BO3MOXKHOCTh HCIIOJIb30BAaHMSI MEXaHM3Ma PE30HAHCHOTO 3aXBaTa HEHUTPOHOB sapamu jeTekTopa ZWO mist yBenndeHus
qyBCTBUTEJIFHOCTH JIETEKTOPA K OBICTPBIM HeHTpoHaM. Mcronb30BaHNe MeXaHN3Ma PE30HAHCHOTO 3aXBaTa MPUBOJNT K ITOBBIIICHAIO
YyBCTBUTEJIIFHOCTH U YBEIMYEHHIO MAKCHMAJIBHOTO pAcCTOSHUS OOHApY)KCHUS CHCTEMBl MOHHUTOPHHTA II0 CPaBHEHHIO CO
CIIEKTPOMETPUYCCKAM PEXHMOM PETHCTPAIlM, B KOTOPOM HHM3KOJOHEPIeTHYHBIE TI'aMMa-KBAaHTBI pa3psAKd KOMIIAyHX sep,
00pa3yoIuxcs B pe3yIbTaTe PE30HAHCHOIO 3aXBaTa, CYIIECTBEHHO MO1aBIICHBI.

KJIFOUEBBIE CJIOBA: nerekrop, ObICTpbIe HEHTPOHBI, BO30YXKICHHBIE COCTOSIHUS, CUeTHAs! 3 (HEKTUBHOCTb, IFIOTHOCTD SIIEPHBIX
yYpOBHEM
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Ta excriepumenrtaTopa JI. B. Illy6nikosa.
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Jleé Bacunvosuu Illyonixoe

Jle Bacunbosuu IllyGHixoB mapommses 1901 poxy B Caukr-Ilerepbypsi. Moro 6atbko, Bacums Bacuabosmu,
npairoBas OyxranrepoM, a mama — JIro60B CepriiBHa — OyIia JOMOrocHoAapKoIo.

1911 poxy JleBa 3apaxyBaiu 10 OJHOTO 3 HAWKpAIIMX HABYAIBHHUX 3aKiaJiB MicTa — riMHasii Mapii AHapiiBHK
JlenToBcbkoi. HaBuaBcst Jles, sik cBim4aTh apXiBHI JOKYMEHTH TiMHa3ii, 1oope. B tabeni (3a ocranHii, 8 xiac) y rpadi
«(hizuka» € 3amuc: «3aliKaBJIeHHS NPEIMETOM 3aBelluKke». Tox-00, obupatoun MaiOyTHiH (ax, BiH HE KHUAABCS B
KpaitHomii, 60 BXe YCBIIOMUB, IO HOTO MOKIMKAHHS — (hi3HKa.

1918 poky Lly6HikoB BcTymae a0 Ilerporpaackkoro yHiBepcuTeTy. HaTOMICTh crtogaTKy HOMY TOBENOCS CITyXaTH
JIEKIIi1 3 TUMU, XTO OyB Ha KypcC cTapinM, 60 BiH OYB €QUHUM CTyAeHTOM-(i3ukoMm Habopy 1918 poxy.

ImrocTpamiero CTyIEHTCBKOTO JKUTTS 3a THX YaciB € CHOraad TOMIMIHBOI cTyaeHTKH Onbsru MUKONiBHA
Tpane3HikoBoi, HokTopa (i3mKo-MareMaTHyHUX HaAykK: «I[919 poxy s ecmynuna Ha ¢hizuyne 6i0OineHHs
Ilempozcpadcvkozo ynieepcumemy. B ynigepcumemi 3ycmpinaca 3 Jlesom Bacunvosuuem...

Kumms Oyno sasaxcxkum. Ilicna nexyiii Jlee¢ Bacunvbosuu cknadag cnucox npucymHix, 1eKmop nionucyeas, i 6cim
8UOABANU NO MOHEHbKOMY WMAMOYKY XAi0a 3 NOGUOIOM — MU HA3UBATU Ye YAUHUM NOCMAYAHHAM....

YV 1919 p. eoce icnysas Onmuunuti incmumym, i J[. C. Poowcoecmeencokuil yrauimysas myou 6cCix
CMApWOKYPCHUKI@ aabopanmamu... Bci nabopanmu odepoicysanu max 3eanui “amomuuil nauox”, i ye ix Oyoce
niompumyesano. Takuil camuii natiox ompumyeanu u suxkiaoauiy [2, C. 257-258].

JleB BacniiboBHY 3aXOIITIOBABCS BITPMIIBHUM criopToM. OpHaK 1ie X001 3irpano y Horo >kutTi (aTaiabHy poiib. 3a
cioBamu #oro npyxuan O. M. TparesHiKoBoi, «Haubinbuiorw po3sazow 01a Hac oyna axma, aky isuunull iHcmumym
0peHOYB8as y KONMUWHbOMY IMNEPamopCbKomMy AxXm-Kiyoi...

Ycim 2ocnodapcmeom saxm-kny6y 3asidyeas sxutice Pabos. Oonoeo pasy yHigepcumemcobka KOMHAHIA XIMIKIG
36epHYIACA 00 HbO2O 3 NPOXAHHAM Nidibpamu mampocie 3a0na noxody 63008xc @Dincvkoi  3amoku... Pabos
3anpononysas Jleeosi Bacunvosuuy nimu 6 yeil noxio Mampocom, i 8iH i3 3a0080JeHHAM nocoouscs. Hac munas, ane
8iH He nosepmagcs. Paboe euciosus npunywents, wo cmanacs kamacmpogha.

Hacnpasoi ys xomnanis sukpana 6 yHieepcumemi npuiadogy miamuHy i eupiuuia emekmu 3a KOpOOoH. HAxmy
npubuno 0o @inaandii, de ix ycix 3a Hezakomnuil nepemun Kopoowy Ve aznumu. Im sanponowyeanu nokumymu
Qinnsndio. Ane nogepmamucs Hazao awixmo, kpim Jlesa Bacunvosuua, ne noecoouscs. Toxc ix euciaiu 00
Himeuuunu...

JI. B. Illybuixkog npayiosas mam gomozpagom, 32000M — HA KEaApyo8omy 3ago0i. 3peuimoro 6iH 36epHy6cs 00
HAWo20 KOHCYIbCMEa 3 NPOXAHHAM wo0o nogepnenus. Came yvozco uacy 6 Himeuuuni 6 cayocbosux cnpasax
nepedysas euxnaoay M. M. Inacones, saxuii npuixag 3adns 3axkynieni mpauncgopmamopie. Bin niokazas Jlesosi
Bacunvosuuy 0o koeo 36eprymucs, i 0038in nogeprymucs o6yio ompumanoy [2, C. 258-2589].

IMonan pik IllyOnikoB mnepebyBaB 3a KOPIOHOM; MOBEpHyBIMCH 1922 poky, BiH HE TIOHOBHBCA B
[lerporpancbkomy yHiBepcuTeTi, a mepeBiBcsi Ha 3-i Kypc (i3uko-mexaHiuHoro ¢axysipreTy [lomiTexHi4HOTO
IHCTHTYTY.

JleB BacuiboBHY yCHIIIHO MO€AHYBAaB HaBYaHHA 3 MiApoOiTKOM B naboparopii IBana BacuiboBrua OOpeimoBa B
JleninrpaacekoMy hizuKo-TexHi4HOMY iHCTHTYTI (Hazani — JIOTI). M no 3akinuenni incruryty (1926 p.) llly6HikoB
MaB JIBI HayKOBI mpaili 3a criBaBropcTtBa 3 OOpeiMOBHM: meplia — M0A0 HOBOTO 1 MPOCTOTO CHOCO0Y BHPOIILYBaHHS

! JOpineituuii HapiC MiArOTOBIEHO 3a JMCEPTALIMHMME MaTepianamu (HayKoBuH KepiBHHK — axagemix HAH Vipaiuu Bikrop
I'puropoBuu bap’sixtap)

il {[uryBaHHs 32 MEMyapHHMHU CIIOTaJaMH JHPEKTOpa-opranizaTopa Yipainchkoro dizuko-Texuiunoro incruryry (YOTI) akanemixa
IBana Bacunpouya O6peimona [1, C. 22.]

© Alla Tanshina, 2019
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BEJIMKUX JOCKOHAJIMX METaJeBUX MOHOKPHCTANIIB 3a7aHoi popmu (Metox ObpeimoBa-11lyoHikoBa), iHIIa — 3 ONTHUYHOTO
METOJy CIIOCTEepEeKEHHsI JeopMalliil B Kam sSHiH codti.

Bocenn 1926 poxy mupektop JIDTI AGpam demoposuu Modde Hampapise TamaHOBUTOrO MOJIOIOTO
criBpobiTHHKA /10 JICHICHCHKOTO YHIBEPCUTETY, Ha CTAXKYBAHHSA B JIAOOPATOPil0 HU3BKUX TEMITEPaTyp.

Icropuuna goBigka

JlelineHchKH yHIBEpCHUTET 30praHizoBaHo 1575 poxy npuniiem Binsrensmom | OpaHChKMM Ha BIIaHYBaHHS I'epOidHOI
00OpOHU MiCTa BiJl ICHAHCHKUX BIHCHK.

1894 poky I'eiike Kamepminr-Ounnec (Heike Kamerlingh Onnes, 1853-1926) B yHiBepcuTeTi 001aIuTyBaB nepuy B CBIiTi
KpiOreHHy Jlabopartopito, 10 3roZI0M CTalla CBITOBUM IIEHTPOM HHU3bKHX Temnepartyp. Came Kamepiinr-Onuec ynepiie
JIOCSIT TEMIIEpaTyp, OJIM3bKHX 10 a0COIIOTHOTO HYJIS.

1908 poxy BiH nepruii B CBiTI oJepskaB piakuii remiid, a 1911 poxy BiAKpHB sSBUILE HAAIPOBITHOCTI.

1923 poky I'eiike Kamepninr-Oxnec nimos 3 nocaau nupextopa (1923); kepiBHUKaMU (CIIBANPEKTOPaMH) KpiOoreHHOT
naGoparopii cramu ioro yuni Bamnep-Moxanec ne I'aa3 (Wander Johannes de Haas, 1878-1960) ii Bimtem-Xempix
Keezom (Willem Hendrik Keesom, 1876-1956).

Tacno Jlefinencrkoi kpioreHHOT MabopaTopii: «Door meten — tot weteny.

Jle Bacunpouu Illy6HiIKOB MPOXOAMB cTaxyBaHHs y Bimaim B.-M. ne I'aasa. 3amis HAOUHOCTI MOCIYryeMocs
MeMyapHuME HoTatkamu O. M. TpanesnikoBoi: «cmasnenns B.-H. 0e I'aaza 0o Jlesa Bacunvosuua 6y1o uHAMKo80
0006po3UYIUBUM, CNOBHEHUM 008ipu, nogazu U npusasHi. Cniepobimuuku 1abopamopii ma 00Cry208yrOUUL NEPCOHAT
cmasuaucs 00 Jlesa Bacunvosuua Oyaice y8axcho, 8iH npunag im 00 Oyuii c8oiMm CNOKIUHUM, O0OPOULIUBUM T PILULYUUM
xapaxmepom. OOnax 8in 6y6 He2OGIPKULL | 8AXHCKO 30IUNHCYBABCA 3 M0ObMU, MA Ul pocian mam He 0yno. Tox mpusanuii
uac noyyeas cebe camommyo...

YV euxioni owi 6in inodi i30ue Ha eenocunedi, NOOOPONCYIOUU 00 HpuieIux micm, Oe o2nadas mysei, cobopu,
O0OKIAOHO MeHi nucae, wo bauus, wo cnooobanocs. Ha ocanv, yi nucmu ne 30epeznucsi — 6Ci GOHU 3HUKIU 3d UYAC
apewmy Jlesa Bacunvosuua.

1927 poky s 00epacana 3anpowenns 6id B.-H. de I'aaza npuixamu... Kpiocenna nabopamopis, abo, sk ii oiyiiino
nazuganu, “@isuuna rabopamopis Jletioencokozo yrigepcumemy, 3opeanizogana Kamepnine-Ounecom”, cnpasuna na
MeHe 8eNuKe 8PaNCeHH .

YV Jleiioeni 6yna cneyianvna ximnama 3aons sumipis («Meet Kamery). Qucnenni X10nuuku-nomisHuKu, npayieHuKu
maticmepeHb  pobunu 0nA HAyKosyie yce, wjo 3sanompiono. Ilamyeana maxa ammocgepa, 6 AKi HAYKOGUX
CnigpobIMHUKI6 8UCOKO NOYIHOBY8ANU, OYIa nogaza 00 HAYK08oi npayi. 3a ykiadom nabopamopii — eumipu mMaiome
oymu 0ysce MOYHUMU, MIPAMU HEOOXIOHO HA YUCMUX 3PA3KAX...

YV Jleninepaocekomy ynieepcumemi, ma i y @izmeci KilbKiCHUM UMIPAM MAKOT MOYHOCMI He HAOABAIU 3HAYECHHSL.
Oxpim moeo, mu ne manu maxkux npuiadis. A enepuie nobauuna, sik nompiono mipamuy [2, C. 262-263].

3a nponosunii B.-M. ne Taasa Illy6HiKOB OYAB BUBYATH BIACTHBOCTI BiCMyTYy B MarHiTHOMY IOJ 33 HH3BKHX
TemriepaTyp. Bapro 3ayBakuTH, 110, HE3Ba)KarouYd Ha IHTEHCHBHI JIOCTIJDKEHHS TOTOYACHMX YYEHHX, MOBEAIHKA
BICMYTY 3aJMIIanacsi HEpO3raJaHol0: HE BAABANOCS IOSCHUTH ICTOTHI PO3ODKHOCTI B EKCHEPHUMEHTAIbHHUX
pe3ynbrarax.

B.-M. e Taas i JL.B. I1lyGHikoB NpHITyCTHIN, IO PO3rajka NPHXOBAHA B MOHOKPHUCTATIYHHX 3pa3KaxX BiCMyTy, a
caMme — B HagBHOCTI Ae(eKTiB i BMicTi momimok. HalmeprmmM 3aBHaHHAM Y TOCTIKCHHI BICMYTY CTajl0 OICp KaHHS
JOCTaTHBO YMCTUX 3pa3KiB.

VYopomorx mepmoro poky mnepeOyBanHs B Jlefimeni IllyOHikoB 3aiiMaBcs XIMIYHUM OYHWIICHHSIM 1
mepeKpucTaiizaimieto BicMyTy. OTpHMAaBIIN KPUCTAIH BICMYTY BHHATKOBO BHCOKOI SIKOCTI 3 MaJIMM BMICTOM JOMIIIOK i
nedekriB, BiH po31oyaB BUBYATH MTOBEIHKY LIMX 3pa3KiB y MarHITHOMY IOJIi 332 a30THHX 1 BOJHEBUX TeMmeparyp. L{uki
JIOCITIZPKEHb TPHBAB YOTUPU POKH.

Pe3ynbpraToM ekcneprMMEHTIB OyJIO BIIKPUTTS HOBOTO SIBHIIA — HHU3BKOTEMIIEpAaTypHHX OCLWIILIH oropy 3i
3MiHOIO MarHiTHOro mojisi. Lle BinkpuTTs oneprxaio Ha3By «edekT LllyOHikoBa - 1e ["aazay.

V HayKoBUX CTAarTTsX, mpucBsueHuX edexty, B.-M. ne Taa3 3apxau craBuB, mopymyrounm anapiTHy uepry,
nipizuie [lyOHikoBa momnepen BIacHOTo — MiAKPECIIOI0YN BUpiNIaidbHy poib Jlea BacninboBruda B IbOMyY BiZIKPUTTI.

1930 poky JI. B. IllyOHikoB pajo mpumaB Ha KoOpy mopaay JUpEKTOpa-opraHizaropa YKpaiHCBKOTO (i3HKo-
TeXHIYHOTO iHCTHTYTY IBana BacunpoBuya OOpeiMoBa — MPOOBKUTH HAYKOBY IisUTBbHICTH B XapKoBi; a Bixg 1931 poky
Ha HBOTO BKE TTOKJIaIeHO O0OB’SI3KH KepMaHM4a KPiOoTeHHOI JIabopaTopii iIHCTUTYTY.

M uuHi npuHarinHa 3ragka: came JleiiaeHchka 1aGopaTopis Hajgaga HAHOGIIBII MHTOMY IOTOMOTY KpiOreHHiit
nabopatopii YOTI. Sk 3ayBaxye O. M. TpanesHikosa, «dyorce geauxy donomozy rabopamopii nadasae E. Bipcma. Bin
wopoky, axc 0o 1935, npuizous 0o Xaprosa i npugosus Kyny GCiisiKux peuetl, 6e3 sKux Mu He MAmU MONCIUBOCI
npayiosamu. Ilepedysaiouu 6 Jleiioeni, 6in dosidascsa npo Hogy zeniegy mawuny, ckoncmpytiogany . Catimonom, i
He2alino Hadicnas Ham ecKizu Mawunu, eunepeouswiu I1. Epengecma, axuii mas na 0ymyi 3pobumu mesc came.

Mu ne manu yum eumipiogamu 3aHU3bKi mMeMnepamypu, 3a0is ybo2o HeoOXiOHi Oynu cneyianbHi NAAMUHOSI
mepmomempu. LLJo6 ix eucomosumu, mpeba 6yn0 Hamomamu HAAMUHOBUI OPIM HA NOPYENAHOBUL YUNIHOP, UNATUMU
6ce ye 3a UCOKUXx memnepamyp i siokaniopyeamu. Mu ne manu niamunu nOmpioHO20 CMYNeHs YUcmomu, 6pyOHOI0
byna nopyensina, 3 AKOi npu UNATIOBAHHI BUNAPOBYBANUCA PI3HI oMIWKY, Wo 3a0pyoHIoganu naamuny. IlJonpaeda, ons
Kaniopysauna 0ys y Hac niamuuosuti mepmomemp Pt-38, nodaposanuii B. Keezomom. E. Bipcma npusozus mam i3
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Jletidena wucmuu niamuHouil Opim I CneyiaibHi NOPYENAHO8] YUNIHOpU, W00 MU CAMOMYI’CKU MATU 3MO2Y
BU20MOBUIMYU MEPMOMEMPU.

3aona 36epesicenns pioun nompioni oyau Ovroapu. Memanesi Ovbroapu nasiu 01080M. 3a HUSLKUX mMemMnepamyp
Haule 010680 mpickanocs, i ovloapu guxoouau 3 1aoy. E. Bipcma nocmauas y eenuxiti KinbKocmi cneyianbhy npunaixy,
Wo 6UMPUMYBAA 3AHU3LKI MeMnepamypu.

Bin npueosus yce, uoco mu ¢ Corsi He manu modcaugocmi Oicmamu. I[lpugosue nivunrbHux obepmis 07
HamMomyeanus mpancgopmamopis. YV mac Oyau nozami 6axcKu 018 AHAMIMUYHUX 642 — 6iH NPUBI3 BAXCKU.
Jletikonnacmupy He 06y10 — 6in i Jelikonaacmupom 3abe3neyus. Yce, wjo 6in mie npuobamu i 4020 6 Hac He OYlo, GiH
npueosue. 3pozymino, éce ye i npueosue 3i cxeanenns B.-U. de I'aasza...

E. Bipcma 0yaice donomie kpiocennii iabopamopii, xoua mano xmo 3naex [2, C. 280-281].

Tak camo umpo E. Bipcma GaxxaB 3a motpebu mitu no apwmii 3amicts Jlea llyOnikoBa. [Io Toro x MaB Ha MeTi
nepeixatu 10 XapKoBa: HaBiTh MIPOJAB YCE CBOE MaiHO, aje Bi3y Tak 1 HE OJIEPKaB.

Bin camoro mouatky po6ota mabopatopii Hu3pkux temmepatyp YOTI Oyna ckepoBana Ha OCBOEHHS KpiOTEHHOT
TeXHIKH i ofepkaHHs (QyHIaMEHTABHUX Pe3yJbTaTiB, SK-OT: PiIKUIl a30T Oyno oTpumMaHo Bxke 1930 poky, piaxuii
BoneHb (Brepiie B CPCP!) — 23 Gepesns 1931 poky, a piakuii remiii — 1932 poky.

Sk cnoBimae akageMik Mwukona €BreHOBUY AJIEKCEEBCHKHMMA, TOJIMIHIA cHiBpoOiTHUK Jaboparopii
JI. B. llly6HikoBa: «J/lee Bacunvosuu 0y8 CnpasicHim aioepom, U 6ci pobomu, wo eeiucs 6 jabopamopii, 3a3euuail
NPONOHY8ANUCS came 3a 1020 OYyMKoi. Bin 0ye Hao3euuaiino ¢axosum ekcnepumeHmamopom, sk niomeepodlceHHs —
eexmu, wo nos’azani 3 toeo im’am: egexm Illybnikosa-de I'aaza, sumipu MacHiMHO20 MOMEHMY NPOMOHA, KL iH
sukonas 3a cnisnpayi 3 b. I'. Jlazapeeum, anmugepomaznemusm i pobomu HAONPOGIOHUX CNIABIE.

Jles Bacunvosuu Oyoice 0obpe “giduysas” @izuxy, u ye 0asano UOMY MONICIUGICMb Matice 0e3npoSpauHo
susHavamu HeoOXioHi ymosu excnepumenmy. bBazamo npaye 6in obeosoprosas 3 J1. /[ Jlanoay, 3 sakum 0y8 y OpyIHCHIX
83AEMUHAX.

Haneene, Jles Bacunvosuu mae mooi we i genuke aOMiHICmMpamuene HA8AHMAIICEHHSA, alle HAM, MOA0OUM U020
CRIBPOOIMHUKAM, 30A6A10CH, WO 6Ce POOUMBC CAMOMYIUCKU. .

A 20n106He — BUHAMKOBO MOBAPUCLKA amMocghepa 1adOpamopii, CnpuAmauea Oisi HayKoeoi Cnienpayi...

YV nabopamopii diss yixasuil ceminap 3a obpanoio Jlesom Bacurvosuuem memamuxoro. Lle 0oasano moxciugicmo
siocmedicysamu yci yikaei pobomu 3a Qizuxoro nuzvkux memnepamypy [2, C. 308-309].

IMonan Te, ciaymHo HaromocuTH, 1o came 3a cupusiHs JI. B. IllyOHikoBa Oyjo 30praHi3oBaHo — BIeplIe Ha
tepenax CPCP! — cryneHTChKHI KpiOTeHHUI MPAaKTHKYM y XapKiBCbKOMY YHIBEpCHUTETI.

JIuGons, i1 akagemik Onexcannap liutid Axiezep Ha CBOiX MEMyapHHX CTOpiHKaxX HEMapHO OKPECIIMB TOH (aKxT, 110
«i3 eéenuxum 3adoeonennam 6in [Jlanoay. — A. T.] 0b62060prosas pe3yrvbmamu eKcnepumMeHmanbHux 00CIiOHCeHb, WO
npogoounucs 6 YOTI. Yacmo-eycmo onignoui 8in 6yeas y kpiocenniii rabopamopii JI. B. [IIy6nixosa, ob6eogopiowuu 3
HUM pe3yibmamut 11020 00Cai0i8, Wo NPU3eenu 00 8ANCIUBUX GIOKPUMMIE.

3-nomisc nux, neput 3a 6ce, 008€0EHHA HEMOICTUBOCHI NPOHUKHEHHS MASHIMHO20 NOAA Y HAONpogionuk. Lle
sasuwe odepacano nazey egpexmy Meiicnepa, xoua Heszanedcno 6yno eiokpumo LLlyonikosum, sikui enepute 00866, ujo
MA2HIMHA iHOYKYIA 8 HAONPOBGIOHUKY OOPIBHIOE HYIIO.

L1Iy6Hixo8y Hanexcumv maKoxc 8iOKpUmMMs NPOMIHCHO20 CIMAHY HAONPOBIOHUKIB, meopis AK020 Oyia nobydosana
Jlanoay.

Jlomenep cmapooicunu 32adyrome, sk 3anisHo Haoseuip Opyscuna JI. B. [lly6nikosa O. M. Tpanesnixosa
npunocuna 0o rabopamopii uonogixka eeuepio 015 06ox Jlesiey [3, C. 46-47].

Jlo cnoa: onHe 3 HailynOONEHINIMX TOroyacHUX BHCOBIMOBaHb Jlea BacunboBnua — «TBopuicTh
PO3MIOYMHAETHCS TaM, /1€ 3aKIHIYETHCS KOITIIOBAHHS».

VY ueprHi 1935 poky B YOTI rocrioBanu dpaniy3ski kojeru — npodecop teoperruHoi ¢izuku dpancic [eppen i
niicanii wien @paniyspkoi Ta YkpaiHcekoi akanemiit Hayk JKan Ileppen. Ilpomuryemo ixHii Biaryk (MoBOIO
nepuojxepena): «Mu 3anaomo waciugi, wo mMoxcemMo po3snosicmu npo me CUlbHe BPAdICEHH, SIKe GUKTUKANO 6 HAC
8I06I0aHHA YKpaincbko20 (izuxo-mexHiunoeo incmumymy 6 XapKog.

Ilpobnemu, wo euuaromvcs 6 HbOMY, O0OIUMAIOMb HAUGANCAUSIW MeMu YUCmOol Qi3uKy 1l ONPAYbLOBYIOMbCSL 3
HAUCY4acHiuWoi MOYKuU 30py...

Ocobugo 8i03HAUUMO YCIMAHOBKU, U0 BIOHOCAMbC 00 HUZLKUX memnepamyp (HaonposioHicmy, Aeuuje MacHemo-
KanopiiiHo2o egexmy, aocopoyis), i YyCmaHo8Ku, wo GiOHOCAMbCA 00 S0epHOI (i3uxu (YCmanoKku OJist 3pYUHYEAHHS
amomis).

Ane we binvue, Hidic anapamu 05 00CAIOI8, MU OYaU WACIUGT OAUUMU 8CIX MOIOOUX CNIGPOOIMHUKIE, 6aA0bLOPUX i
AHCUMMEPAOJICHUX, AKI 8i00AOMb C8OI NPAy0 Myou, 0e MeopemuKu i eKCHepUMeHMAamopu 00 €OHYIOMb C80i 3YCUNIA,
MOMY WO KOIU 8AICIUBO MAMU ANApamu, mo 3aHaomo eajxciugiute, a ye 0ysac pioko, Mamu 20a06U, AKi YMiloms
KOPUCMYBAMUCS HUMU.

3 natikpawumu nobasxcanuamu 8i0 gppanyyzokux Qizuxie xapkiscokum mosapuuiamy [4].

OTtox-00 # cBOe nepie BUi3He 3aciganHs ¢izuuna rpyna AH CPCP nenapma nposena came Ha miarpyati YOTI
(23-24 ciuns 1937 p., m. XapkiB). 30KkpeMa, 3a MOBIIOMICHHSIM «KypHaia mexHuueckol (Quukuy, «Ha TOPSIIKY
JNICHHOMY 3aCiTaHHS PO3TIIIOANUCS MATAHHS HU3BKHUX Temrieparyp Ta 3BiT akan. YPCP O. 1. JlefimyHCBhKOTO TTpO poOoTY
YOTL
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Ha 3acimanni Oyna mpHcyTHSI BelMKa KUIBKICTh BUEHHX, sKi mpHixamu 3 Mocksu, JleHinrpana, CBepsioBchbKa,
Kuesa, Onecu i JIHITponIeTpOBCHKA. . .

Hentpampaa mpoOiemMa (i3MKM HU3BKHX TEMIEpaTyp — HAONpOBIMHICTE — Oyla OKpeciaeHa poboTaMu
JI. B. llly6nikoBa # Teopetnaranmu gociimkenasmu JI. J1. Jlarnay. ..

JI. B. lllyOHIKOB OMPHIIFOAHUB TaKOX IiKaBi pe3yIbTaTH eKCIICPUMEHTIB CTOCOBHO PyWHYBaHHS HAIPOBIIHOCTI B
MAarHiTHOMY MOJI SIK I[OJ0 YUCTUX METaJiB, TaK 1 CIUIABIB. ..

JlopedyHO BHOKPEMHTH B IIMX IPYHTOBHHX POOOTax KpioreHHOI jmabopaTopii IumigHe CHiBpOOITHHUITBO Teopil Ta
eKCIIEpPUMEHTY, JOBEACHE 10 BUCOKOTO Iadist JockoHanocti» [5, C. 884-885].

YOTI ve ommHynmo ¥ ymxomitts: Hampukiami 30-x pokiB po3modamucs pempecii. [Tocoyryemocss Memyapamu
TONINIHBOTO iHO3eMHoOro criBpobiTHuka YOTI O. Baiicbepra: «Haw incmumym — oOun i3 HatisHauHiwux y €eponi.
Moowcnuso nasims, wo 6 €eponi Hemae iHcmumymy maxk 0obpe 00IAOHAHO20 | 3 MAKOK BeIUKOIO KINbKICIIO
PIBHOMAHIMHUX 1A60PAMOpi, K HAUL.

Ypsao ue wkooysas epoweil. Ilpogioni ueni uacmkogo ompumanu oceimy 3a KopooHom. Tpusanuu uac ix
NOCUNANY 34 OePAHCABHUL KOwm 00 HatlgiooMiwux izuxie ceimy 01 npooosdceHHs oceimu. B nawomy incmumymi 8
8I00INII8, HA YOI SIKUX CMOSIO 8 HAYKOBUX KepieHUKIS. AKuil ye mae suensio 3apas?

Jlabopamopis kpucmanis...Kepmanuu Obpeimos — apeumosanutl.

1 kpiozenna nabopamopis... Kepmanuu I1lyoHixos — apewumogaHuil.

2 kpiocenna nabopamopis... Kepmanuu Pyemanu — giogopenutl 3 Kpainu.

AHoeprna nabopamopis... Kepmanuu Jletinyncokuii — apeuimosanuil.

Penmeeniscoxuil 8i00in... Kepmanuu I'opcokuil — apeusmogaruil.

Biooin meopemuunoi ¢izuxu... Kepmanuu Jlanoay — apewumosanuil.

Hocniona cmanyis enuboxoeo oxonooicenns... Kepmanuy Baiicbepe — apewmoganuil.
Jlabopamopis ynompakopomkux xeuns... Kepmanuu Cnyyxin — we npayioe.

Cepeo 3aapewmosanux: npogecop Obpeimos, 3acnoenux i nepuwuii Oupekmop incmumymy; npogecop
Jletnyncokutl, akademix Axademii Hayk i Oupexmop incmumymy; npoghecop Jles [asudosuu Jlanoay, Haubinvu
sioomull 8 Kpaini Qizuk-meopemux i 00uH i3 HatbLIbw maianosumux yuenux ceimy. [l]e paniwe uepes nanaoxu HKBC
Jlanoay 6ye smywenutl noauwumu iHcmumym i nepeixamu 0o Mockeu, 0o npogecopa Kanuyi.

A nobyodysas 0ocniony cmanyiio HuzbKux memnepamyp. Akpas nanepedoomi ii nycky 6ye apewmosanuii. Moim
nacmynnukom cmas Komapos. Hozo max camo apewmysanu. To xmo s npayrosamume? » [6, C. 277]...

Bopuc I'eopziiiosuu Jlazapes

XapKiBChKUH (Di3MKO-TeXHIYHUH IHCTHTYT Oyze neHTpansaumM st CPCP. ..

IHCTUTYTOM HHU3BKHX TeMIepaTyp i HayKOBO-TEXHIYHOIO 023010 MPOMHCIOBOCTI.

Axaoemix A. @. Hogpe,

cnieghpynoamop YDPTI

bopuc T'eopriiioBuy JlazapeB, necaruii 3 OOUHAALATH IiTed nmapadisjibHOTO CBAIICHHKA, HAPOIUBCA 6 CepIIHS
1906 poxy B ceni Muponins (auai CyMCcBhKOi 001.).

1916 poxy, micms ABOPIYHOTO HaBYaHHS B IEepKOBHomapadisnpHiN mkonmi Oateka, bopuc Jlasaper Oy
3apaxoBaHuil 10 binropoacekoi kimacudHO! riMHa3ii. Al JTUXOINITTS CYCHUTPHHX KaTaKIIi3MiB — PEBOIIONiIHI momii
1917 poky Ta pyiHaIis coliaIbHUX MiABaJIMH — MPUMYCWIN HOTO Ha MEBHHMH Yac BiJMOBHTHUCH BiJl HaBUaHHS 1, 1100
BIDKUTH, ITYKaTH 3apOOITKIB.

[IpamroBaB BiH 1 moMigyHNKOM nacigauka (1920 p.), #f po3cunsHEM Ha MeTanypriitHomy 3aBoxi (1921-1922 pp.), #t
yuHeM Jabopanra (1923 p.), i KOHTOpHHUKOM, i paxiBHUKOM (1924-1926 pp.). OnHak nepii CyBOpi iCIIUTH KUTTS HE
3pexyin OakaHHA BUMTHCS: bopuc 3akiHumB BewipHIO cemupiuHy mkoiy (1920-1923 pp.), a 3romom ¥ ¢abpuuno-
3aBozcbke yumuiie (@3Y, 1924-1926 pp.).

«[Ipo eimnasziio i @3Y Bopuc I'eopeaitiosuu 6io2yxkyeascst dysice cxeanvho. Lle cmocysanocs sk ckiady ukiadauis,
max i Memooy ma npoepamu euxnaoauus... Y oioniomeyi @3V, oo cnosa, bopuc I'eopeiiiosuy ynepute 0izHascs, ujo
maxke 3aHu3bKi memMnepamypi...

Kueunu Oywiy 3a yux uacie acmpouwomis (y Hvboeo Oyna Henozana nid3opra mpybda) i bomanixa (2epboapii,
noxasicuuxy  pociun). CnywHo 3ayeascumu, wo i uumano Oecamunime nomomy Bopuc Ieopeitiosuy epadicag
00i3Hanicmio 30psAH020 Heba ma 3uanuamu 3 bomanixuy [7, C. 843].

1926 poky bopuc Jlazape BcrynmuB n0 JIeHIHrpaachKOro IMOJITEXHIYHOIO IHCTUTYTY, Ha (i3MKO-MEXaHIYHHN
tdakymprer. Ille crymeHToM mouaB mparoBaTH B JIeHIHTpaachkoMY (Di3HMKO-TEXHIYHOMY IHCTHTYTiI (30Kpema,
repeMaBcs YCTaHOBKAMH 3 JJOCIIKEHb CYOMIJTIMETPOBHX XBHIIB).

ITo 3akinuenni iHctutyty (1930 p.) Bopuca IeopriifioBuua JlasapeBa 3ampomryioTe Ha IOCTiHHY poOoTy 10
JleniHrpaacbKoro (Pi3MKO-TEXHIYHOTO IHCTHTYTY. [Ipamtoroun B MarHiTHIH maboparopii S. I'. Hdopdmana, BiH
3allikaBUBCS HOBOIO TaTy33i0 HayKH — (Di3MKOI0 HU3BKHUX TemrepaTyp. | Bxe Ha modaTky 30-X poKiB Oyiy ONpHIIIOTHEH]
fioro mepI HayKoBi Ipalli 3 po3poOKH KPUTEPir0 HAAIPOBIIHOCTI.

1932 poxy Bopucy IeopriifioBuday moBemocs BupymmuTd 10 CBepanoBckka: BiH Oepe ydacTe B po30ymoBi
VYpanbchkoro Gpi3MKO-TEXHIYHOTO IHCTUTYTY, SK-OT 30praHi3ye KpiOreHHY J1abopaTopito.
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1934 poky iioro BifpsKaloTh — 337151 HAOYTTS OCBiAY JOCIIDKEHb 3 TEXHIKU Ta (DI3UKU 3aHU3BKUX TeMIIEpaTyp
— 1o Ykpaincekoro (izuko-texaigHoro iHctutyTy (YDTI, Xapkis), 60 mabopatopis Jlea BacunroBuua [llyOHiKOBA 110
1935 poky OyIa mepioro i €AMHOIO KpioTeHHOO TabopaTopiero Ha TepeHax CPCP.

U Bapro sraaku, mo «1935 poxy 3a yuacmi Bopuca Ieopeitiosuua 6yno cmeopeno 6axu 3 piokum Memanom i
enepuie 8 cgimi Meman BUKOPUCTNANU K MOMOPHe NAIUBO, PIOKUL KUCEeHb — 3a0/1 36API0GAHHS | DI3AHHA Memanis, ma
acummesabe3neueHts eKinaxicie 1imaxis...

3 piokum kucnem nimanu exinaxci I pomosa, Hanunina, FOmawesa (1937 p.), I puzodybosoi ma Packoeoi. 3a poku
BILHU YI cucmemu 3abe3neyyeanu 6UCOMHI noJbomu Hawoi bombapoysanvhoi asiayii na bepainy [7, C. 844].

[MpunarinHa i iHIa 3rajgka: Ha KOHKypei Mostoaux yuennx AH YPCP bopuc ['eopriiioBuu Ta JIroboB CamiiiniHa
Kan-JlazapeBa ozepainy HpeMilo 3a MPOCTHH METOJ OJIepKaHHS 1 BHKOPHUCTAHHS 3aBHCOKHMX THCKIB 32 HU3BKHX
TemriepaTyp. Meronuka oTpuMalia IHUPOKE 3aCTOCYBaHHS 32 HA3BOIO «J1b0/I0Ba OOMOay.

1936 poky na b. I'. Jla3zapeBa mokianeHo 000B’I3KM KepMaHH4a KpiOoreHHOI Jlabopatopii Ypanbcbkoro (isuko-
TEXHIYHOTO 1HCTUTYTY, a 1938 poKy — oumybHHAKA Tab0paTopii HU3EKHUX TeMITepaTyp YKpaiHCHKOTO (Di3HKO-TEXHITHOTO
IHCTHTYTY.

3a MemyapHuMH HOTaTKamu bopwuca I'eopriioBuua, «y [1937-1941 poxax Y®TI, a pazom 3 mum i Kpiocenua
aabopamopis (ma U yca Kpaina) nepexcunu mpaziuni nodii — uepes b6e3npas’s miei enoxu 06yna penpecogana zpyna
cnigpobimuuxie: oupekmop Y®TI axademix AH YPCP Onexcanop Luniu JletinyHcoKuil, 3ACHOBHUK THCMUMYMY YleH-
xopecnonoenm AH CPCP Isan Bacunvosuu Obpeimos, kepisnux kpiozennoi nabopamopii Jlee Bacunvosuy LLly6Hiko8.
Onexcandp Inniu ma lean Bacunvosuy nosepnynucs 3 “moeo ceimy”, Jlee Bacunvosuy 3anuuuscs mam...

Y cepnni 1937 poky wmene euxnuxaru 0o Hapromsascnpomy (Ypar®TI 1 XOTI — 6ymu 3a uo2o
nionopsiOKysants);, i 6 cekmopi Hayku 1020 HayaioHux A. A. Apmano ckaszae, wjo MeHi GUNUCAHO NPUSHAYEHHSI 00
Xaprosa. 3a yux uacie s Oys Oysice COpoM SA3MUE0I0 HOOUHOKW, OOHAYe Mym 6IOYAUOYWHO, dlle MAPHO YUHUE ONip.
Bracue kaoicyuu, mene bezyepemonno naxazom nepesenu 3 Ypan®TI oo XTI

LJonpaeoa, 3a ecici besyepemOHHOCMI npoyecy 6UAGIANACS CMYpPO08aHicmb 001er KpioceHHOI nabopamopii
Y®TI. Ha wmoe 3aysascennsa: ‘“Adxce Bu 3naeme, wo s 3aumaiocs opeaHizayicro KpioceHHoi nabopamopii 6
Cseponogcoky” — nouys 6ionosion: “B  Ceeponoscvky Bu posnouunaeme, a 6 Xapkosi cmeopere modice
poszeanumucs...” .

1938 poky mene npusnauunu xepisHuxom kpiozcennoi nabopamopii YOTI. B Vpar®@TI opeanizayia kpiocennoi
nabopamopii (6ce s 3aeepuiena 3a cnpusinis YOTI) sampumanacs oo 1957 poxy» [8, C. 8-9].

1941 pik... YOTI eBakyiioBano go Kazaxcrany...

VY kBitHi 1944 poky iHCTHTYT peeBakyiioBaHo 1o XapkoBa. SIk Ha mepekoHanHs bopuca ['eopriiioBuua, TO
«3auteuoKe BIOHOGNEHHsL IHCMumymy (Ha83aem 3 HUM i KpioeeHHoi 1abopamopii) symosmosanocs mum, wo YOTI 6ys...
MAKCUMATBHO 3A8AHMANCEHUTL BETUKOI0 KYPUAMIBCLKOIO NPOSPAMOIO 3 YPAHOB0I npodaeMu...

Poboma 3a npoepamoio I. B. Kypuamosa 3 ii 06006 ’a3K06icmio i memnom 3a6e1uKor0 Mipoo nOCRPUsIA WeUOKOMY
8IOHOGIEHHIO ~hopmu’”’, pO3WUPEHHIO NpUIAd08oi 6asu, posmaimmio KpioceHHOI mexHiKu;, [ cmana OIUCKYYUM
mpamniiHom o nodarvuux ycnixiey [8, C. 17].

Bopuca IeopriiioBnua JlazapeBa Oyiio oOpaHO WIEHOM-KOPECHOHACHTOM y Billi 42 pokiB, a B 45 — mificHUM
qreHoM AH YPCP.

3a crioragamu toro yuns akanemika HAH Vkpainu Irops Muxaitnosuda [IMATPEHKA, «8eauKa poib 8 HAYKOBOMY
orcummi 8i00iny Hanedxcana ceminapy. Ceminap — cnpasa céama: HAYKOBUL CRIBPODOIMHUK MA8 Opamu aKmusHy yiacmy
8 ceminapax, wjo pe2yisiprHo nposoounucsa 8 kabinemi bopuca I eopaitioguua, abo 6 3a1i aOMiHICMPAMUEHO20 KOPHYCY.

Ceminapu b. I'. Jlazapesa 6ynu cnpagoichvoio naykogoro wikonoio. Cam 6in nam 'amae npakmuuno yci nyonikayii
MUHYIUX POKI6 3 (DI3UKU HU3LKUX MEeMNepamyp, 6Kuouas ix 00 002080peHHs 00nogioel, cmedcus, wob asmopu
dompumyeanucs 00OPONOPIOHOCMI 3a NOCUTIAHHAMU HA NONEPEOHUKIS.

Maiisce na scix ceminapax oyau I. M. Jliguwuye (“Inomex”), M. I Kacanos (“Mycik”), uacmo npuizouiu
JL /. Jlanoay (“ay”), A. @. IIpuxodexo ma baecamo inwux ¢izuxie. bysas i Ilempo Jleonioosuuy Kanuys, 00 ixoeo
B. T, cmasuscs 3 6UCOKUM RIEMEMOM | CaM KOPUCMYEAECS 6eUKUM asmopumemom i nosazoto Ilempa Jleoniooeuua*,

Bopuc I'eopeiiiosuy 6y6 dywero i gonodapem ceminapis. Bumazas 00 0onogioayis 3po3yminoeo i 4imkoz2o ukiaoy
Qizuuno20 nioTpyHmMs nepui amigne nepexooumu 00 HAnucawus gopmyn i pisHaus. [o 11020 3aysadceHv i KpUmMuxu
yeadxcHo cmasunucsa i excnepumenmamopu, i meopemuxu...» [7, C. 846].

JoneHocHi (akTy BHOKpeMJIEHO M ydeHHM cekperapeM iHCTHTYTY Bomomumupom CosnomonoBuuem Koranom:
«bopuc I'eopeitiosuy ne minvku 8Uxo8as yiny nieady maiaHo8UMUX HAyKo8Yie, a U 3a 1020 00NOMO20t0 8 HaWil KpaiHi
ma 3a KOpOOHOM OYIa CIMBOPeHA Mepedica HOBUX KPIO2eHHUX 1abopamopiti, OCHAWEHUX 3Pi0ANCY8ATbHUMU MAWUHAMU,
PO3POONCHUMU 8 OHONIOBAHIL HUM KpiocenHil tabopamopii YOTI.

Bin doxnaoae uumano 3ycune 3 opeanizayii kpioeennux nabopamopii 6 Jleninepaoi, Ceeponoscwvky, Kuesi, Cyxymi,
Maxauxani. He xaxcyuu esice npo Hogy nabopamopiio 6 Xapxiecokomy yrieepcumemi (il 040U 1020 Opye, MatOymHitl
pexmop XY Borooumup I'namosuy Xomxesuu) i ¢ [ncmumymi padioenexmponixu AH YPCP.

il fJx HaOuHMIT MPHKIAT — MUCTIBKA, IO HaToBaHa 1974 pokom: «Jopoeuii Bopuce Ieopeitiosuyy! Benomu 0sixyio 3a Bawi simanus.
Meni ocobnuso 6yno npuemno odepocamu ix 6i0 Bac, ockineku nawi incmumymu i yuni Oyau MiyHO N0 SI3aHi 3-NOMIdC c000I0 no
pobomi, i 8 mene poOuHni nouymmsa 00 Xaprosa i 00 Xapkiecvkux incmumymis. Bimanua ma uavikpawi nobasxcanna. LLupo Baw,
11. JI. Kanuys»
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YV kpioeennin nabopamopii YOTI npoxodunu cmagicysanus, a 32000M cmeopuiu 3a ii 0onomoeown i 6 cebe
Kpioeenni nabopamopii eueni 3 [lonvwyi, Yexocnosauyunu, Yeopwunu, Kumaroy.

CrmBanu pokd... AJie TONpH Te, K po3moBimae ioro yueHs akagemik HAH Vkpaiam IOpiit Muxaitmosmy
MaueButuii, «0o ocmannix pokie ceozo scumms bopuc I'eopeitiosuy Oye ¢izuuno miynum, mpumag cebe y ¢opmi, mas
monooeuuti suenad. Hixmo Hikonu me 0asag iiomy 1i02o pokis, 6in Hibu Oy6 nosza 6ikom, Hanedxcas 00 miei pioKicHol
Kameeopii nt0oetl, CMoco8HO 00 AKUX aAXC HIAK He MOJCHA 8dxcusamu ciig “‘cmapicms”, “noxuauii 6ix” mowo. L{oomy
3HAYHOIO MIPOIO CHpUANU U020 Xapakmep, YileCHpamosanicms, yuobiena poboma, 3axXONJeHicmb, 3aHAMMA
ALNIHIZMOM, KOHMAKMU 3 YIKAGUMU [ OIU3bKUMU LIOMY 3a OYXOM HOObMU... ).

Jiticauii unen HanionanbHol akanemii Hayk Ykpainu Bopuc ['eopriitouu Jlazapes mimoB 3i 3emHoi romomi 20
ciuns 2001 poky.
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