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Dislocation-kinetic approach to tensile stress-strain curve
calculation for “flat” aluminum polycrystals

Evgeniy Badiyan, Alla Tonkopryad, Oleg Shekhovtsov
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ORCID: 0000-0002-4623-7180
DOI:10.26565/2222-5617-2018-29-01

The dislocation-kinetic approach is used for the stress-strain curve calculation for "flat" pure polycrystals of metals with average
grain sizes d in the range from 10 to 500 um and a thickness D >2d which were stressed in tension at a constant strain rate and moderate
temperatures. The strain-hardening of "flat" pure aluminum polycrystals has been theoretically studied on the basis of the solution of
the kinetic equation for the dislocation density. The effects of reduction in the conditional yield strength and strain-hardening coefficient
and deviation from the Hall-Petch relation with decreasing specimen thickness have been found.

Keywords: "flat" pure polycrystals of metals; strain-hardening; tensile stress-strain curve; kinetic equation for the dislocation density.

€.10. bagisH, A.l. ToHkonpsia, O.B. LexoBuos.

JlucnokaniitHo-KiHeTHIHNMH ITi/IX1/1 3aCTOCOBAHO JUIS PO3paxyHKy Ae(opMariiftHoi KprBol "MIOCKNX" YUCTHX MONIKPHCTANIIB METANIB
i3 cepenHiMu po3mipamu 3epeH d B intepaii Bix 10 1o 500 ym i ToBmmHOW0 D > 2d, siKi 1e(OpMyIOThCS 32 YMOB OJJHOOCHOTO PO3TATY 3
MOCTIHHOIO MBUAKICTIO AedopMaliil Mpu MOMIpHHUX TeMreparypax. Ha ocHOBI pillleHHSI KIHETUYHOTO PiBHSIHHS IJIs TYCTHHH THCIOKAIiN
TEOPETUIHO JOCIIDKEHO AedopMariiiHe 3MIIHEHHS "MIIOCKNX" YUCTHX IOTIKPUCTANIB AJIFOMIHITO0. BUSIBICHO 3HIDKEHHS YMOBHO IpaHHII
IUIMHHOCTI, KoedimienTa nedopMariiiiHoro 3MilHEHH 1 BiIXHJICHHS Bijl CITiBBiqHOICHHS Xosuta-[leTya npu 3MEeHIIICHH] TOBIIMHH 3Pa3KiB.

KitrouoBi ciioBa: "miocki" 9MCTI MOTIKPUCTAIN METANIB; JedopMalliiiHe 3MILHEHHS; KpUBa PO3TATYBAaHHS; KIHETUYHE PIBHSHHA
JUIs TYCTUHH JIMCIIOKALTH.

E.E. bagusH, A.l. ToHkonpsia, O.B. LexoBLUoB.

JIMCIIOKalIMOHHO-KUHETHYECKUI  TTOAX0 HWCIIOJB30BaH Juisl  pacdyera JeopMalMOHHOM KpuBOW "IUIOCKMX" YHCTBHIX
MOJIMKPUCTAIIOB METAJUIOB CO CPEAHUMH pazMepamu 3epeH d B uutepsaie ot 10 1o 500 um u tonumHoit D > 2d , neopMupoBaHHBIX
B YCIIOBHSAX OJHOOCHOTO PACTSDKEHMS C TIOCTOSTHHOH CKOPOCTBHIO JiepopMannyl IpH yMEPEHHBIX TeMieparypax. Ha ocHoBe pemenus
KHHETHYECKOTO ypPaBHEHUS JUIS IUIOTHOCTH JIMCIOKAIMH TEOPETHUECKH HCCIIENOBAHO Je(OopMaIOHHOEe YIpOYHEeHHe "TIIOCKHX"
YUCTBIX TOJIUKPUCTAIIOB yltoMUHMsA. OOHAPY)KCHO CHIKEHHE YCJIOBHOTO Ipejieiia TeKyuecTH, koddduimenTta 1ehopMainoHHOTo
YIPOUHEHHS ¥ OTKJIIOHEHHE OT COOTHOIIEeHNs Xoma-IleTya mpyu yMeHbIIeHNH TOIIUHBI 00pa3IioB.

KonroueBnie cioBa: "miockue" YHCTBIE ITOJMKPHUCTAUIBI METAIOB; Je(OpMalMOHHOE YNPOYHCHHE, KPHBas PACTSHKCHUS,
KHHETHYECKOEe ypaBHEHUE ISl INIOTHOCTH JUCIIOKAIMI.

Introduction

The microscopic dislocation theory of a polycrystals
ductility is based on kinetic equations that describe the
evolution of the dislocation density in a material with an
increase of plastic deformation [1, 2]. The dislocation-
kinetic approach makes it possible to obtain the dependence
of the flow stress on the average grain size, temperature,
degree and rate of deformation. The hardness and ductility
characteristics of metal polycrystals can depend not only
on the average grain size d, but also on the transverse size
D (thickness or diameter) of tensile specimens. In [3], the
interaction of the size factors D and d is analyzed using the
kinetic equation for the dislocation density and the effects

of the reduction in hardness and the deviation from the Hall-
Petch relation during the plastic deformation of specimens
with a micro- and nanograin structure with a decrease
in their transverse size are theoretically considered.
Investigation of the strain-hardening of "flat" * polycrystals
with average grain sizes in the range from 10 to 500 um is
of interest. Both average grain size and specimen thickness
should influence on the plastic flow of such sheets.

Equation for evolution of dislocation density
in "flat" pure polycrystalline specimens
In pure polycrystalline materials, which were stressed
in uniaxial tension at a constant strain rate &, given that

* In this study, specimens with a rectangular cross section whose sizes are related by the inequality D << w < [, where D is the
thickness of the specimen, w and / are its width and length respectively, and the ratio of the specimen surface area to its volume

S./V>>1cm" are called "flat".

© Badiyan E.E., Tonkopryad A.G., Shekhovtsov O.V., 2018
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the diffusion mechanisms for the dislocation annihilation in
the boundaries and in the body of grains are absent at low
and moderate temperatures, the change in average
dislocation density p with increasing shear deformation
y = me, where m = 3,05 is the Taylor factor, can be written
according to [2] as

d_pzﬁJrkfp”Z_kap.

dy bd

In this expression, the first two terms on the right-
hand side describe the accumulation of dislocations in
a polycrystalline material due to the presence of grain
boundaries (b is the Burgers vector, £ describes the
intensity of dislocation accumulation in grains because the
grain size limits the mean free path length of dislocations)
and the dislocation multiplication by double cross-slip of
screw dislocations (k/ describes the intensity of dislocation
multiplication on forest dislocations), and the third term
describes the decrease in the dislocation density due to
annihilation of the screw portions of dislocation loops (k,
is the coefficient of annihilation of screw dislocation). In
general, the coefficient § which is defined as the relative
fraction of grains contributing to the grain-boundary
hardening can be found as f = 1 — A4S/ S, where 4S5 is the
total area of grains in the specimen cross section which are
directly adjacent to its surface, S is the cross-sectional area
of the specimen. For specimens with a rectangular cross
section, we can write

2d 2d 4d?
ﬂzl‘[ﬁ*?‘w} @

(1

In specimens, which were investigated in this study,
2d <D <<w, so

g1 2
D

We can see that the grain-boundary hardening depends
on the ratio of d- and D-factors [3]. If only two grains are in
the cross section of the specimen (2d = D), so that both are
surface, the grain-hardening is practically absent and the
coefficient £ is zero.

Equation (1) is used for the theoretical description of
strain-hardening of polycrystalline metals with average
grain sizes in the range from 10 to 500 xm [2]. It is assumed
that the transverse size D (thickness or diameter) of the
deformed specimens is much higher than the average grain
size d, so that the number N = D/d of barriers in the form of
grain boundaries in the specimen thickness is significantly
greater than 1 and = 1. In such samples, the flow stress is
controlled by the grain size (d-factor) [3].

In [4, 5], the kinetic equation for the change in the
dislocation density with increasing shear deformation in a
single crystal is formulated:

(2b)

BicHuk XHY, cepia «®isukay, sun. 29, 2018

,4p _ n_v{ﬁjn_s N
dy b V)b

+(km _kim +kfpl/2)p_kap2-

3

Here the terms in the first bracket on the right-hand
side describe the work of dislocation sources inside a crystal
with a bulk density 7, and surface dislocation sources with
a density n.. The terms in the second bracket describe the
dislocation multiplication processes by double cross-slip
on obstacles of non-deformation origin (the coefficient
k ), for example, the accumulation of impurity atoms, and
deformation origin (on forest dislocations, the coefficient
k=1 07/ b), and also the immobilization of dislocations on
obstacles (the coefficient k, ). The two coefficients depend
on the D-factor in the kinetic equation (3) [6]. Thus, the
departure of dislocations from a thin crystal through its
surface (the annihilation of dislocations with the surface)
leads to their loss from the multiplication process. Since the
total path length of dislocations through the crystal is equal
to the ratio D /m, , where m = sin ¢, ¢ is the angle between
the slip plane and the tensile axis, then k, = sin ¢ /bD. In
addition, the contribution of surface dislocation sources to
the process of generating dislocations at the initial stage of
crystal deformation increases with increasing ratio S/ V.

If the crystal is pure, then we can neglect the terms
withn,and k£ in (3) [6, 7]. Then equation (3) takes the form

dp (S \ng 3/2 2
DL 25\ g ik, p P~k p*. @
p 17/ (I,j b tmp fp ap ()

In large crystals, the first two terms on the right-hand
side of (4) give an insignificant contribution to the evolution
of the dislocation density [7]. However, their role increases
with decreasing thickness of the specimen D. Dimensional
effects arise that were investigated in [3, 6, 7]. For values
of D less than some critical value, we can neglect the last
two terms in (4), and we obtain a kinetic equation for the
dislocation density in micro- and nanoscale crystals with
allowance for only the D-factor [3, 7]:

pdp_ ng m,
dy bL., bD

where L is the length of the Frank-Read source.

Simultaneous action of d- and D-factors in micro-
and nanocrystalline pure samples, which had a transverse
dimension in the micro- and nanoscale, was theoretically
investigated in [3]. To this end, the terms from the right-
hand sides of (1) and (5) were included in the kinetic
equation. The term kf was neglected because the average
grain size was small. As a result, the following equation
was obtained

P, ©)
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dp _ _n
dy bS,D

LB0d)

—k p*.
o wp P kP ()

P

Here it is taken into account that L, = d,D, where the
parameter d¢ < / determines the influence of various factors
on the density and action intensity of dislocation sources.

In this paper, the combined action of d- and D-factors
in "flat" pure polycrystalline specimens of metals with
average grain sizes d in the range from 10 to 500 um,
which corresponds to conventional polycrystals [2], and a
thickness D > 2d is theoretically studied. To this end, all
the terms from the right-hand sides of equations (1) and
(4) were included in the kinetic equation for the dislocation
density, as a result of which it acquired the form

dy bpd" \v)p . O
+kfp3/2 klmp_kap2
where
i:z(i+i}3. ®)
V D w D

Tensile stress-strain curve calculation based on
equation of dislocation kinetics
To obtain the tensile stress-strain curve o (¢, d, D),

we transform equation (7) using expressions y =
1/2

me,
o = mr and the Taylor equation 7 =aubp ", in which a is
the interaction constant of dislocations with one another, u

is the shear modulus, to the form

3
odo = _mk, (¢*+a,0’ +a,0° +a,), (%)
de 2
where
kf
a, =—maub —
14
a, =—| ——-"" |(maub b
2 bk, kg( Hb)", (o)
S\ ng 4
a, =—|—=|——(maub
3 (ijka( u1b)

After that, we integrate (9a) and obtain the dependence
of the flow stress on deformation in an implicit form:

8

—L(A1 ln|a—01| + 4, ln|a—02| +
mk

+ %A3 1n|cr2 +§10+§2| +

L CUDEA+A) (1o

52 - (51 /2)2

><arctg((o%fl/2)/1/(;‘2—(9‘51/2)2 ) +C =¢.

The integration constant C is determined from

condition

1/2

c(0)y=maubp,” , (10b)

where p, is the initial dislocation density at & = 0. It is noted
in [2] that the p, is due to the activation of dislocation
sources in the grain boundaries: p, = f, /db, where 8 is
the parameter that characterizes the effectiveness of grain
boundaries as sources of dislocations and depends on the
density of grain-boundary sources.

In (10a),

,(10c)
{ . s 122 y y2 12
S | T T _ql |
i2 5 [4 a2+y]] 4 5 [4 a3]
where
= —qrae(pr3y + @) )"
Y =\1-9 + (p )+(q ) + (IOd)
/3
+(—q/2—((p/3)3+(q/2)2)”2)1 ta,/3
_ 2 _
p=—a;/3 4a3) (10¢)

q=2(-a,/3)’ +8a,a,/3-aa,.

The quantities 4 »A,4,4,are defined as a solution of
the system of equations

A+4,+4,=1
(& -0)4+ (& -0) 4 +(-0,-0,)4,+4,=0 (106
(&, -¢0)A+(&-¢0)A4,+0,0,4,+(-0,-0,) 4, =0
(=6,0,)4 +(=6,0))4,+0,0,4,=0
in which
1/2
& =a/2+((a /2 -a,+)"
(10g)

1/2
& =12 +((y1 /2)2 _a3) .
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Figure 4 shows an example of the tensile stress-strain
curve for polycrystalline aluminum calculated according to
(10). In the calculations, the parameter values given in [2]
were used (Table 1). For the density of surface dislocation
sources, the estimated value n,= 10° cm™ was taken according
to [6]. When calculating the immobilization coefficient k, , we
assumed that m, =sinz /4 = 1/+2.

Table 1.
Parameter values for polycrystalline Al used in calculations
in accordance with formulas (10) given in [2].
u, GPa b, nm a k B,

27 0,286 0,32 11 107

The dependence in Fig. 1 is ambiguous. It is seen from
(10a) that the function & (¢) has an asymptote at a value of 0=,
when In |G - Gl| —> —oo0 (this does not apply to In |O' -0, |,
since o, takes negative values as indicated by the calculation).

32

28 .____________________m
24
© 20
o
S 16
S 12
8
4
0
0 005 0,1 0,15 02

& %

Fig. 1. Dependence of the flow stress on the degree of
plastic deformation with the asymptote o, =27 MPa for a
“flat” pure polycrystalline Al specimen with D =500 xm,
w=2cm,d= 100 um.

The upper segment of the dependence o (g) which is
partially shown in Fig. 1 has negative values of the strain-
hardening coefficient @ = d o/ d & . The presence of segments
with positive and negative values 6 is associated according
to [6] with the competition of processes of generation of
dislocations and their departure. The equilibrium between
these processes is established with increasing deformation (the
asymptote o = o, in Fig. 1). A possible physical interpretation
of the ambiguous nature of the dependences o (¢) is discussed
in [6]. For example, it consists in the fact that the deforming
stress will change stepwise between the upper and lower
segments of the dependence o (¢) under conditions of strong
slip heterogeneity. It was observed in experiments on the
compression of gold microcrystals [8, 9]. In the absence of
a noticeable slip heterogeneity (high density of dislocation
sources), dependences o (¢) become single-valued and smooth
in the type of the lower segment in Fig. 1.

Yield strength and strain-hardening
of "flat" polycrystal
According to the empirical Hall-Petch relation [10, 11]

(1n)

_ -1/2
o,=0,+K,d ",
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where o, is the conditional yield strength, K is the Hall-
Petch coefficient, the parameter o, corresponds to the
yield strength of a single crystal. In calculations based
on formulas (10) in the interval of average grain sizes of
"flat" Al polycrystals from 10 to 70 um for thicknesses
of 500, 250 and 150 um, the deviation from the linear
dependence o, —d “Y2(11) is manifested at D = 250 um
and it becomes good is noticeable at D = 150 um (Fig. 2).
Fig. 3 shows that the conditional yield strength increases
with increasing thickness in specimens with different
average grain sizes.

12 +
1+
10

Oy, MPa
= N W H OO N O
N W

0,22 0,34

-1/2

™" (um

0,14 0,18 0,26 0,30
Fig. 2. Dependence of the conditional yield strength on
the average grain size for “flat” pure polycrystals Al of
width w =2 cm with different thicknesses: 1 - D =150 um,

2-D=250m,3 - D =500 um.

8,5

7I5 L 3 //
85 //
sl 2

1

100 150 200 250 300 350 400 450 500 550
D, um

Fig. 3. Dependence of the conditional yield strength on the

specimen thickness for “flat” pure polycrystals Al of width

w =2 cm with different average grain sizes: 1 - d =70 um,

2-d=30um,3-d=20um.

The combined action of d- and D-factors causes
the appearance of yet another dimensional effect which
manifests itself in the dependence of the strain-hardening
coefficient of a "flat" polycrystal on its thickness. Taking (9a)
into account, we obtain for the strain-hardening coefficient:

_do

do 3 mk
de

a

%

(O'+a1+6120'7] +a3o‘3). (12)

Here the flow stress o is given by (10). The results of
calculations using formula (12) are shown in Fig. 4. The
Dependences g, ,(D) n 6(D) in Fig. 3 and 4 are amplified
as 2d approaches to D (the coefficient § tends to zero in
accordance with (2b)).
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900
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D, um
Fig. 4. Dependence of the strain-hardening coefficient
on the specimen thickness for “flat” pure polycrystals Al
of width w = 2 cm with different average grain sizes (1 -
d=70pum, 2 -d=30um, 3 -d=20 um) ate=1%.

The determination of the strain-hardening coefficient
at a deformation ¢ = 1% for the values of the average
grain size in the range from 100 to 250 um as a function
of the specimen thickness 600 ym < D < 1200 um leads
qualitatively to the same results as in Fig. 4. At the thickness
D = 1200 pm, the conditions D << wand S,/ V' >>1 cm’
which were formulated for “flat” polycrystals are almost
at the limit. For specimens with the average grain size d =
500 um, the condition D > 2d is satisfied for D > 1000 xm.
Thus, the values of d = 500 um and D =
the applicability limits of the model of strain-hardening of

1200 gm are near
“flat” polycrystals.

Conclusions
1. Onthe basis of the dislocation-kinetic equation, a relation
for calculating the stress-strain curve o (¢, d, D) for “flat”
pure polycrystals of metals with average grain sizes in
the range from 10 to 500 um, such that 2d < D, which
were stressed in uniaxial tension at a constant strain
rate and moderate temperatures was obtained.

10

2. Using the example of the analysis of the calculated
dependence o (¢, d, D) for “flat” pure Al polycrystals
with a width w = 2 cm and different thicknesses in the
range 150 < D < 1200 um, it was established that the
interaction of d- and D-factors causes a reduction in
the conditional yield strength and deviation from the
Hall-Petch relation with a decrease in the specimen
thickness. The dimensional effect is also manifested
in a reduction in the strain-hardening coefficient of a
“flat” pure Al polycrystal with decreasing its thickness.

3. The kinetic equation (7) and the solution (10) describe
the strain-hardening of a “flat” polycrystal as a result
of an increase in the average dislocation density in
it without taking into account their inhomogeneous
distribution in the material. When studying strain-
hardening and the formation of dislocation structures
for large plastic deformations, it is necessary to include
collective effects in ensembles of strongly interacting
dislocations that lead to the formation of cellular and
fragmented dislocation structures.
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Electrical properties of stacks of many long Josephson junctions
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We investigated numerically IV-characteristics and power of emission from stacks with various quantities of long Josephson
junctions (up to 6 junctions) which interacted inductively with each other. Parameters of junctions were chosen close to those for
MoRe-Si(W)-MoRe heterostructures. We set Gaussian spread of about 0.01% of critical currents along junctions. Electrical properties
of a stack consisted of three junctions was investigated in details. Zero-field steps at voltages corresponding to frequencies of various
modes of electromagnetic waves in the stack were found in the [V-characteristic. We showed that positions of zero-field steps in
IV-curves were in good agreement with predictions of the theory. The highest maximum of power of emission corresponded to the
so-called in-phase mode at which all voltages over junctions in the stack oscillate in-phase. Considering stacks with many junctions,
we showed that power of emission at the voltage of the resonance which corresponds to the in-phase mode is proportional to the square
of quantity of long junctions in the stack that is the characteristic of coherent emission.

Keywords: Josephson junctions; coherent emission; synchronization; zero-field steps.

O. I'pnb, P. BoBk, C. CaBuny, B. laTepHik

Mmu 1OCTI MM YHCEITBEHO BOJIBT - aMITEPHI XapaKTEPUCTHKH Ta MOTYXKHICTh BUIIPOMIHIOBaHHS ITA4YO0K 3 Pi3HOIO KUTBKICTIO KOHTAKTIB
Jlxo3edcoHa (10 6 KOHTAKTIB), IO B3a€MOIIIOTH iH[yKTUBHO OJJMH 3 OHIM. [lapameTpu KoHTaKTiB Oyii BHOpaHi OJIM35KIMH J10 TapaMeTpiB
rerepocTpykTyp MoRe-Si(W)-MoRe. Mu 3amamu rayciB po36ir kputnanux ctpymiB 6mm3bpko 0.001% B3moBk KoHTaKTiB. EnexTprdami
BJIACTHBOCTI MAYKH, SKa CKIAaAanacsl 3 TPhOX KOHTAKTiB, OyJaM AETaTbHO NOCTiKeHi. CXOOMHKH HYITHOBOTO TOJS MPH HAMpyrax, sKi
BI/INIOBIJaJIM 4aCTOTAM Pi3HUX MOJI €JICKTPOMAarHiTHUX XBUJIb B [a4Lli Oy/u 3Haii/IeHi Ha BOJIBT - aMIIEPHil XapakTepucThLii. Mu mokasasy,
1110 TIOJIOXKEHHSI CXOANHOK HYJILOBOTO IMOJISl HA BOJIBT - aMIIEPHUX XapaKTePUCTHKAX JOOPe y3ro/KeHi 3 TEOPETHIHUMH Nepea0oadyeHHIMH.
Haiiburpmmit MakcuMyM eMicii BifIOBiaB Tak 3BaHil cHH(a3HI{ MOZi, IPY SKiH BCI HAIIPYI'W HA KOHTAKTaX OCILIIOIOTH CHH(A3HO.
PozrstHyBIIHN Mavky 3 6araTbMa KOHTAKTaMH, MU TIOKa3aJIH, IO OTYXHICTh eMicii P pe30HaHCHIH Harpys3i, sIka BiAMoBigae cuHdasHiit
MOIi, TPOTIOPIIiifHa KBAaJpaTy YHCIIA JOBIMX KOHTAKTIB Y Madlli, IO € XapaKTEPHUM JUIsI KOTEPEHTHOI eMicii.

Kurouosi ciioBa: xonraktu [>ko3e(coHa; KOTEpEeHTHA €MiCis; CHHXPOHI3aIlisl; CXOAWHKU HYTbOBOTO MOJS.

O. I'pnb, P. Bosk, C. Casuny, B. LaTtepHuk

ME5I ucce1oBaJI YUCIICHHBIMUA METOAAMH BOJIBT - aMIIEPHBIC XapaKTePUCTHKHA M MOIIHOCTh AIMUCCHH OT TTaUeK C PA3THIHBIM
KOJIMYECTBOM UIMHHBIX JUKO3e()COHOBCKHX MEPEXO0B (10 6 MEepexoa0B), KOTOPbIe HHAYKTHBHO B3aUMOJICHCTBOBAIIHN JIPYT C IPYTOM.
Msr1 3agamu rayccoB pasdpoc 0.01% KpuTHUECKHX TOKOB BIOIb MEPEXOAOB. DIEKTPUUECKHE CBOMCTBA IMAUKH, COCTOAMIEH M3 TPEX
IIepexo/ioB, ObLIN 1oAPOOHO HcciienoBaHbl. CTYNEHbKY HYJIEBOTO MOJIS P HAIPSUKEHUSAX, COOTBETCTBYIOLIMX YAaCTOTAM PA3JIMYHBIX
MOJI 3JIEKTPOMArHUTHBIX BOJH B IaYKe, ObUTH HalI€HBI Ha BOJIBT - aMIIEPHOM XapaKTepHCTHKE. MBI TIOKa3aiH, 9TO TTO3HIUH CTYHEHEK
HYJICBOTO TOJISI Ha BOJIBT - aMIIEPHBIX KPUBBIX HAXOATCS B XOPOIIEM COINIACHH C MPE/ICKa3aHusAMH Teopur. HanBeicmmii MakCHMyM
MOIIHOCTH SMHCCHU COOTBETCTBOBAJI TAaK HAa3bIBaeMON CHH(pA3HOW Moje, B KOTOPOH BCEe HANPSDKCHHS HAa KOHTAKTaX B Iadke
OCILITHPYIOT cuH(pa3Ho. PaccMarpuBas madku cO MHOTMMH KOHTAKTaMHM, MBI TIOKA3aJIH, YTO MOLHOCTb SMHCCUH MPH PE30HAHCHOM
HaNpsDKEHUH, KOTOPOE COOTBETCTBYET CHH(A3HOM MOJIe, IPONOPLHOHAIbHA KBaApaTy KOJIMYECTBA JUIMHHBIX [EPEX0I0B B ITaYKe, YTO
SABJIIETCS XapaKTEPHBIM IS KOFepeHTHOI\;I OMHCCHUU.

KuroueBbie citoBa: 1x03e()cOHOBCKHE TIEPEXOJIbl; KOT€PEHTHAsI SMHUCCHST; CHHXPOHH3ALMSI; CTYIIEHbKH HYJIEBOTO HOJIS.

Introduction
Recently, the huge progress was made in the creation
of sources of coherent emission made of many intrinsic
Josephson junctions on the base of high-temperature
superconductors [1-3]. These sources work in the sub-

terahertz and terahertz region of frequencies [1]. This

© Grib A., Vovk R., Savich S., Shaternik V., 2018

gives the possibility to develop ultrafast nonlinear terahertz
spectrometers, terahertz imaging systems, the high-resolution
Michelson interferometer [1-3]. It is proved experimentally
and theoretically that the mechanism which leads to strong
synchronization of radiation of junctions in the stack is

connected with the interaction of Josephson generation with
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cavity resonances and the formation of self-resonant steps
in the I'V-characteristic in the absence of externally applied
magnetic field (the so-called zero-field steps) [4, 5]. In the
present paper we apply basic ideas of the developed theory
to stacks of junctions made on the base of low-temperature
superconductors which can be more stable sources.

At first we discuss the formation of zero-field steps
in the solitary Josephson junction. Zero-field steps are
close related to Fiske steps which appear at voltages which
correspond to frequencies of geometrical resonances
in the system when the Josephson junction is placed in
some magnetic field [6, 7]. However, when the magnetic
field is absent, steps in the IV-curve can not appear in the
homogeneous junction [8]. If the distribution of critical
currents is inhomogeneous and symmetrical (just this case
we discuss in the paper), zero-field steps appear at voltages
V', that correspond to even geometrical resonances:

y, =2
p D
where @ is the quantum of magnetic flux, c is the velocity
of light in the junction, D is the size of the junction and
p=1,2... is integer. It is proven also that some disorder of
the distribution of critical currents leads to the formation of
zero-field steps [9-11].

The theory of electric properties of stacks of Josephson
junctions was developed and proved experimentally in
Refs. [12-15]. One of the main results of this theory is
that in the stack of m junctions with inductive interaction
between superconducting layers the Fiske step is split to m
branches. For example, the even Fiske step at the voltage
v, calculated from Eq. (1) is split to m branches which
positions are determined as follows:

(1

» (2

) _ D,cp 1
p.p D 1+2S COS(ﬂp'/(m + 1))

where p'=1..m is integer and S is the normalized
constant of inductive coupling of layers [13]. However,
it has been shown that in the stack of two junctions with
disorder of critical currents zero-field steps are split also [9-
11], and positions of steps in the [V-curve can be calculated
from Eq. (2). The coefficient o = L, /L which characterizes
the relation of the mutual inductance L between junctions to
the inductance L of the junction in a stack [9-11] coincides
with the constant of inductive coupling S in Eq. (2). Due to
the interaction between layers, some modes of excitations
are formed in the stack and each of the branches of the
zero-field step corresponds to its own mode. Amongst these
modes there is the mode of fully coherent oscillations of
all junctions (it is the so-called in-phase or coherent mode
with p"=m which corresponds to the branch with highest
voltage). Just at the branch of the coherent mode oscillations
of voltages over junctions can be fully synchronized.

12

In the present paper we investigate numerically IV-
characteristics and power of coherent emission from stacks
of long Josephson junctions. Parameters of junctions and
the whole stack are chosen close to those for MoRe-Si(W)-
MoRe heterostructures which have appropriate values of
the characteristic voltage and the density of critical current
[16-18]. We discuss the I'V-curve of the three-junction stack
in details and prove the existence of the coherent mode.
Then we investigate stacks with different numbers of long
junctions and investigate the dependence of emitter power
on the quantity of junctions at voltages of the in-phase
mode.

The model

For calculations of IV-characteristics and power
of emission from the stack of many long junctions we
follow the method developed in Ref. [9]. Each of the long
junctions with indices i=1...m is divided to n segments with
indices j=1...n. Each of the segments has the capacitance
C, (we suppose C =C for all segments) and the resistance
R, . Loops between centers of segments in each of the
long junctions has the inductance L. Current conservation
conditions and conditions of quantization of magnetic flux
are as follows:

2
QDOCd D " o, dwi’j +1, sing, . =
27[ dtz 27Z-Ri,j dt ci,j 1]
= Ib _]l{?jflsj +11Rj,j+1 > (3

i:ln_m’ }:2...}’1_1’

—L.I* +

ST -1

~ LI} +LIT

[ri-L )L Lj=1.j

+ 2((01',]'—1 —®i; ) =0, 4)

0
27

i=2.m-1, j=2..n,

where [, is the bias current (we suppose that the same bias
current flows through all segments, so the total bias current
through the stack is equal to /=nl,), @, ; is the difference of
the phase of the order parameter across the segment, / Cij is
the critical current of the segment, @, is the quantum of
magnetic flux, I, ;
two segments with indices j-/ and j which are placed within

is the ac current in the loop between

the i-th long junction, L is the mutual inductance between
adjacent long junctions. To describe emission from the
system, we attached contours with the resistance R, the
inductance L, and the capacitance C, to the upper and lower
superconducting electrodes at both ends of the stack. Then
for junctions with indices j=1/ and j=n such equations are
valid (boundary conditions):
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d*o. do.
q)OC ¢2[,1 (DO ¢I)] +1Ll 1 Sin¢ll -
2 dt 27R,, dt
=7 +7%, -2 )
b i1,2 dt
i=1..m,
o,Cdp, @, do, .
OC ¢2”” + 0 ¢”” +]cinS1n¢fn =
2 dt 27R;, dt ' '
dg
=7, —I*  +=1, (6)
b i,n—1,n dt
i=1..m,
L d g ﬂ_}_ q _gi_dgoi’j
‘dr* ‘dt C, 2= dt
j = l,l’l s (7)

where ¢ is the charge that passes the inductance L,
Normalized to the quantity of long junctions voltage over
the stack is equal to

D, 1 /&(&dy,;
V=—0_ - —LL ), )
27w mn <;(; dt j>

where the sign <> means the averaging on time which is
much large than the period of Josephson generation.

Ac power of emission P, from ends of the system was
calculated as follows:

2
P4 zi &i d¢i’j — dQ)i’j s
4 Ra 272' i=1 dt dt (9)

j=Ln

The system of Egs. (3)-(7) was solved by the method
of Runge-Kutta. [V-characteristics and power of emission
fro the left end of the stack P, were calculated with the use
of Egs. (8), (9).

Results and Discussion

Now we discuss main conditions for the formation
of zero-field steps. One of them is the mentioned in the
Section 1 inhomogeneous distribution of critical currents
along the junction. In junctions made on the base of low-
temperature superconductors it is impossible to create the
inhomogeneous distribution due to self-heating like it is
in high-temperature superconductors [11]. The necessary
distribution can be created by some disorder of critical
currents. Another condition for the appearance of zero-field
steps is that the frequency of the geometrical resonance
should be inside the interval of frequencies of Josephson
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generation. To fulfill this condition, the stack should have
a length of order of hundred micrometers. This means
that junctions in such a stack have large capacitances.
However, zero-field steps in IV-curves of junctions with
large capacitances are hard to reveal. Both mentioned
conditions are satisfied in heterostructures which consist of
superconducting electrodes made of molybdenum-rhenium
alloy with the critical temperature of about 9 K and a
hybrid tunnel barrier made of silicon with nanoclusters of
(the MoRe-Si(W)-MoRe heterostructure) [16-18]. These
junctions have some capacitance due to non-fully grown
nanoclusters. Our first treatment of IV-curves of such
structures showed that zero-field steps appear in such
structures [19].

At first, we calculated [V-characteristics and power
of emission for the stack of three Josephson junctions with
values of parameters close to those for MoRe-Si(W)-MoRe
heterostructures. For the correct choice of parameters we
introduced the fictive width of the stack W = 2.5¢10* m.
The length of the stack was D = 1.3+/0~ m. The density of
critical current was J, = 9+1(0° A/m’, the critical voltage was
V= 2 mV, the thickness of the superconducting layer was
7 = 60+10° m, the thickness of the barrier was 0 = 210~
m, the velocity of light in the junction was ¢ = 4.9+10” m/s,
the capacitance per square area was C,= 3.5¢/0° F/m’.
Then we divided each junction in the stack to 60 segments
with the length & = D/n = 2.17+10° m and found for one
segment C = 1.9¢10*> F and the McCumber parameter
B = 47.8. The Josephson length of penetration of magnetic
field was 1, = 5.6/ 07 m, so the relation &4 , << I was
fulfilled. The value of the inductance of the segment L was
defined from the relation L = &/(c’C) = 1.01-10"° H. The
value of the parameter S=0.21 was calculated with the use of
Ref. [13]. We set Gaussian spread of critical currents /0]
(or 0.01%) for each of the segments. Parameters of external
contours were L, =10 H, R =300 Ohm, C, = 9.6°10"* F.

The calculated IV-characteristic of the three-junction
stack is shown in Fig. la. In this plot we used reduced
units, namely, i = I,/[ with [ is the averaged critical
current, v = V/V, p; = P//(ICHVC). This IV-curve was
obtained by means of sweeping of the bias current, i. e.
the bias current in the hysteretic region was decreased
to zero at the first sweep, then increased again above the
hysteretic region, then was decreased to i=0.34 and then
was increased again. According to Eq. (1), the zero-field
step in the IV-characteristic of the solitary junction should
beatv _,=0.39. For the stack with three junctions this zero-
field step should split into three steps: "p:1,p*:1:0-34’ v,
p.=2=0.39 and Vp:],p‘=3:0'47‘ These modes are called as the
anti-phase mode, the decoupled mode and the in-phase
mode, correspondingly [20]. Calculated positions of steps
are shown in Fig. 1a by arrows. It is seen that arrows almost
coincide with steps. The plot of emitted power on the
voltage is shown in Fig. 1b. As it was expected, the highest
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Electrical properties of stacks of many long Josephson junctions
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Fig. 1. 1(a): the IV-characteristic of the stack of three
Josephson junctions. The curve is obtained during
sweeping of the bias current. Positions of voltages of zero-
field steps calculated with the use of Eq. (2) are marked by
arrows. 1(b): the dependence of ac power on voltage.

maximum of p/(v) is at the voltage Vo pes=047, which
corresponds to the frequency of the in-phase mode. Thus,
we investigated electrical properties of the stack with three
junctions with the small Gaussian distribution of critical
currents and without applied magnetic field and found the
good agreement of our numerical results for positions of
zero-field steps and emitted radiation with predictions of
the theory [12-15]. Note that earlier this theory was applied
for Fiske steps of stacked junctions in magnetic field [13].
Now we investigate the dependence of power of
emission in many-junction stacks on the quantity of
junctions in the stack. We used such values of parameters:
W = 3.0¢10-4 m, D = 1.0°10-4 m, Jc = 1105 A/m2,
V.=4.73mV,7=15010°m, 6 = 210°m, c = 6.7°10" m/s,
C,=3.5:10°F/m’,n = 60,& = 1.6710°m, C = 4.510"F,
B.=62.0,2,=3.7410°m, L = 1.36°10" H, S = 0.21, the
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40 -

P1, nW

20

Fig. 2. The dependence of maximal power P, emitted
from the stack on the quantity of junctions m in the stack.
Solid line is the approximation of calculated data by the
dependence P,(m) = Am’ with 4 = 1.25¢10-9 W.

Gaussianspreadofcritical currentswas /0~+/_and parameters
of external contours were L =/0° H, R =300 Ohm,
C, = 2.3+10° F. The first resonance step for the solitary
junction calculated from Eq. (1) was equal to ¥/ _, = 0.29+V.

In calculations we decrease the bias current in the
hysteretic region and define power of emission from
maxima of the plot P,=f{V) at voltages which correspond
to in-phase modes. This method is usually used in
experiments when the dc current-biased scheme is applied.
The deficiency of this procedure is clearly seen from Fig.
la. During the decrease of the bias current there is a jump
of voltage from the resistive branch of the IV-curve to the
step in the region of its bottom. The maximum of emission
power is in the vicinity of the jump. The larger is the
McCumber parameter the smaller is the jump, so it is hard
to detect the solitary in-phase mode. Because the position
of the right edge of the jump is defined by the step on the
IV-curve, the obtained value of the power of emission at
this point is the arbitrary point at the maximum. Therefore,
we applied averaging of these values over 5-6 calculations
of IV-curves with different steps.

The plot P, = f{m) is shown in Fig. 2 (circles). The
solid line in this plot is the dependence P (m) = Am’ with
the coefficient A = 1.25¢10° W that is close to the value
of emitted power for the solitary junction (P,(1) = 1.5¢10”
W). It is seen that the approximation describes our data with
good accuracy. According to the theory of synchronization
[21], in the case of fully coherent emission the ac emitted
power is proportional to the square of the quantity of
junctions: P (m) = P,(1)sm’, where P (1) is power of
emission of one solitary long junction, and in the case of
fully decoupled junctions the power of emission is equal
to P (m)=P (1)*m. Thus, we make a conclusion that at the
in-phase mode voltage oscillations across long Josephson

BicHuk XHY, cepis «®isukay, sun. 29, 2018
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junctions in stacks are synchronized. With the use of this
mode one can create sources of coherent emission.

Conclusions

In this paper we investigated ['V-characteristics and
emission of stacks with different amount of Josephson
junctions which interact inductively with each other. We
set small Gaussian spread of critical currents (about /0],
or 0.01%) along junctions in stacks and found zero-field
steps in IV-characteristics. We showed that voltages at
which zero-field steps appeared can be calculated with
the use of Eq. (2) of the theory [12-15] which was earlier
applied to stacks placed in external magnetic field. This
result is in agreement with our previous investigations [9-
11] in which we found that the zero-field steps in a stack
of two inductively interacting long Josephson junctions
was split to two steps and positions of these steps in the
IV-curve was defined by frequencies of normal modes. We
also investigated the dependence of emitted power at the
voltage which corresponds to the frequency of the in-phase
mode and proved that voltages across long junctions in the
stack oscillate in-phase.
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Experiments have been carried out on the excitation of hydrodynamic flows in superfluid helium under forced vibrations of a quartz
tuning fork immersed in a liquid. Nonlinear oscillations that arise with an increase in the driving force are investigated and are manifested
by distortion of the shape of the resonant amplitude-frequency characteristic in comparison with Lorentz curves typical for an extremely
small force. Nonlinear resonance curves are described using the Duffing equation, the parameters of which are established by comparing
the theoretical calculation with the experimental data. Dependence of the velocity of vibrations of the tuning fork legs on the driving force
established with the use of the Duffing equation, is close to that previously obtained for the quasi-laminar flow of He II and containing a
cubic velocity contribution due to the mutual friction caused by scattering of phonons by quantized vortices in a turbulent flow.

Keywords: quartz tuning fork; turbulence in liquid helium; scattering of phonons by quantized vortices.

l. TpuueHko, T. Ay6uak, K. MuxanneHnko, I. LewwuH, C. Cokonos

ITpoBeCHO EKCHEPUMEHTH IO TOPYLICHHIO TiJPOANHAMIYHHMX MOTOKIB Y HAAIUIMHHOMY Tejii NpH 3MYIICHHX KOJIMBaHHSX
KBapI[OBOr0 KAMEPTOHA, 3aHYPEHOTO B pianHy. JJ0CIiKeHO HeTiHIHI KOJTUBAHHSL, SIKi BAHUKAIOTh [IPU 301JIbIICHHI CHIIH, 1[0 3MYIIIYE,
i TIPOSIBISAFOTHCS MEPEKPyIyBaHHSIM (HOPMH PE30HAHCHOI AMIUTITYHO-YaCTOTHOI XapaKTePUCTHKH B MOPIBHSHHI 3 JIOPECHLECBUMH
KPUBUMH, TUIIOBHMH JUIsl TPAaHUYHO Maioi cwiy. HemiHilHI pe3oHaHCHI KpWBI OmmcaHi 3 BHKOPHUCTAaHHsAM piBHsHHA [lyddinra,
[apaMeTpH SIKOTO BCTAHOBIICHI IPY MOPIBHSHHI TEOPETHYHOTO PO3PAXyHKY 3 CKCIEPUMCHTAIbHUMHU JAaHUMH. 3aJIeXKHICTh IIBUAKOCTI
KOJIMBaHb HKOK KaMEpPTOHA BiJl CHIIM, IO 3MYIIY€, YCTAaHOBJICHA 3 BUKOPUCTAHHAM piBHAHHA JlyddiHra, BUIBIIETHCS OIU3BKOI 10
3aJIeKHOCTI, paHille OTpuMaHoi Ui kBasinaminapHoro mwmHy He 11 1 yrpumytouoi KyOiuHMIA IO MIBUIKOCTI BHECOK Y CHITy B3a€EMHOTO
TepTs, 00yMOBJICHOT pO3CitOBaHHAM ()OHOHIB Ha KBAHTOBAHHX BUXPaX Yy TypOyJI€HTHOMY MOTOLII.

KurouoBi ciioBa: kBapuoBuii kamMepToH; TypOyJISHTHICTb B PiJKOy Tellil; po3citoBaHHs (JOHOHIB Ha KBAHTOBAHUX BUXOpaX.

W. TpuueHko, T. Ay6uak, K. Muxannenko, I. LewwuH, C. Cokonos

[TpoBeneHbI SKCTIEPIMEHTSI 110 BO30Y>KACHUIO THAPOANHAMIYECKUX OTOKOB B CBEPXTEKYYEM I'eTHH ITPH BBIHYKICHHBIX KOTeOaHUIX
KBapIIEBOTO KaMEPTOHA, MOTPYKEHHOTO B JKMAKOCTh. VlccienoBaHbl HENHHEWHbIE KoleOaH!s, KOTOpPbIe BOSHHKAIOT TPHU yBEIMYEHUH
BBIHY)K/TAIOIICH CHIIBI M TPOSIBIISIFOTCS WCKaKEHHEM (OpPMBI PE30HAHCHOH aMILIUTYI0-4aCTOTHOM XapaKTePUCTHKH IO CPABHEHHIO C
JIOPEHLIEBBIMY KPUBBIMU, TUIIUYHBIMU UL IIPEIC/IbHO Masloi cuibl. HenuHeliHble pe30HAHCHBIE KPHUBBIE OMUCAHBI C UCIOJIB30BAHUEM
ypasHeHus Jlyddunra, mapameTpsl KOTOPOTo yCTaHOBJICHEI ITPU CPABHEHUH TEOPETHIECKOTO PAceTa C SKCIICPHIMEHTAILHBIMH JJAHHBIMH.
3aBUCHMOCTb CKOPOCTH KOJIeOaHMH HOXKEK KaMEepTOHA OT BBIHYXJAIOIIEH CHIIB. yCTAHOBJIEHHAs C WCIIONB30BAHMEM YPAaBHEHHS
Hyddunra, okazsiBaeTcs OIM3KOH K 3aBUCHMOCTH, paHee MOMyYeHHOM U1 KBasmiamuHapHoro Tedenus He Il u coneprxanieit kyOnueckuit
I10 CKOPOCTH BKJIA/1 B CHITY B3aMMHOTO TPEHHs, 00YCIIOBICHHOH paccessHueM (JOHOHOB Ha KBAHTOBAHHBIX BUXPAX B TYpOY/JICHTHOM ITOTOKE.

KoroueBble ciioBa: KBapIeBbIl KAMEPTOH; TYyPOYJICHTHOCTB B )KHAKOM I'eJINH; paccesiHie (JOHOHOB Ha KBAHTOBAHHBIX BUXPSIX.

Introduction and task statement
One of the mostly used methods of studying the
laminar and turbulent flow regimes in superfluid helium is
the method of a quartz tuning fork immersed in a liquid. The
quartz tuning fork differs favorably from the bodies of other
geometry, first of all with high quality factor which attains
~ 10°. Also essential is the availability of quartz tuning fork

(they are manufactured in industry), as well as their high
durability [1].

When working with tuning forks with the prongs of
different sizes, one can change the frequency of the resonances
and the form of the amplitude-frequency characteristic (AFC)
[2]. Moreover, as established during an experimental study of
the appearance and development of superfluid turbulence in
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the temperature range down to ~ 20 mK, under increasing the
velocity of movement of the tuning prongs up to 0.02 m/s the
shape of the resonant AFC starts to deform. This deformation
isexplained in [2,3] as aresult of the nonlinearity of tuning fork
oscillations. Turbulent flows in He II at higher temperatures,
140 and 150 mK, were investigated in Ref. 3 by the quartz
tuning fork method. It was shown that the deviation from the
linear dependence of the tuning fork velocity on the exciting
force was observed at oscillation velocities exceeding 0.04
m/s. The physical reason for the nonlinearity observed in
[2,4] is, probably, the effect of an attached mass associated
with quantum superfluid fluid vortices located in a thin layer
of a liquid near the surface of a tuning fork, and there are the
arguments [3] in favor of the fact that nonlinear deformations
of AFC are connected with the appearance of an additional,
nonlinear force of mutual friction due to the scattering of
thermal excitations on the quantized vortices.

The observation of nonlinear effects at the excitation of
the motion of He II by a quartz tuning fork calls an attention
to the adequate description of the fork nonlinear resonance.
The possibility of such a description appears when one uses
the equation of a nonlinear oscillator [4,5] in the presence of
an excitatory force. A separate case of the equation proposed
in [4] is the Duffing equation [5], in which, unlike [4], the
coefficient is set to zero with a quadratic displacement of the x
term in the left-hand side and only the cubic term is available:

@;(1)

2
TXD 1y O 4 (i) + o =
dt dt
here x — deviation of the tuning fork leg from
equilibrium position in presence of the excitatory force
F(t)=F,cosawt, m, is resonance frequency of the tuning
fork, y = 2zAf is attenuation and Af is the width of the
resonance line. Here m being effective mass of tuning
prongs and ux® accounts the nonlinear behavior of the
oscillator with u being the coefficient of nonlinearity.
This term leads to a resonant frequency shift compared to
o, Moreover, depending on the sign of u, the resonance
frequency of the oscillations is shifted toward higher or
lower frequencies.

In this paper, for the analysis and adjusting of
experimental data we apply the Eq. (1), which provides
almost the same results as the more general equation [5],
but at the same time is more convenient in calculations. The
aim of the analysis is finding out the connection between
the nonlinear mode of oscillation of the tuning fork prongs
and the change in the dependence of the velocity of
oscillation on the excitatory force. The aim of actual work
is the establishment and research of such a connection, as
well as the clarification of the possible influence of the
nonlinear force of mutual friction in the superfluid fluid on
the nonlinear behavior of the resonator - quartz tuning fork.

BicHuk XHY, cepia «®isukay, sun. 29, 2018

Measurement procedure and experimental results

We used a miniature quartz tuning fork, kindly provided
to us by the laboratory of Lancaster University, with a
resonant frequency in the vacuum of 24983.72 Hz, length
of the leg is 71,8107 m, thickness and width of the legs are
75 and 90 mkm, respectively. The cell and the measurement
procedure were previously described in detail [3,6,7]. The
studies were made with the solution fridge working at two
operating regimes. In one of them we pumped out “He from a
one-Kelvin bath whereas a working solution was condensed
in the solution refrigerator. This mode was used to determine
the constant of the tuning fork in the experimental cell cooled
down to T = 1.4 K. In other measuring mode the solution
fridge worked providing the temperature of the cell and the
test fluid of /40 + I mK.

The resistance thermometers of RuO, were used to
determine the temperature. They were placed on the plate of
the dissolution chamber and directly in the fluid under study.
The thermometers were calibrated using a crystallization
thermometer based on the pressure measurement along the
’He melting curve. The accuracy of the measurement and
temperature stabilization was =/ mK being provided by the
heater connected by the feedback with the resistance sensor
CryoBridge S72A.

In the beginning of the experiment, we measured the
quartz tuning fork frequency in a vacuum under different
excitatory forces and 7 = /.4 K. Sine-wave constant
amplitude U, which is fed from the generator to one of
the electrodes of the tuning legs, set the magnitude of the
excitatory force, which was determined as F, = aU/2.
On the other electrode, the frequency dependence of the
amplitude of the ac current / was measured. This quantity
is connected with the oscillation velocity of the tuning legs
v as v = I/a. The piezoelectric constant of the tuning fork
was determined from the AFC measured in a vacuum [6].

In Fig. 1 we show typical AFC for a tuning fork in a
vacuum obtained with different excitatory forces.

=

0,01p

m/s

«

L

24983,70 2498376
0 b

Fig. 1. Velocity of the oscillation of tuning legs in
vacuum at different excitatory forces, bottom-up:
151101, 1,512101%; 6,05¢10'%; 1,21<10° N. [6].
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It is clearly seen in Fig. 1 that at high excitatory
forces and, consequently, high voltage amplitudes U one
observes a nonlinear oscillation regime that manifests
itself in the deformation of the form of the frequency
response. Also the resonance frequency decreases with an
increase in the excitatory force. Maximum excitatory force
in Fig. 1 is 7,2910” N, while the oscillation velocity in
the resonance maximum was 0.4 m/s, and the resonance
frequency was decreased by 0.048 Hz comparing with the
value at the minimum excitory force. After measuring in
vacuum, the solution refrigerator was cooled down to 7 <
1 K, to study the flows in “He. Passing through the nitrogen
trap, helium traps and filling capillary, helium attained the
experimental cell and condensed there.

Experimental dependences of the oscillation velocity
of the tuning fork legs in presence of the excitatory force at
temperature of /40 mK, obtained in various experiments,
are shown in Fig. 2. As is seen in Fig. 2, at oscillation
velocities v > 0.046 m/s one observes a noticeable
deviation from the linear dependence v(F',) shown by the
solid line. As was suggested in Ref. 6, this deviation may
be explained by the appearance of an additional frictional
force that arises due to an increase of the density of
quantum vortices and the scattering of thermal excitations
- phonons - on their cores (mutual friction) [8]. The flow
of helium characterized by the deviation the dependence
o(F,) from the linear one was called a quasi-laminar in
the work [6]. This flow is characterized by the above-
mentioned new dissipative mechanism [8].

The force of mutual friction is proportional to the
cube of the velocity of the legs: F, ~ v’, which is typical
for a turbulent flow (dotted line in Fig. 2). As a result, the
total friction force has the form F, = /qu + nv’ (solid and

9

Fig. 2. Dependence of the oscillation velocity of the
tuning fork legs on the excitatory force at 7' = /40 mK.
Solid line is linear dependence v ~ F,. Dotted line is for
turbulent flow mode (v’ ~ F,), dot-dash line is calculation
accounting the force of mutual friction [3]. Bar-dashed
dotted line is the calculation based on the solution of the
non-linear Duffing equation, described below in the text.

18

dotted lines) [3, 6] where 4 =1.32+1 0° kg/s and n = 4,62+10°
kg-s/m’, and well describes the experimental data. At the
experimental temperature of /40 mK, the first term, as
shown in Ref. 3, is completely determined by the force of
friction in the quartz tuning fork material and is due to the
bending oscillations of its prongs.

All the amplitudes of the oscillation velocity were
measured at the maximum of the resonance curves. At
the same time, the resonance curves, at increase in the
excitatory force, are deformed due to a nonlinear additional
frictional force. In this connection, in [3, 6], we were to
analyze the types of AFC curves in the quasi-laminar
flow regime. It was shown that the dependence v(F))
of Fig. 2 may be conveniently divided into five ranges
characterized by a specific type of AFC (characteristic
AFCs for each range are given in the works [3, 6]): (I)
— region of laminar potential flow He II. Characteristic
AFC of this region is shown in Fig. 1 of Ref. 3 and is
approximated by Lorentzian. AFC for region II is shown in
Fig. 2a of Ref. 3. As was noted, this region is characterized
by spontaneous jumps between laminar potential and
turbulent currents. Region III was previously depicted
in Ref. 6 in Fig. 3 and is characterized by the fact that
the AFC starts to be asymmetric relatively the maximum
of the resonance curve, and there is a "collapse" towards
the lower frequencies. The asymmetry of the AFC curve
increases with increasing applied excitatory force until
the instability does appear on the resonance curve, being
the characteristic feature of the nonlinear behavior of
the oscillating body. It should be emphasized that in the
region III, regardless of the measurement conditions, one
observes both quasi-laminar and turbulent flows. Fig. 3 of
present paper and work [6] shows the AFC, measured at a
stable quasi-laminar flow regime without the transition to
turbulence.

0,15 /@
L
4
w2 '
é 0,10 :
5
0,05 F=2510"H
24301,9

fHz 24302,0
2

Fig. 3. Amplitude-frequency characteristic of tuning fork
for region III with excitatory force F) = 2,510’ N. Solid
curve - calculation using non-linear Duffing equation.
1 and 2 are the points of the beginning and end of the
instability on the resonance curve.
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In the regions IV and V, the shapes of the resonance
curves are qualitatively identical, and in these regions the
breakdown in the turbulent flow was observed, in each of
the experiments carried out, in the form of a sharp decrease
- a jump from the quasi-laminar to turbulent flow. For
region IV the curve is shown in Fig. 2b of Ref. 3 and for
area V - in Fig. 4 of Ref. 6. As can be seen in Fig. 4 of
Ref. 6, in the region V the shape of the resonance curve
is strongly deformed in comparison with Lorentzian, and
in Fig. 2 it is evident that at the maximum of AFC, the
velocity of oscillation of the tuning legs ceases to depend
on the applied force.

The fact that the nonlinearity of the oscillation of the
tuning fork legs in the regions II-V arises, probably, because
of the appearance of an additional nonlinear force of mutual
friction in He II, is supported by the measurements made
in vacuum. When measured in a vacuum, the amplitude
of the velocity was almost three times higher than that at
the maximum amplitude of oscillation in He II (see Fig.
1), but there was no markedly expressed nonlinearities of
oscillations (deformation of the form of AFC). Thus, it can
be argued that the nonlinearity of the oscillations of the
tuning fork legs observed in He 11, is due to the nonlinear
friction force in the liquid, in which the tuning fork is
immersed. A similar conclusion was made in the work [2].

Results and discussion

As was noted above and as was shown in Fig. 2 of
Ref. 3, as well as in Figs. 3 and 4 of this work, an increase
in the excitatory force causing the oscillation of the legs
of the tuning fork, leads to the nonlinearity of oscillations,
which manifests itself in the deformation of the shape of the
AFC until the appearance of instability of the oscillations
and reduction of their resonance frequency. To describe
these effects, we solve the equation (1) with respect to the
modulus of amplitude of the oscillation velocity v. The
result is

[

v=to
mn \/(a)ﬁ -’ - wbzf)2 +o’y’

;@

where @, and o are the resonance frequency of the tuning
fork in the vacuum and the current frequency, respectively,
bv? is the factor which, according to [5], is proportional
to the square of the amplitude of the oscillation velocity
and the coefficient b is connected with the coefficient of
nonlinearity in Eq. (1) by the relation x=2ab.

The dependence of the velocity on the frequency
of nonlinear oscillations calculated by Eq. (2), is shown
in Fig. 4 using a constant value b = 40 s/cm?, which, as
will be shown later, is close to the average value in all the
experiments carried out. It can be seen that even for low
excitatory forces the frequency dependence of velocity

BicHuk XHY, cepia «®isukay, sun. 29, 2018

demonstrates a slight asymmetry caused by the nonlinearity
of oscillations (dashed line, F, = 1,5°10""" N). With the
increase in the excitatory force, the velocity also increases,
and the nonlinearity of oscillations is expressed more and
more (a dashed-and dotted curve for /) = 310" N), which
leads to a decrease in the resonance frequency and the
appearance of instability (points 1 and 3). Instability appears
at point 1 if one moves from the left to the right towards to
point 1, further movement in frequency continues to the
right from the point 2. When moving in frequency in the
opposite direction, i. . from the right to the left, instability,
as one might expect, should appear at point 3, with further
motion towards lower frequencies from point 4 (hysteresis).
However as it was shown in Ref. 2, the measurement of
AFC when moving from high frequencies to lower ones
and back, give practically identical result. The reason for
this is unclear and additional research is needed to clarify
the problem. It can be assumed that the nonlinear behavior
of the system tuning fork - superfluid is described by the
nonlinear term in (2), which origin is mainly connected
with the fluid and processes in it. If the nonlinear behavior
is related with the properties of the tuning fork itself, then
instability at point 3 of Fig. 4 with decreasing frequency
would be observed.

0,15
3 gt
\ -\'\_
0,10[ ! S
n 1 '~ -
é / Tt Se
- 4 / S 2
D 005 .~ R ~s
_”
0,00 L L
24302,00 24302,05

b

Fig. 4. Amplitude-frequency characteristics, calculated
using Eq. (2): dashed line - calculation for F) = 1,5¢10""°
N and b = 40 s/cm’; dashed-and-dotted line - for F =
310" N and b = 40 s/sm’. Arrows show the jumps of
the amplitude of oscillations in the event of instability.

It should also be noted that the value of b in Eq. (2)
strongly affects the form of the frequency response of
velocity, which is determined by this equation. Value of b
was estimated by comparing the calculated dependence with
the experimental data for the AFC, measured at different
excitatory forces for the corresponding experimental
data ®,, w, y, m and F,. The b is the only adjustable
parameter. Thus, selecting the value of the coefficient b
one can attach the agreement with experimentally obtained
resonance curves. Solid lines in Fig. 3 is the result of such
calculations.
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Note also that at excitatory forces corresponding to
the regions II, III, and IV, the resonance curves are well
described completely, and for the excitatory forces of the
region V, the coefficient b was determined from the part
of the curve to the left of point 1. In this frequency range,
when the instability finished at point 1 of Fig. 4 of Ref. 6,
the velocity value was always below than that at point 2 of
Fig. 4 and did not coincide with the values corresponding to
the right side of the calculated resonance curve. One should
remember that, as it follows from the Fig. 2, the velocity at
point 2 of region V is practically constant being and does
not depending on the force.

The obtained values of b are shown in Fig. 5 for
AFCs which are the result of all measurements. Interval
of the excitatory force in Fig. 6 corresponds to the range of
values of the excitatory forces in Fig. 2. The figure clearly
shows that there is a huge scatter of the values of b. The
solid line corresponds to the root-mean-squared value
in the studied range, the mean value of the coefficient of
nonlinearity coefficient u is 9.2¢10'% s?m. At the same
time the measurement accuracy of the frequency strongly
affects the value of b. The nonlinearity coefficient can
also be determined from the data of Ref. 3 presented as
u=ne; /m). In this case u = 2,5¢10' s?m? which is more
than three times less than the above value obtained in the
actual article. Such a noticeable difference between our
values of u and those of Ref. 3 may be attributed to the
fact that the dependence of the damping coefficient y on
the geometry of the problem was not taken into account in
Ref. 6.

100}

2

b, c/m

10+

0,I10
L, m's

Fig. 5. The values of b, determined from the experimental
data on the dependence of the velocity of oscillations
on the excitatory force using the non-linear Duffing
equation. The solid line is the average value throughout
the range of exciting forces. The dotted line is done for
b =50 s/m’.
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To determine the effect of the excitatory force on
the amplitude of the velocity of the tuning fork prongs
in the nonlinear regime, using the Eq. (2), the frequency
dependences of velocity were calculated for different
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excitatory stresses and forces. The value of the velocity
corresponding to the end of the instability was determined
- point 2 in Figs. 3 and 4, corresponding to the maximum
velocity. For low excitatory forces, if the instability was
absent (regions I and II), the velocity was taken at the
maximum at the resonance frequency of the frequency
dependence of velocity. Thus, the dependence v(F,) was
obtained allowing comparison with experimental data. The
best agreement between the estimated and experimental
data was achieved at b = 50 s/m?, calculation is shown
in Fig. 2 by bar-dashed-and-dotted line. Dot-dash line on
Fig. 2 shows the dependence accounting the contribution
of mutual friction force, cubic in velocity, in addition to
the linear contribution [3], the dotted line corresponds
to the turbulent flow when F, ~ v’. As is seen from the
figure, when considering the nonlinearity of oscillations
(deformation of the shape of the resonance curve), the
amplitude of the velocity is a nonlinear function of the
applied force. One observes also a rather good agreement
between experimental data and the calculation made using
the Duffing equation (bar-dashed dotted line in Fig. 2).
Note that mean value is within the scatter of the values of
b. Thus, one concludes that the experimental data in Fig.
2 can be described both with the solution of the Duffing
equation (1), and with the consideration of the cubic term
in the expression for the force of mutual friction.

Experimental data indicate that the velocity does
not depend on the excitatory force in the region V with
relatively high these forces (see Fig. 2). The frequency
dependence using the Duffing equation can be described
only to the left from the point 1 of the beginning of
instability (see Fig. 4).

Conclusions

In present paper, the study is carried out of nonlinear
phenomenaaccompanyingthe oscillations ofa quartztuning
fork, submerged in superfluid helium. The nonlinearity
of the oscillations of the tuning fork legs is manifested
by the deformation of the shape of the resonance curve
for the amplitude-frequency characteristic of the tuning
fork. It is shown that the nonlinear frequency response is
well described using the Duffing equation for a nonlinear
oscillator, by which the dependence of the oscillation
velocity of the legs on the excitatory force is treated. It
is shown that the same dependence can be obtained by
adding a term, cubic in velocity, to the expression for the
mutual friction force in the quasi-laminar flow regime.
This term is due to the scattering of phonons by quantized
vortices of He II, whose density increases with increasing
velocity of oscillations. In addition, such a behavior may
also indicate an increase in the attached mass or a decrease
in the plasticity of the tuning fork due to the appearance of
quantum vortices fixed to the surface of the quartz tuning
fork.
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Thus, the results of our research indicate that the
nonlinearity of the tuning fork oscillations is mainly due
to the dissipative processes in the superfluid fluid, in which
the tuning fork oscillated, which is accompanied by the
appearance of a nonlinear term in the dependence of the
velocity of oscillations on the excitatory force.

The authors thank E. Ya. Rudavsky for useful
discussions. We are also grateful to the ultra-low
temperature group from the University of Lancaster (UK)
for the quartz tuning fork. The research was partially
supported by the research project of youth scientists of the
National Academy of Sciences of Ukraine (Ne 2/H-2017).
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The authors substantiate the need to create a special theory of measurement and analysis of measurement results for nonlinear
dynamical systems. The theory should be based on the principles of the open systems theory, dynamic chaos theory and synergetics
theory. The authors analyzed the main topological methods and tools for studying of nonlinear dynamic systems. The main characteristics
of nonlinear dynamical systems (interval values of dynamic variables, strong dependence on initial conditions and noise, complex,
often chaotic dynamics, evolution) were systematized. It was proposed the next topological tools for analysis of measurement results
in nonlinear dynamical systems: measurement portrait, Shennon entropy, fractal dimension, forecasting time.

Keywords: nonlinear dynamical system; topology; chaos; Shannon entropy; fractal dimension.

HO.C. Kypcbkui, FO.IM. MauexiH, O.C. 'HaTeHkKo

ABTOpaMH OOTIPYHTOBAHO HEOOXiJHICTH CTBOPEHHS CIeNialbHOI Teopii BUMIPIOBAaHHS Ta aHAJi3y Pe3yJbTaTiB BUMIPIOBAHHS B
HeNHIHHAX IMHAMIYHUX cUcTeMaX. Teopis MOBHHHA I'PYHTYBATHCS Ha MPUHLHUIIAX TEOPil BIAKPUTUX CHCTEM, AMHAMIUYHOIO Xaocy,
CHHEPreTHKU. ABTOpAaMH BUKOHAHO aHaJi3 TOIMOJOTIYHUX METOIIB Ta IHCTPYMCHTIB JOCIIIXKCHHS HENMIHIHUX AUHAMIYHUX CHCTEM.
CucrteMaTu30BaHi OCHOBHI XapaKTEPUCTHKH HENIHIMHUX JUHAMIYHAX CHUCTEM, Cepell SKUX: IHTEPBaJbHICTh 3HAYCHb JMHAMIYHHX
3MIHHHX, CHJIbHA 3aJIeKHICTh BiJ] MOYAaTKOBHX YMOB 1 NIIyMiB, CKJaJHA, 4acTO XaOTHYHA TUHAMiKa, CBOIIOIis, 3alpornoHOBAaHO
IHCTPYMEHTH aHaJi3y pe3yJbTaTiB BHMIpIOBaHHs: TOPTPET BUMIipioBaHHs, eHTpomis llleHHOHa, ¢pakTaipHa pPO3MIpPHICTB, HYacC
nependavyBaHOCTI.

KurouoBi ciioBa: HeniHil{Ha JUHAMIYHA CHCTEMa; TOMOJIOTIs; Xaoc; enTponis [llenHona; GppakraabHa pO3MipHICTS.

KO.C. Kypckon, KO.IN. MayexuH, O.C. [HaTeHKo

ABTOpaMu 000CHOBaHA HEOOXOAWMOCTH CO3MAHMS CIEHHANBHOM TEOpPUH HM3MEpEHHsS W aHalIu3a pPe3yIbTaToB H3MEPCHUS B
HETMHEHHBIX TUHAMUYECKHX cHcTeMax. TeopHs JH0MKHA OCHOBBIBATHCS HA MPHUHIUIAX TEOPUH OTKPBITHIX CUCTEM, JHHAMHUYECKOTO
Xaoca, CHHEPreTHKH. ABTOpaMM BBINOJHEH AaHAIU3 TOMOJOTMYECKMX METOJOB M HMHCTPYMEHTOB MCCIEIOBAHHMSA HEIMHEHHBIX
JMHAMUYECKHX cHcTeM. CHCTEMaTU3MPOBAHBI OCHOBHBIE XAPAKTEPHCTUKU HEMHEHHBIX JAWHAMMYECKUX CHCTEM, CPEIM KOTOPBIX:
HMHTEPBAIBHOCTh 3HAYEHUH JMHAMHYECKHX NEPEMEHHBIX, CUIIbHAS 3aBUCUMOCTh OT Ha4yaJbHBIX YCJIOBHH M HIYMOB, CIIOXHAs, 4acTO
XaoTUUeCKas JUHAMMKA, SBOIOLMs, [Ipe/uIoKeHbl TOMOIOTHYECKIEe HHCTPYMEHTBI aHalIN3a PE3ylIbTaToB N3MEPEeHHs JUHAMUYECKHUX
TIePEeMEHHBIX HETMHEHHBIX THHAMUYECKHX CHCTEM: TOPTpeT m3MepeHus, sHrporus lllenHona, pakrambHas pa3sMepHOCTH, BPeMs
MIPEe/ICKa3yeMOCTH.

KiroueBble ¢/10Ba: HeNMHEHHAs JMHAMUYECKAs CUCTEMA; TOMOJIOTHS; Xaoc; 3HTponus [lleHHOHa; (pakTaibHas pa3MEepPHOCTb.

Introduction.

One of the most important scientific tasks today is
a study of the self-organization processes and complex
hierarchical systems. They talk about research, forecast
and management of characteristics: climate, ecosystems,
biopopulations, physical devices (such as a laser) and living
organisms (such as a human). All of these objects are classified
as open nonlinear dynamic systems (NDS). Their general
characteristics include: the nonlinearity of dynamics, strong
dependence on the initial conditions and external influences,
possibility of chaotic behavior and self-organization. Studies

© Kurskoy Yu.S., Machekhin Yu.P., Gnatenko A.S.

of nonlinear processes and systems are devoted to the works
of A.N. Kolmogorov, E. Lorentz, S. Smale, I. Prigogine, H.
Haken, V.L. Ginzburg et al. [1-6].

For research, forecast and management of NDS we
must create the new methods for experimental research and
measurement. Despite the urgency of the issue, the problem
of measuring the NDS characteristics until recently was not
considered. The authors pointed out the discrepancy between
the physical and mathematical foundations of the deterministic
classical measurement theory and the processes in NDS [10-
12]. For research and measurement in NDS we develop the

, 2018



Yu.S. Kurskoy, Yu.P. Machekhin, A.S. Gnatenko

special measurement theory (Nonlinear Metrology) [10]. It is
based on the principles of the next interdisciplinary theories:
the information theory, open systems theory, dynamic chaos
theory, synergetic theory, and a number of others.

The task of this paper is to make a classification of the
dynamical systems, to study their common characteristics,
that are important for measurement, and to choose the
mathematical methods and tools for analysis of measurement
results and forecast the dynamics of complex systems.

1. Classification of the dynamical systems.

A dynamical system is any object (a set of objects) or
process (a set of processes). For them the concept of a state
is unambiguously defined as a set of the quantities values
[X,(®),... X, ()] at any time ¢ and the law of evolution
F(X,, t) of the initial state [X,(,),.... X, (¢,)] is given:

FIX (%), X, ()] = [X,(0),.. X, (D]. (1)

A dynamical system can be described by a differential
equation of the next form:

dx, (1)

L= FLX (1), X, (0] )

The space of all possible states of the system described
by expression (1) forms a phase space. The dimension
of phase space, as well as of the system dimension, is
determined by number of the dynamic variables X () (DV).

The dynamic systems include the systems of any
nature: physical, chemical and biological objects, societies
and populations, ecosystems and financial markets,
computing processes and information transformation
processes [13]. Classification of dynamic systems can be
made based on the nature of origin and the basic properties
of the systems.

By the nature of origin, the dynamical systems can be
classified as: physical, chemical, biological, information and
other systems. By the basic properties, their classification
can be performed on the following grounds:

- by nature of dynamics - deterministic, stochastic and
chaotic, linear and nonlinear systems;

- by interaction with an external environment - open
and closed systems:

- by possibility to converse an energy into a heat -
dissipative and conservative systems;

- by the nature of a state change - continuous and
discrete systems;

- by possibility of self-organization - evolving and
not-evolving systems;

- by structure - single-level and multi-level, complex
hierarchical systems.
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Let’s consider the main features of these systems.
Deterministic systems are the systems whose DPs change
over time according to a strictly defined law F(X,, t).
Stochastic systems are characterized by the random DVs
behavior, the values of which can be described by the
mathematical apparatus of probability theory. Chaotic
systems are the systems with a chaotic dynamics. Linear
systems are the systems with a linear or linearized law
of evolution F(X,, t). Nonlinear dynamical systems are
the systems whose evolutionary law can’t be described
by a linear or linearized equation. The values of NDS
DVs change in a nonlinear way. Moreover, the evolution
law F(X,, ) of real NDS can be described analytically
extremely rarely. Therefore, as a rule, we can’t to make
a long-term predication of the NDS state. We should to
note that a linear system is also deterministic system, but
a nonlinear system, because of complex dynamic, can’t be
referred to either deterministic or stochastic systems. It can
be classified as a partially deterministic system.

Open systems, according to I. Prigogine, are the
systems through which the flows of energy and entropy
can flow [4]. In case of the large flows, the nonlinear
self-organization (evolution) processes can take place in
such systems. They are characterized by the spontaneous
appearance of a complex, often chaotic, structure. Closed
systems, respectively, have properties that are opposite to
open ones.

Dissipative systems are the open systems that
operate far from the thermodynamic equilibrium and are
characterized by the possibility of dissipation (dissipation)
of energy coming from outside. Conservative systems are
the systems with conservation of energy.

Continuous and discrete systems are characterized by
a continuous or discrete, respectively, character of the DVs
values change. But in the case of discrete measurement
even the continuous systems are considered as the discrete
ones.

Evolutionary systems are the systems with the
evolution and self-organization functions, which are
expressed in decreasing of entropy and increasing of order.
A distinctive feature of a hierarchical, complex system is
a multilevel structure, each level of which includes the
interconnected subsystems.

This classification is incomplete. In a number
of publications we can find such types of systems as
concentrated and distributed,
autonomous; self-oscillatory and other systems.

If the object of research can be classified as a linear,
closed, conservative and deterministic system that for
measurement and evaluate their results we can use the
methods and tools of the classical measurement theory.
The cornerstones of it are: the principle of the existence of
the single value of the measured quantity, the satisfaction of
the measurement results with the central limit theorem and

autonomous and non-

23



Topological methods in measurement and research of nonlinear dynamical systems

correctness of the ergodic hypothesis [14]. The nonlinear,
dissipative, chaotic, evolutionary systems require a
fundamentally different approach to the measurement [15].

The most difficult objects for the research, correct
measurement and mathematical description are the open,
dissipative, hierarchical NDS with the chaotic dynamic and
self-organization possess. Such systems include the laser,
human, ocean and other complex systems. At the same time,
the study of chaotic processes in dissipative NDS is one
of the fundamental tasks of modern natural science. DVs
of such systems are characterized by interval values, the
central limit theorem is not satisfied, the ergodic hypothesis
is not always confirmed. Dynamic variables must be
correctly measured using the measurement models and
approaches that are maximum appropriate to the properties
and processes in NDS. A correct measurement of the NDS
DVs is an obligatory condition for the estimation of current
status but allow us to forecast and manage the real systems.

2. Methods and tools for NDS research.

For NDS research it was created a number of
interdisciplinary theories. The brightest of they are: the
theory of dynamic chaos [13], synergetics [5], theory of
dynamical systems [12]. They solve problems of research,
modeling and forecasting of the NDS dynamics. Their
methods are widely used in applied problems of the broadest
direction - from laser engineering to arrhythmology and
neurodynamics [ 16, 17]. The analysis of the main provisions
and tools of these theories will allow us to construct a new
theory for measurement of the NDS DVs.

The researchers apply two methods for NDS study,
that are differed in the type of mathematical model [12].
The first method is based on the mathematical modeling of
a system and searching of the evolution function F(X,, )
(2). The state of the system at the time is a point in the
phase space, given by the DVs values [X,(?),...X,(#)]
and evolution function F(X,, ¢). The system state change
corresponds with the movement of the "depicting" point,
which describes the phase trajectory. A set of phase
trajectories forms a phase portrait of a system. The phase
portrait and evolution function make up the mathematical
model of a system. The phase portrait serves as an object
for studying the dynamics. The evolution function allows
us to predict the DVs values. The problem of the described
method is a complex mathematical problem of searching of
the evolution function F(X,, ).

The second method focuses on the functional side of
a system. It does not allow us to study all features of the
internal structure of a system. The system is interpreted
as a "black box" with input [X,(¢,),... X,(¢,)] and output
[X,(®),... X,(®)] the DVs values. In this case, the "black
box" plays the role of the evolution function, transforming
the inputs into the outputs, and the mathematical model is
determined by the spaces of the inputs and outputs.

24

The first method has comprehensive information
about a system, but in a practice it can be implemented
only in rare cases. The second method does not allow us
to investigate all the features of a system, but it allow us
to determine the DVs values at the time intervals and to
construct an incomplete, discrete phase portrait. We think
that the second method is most suitable for constructing the
models for measurement in the real NDSs.

2.1. Phase portrait.

A phase portrait is the most popular tool of the
qualitative theory of dynamical systems [18]. The
researching of it allows us to know: the type of system
dynamics (deterministic, stochastic or chaotic), Lyapunov
exponents, forecast time et al [13]. The values of the system
states can be represented by a matrix of dimension nxm
(here n is the number of DVs and m is the number of DVs
measurements) in the next form:

X,(t) ... X, ()
)

X,(,)...X, ()

A phase portrait can be limited and unlimited in
space, can increase or decrease. The phase volume of the
conservative systems is conserved but the phase volume of
the dissipative systems is not.

A special kind of a phase portrait is an attractor. It
is the state of the dynamical system to which a system
aspires in the time during their development. The presence
of an attractor indicates a "special" dynamics of a system.
There is a strange attractor witch often is a testament of
the chaotic dynamics of NDS. Its distinguishing feature
is the exponential instability, which is expressed in the
exponential discrepancy of the phase portrait trajectories
and the fractal dimension [13].

The analysis of a phase portrait is often used in
the applied researches of NDS [17]. In the framework
of the nonlinear metrology the authors propose to use
the "measurement portrait" instead of the classical
measurement equation (model equation). It is a graphical
and numerical display of the DVs measurement results
DV. The measurement portrait is a phase portrait of the
NDS trajectory, constructed with the uncertainties or
measurement errors [20]. This approach allows us don’t
find the evolution function.

2.2. Topology and other characteristics of NDS.

S. Smale linked the topology of a phase space and
the dynamics of a system [3]. He abandoned the idea of
observation an individual trajectory that requires the
solution of the equation (2), and proposed to investigate
the integral phase space and its geometric structure. Studies

BicHuk XHY, cepis «®isukay, sun. 29, 2018



Yu.S. Kurskoy, Yu.P. Machekhin, A.S. Gnatenko

have shown that topological transformations of a phase
space are a reflection of the physical processes. Thus, the
scattering and loss of energy by a system are expressed in
the compression of the phase portrait. Approximately the
same phase portraits indicate a similar dynamics of the
systems. If the shape of the phase portrait is accessible to
the visual representation, the system can be solved.

The geometric study of the phase portraits allows
obtaining such data about NDS as: the nature of the
dynamics, time horizon for the DVs values prediction,
intervals of the DVs values. We can determine: the
attractor volume, Lyapunov exponents, Shannon entropy
and Kolmogorov entropy, attractor dimension, and other
quantities. We suggest use some of these characteristics for
analysis of the measurement results in the case of NDS.

2.2.1. Lyapunov exponents are used for study
the dynamics of a system in the vicinity of an arbitrary
trajectory. They characterize the degree of stretching and
contraction of the phase portrait along the selected phase
trajectories. If the two close trajectories x,(f) and x,,,(¢)
are chosen so that x,,,(t)=x,(¢)+&(?), £(0)=¢,£ —> 0 that
the next function:

2[(0)]= lim 2 In [@} 4)

==t §(0)

of the
{A.},i=1,2,...,n, the totality of which forms the Lyapunov
spectrum [13]. The number of Lyapunov exponents
corresponds with the attractor dimension D, which can be
fractional:

takes a finite series Lyapunov exponents

G A 5
DA :‘]+le|}\‘—’ ()
1= i+l

here j is the Lyapunov dimension, it is determined from the
expressions:
Mk, +th,; >0, A+, +..+A,, <0,

The total Lyapunov exponent A can be considered
as an indicator of a stability of a system dynamics. When
A =0 it is Hamiltonian system. It has a stable dynamics,
the processes occurring in it can be regarded as deterministic
processes, the volume of the phase portrait is unchanged
AV, =const. When A >0 the phase portrait volume is
growing AV, T, the NDS dynamics is chaotic. If A <0
the phase portrait volume decreases , that typical for the
dissipative systems.

2.2.2. Entropy. For topological analysis of the
NDS phase portrait the Shannon (H-entropy( and the
Kolmogorov-Sinay (K-entropy) are used. H-entropy
(or information entropy) is one of the key concepts of
the information theory [21]. For a system that can be in

Jj+l
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the states X, with probability distribution density p(X,),
Shannon entropy is given by the next formula:
N
H ==Y p(X,)Inp(X,). (6)
i=1

Entropy is a measure of the order or disorder of the
system. According to (6), The Shannon entropy assumes
large values when the distribution density p= p(X,) has
the values small. If a number of values N is bounded, then
the entropy is maximal for the uniform distribution law
H—>InN for p(X,)—>1/N. The entropy is minimal
H — 0 for the normal distribution law when p(X;)—>1,
The entropy of a strange attractor is higher than the entropy
of a regular attractor. The entropy of chaotic and random
dynamics is higher than the entropy of an ordered motion.
The change of the H-entropy values indicates a change in
the NDS dynamics.

The using the Kolmogorov entropy allowed us to
introduce a rigorous criterion of chaotic, as an unstable by
Lyapunov motion with positive metric entropy K >0 [13].
Analyzing the phase portrait of a system, the K-entropy is
defined as:

K = lim 4@0)/dO)]

d(0)—>0 ¢
-

(7

here d(0), d(t) are the distances between two nearby
trajectories at the initial and current time, respectively:
d(t)=x, (1) - x, ().

According (7) the K-entropy characterizes the degree
of'the trajectories divergence, and the degree of randomness
of the system dynamics. It is related to the Lyapunov
exponents (4) by the expression:

K:J-Zki(x)du.

2,20

®)

So when the system has chaotic dinamyecs its entropy
K>0.

The Shannon entropy, S-theorem by Yu. Klimontovich
[21], entropy scales, we consider as a tool for estimating
of the deviation of a system from an equilibrium state.
The entropy analysis was used before in the human health
measurement model [23] and for estimating the temperature
during the laser cooling of particles [24].

2.2.3. Fractal dimension. Many of the NDS processes
have the property of self-similarity or scaling - invariance
under multiplicative scale changes. Self-similarity can
be strict or approximate. A self-similar object or process
looks unchanged when you zoom in or out the scale.
Such objects and processes include the Brownian particle
motion, turbulent flows, strange attractors, time series of
the measurement results [25].
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The most striking feature of the objects self-similarity
is their unusually fine structure. Such objects B. Mandelbrot
called the fractals [26]. The importance of fractals lies
in the fact that they are able to model a huge number of
objects, phenomena and real-world processes, real NDSs.

The fractals are characterized by Hausdorff (or fractal)
dimension D,, It takes fractional values in the interval
0<D, <3. For a fractal curve 1 <D, <2, for a surface
2 < D, <3, apoint has dimension D, = 0, for a continuous
line D, = 1.

Fractal dimension is used in various practical
applications to identify the objects and processes. The
special interest is its use for analysis of NDS phase
portraits and the measurement results time series
x(,),...,x(¢,) [27]. For determination of the time series
fractal dimension D, we use the statistical method of the
normalized range (R/o - analysis), derived empirically by
P. Hurst [25]. The indicator H, is associated with D, by
next expression:

)

The Hurst index H,, is determined using the value R/o,
here R is the range between the maximum and minimum
values of the increment function x(i, #), the value o is the
standard deviation:

R(t) =max x(i,n) - mm x(z n),

1<i<m

x(i,n) = Z(xi -X) : (10)

here X, is the arithmetic mean of the values x(z,),...,x(z,) -
The correlation R/o is related with parameter /, by
formula:

R/c=(n/2)" (11)

In [27] the fractal analysis (9)-(11) was used for
analyze the dynamics of the laser radiation frequency. The
author proposed a fractal scale for evaluating the results
of measurements with reference points D, = 1, D, = 1,5,
D, = 2, separating different dynamics characters. If
D,, = 1 it means that the dynamics of the system is strictly
deterministic. If D, = 2 the system behaves in a regular
way, but the spread of the measured results is very large,
that doesn’t allow us to use the methods for processing of
the measurement results. If D, = 1,5 the process is random.
The dynamics corresponds with Brownian motion with
independent (Markov) increments. For analyze of such
systems characteristics we can use the statistical methods.
In the case when 1 <D, < 1,5 or 1,5 <D, <2 the process
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is non-Markov, chaotic, persistent and antipersistent,
respectively.

The fractal dimension allows us to estimate the trend
of the DV dynamics of NDS and can be used to predict its
values.

2.2.4. Forecasting time. One of the main and
oldest tasks of analyzing systems and time series of DV
measurement results has been the task of forecasting their
dynamics. In some cases, the purpose of the forecasting
is not the value of an individual DV, but forecasting of
dynamics and its trend. For this, the fractal analysis (9)-
(11) and the fractal scales [27] are applied.

The time interval when we can do the correct forecasting
of the system dynamics is called the forecasting time or the
forecasting horizon. The forecasting time depends on the
degree of determinism of the NDS dynamics (the maximal
for a deterministic system and minimal for random and
chaotic systems) and metrological possibilities [29].

In the case of chaotic NDS, a weak impact of the initial
conditions or a small change in the system parameters cause
to unpredictability of the resulting motion in finite time,
which J. Lighthill [30] called the "forecasting horizon" (or
forecasting time). The forecasting time 7 ,, is related to the
Lyapunov exponent A (7) as:

1
T, (A= —log—»

max

(12)

here 7, is the maximum Lyapunov exponent.
In practice, the forecasting time (12) is often calculated
using the next simplified formulas:

1

(K)= T, 0) = (1)

far
max

The term "forecasting time" is important for the
formulation of the measurement equation (model equation)
of DVs. We suggest use this value as the correctness time
of the measurement equation for NDS case.

3. Measurement principles for NDS case.

The measurement of the NDS DVs is a multi-factor
experiment. The processing of the measurement results
in a multifactorial experiment is aimed at obtaining the
basic scientific data in the new form of mathematical
models and their interpretation. We shouldn’t only to
calculate the average value of the measured quantity or its
dispersion [14]. The theory of nonlinear measurements,
measurement and analysis models should correspond
with the properties of such systems. Let’s consider
the important for measurement procedures real NDS
properties.
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The dynamics of NDS has a complex, non-linear,
including chaotic, character. NDS exchanges energy and
information with the environment and other systems, it is
influenced by external factors. The influence of some factors
(and noises) is critical for the system, it is can changes the
dynamics from random to regular, chaotic, and vice versa.

Thestateofthe NDS atatime moment¢is characterized
by the n-dimensional state vector X[X,(0),..,X,()]. The
DV X,(¢) value changes in time, but stays in the interval
X" < X, <X™ . This interval is due to the functionality
of the system. If the DV value outputs of the interval it
means that the system destroys.

The phase portrait of NDS in a chaos state is a
strange attractor. The exponential dispersal of the phase
trajectories leads to the fact that the measured quantities
can take any values in the frame of the attractor. If at the
moment of measurement 7, the DV value X is in the interval
[yi(to) —Uu; (to): yi(to) +u, (to)] (here Vi (to)’ui(to) are the
estimation and uncertainty of the X, measurement result at
the time ¢)) that in tine the DV value will located in attractor
frame [V = Umins Viax T Umax ] (D€T€ Vs Vinax s Ymin > Uinaxe AT€
the estimates and uncertainties of the measurement of the
X minimum and maximum values):

[yi(to)_ui(to)s yi(to) +ui(t0)] €

(14)
€ [ymin _umin 2 ymax + umax]'

The next, after 7, time DV values become predictable
within the attractor frame (14).

Systems can evolve, some of them have the self-
organization function.

Based on the described properties, the authors offer
the next topological tools for analyzing the measurement
results for NDS case:

1. the time series of the DVs measurement results
(3);

2. a measurement portrait (a phase portrait with
the measurement uncertainties), constructed on the
measurement results (3);

3. the Lyapunov exponents (4);

4. the Shannon (6) and Kolmogorov entropies (8);

5. a fractal dimension (9)-(11) of the measurement
time series (3);

6. a forecasting time (13).

In this case, the all quantities values must contain an
error (or uncertainty of the measurement results).

The application the physical approaches, topological
mathematical methods and tools of nonlinear metrology
makes it possible to provide studies of systems with
complex, nonlinear dynamics. The topological methods
and tools for measurement result analysis help to evaluate
the reliability of the measurement data and give a
possibility to predict the NDS dynamics.
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Conclusions

1. The classification of dynamic systems by origin and
properties is performed. It is shown that the dissipative,
nonlinear dynamical systems are the most difficult for
research, measurement and forecast.

2. The necessity of creating a special theory of
measurement and measurement results analysis for
nonlinear dynamical systems is substantiated.

3. The analysis of the main topological methods and
tools (including topological methods and tools) for the
study of nonlinear dynamical systems is performed:

4. The main characteristics of non-linear dynamical
systems are systematized, among them: interval values
of the dynamical variables, strong dependence on initial
conditions and noises, complex, often chaotic dynamics,
evolution,

5. In accordance with the main characteristics of
nonlinear dynamical systems, the next topological tools
for analyzing the measurement results are proposed:
measurement portrait, entropy, fractal dimension,
forecasting time.
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The temperature — strain rate conditions of high-temperature structural superplasticity are determined for the 01420T alloy with
the initial bimodal structure. The structural state of specimens of alloy 01420T, superplastically deformed to failure under the conditions
of high-temperature structural superplasticity, is studied. It is revealed that in the working part of specimens of the alloy 01420T during
the superplastic deformation fibrous structures forms as a result of the viscous flow. They are localized in grain boundary cavities and
cracks. The probable causes of partial melting of the 01420T alloy and the mechanism of its superplastic deformation are analyzed.

Keywords: superplasticity; grain boundary sliding; structural anisotropy; bimodal structure.

[.E. Minas, B.l1. MNonaa, B.B. bproxoseubknin, A.B. Nonga

Jns crmaBy 01420T 3 BuXigHOIO OIMONANBHOIO CTPYKTYpOIO BH3HAUYCHI TEMIIEPATYPHO-IIBUAKICHI YMOBH IPOSBY
BHCOKOTEMIIEPAaTypHOi CTPYKTYpHOI HaAIUIACTHYHOCTI. BuBUEHO cTpykTypHHH cTaH 3paskiB cmiaBy 01420T, HaammacTHaHO
npoaeOpMOBaHUX 10 PyHHYBaHHS B YMOBaX BHCOKOTEMIIEPATYPHOI CTPYKTYpHOI HaAIUIACTHYHOCTI. BusiBneno, mo B pobodiit
yacTHHi 3pa3kiB cruiaBy 01420T npu HagmIacTH4HOT 1eopMaltil yTBOPIOIOTHCS BOJIOKHHUCTI CTPYKTYPH B Pe3yJIbTaTi B'SI3KOTO IIIHHY.
Bonu nokasizoBaHi B IpEMEKEBUX I0pax i TpimuHax. [IpoananizoBaHo HMOBIpHI IPUYMHU YacTKOBOTO IuaBieHHs cruiaBy 01420T i
MeXaHi3M HOro HaATUTACTHYHOT eopMarrii.

Ki1ro4oBi cji0Ba: HaIIIacTHYHICTE; 3¢pHOMEKEBE IIPOKOB3YBAHHS; CTPYKTypHA aHI30TpoIIis; 6iMoIalbHa CTPYKTYpA.

[.E. Munas, B.IN. Nonaa, B.B. bptoxoseukun, A.B. lNonga

Js crmaBa 01420T ¢ wcxoqHO# OMMOIATIBHON CTPYKTYpPOH OINpPEIesICHBl TeMIIePaTypHO-CKOPOCTHBIE YCIIOBUS IIPOSIBICHUS
BBICOKOTEMIIEPAaTypHOH CTPYKTYpHOM CBEpXIUIACTUYHOCTH. M3ydeHo cTpykTypHOe cocTtosHHe oOpasnoB cmiasa 01420T,
CBEPXIUTACTHYHO HPOAS(HOPMHUPOBAHHEIX [0 Pa3pyIICHUS B YCIOBHSAX BBICOKOTEMIIEPATYPHOH CTPYKTypHOW CBEPXILIACTUYHOCTH.
BruBneno, uro B paboueii wactu obOpasuos cmiaBa 01420T mpu cBepxiumactTudeckoil aedopManui 00pa3yloTcss BOJIOKHHCTHIC
CTPYKTYPBI B pe3y/bTaTe BA3Koro TeueHus. OHM JIOKaJIH30BaHbI B IPUTPAHUYHBIX MTOpax U TpeuuHax. IIpoanannsupoBaHbl BEPOSTHBIE
MPUYHHBI YaCTHYHOTO TuiaBneHus criaBa 01420T 1 MexaHU3M ero CBepXIIacTHUECKOH Aedopmannu.

KuroueBsie ci10Ba: CBEpXILIACTHYHOCTB; 3ePHOTPAHIYHOE TPOCKAIB3BIBAHNE; CTPYKTYPHAsk aHU30TPOINS; OMMOTAIIbHAS CTPYKTYpa.

Introduction

It is known that semifinished products of industrial
deformable aluminum alloys in the initial state have an
inhomogeneous structure [1, 2]. In order for these alloys
to exhibit the effect of structural superplasticity (SSP), it
is necessary to perform their additional thermomechanical
treatment aimed at forming a uniform ultrafine-grained
structure. It takes time and additional energy costs. In
this connection, it becomes necessary to determine the
temperature — strain rate conditions for the development of
the SSP for various deformable aluminum alloys that, in the
initial state, have a non-uniform grain structure.

Theresults of experimental studies aimed at determining
the temperature — strain rate conditions in which specimens

of the 01420T alloy with the initial bimodal structure during
their deformation in the creep regime at a constant flow
stress show the SSP effect are considered in the article. It
also contains data on the structural state of superplastically
deformed specimens of this alloy and the concept of their
superplastic deformation mechanisms (SPD).

Materials and methods of the experiment
Medium-durable alloy  01420T  (5,0-6,0%Mg;
1,9-2,3%Li; 0,09-0,15%Zr; 0,1-0,3%Si; 0,3%Fe; 0,1%Ti;
0,3%Mn; 0,005%Na; base Al, % wt.) has strength limit
o, = 440-470 MPa [3]. This alloy belongs to the lightest
of aluminum-lithium alloys. Its structure is matrix-type. In

© Milaya D.E., Poyda V.P., Bryukhovetskiy V.V., Poyda A.V., 2018



Superplasticity of alloy 01420t with the initial bimodal grain structure

the 01420T alloy of the Al-Mg-Li system in equilibrium
with the matrix phase (a-solid solution on the aluminum
base) there are such phases: f (Mg,Al), y (Mg Al ),
6 (AlLi), S, (MgLiAl,) [3]. It is found that a stable phase
S, is predominantly localized at the grain boundaries of the
matrix phase, forming them almost continuous [3]. In the
body of the matrix phase grains, in addition to the above
phases, phase particles ¢’ (Al,Li) are also located, which
provide hardening of the alloy after artificial aging, as
well as dispersed particles of ' (ZrAl,). They are used for
stabilization of the grain structure of aluminum alloys at
high homological temperatures [1-3].

Mechanical tests of the alloy 01420T specimens
with dimensions of the working part of 10 mm and cross
section of 3.0-5.0 mm were performed in air by straining in
a creep mode at a constant flow stress in accordance with
the procedure detailed in at [4]. The experimental creep
curves recorded using a Sanwa PC 500a digital multimeter
were rearranged in the coordinates "true strain" - "time" and
served to determine the true strain rate €, .

To detect grain boundaries during metallographic
studies, a chemical etchant of the following composition
was used: /7 ml of HNO,, 5 ml of HF, 78 ml of H,O.

The grain structure, cavity morphology, and fibrous
structures in the specimens were examined using a light
microscope MIM-6 with a Pro-MicroScan digital camera
and a scanning electron microscope Tescan VEGA 3 LMH,
as well as standard quantitative metallography methods [5].

The average grain size «d> was determined from
microphotos by the method of random secants [5].

To reveal grain boundaries on the surface of the working
part of superplastically deformed specimens of the investigated
alloy, along with chemical etching, the deformation relief
method was used, which was described in [4].

Results and Discussion

As aresult of structural studies, it was determined that
the initial grain structure of the working part of specimens
of the 01420T alloy prepared for mechanical testing is
bimodal (Fig.1).

The overwhelming majority of grains that are
concentrated in the colony, occupying a large area in
the working part of the specimens, are ultra-small. Their
average size is approximately 5 um (Fig.1, a). In some
sections of the working part of the specimens, which have
the form of strips (Fig.1, b), the major oblong grains are
mainly concentrated (Fig.1, c). They are separated from
each other by low-angle boundaries, which are parallel or
approximately perpendicular to the strain direction of the
specimens. The average size of large polygonized grains is
approximately 25 um. In the strips, there is also a certain
number of equiaxial fine grains, which have high-angle
boundaries. Their average size is about /2 um. Specimens
of the alloy 01420T were deformed in the creep regime at
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a constant flow stress ¢ = 2.0-7.0 MPa and a temperature
T = 520°C, at which, as was determined in [6], partial
melting of the 01420T alloy occurs. It leads to the formation
of the local arias of the metastable liquid-solid phase on the
grain boundaries.

As a result of the mechanical tests, it was determined
that specimens of the 01420T alloy, which had undergone

Fig.1.
microstructure of the working part of specimens of alloy
01420T; a - a colony consisting of ultra-fine grains; b -
colony in which large and small grains are concentrated;
¢ - characteristic types of grains which are in the colony,
shown in Fig. 1, b. Light microscopy.

Characteristic types of the initial bimodal
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thermomechanical treatment, exhibit the effect of high-
temperature SSP. Analysis of creep curves, one of which
is shown in Fig.2, showed that they have small areas of
unsteady creep and some stages of accelerated creep.
The main deformation, which is several hundred percent,
specimens of alloy 01420T accumulate, deforming
superplastically at the stage of flow, which corresponds
to steady creep. It is determined that the values of the
true deformation rates of specimens of the alloy 01420T
deformed at 7'= 520°C and flow stresses ¢ = 2.0-7.0 MPa
lie in the range 10°-10 5.,

It is determined that the maximum elongation to failure
0, which is 450%, is observed in specimens superplastically
deformed at T = 500°C, ¢ = 4.5 MPa and the true strain
rate &, = 2.2¢107s". These temperature — strain rate
conditions are optimal for the manifestation of the effect
of high-temperature SSP of specimens of the investigated

01420T alloy with the initial bimodal structure.

15,0
I SOURE O R A O

§l7.50

3,75

0

14.'25.'.11 l l17.'50.'49l l20.'20.'49l T hl;,mr;7.cc
Fig.2. The experimental creep curve of a specimen of the
01420T alloy superplastically deformed to failure under
the optimal conditions at T = 520°C and a flow stress

6 =4.5 MPa.

Figure 3 shows a general view of a specimen of the
01420T alloy deformed to failure under the optimum
conditions of high-temperature SSP in comparison with the
initial one.

Fig.3. The general view of the specimen of the 01420T
alloy deformed to 450% under the optimal conditions of
the high-temperature SSP in comparison with the initial
one.
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It was found that, at a macroscopic level, the
superplastic flow of specimens of the 01420T alloy was
stable, and their failure occurred without neck formation.
Figure 4 shows a characteristic view of the deformation
relief formed on the surface of the working part of the
specimen of the 01420T alloy deformed to failure under the
optimal conditions of the high-temperature SSP. It can be
assumed that it arose as a result of the development of grain
boundary sliding (GBS), which was intensively carried
out along the high-angle boundaries of ultrafine and fine
grains with the participation of grain-boundary cavities in
accordance with the SPD mechanism proposed in [7], and
also on the low-angle boundaries of large grains.

s = A .
.93 mm GA3 TESCAN|
Det: SE
Date(m/dly): 04/11/18

i < A
SEM HV: 30.0 kV
View field: 1000 ym
SEM MAG: 415 x

200 pm
Karazin National University

Fig.4. A characteristic view of deformation relief formed
on the surface of the working part of the specimen of the
01420T alloy superplastically deformed to failure under
the optimal conditions of the high-temperature SSP.

It should be noted that the observed mutual sliding
of large polygonized grains occurs through low-angle
intergranular boundaries parallel to the strain direction,
which is not characteristic for existing classical ideas of
the development of GBS under conditions of a micrograin
SSP [2]. The GBS of polygonized grains over low-angle
boundaries was observed by us earlier in the investigation
of the SSP of alloy 1933 [8].

Figure 5 shows the characteristic microstructure
of the working part of specimens of the alloy 01420T,
superplastically deformed under the optimal conditions
to failure, obtained using light microscopy methods. It is
determined that as a result of heating the specimens of the
alloy 01420T to the test temperature, and also during their
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Fig.5. Characteristic types of microstructure of the working
part of specimens of alloy 01420T, superplastically
deformed to failure under the optimal conditions of high-
temperature SSP. Light microscopy. The direction of
stretching is horizontal.

SPD, the bimodal structure, due to the development of
static and dynamic recrystallization, basically turns into a
homogeneous grain structure.

This is evidenced by the absence in the microstructure
of the working part of specimens of colonies of grains that
have substantially different sizes and shapes (see Fig.5).
It was found that the predominant number of grains in the
working part of specimens superplastically deformed to
failure under the optimal conditions of the SSP is ultra-small.
Their average size is about /0 um. However, in some of its
parts, a few large polygonized grains, separated by low-
angle boundaries, have been preserved (see Fig.5, b). Their
average size is approximately 20 um. In the structure of the
alloy there are also fine grains, whose average size is /5 um.

It is determined that in the working part of the
specimens during their SPD, grain boundary cavities were
formed and developed due to the GBS. The average size of

32

cavities is comparable with the average size of the mutually
slipping grains adjoining them (see Fig.4 and Fig.5). In
the structure of the failured specimens, along with grain-
boundary cavities, magisterial cracks formed because of
their unification are observed.

As a result of the research of the characteristic types
of deformation relief of the specimens of the 01420T alloy
working part, fibers were found (see Fig.6), localized in
near-surface grain boundaries and microcracks. It is found

o = .
VEGA3 TESCAN

~ WD: 15.41 mm
Det: SE
Date(m/dly): 11/20/17

SEMHV: 300 kV
View field: 65.7 pm
SEM MAG: 5.27 kx

22 { G i
20 pm

Performance in nanospace

WD: 1541 mm |

Det: SE
Date(m/dly): 11/20/117

SEM HV: 30.0 kV
View field: 20.0 pm
SEM MAG: 17.3 kx

VEGA3 TESCAN
5 pm

Performance in nanospace

Fig.6. A characteristic type of fibrous structures formed in
specimens of the alloy 01420T superplastically deformed
to failure under optimal the conditions of the SSP.
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that the ends of these fibers are connected to the surface
of grain-boundary cavities and cracks formed in the course
of GBS when the grains are separated from each other
along grain boundaries approximately perpendicular to
the extension direction. On some fibers (see Fig.6, b) there
are drops. The number of fibers formed in the near-surface
grain-boundary cavities is different. Apparently, it depends
on the volume of the metastable liquid phase localized at
the grain boundaries perpendicular to the strain direction
of the specimen.

The presence of fibrous structures and a characteristic
form of their morphology indirectly indicate that the SPD
of the specimens of the 01420T alloy with the original
bimodal structure, as well as of the other multicomponent
aluminum alloys alloys [6, 8-16] and observed by other
authors [17, 18], takes place with the presence on high-
angle and low-angle grain boundaries of viscous metastable
liquid-solid phases on some sections.

Let us analyze the probable causes of the formation of
a metastable liquid phase in specimens of the 01420T alloy
at high homological temperatures, using the ideas that were
presented in [6, 8-16, 20, 21].

Apparently, the most probable reason for the formation
of a metastable liquid phase in the specimens of the 01420T
alloy, which takes place during the heating of specimens
to the test temperature 7 = 520°C and during their SPD
at this high homological temperature, is the local melting
of the border sections of grains (their "mantle" and those
sections of grain boundaries in which the aluminum-based
solid solution has an increased concentration of lithium
and magnesium atoms in comparison with the nominal
composition of the alloy. As is known, the atoms of these
elements, which are in the form of segregations at the grain
boundaries or dissolved in aluminum-based solid solution
to the limiting concentration, significantly reduce the
melting temperature of the alloy in the local sections of its
specimens [22].

It can also be assumed that a number of particles of the
S, phase containing magnesium and lithium, dissolve in an
aluminum-based a-solid solution during the heating of the
specimens to the test temperature due to the development
of diffusion processes in the solid state. The particles of
the S1 phase remaining at the grain boundaries, which
did not have time to dissolve at the time of the start of
the SPD of the specimen, the nonequilibrium structural
components into which this phase come in, as well as other
intermetallide phases containing magnesium and lithium,
apparently melt and also are foci of partial melting of the
alloy. As a result of its realization, the areas occupied by the
metastable liquid phase nucleate on the grain boundaries.
The study of the surface of the working part of specimens
of alloy 01420T, deformed to failure, showed that it is
covered with loose oxide films (see Fig.5). This suggests
that in the course of SPD, dynamic oxidation of the surface
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of solid grains as well as the surface of inclusions of the
metastable liquid phase, which was present in small
amounts at grain boundaries, intensively took place.
Because of this, apparently, the formation of fragile oxide
films consisting of ALO,, MgO, and magnesium spinel
MgALQ,, characteristic for multicomponent aluminum
alloys doped with magnesium, occurred [23-25]. It can be
assumed that during the SPD, the metastable liquid phase
accumulates a certain amount of dispersed particles formed
upon the breakdown of loose oxide films. This process
apparently leads to the formation of viscous suspensions at
grain boundaries of inclusions according to the mechanism
described in [27], which consists of a melt of aluminum-
based a-solid solution and dispersed particles, which are
fragments of oxide films. The resulting liquid-solid phase
apparently has an important influence on the development
of deformation and accommodation processes occurring
during the SPD of specimens of the 01420T alloy.

It can be assumed that in the solid sections of the
working part of the specimens of the investigated alloy
01420T during the SPD, such basic deformation mechanisms
seem to act simultaneously and self-consistently: GBS,
intragranular deformation, diffusion creep. Apparently, at
the early stages of superplastic flow of specimens of the
011420T alloy, intragranular deformation, due to slipping
and creeping of lattice dislocations, will develop both in
large polygonized grains and in those small and ultra-fine
grains in which the stresses, in accordance with the Schmid
law, reached a critical shear stress. As is known [2], the
interaction of lattice dislocations with grain boundaries
during SPD is used to create a nonequilibrium state of the
high-angle grain boundaries, over which the GBS takes
place. It can be assumed that intense GBS on solid sections
of the high-angle boundaries of small and ultra-fine grains
occurs simultaneously with the viscous flow in those sections
of the high-angle boundaries of fine and ultra-fine grains,
as well as at low-angle boundaries of large grains parallel
to the strain direction, which contain a viscous liquid-
solid phase in accordance with the positions of the models
described in [20, 21, 27, 28]. The effective accommodation
to GBS in this case is due to the development of diffusion
processes in the solid and liquid phases, as well as a result
of the dislocation sliding in the core of grains and near
their boundaries. Because of coordinated implementation
of deformation and accommodation processes in the
microstructure of the working part of the specimens of
the 01420T alloy, an intensive grain rearrangement takes
place. It can be assumed that viscous flow of a metastable
liquid phase localized at high-angle grain boundaries
perpendicular to the strain direction due to the opening of
grain-boundary cavities during GBS leads to the formation
and development of fibrous structures in the SPD process
of specimens of the 01420T alloy in accordance with the
mechanism described in [9, 11].

33



Superplasticity of alloy 01420t with the initial bimodal grain structure

The joint manifestation of all deformation and
accommodation mechanisms creates favorable conditions
for the stable flow of specimens of the 01420T alloy with
the initial bimodal structure and ensures their SPD by
hundreds of percent.

Conclusions

1. The temperature — strain rate conditions are
determined for which specimens of the 01420T alloy with
the initial bimodal structure exhibit the effect of high-
temperature structural superplasticity.

2. The structural state of specimens of alloy 01420T,
superplastically deformed to failure under conditions of
high-temperature structural superplasticity, is studied.

3. It is revealed that in the working part of specimens
of the alloy 01420T during the superplastic deformation, as
a result of the viscous flow, fibrous structures forms. They
are localized in grain boundary cavities and cracks.

4. The probable causes of partial melting of the 01420T
alloy and the mechanism of its superplastic deformation are
analyzed.
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In present paper the effect of high pressure on the relaxation of the electrical resistivity at room temperature of oxygen
nonstoichiometric ReBa,Cu,O, (Re =Y, Ho) single crystals are investigated. It is established that the hydrostatic pressure significantly
intensifies the process of diffusion coalescence in the oxygen subsystem. At the same time, the intensity of the redistribution of labile
oxygen significantly changes when yttrium is replaced by holmium.

O.1. boriko, I. A. Xagpkan, H. P Bosk, P. B. Bosk, I. J1. loynatuc

B pabote mcciieoBaHO BIMSHUE BBICOKOTO JAaBJICHHS HA PEIaKCALUIO AJISKTPOCONPOTHBIICHHUS TIPH KOMHATHOH TeMieparype
monokpuctamios ReBa,Cu,0, (Re=Y, Ho) HecTexmoMeTpuueckoro mo KMCIOpojly COCTaBa. YCTaHOBJICHO, UTO MHPOCTATHIECKOE
JIaBJIeHHE CYIIECTBEHHO HHTCHCHU(HUIMpYyeT mporecc AnGQy3HOHHOH KOaleCHEeHIHWH B KuciIopomHod moxacucteme. [Ipm stom
HMHTEHCHUBHOCTH IIepepacipeieeHns JaOMIbHOTO KUCIOPOa CyIIeCTBEHHEIM 00pa30M H3MEHSIETCS P 3aMeHe UTTPHUSI Ha TOTBMHH.

KO.W. bouiko, I. A. Xagpkan, H. P Bosk, P. B. Bosk, W. J1. Toynatuc

B pabote mccieoBaHO BIMSHHE BBICOKOTO JTAaBJIEHHS Ha PEIaKCAallUIO JIEKTPOCOIPOTHBIICHUS TIPH KOMHATHOH TeMIieparype
monokpuctamios ReBa,Cu,0, (Re=Y, Ho) HecTeXMOMETPHYECKOTO MO KHCIOPOTY COCTaBa. YCTAHOBJICHO, YTO THIPOCTATHIECKOE
JaBIeHNE CYIIECTBEHHO MHTEHCH(HUIMpyeT mporecc AnGQy3HMOHHOH KOATeCHEHINH B KUCIOpomHOU moxacucteme. [Ipm sTom
HMHTEHCHUBHOCTH MIepepacipeieeHns Ja0MIbHOTO KUCIOPOAA CyIIeCTBEHHBIM 00pa30M N3MEHSETCS IPH 3aMEHe UTTPUS Ha TOMbMHH.

Introduction

As is well known, the presence of labile oxygen [1,2]
in high-temperature compounds (HTSC) ReB,CuO,
(Re =Y or other rare earth element) leads to the appearance
of a non-equilibrium state that can be manifested during the
application of high pressure [3,4], a step by step change in
temperature [5,6], long-term storage [7-9], contribute to phase
separation processes [10,11], ascending diffusion [12,13] and
the appearance of various superstructures [14-16]. All these
processes have a significant effect on the physical properties
of HTSC in both the normal and superconducting states and
are most clearly manifested in the case of oxygen deficient
samples [17,18].

The modification of the structural and electrophysical
characteristics of superconducting materials can be achieved
by applying various external influences [19-21] and is an
important experimental tool of modern solid state physics. In
particular, the study of the effect of the external hydrostatic
pressure [22,23] on the structural state and transport processes

in ReBa,Cu,0, single crystals, is a source of important
information necessary for elucidating the microscopic
of “high-temperature”  superconductivity,
which until now remains unclear [24]. Taking this into
account, experimental methods have proved to be of a
particular importance, allowing us to reveal the parameters
of superconductors, which most significantly affect their
physical characteristics in the normal and superconducting
states. One of the most important methods is the use of
high pressure [25-27], since this not only makes it possible
to clarify the role and the influence of structural features of
the system on the superconducting states formation, but also
enables to model the conductive characteristics and critical

mechanism

parameters of the superconductor.

A characteristic feature of the YBa,Cu,O, compound is
the relative simplicity of the complete or partial substitution
of yttrium by its isovalent analogues, which enables the
variation of the conductive characteristics, and thereby can
verify the adequacy of theoretical models. In this respect,
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the substitution of yttrium by the holmium, which has a
sufficiently large magnetic moment (10.61x, and 9.7u,
in HoBa,Cu,0, ), allows us to predict a qualitatively
different behavior of the system due to the paramagnetism
of HoBa Cu,O,  in the normal state [2]. It is of interest to
study oxygen deficient samples, in which the rare-earth ion
can serve as a sensor sensitive to the local symmetry of its
environment and to the distribution of charge density, since
their change affects the crystal field that forms the electronic
structure of such an ion [6].

In this work, we study the effect of an external hydrostatic
pressure up to 5 kbar on the temperature dependence of the
electrical resistance p(7) in the ab plane of ReBa CuO,
(Re =Y, Ho; x~0.3-0.47) single crystals in the temperature
interval from 300 K to the temperature of the superconducting
transition 7.

Experimental methodology

The crystals were grown by the “solution-melt” method in
a gold crucible as was previously described [18]. The samples
had the shape of a parallelepiped with dimensions YBa,Cu,O,_
- 2x1.8x0.5 mm’® and HoBa,Cu,0, - 1.9x1.9x0.5 mm’. The
largest area of the sample corresponded to the crystallographic
ab plane. Initially, the samples were heat-treated in oxygen
flow at T = 400° C for five days to saturate them with
oxygen completely, i.e., to reduce the parameter x to a value
~0-0.1.

The temperature dependence p(7) was first measured
during the heating of the multiplier under atmospheric
pressure. The pressure was then gradually increased at
room temperature. When the desired pressure was reached,
the multiplier was cooled to a temperature 7' < 7, and after
that the p(7) measurements were carried out. Following the
measurement at the maximum pressure, the pressure was
lowered to atmospheric pressure and the p(7) measurements
were repeated.

In addition to the p(7) dependence, we carried out
isothermal measurements of the change of the electrical
resistance p at temperature 300 K as a function of time
under pressure =~ 5 kbar, as well as after its removal. In this
experiment, the maximum exposure time reached ~ 80 hours.

Results and discussion

In previous work [29], the results of the electrical
resistance time relaxation dependence at room temperature:
curve | - after the application of pressure 5 kbar and curve
2 - after the pressure released were presented. Thus, it
was determined that after the pressure was removed, the
equilibrium resistance value was reached much faster than
when the pressure is applied. To explain the latter result,
we proposed that the observed phenomenon is due to the
difference in the diffusion paths of the pressure-induced
process of elongation-shortening of oxygen ion chains in
Cu-O planes.

36

Thereafter [6], we provided evidence that the diffusion
of oxygen ions in the ReBa,Cu,0, (Re=Y, Ho) compounds
can take place via two mechanisms. At the initial stage of the
process, the single-channel diffusion mechanism is dominant,
whereas in the final stage the diffusion of oxygen ions is
limited by the conventional mechanism of classical diffusion.
In the first case, oxygen ion diffusion is characterized by the
<L?> ~ "2 dependence and in the second case by the <L?> ~
t dependence.

The study of the time dependence p=f(7) carried out
previously [29] (relaxation curves) also indicates that in this
case there are two stages: a fast initial stage and a slower
final stage. This result can also explain the existence of two
mechanisms for the redistribution of oxygen ions induced
by the application of pressure. To confirm the correctness
of this assumption, we processed these relaxation curves by
constructing the (p,/Dp)’=f(T) dependences, which, in fact,
determine the operation of the one or the other oxygen ions’
diffusion mechanism (refer to Figure 1).

Figure 1, in our opinion, confirms the correctness of
the previously stated assumption that the application of an
external pressure of ~5 kbar causes the diffusion redistribution
of oxygen ions in the formation-decay of the oxygen clusters
in the ReBa,Cu,0, (Re =Y, Ho) compounds. Herewith,
the diffusion of oxygen ions process is realized by two
mechanisms: By the single-channel diffusion mechanism
and by the conventional classical diffusion mechanism (at the
final stage of the process).

The entire set of the experimental results obtained,
agrees well, if presume that the external hydrostatic pressure
intensifies the appearance of several (at least two) phases in
the studied samples, characterized by different values of the
transition temperature Tc. In our opinion this is due to the
process of the redistribution of the oxygen ions in the volume
of ReBa,Cu,0, (x=0,4) crystals. The pressure accelerates
the diffusion coalescence process [30] of microscopic clusters
of various sizes oxygen vacancies formed in the crystal due
to the oxygen deficiency. As a result of the coalescence,
oxygen ions are redistributed in the crystal, which leads to an
increase of a number of sufficiently large in size ordered one-
dimensional clusters of oxygen ions. At the same time, the
parameter x decreases. Accordingly, the number of specific
structural entities - negative U-centers, capable of generating
coupled charge carriers [31] increases. In this case, a higher
concentration of U-centers corresponds to higher values of T
of the superconducting phase.

As it was mentioned above, the establishment of
the equilibrium value of the resistance R(+—o0) after the
pressure removal occurs almost twice faster than under the
action of pressure. This experimental fact is also explained
within the framework of the proposed coalescence of oxygen
clusters mechanism. Indeed, under the pressure application
conditions, the process of filling clusters with oxygen
ions by the accelerated “one-file” diffusion mechanism is
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Fig.1. Time dependences of the electrical resistivity at room temperature in coordinates: p,, - t and 1/p°, —t for
YBa,Cu,0, ((a) and (b)) and HoBa,Cu,0, ((c) and (d)) single crystals, measured immediately after application
(curves 1) and removal (curves 2) of high hydrostatic pressure.

realized only at the initial stage, and further, this process
and the decrease in electrical resistance, is limited by
the slower mechanism of classical diffusion. After the
pressure removal the process of more intensive increase in
the size of oxygen clusters is suspended. Herewith, as the
time passes, the number of not fully completed clusters
increases and there is a relaxation of the resistance. Under
these conditions, the movement of oxygen ions is at much
shorter distances and can be realized in the “one-file’
diffusion regime, practically, until the equilibrium value
p(t—). A certain role in this may be played by the presence
of structural and kinematic anisotropy in the system [32-37].

Notably, despite the higher Tc and the smaller oxygen
deficiency, in the case of the HoBa,Cu,O, samples, all the
characteristic changes in the form of the electrical resistivity
temperature dependences and the absolute values of the
resistive parameters that were observed during the pressure
application-removal process at room temperatures were
not less pronounced than for the YBa,Cu,O, samples.
Apparently, in the case of HoBa,Cu,O, , the substitution of

377X
yttrium by holmium which has a larger ionic radius, can play

BicHuk XHY, cepia «®isukay, sun. 29, 2018

arole on the structural order in the system, which in turn leads
to a change in the interaction of the oxygen ions in the CuO
planes. Indeed, as is known from the literature [1,2,6,29],
when yttrium is replaced by rare-earth elements with a
larger ionic radius, significant qualitative changes occur in
the 7 (x) dependences. Therefore, the characteristic for the
YBa,Cu,0,; T (x) dependence with two plateaus, at 60 and
90 K, degenerates into a much sharper monotonic dependence
[1,2]. Thus, it can be assumed that in the case of deviation
from oxygen stoichiometry, the HoBa,Cu,O, compound
should be characterized by a much more disordered oxygen
superstructure in comparison with the YBa,Cu,O, .

Thus, we can conclude, that the external hydrostatic
pressure P ~ 5 kbar substantially intensifies the process of
the diffusion coalescence of oxygen clusters, i.e., causes the
growth of their average size. In turn, the increase in the size of
oxygen clusters leads to an increase in the number of negative
U-centers, the presence of which leads to the appearance
of a phase capable of generating paired carriers of electric
charge and, accordingly, characterized by a higher transition
temperature 7.
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The paper researches images in point gravitational lenses by analytical methods. For research, the concept of a remote source
and a remote image is introduced. It is shown that in the Schwarzschild gravitational lens, the remote source and its remote images
do not differ much from each other. The following theorem is formulated and proved: the remote image of the source, in an N-point
gravitational lens, asymptotically tends to its remote image in the Schwarzschild lens. It is shown that the images in a single-point
gravitational lens are inversion conjugate.

Analytical expressions are obtained for the description of images of a circular source in the Schwarzschild lens. On this basis, the
proposed classification of images of a circular source of small radius in a point lens.

Keywords: gravitational lenses; conjugate images; phases of images.

C.0. bpoHsa, A.T. KoTBuubkuin

B po60Ti 10Ky FOTECS 300paskeHHS B TOYKOBUX T'PaBITAIIITHUX JTIH3aX aHATI THYHIUMHU METOAaMU. [1J1s1 TOCITiIXKEHHS BBOIATHCS
MIOHSATTS BiJJAJICHOTO JpKepena i BimmaneHoro 3o0paxkenHs. ITokasano, mo B rpasiTamiiniil minsi lIBapomunbna, B KapTHHHIN
IUTOIIUHI, I1i 1Ba 00'€KTH MaJIO BiIPi3HAIOTHCS OMUH BiJ onHOTO. [loBeneHO TeopeMy: BinaaaeHe 300pakeHHs pKepena, B N-TOUKOBIl
rpaBiTaliiHIN JiH31, ACHMITOTHYHE MParHe J0 HOro BijgnaneHoro 300paxenHs B min3i LlBapummnbaa. [TokazaHo, mo 300pakeHHs B
OJIHOTOUKOBI TpaBiTaLliliHii iH31 iHBEPCIHHO CIPSDKEHI.

OTpuMaHi aHaJIITUYHI BHpa3H JUIs ONUCY 300paXkeHb KPyroBoro /pkepeda B stin3i LBapmmnsaa. Ha 1iif ocHOBI 3anpornoHoBaHo
kiacudikaito 300paxeHb KpyroBoro Jukepesia Majoro paiiycy.

Korouosi cioBa: rpasiTariiini 1iH3n, CIpspKeHi 300paskeHHs, (a3n 300pakeHsb.

C.0. bpoHnsa, A.T. KotBuukumin

B paGote nuccnemayrorcst H300pakeHHsI B TOYCUHBIX I'PABUTALMOHHBIX JIMH3aX aHAJUTHYSCKUMH MeTofaMu. [Jisi ucciieioBaHus
BBOJATCSI ITOHSTHE YAAJIEHHOTO HCTOYHUKA U YaJeHHOTo n300paxeHus. [lokazaHo, 4to B rpaBUTanioHHOI nuH3e lIBapimmnbaa, B
KapTHHHOM IIIOCKOCTH, 9T JiBa 00BEKTa MaJIo OTIIMYAIOTCS APYT OT Apyra. Jloka3aHa TeopeMa: ylaJeHHOE H300pakeHne HCTOUHHKA,
B N-TOYEUHON TPABUTAIMOHHOHN JIMH3E, aCHMIITOTUYECKH CTPEMHTCS K €ro yAaJdeHHOMY H3o0paskeHuro B juH3e llIBapmmmmbaa.
INoka3zano, 4T0 H300paXKeHNsI B OAHOTOYEUHON IPABUTALMOHHON JIMH3€ HHBEPCHOHHO COTPSKEHBI.

[Tomy4eHsl aHAMUTUYECKHUE BBIPAXKEHUS Ul OMMCAHMS M300paKCHUI KpyroBoro HCTo4HrKa B auH3e LlIBapumunsaa. Ha stoit
OCHOBE IpeUIOKEHa KilacCH(UKaLs U300paKEHUH KPYroBOr0 HCTOYHHKA MAJIOrO pauyca.

KoroueBnle ciioBa: rpaBUTallMOHHBIC JTMH3BI, CONPSDKEHHBIE H300pakeHNs, (a3bl N300paXKeHH.

Physical formulation of the problem
Let R’ and R’ be vector spaces. It is known, [1], [2], that V - point gravitational lens sets a unique ma
X Y P p g q p

L:(R}\A)—> R}, )

were A = {Z,. | i=12,...N } - set of radius - vectors Z point masses.

The mapping L is uniquely definitely a vector equation

S -1
y=X=2m s, 2

X -1,

where, for dimensionless point masses m, the ratio Z m; =1 is valid.
i
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We add the vector spaces R’, and R’, to affine ones.We will define orthonormal bases in them. For the unit of
rationing, we take the Einstein - Chvolson radius. The resulting affine spaces R’ and R’ are called the lens plane and the
source plane, respectively. For some researches, they are combined and called the picture plane [9,10].

The mapping L~ inverse to (1), in general, is multivalued.

L":R - (RV\A). (3)

It can, naturally, be continued from (Rf( \A) to all R’ (we will leave the same notation behind the continued
mapping), i.e.
L'":R; >R} . 4)
Some authors call mapping (4) as a lens mapping, see, for example, [3].
The mapping L can be written in the coordinate form :

=X _Zm‘ le—a[ B
! ! Py b (w=a) +(xy-h;)

, )

N
2 2 P ! (xlfai)er(xz*bi)z

were ¥ =(x,x), »=(»,72), I = (a;,5;), and m, normalized, dimensionless point masses satisfying the relation Zm,- =1.
A special case of the N — point gravitational lens is the Schwarzschild lens [3], [4], which is determined by the
condition N=1, a,=0, b, =0, and m=1.

xl
V=X 2
X, +X
1 2 . (6)
_ Xy
Vo =X 73 2
Xl +x2

The Asymptotic behaviour of the map L

One of the main tasks of the theory of gravitational lensing is the problem of constructing images from a given source
(direct problem).

In this paper, we assume that the S source is uniform and flat.

In topological terms, the source is:

- connected area;

- of course - connected area;

- the region boundary consists of a finite number of arcs of smooth curves [5, 6].

The source image, in topological terms, is also an area. In general, a source image consists of several connected components.

The diameter of the S source is called the diameter of the minimum circle to which it belongs, and the center of the source
S'is the center O, of this circle. We say that the source of S is small, if its diameter d_ is significantly less than the unit dg <<1
, and deleted (located far away) if the module |OS| of the radius-vector Oy is significantly greater than one, i.e. |(§s| >>1.
Similarly, we define the concept: the diameter and canter of the connected components of the image, and the remote image.

Occurs

Theorem 1. Let the source S and its images be viewed in the picture plane. If the source is small and deleted, then
its image has:

- remote component of connectivity S, such that |OSl | >0 5

- each point §,, with |OS| —> o0, tends to its image in S;

- restriction of the mapping L to §, is a bijection of S, to S.

First we prove the lemma

Lemma 2. The remote image of a remote point source in N-point gravitational lens tends to its remote image in the
Schwarzschild lens.

Proof. Let points (a,,b,) € Ry and & =4/x] +x; . Let § - 0. Where we have:

X

N
X —a; R
xl—Zmi P =X +0(5).
o1 X~ 20 xl +x2
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A similar relation holds for the right side of the second equation of system (5).
For system (5), with & — o, we have:

N

X,
X —a; — 1
=X — — =X —
N b4 " (=) +(x, )’ N ! 2 + 2
i=1 = xl x2 (10)
N
BEn Y m ey =
- i 2 2 2
2T G ma) +(nh) x4 x;

Thus, when the image is removed from the origin of coordinates in an N-point lens, it differs little from the images
in the Schwarzschild lens. But for the Schwarzschild lens, it is known that the points of the remote source are close to the
points of the remote component of the image.

Indeed, if y; +y; — o, then:

1 4 M
xX=—|y xy 1+ X = > (11)
2[y1 . yf+y§J 1 {0

thus, the abscissa S, tends to abscissa S. The same is true for ordinates.
The proof is complete.

Proof of Theorem 1
We show that the points of the S, (the remote component of the image of the source of the S in the Schwarzschild
lens) tend to their images, if |OS| —> o0 . For the Schwarzschild lens we have: \/(x1 ) (% =2) =1+ 22 =1/ In
addition, from |OS| — o = r — o, and therefore \/(xl ) +(x,-p,) =1/6 0.
The restriction of the mapping L to S, is a bijection of S, to S. Indeed, a point from S has two pre-images, one of

which belongs to the remote image S, and the second is in the unit circle. Considering the lemma, we have: the assertions
of Theorem 1 are true.

Images of a circular source in the Schwarzschild lens
It is known that each point source located not at the origin of coordinates has two points (further conjugate) images
in the Schwarzschild lens, one of which is in the unit circle and the other outside it.
Occurs
Theorem 2. 1f g, g, is the coordinates of one of the conjugate images in the Schwarzschild lens, then the coordinates
of the second image are —g, (g12+ el )71 —g, (g12+ o2 )71 )
Proof. Because

X
»n=y(x,x)=x— 2 2
xl +x2
b
X
_ _ 2
yz_yz(xlﬂxz)_xz_ﬁ
xl +x2

we directly verify that:

2 2° 2 2
xl+x2 xl+x2

X, X.
J/2(x1>x2)5y2[_ l 2 j

2 2° 2 2
Xl +x2 XI +X2

y1(x1>x2)5y1£_ al e J
, (12)

From (12) it follows: both images have the same prototype (source).
The theorem is proved.

Corollary of Theorem 2
Any small one connected source that does not contain the origin has two images in the Schwarzschild lens.
The points of these two images are conjugate and their coordinates satisfy Theorem 2.
We will call such images conjugated.

Let the source bea D, = D_(a) disk of radius ¢ with canter at point (a, 0) and its boundary 0D, is determined by
a parametric equation:
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=t
N . (13)
y, =% & - (1 _a)2
We substitute (13) into the system of equations (6), we have:
f=x ——
—MT 2 2
X, +X, (14)
+[2 2 _ Xy
e —(t-a) =x,——5—
X, + x5
We exclude ¢ from system (14) we get:
2
(xl2 +x5 —1) —2ax, (xl2 +x5 —1)+(612 -&)(x} +x3)=0. (15)
Let's move in the plane of the lens from the Cartesian x,, x, coordinates to the polar coordinates of the r,¢:
X, =rcos¢ (16)
X, =rsing
we have: R
(r2—1) —2a(r2—1)rcos¢+(az—52)r2 =0. (17)
We research the equation (15) and (17), for this we consider some special cases:
a)a=0;b) |a|=g;c) |a|<g;d) |a|>g.
Case a). From equation (18) (17) we get two solutions that have a physical meaning:
te+e’+4
H,=— (18)
' 2
From (17) we have: the image of the disk D_under the mapping L is the ring k .
The ring is formed by circles:
_\j82+4+8 . €2+4—€. (19)
1 2 H 2 2
The radii of the circles are reciprocal, i.e. r,=1/r,. 1ok i

The unit circle divides the ring into two rings. Rings
are conjugated. (see Fig.1.).
The ring has a thickness of d = ¢, really:

\/82+4+€_\/€2+4—8 i

=£.(20
2 2 £-20

The middle line of a k&, ring is a circle of radius

Jei+4 .

y=—-

2

The area of the ring &_is equal to:

S =reNe +4. 21

d=r-n=

Case b). 1ol
If |a| =& = a==x¢ . Consider the case of a = ¢. i L

We substitute a = ¢ into (15). We have: the equation is

-1.0 -5 ]

1.2

divided into two:

1

(xl2 +x; —l—2gx1)[1——2
X, + X5

jzo. (22)

42

Fig.1. The boundary of the ring £, is defined by circles
with radii of 7, ,. The ring k_is an image of the D_ disk.
The radius ¢ of the D_disk is equal to 0,2 from the radius
of Einstein - Chvolson.

BicHuk XHY, cepis «®isukay, sun. 29, 2018



S.D. Bronza, A.T. Kotvytskiy

From equation (22) we get two solutions:

X +x =1, (23) M

(x, —5)2 +x§ =1+&° (24) o3t IT

Equations (23) and (24) are equations of circles.

Therefore, the image of the D, disk, when displaying .o
L, will be two circular wells 7 and 1.

The wells are formed by circles (23,24), are conjugate.

Circles intersect at points 4, (0,1) and 4, (0,-1). s

The thickness of the left well is h=1+¢- NIFEW
The thickness of the right well is A, =& ++1+ g —1.

1
7[ L 1 1 1
S, = E"“ J. (5 —Jl+e’-x; )dxz = “10 Y 0.0 05 10
-1 .

(25)
yin 5 Fig.2. Thesourceradiusis e=0, 2 ofthe Einstein-Chvolson
B 3+g_(1+ & )arccige radius. The area of the left well is S, =S, , -5, the
The area of the left well is: area of the right well S, = SII,III,IV =Sy =Sy

1
S, :7[(1+€2)+J‘(8—«/1+82—x22 )dx2 —7—2T
-1 .

(26)
T 2 2
=5+7rg +e—(1+¢&)arcctge
The area of the right hole is equal to:
S=8+8,=n+ne’ +2¢-2(1+&%)-arctge - 27

Similarly, we consider the case of a = -¢.

Due to the obvious symmetry, the sum of the S - areas of the wells and in this case can be calculated by the formula
27).

Case ¢) |a| <Eg.

The value of the polar radius » =2 0.

From equation (17) we get:

r =%((acos¢i\/£2 —a’sin’ ¢)+\/(acos¢i\/£2 —a’sin’ ¢)2 +4J- (28)

If a < &, then the curve (28):

- consists of two ovals (closed Jordan curves) that are not circles;

- ovals are one in another;

- ovals are the boundary of a doubly connected domain homeomorphic to a ring.
Inner oval:

2
r :%(acosqo—\/gz —a’sin’ @ +\/(GCOS¢—\/82 —-a’ sin2¢) +4]. (29)

Outside oval:

1 : [ sinto)
rz=E(acos¢)+\/gz—a2s1n2q0+\/(aCOS(/)Jr 82—a251n2‘/’) +4]- (30)
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The area of a two connected region homeomorphic to a ring is:

127z 5 127r 5 1271' , 5 1271
S=8,-5, =5£rz dco—glfa d(p=5£(rz -7 )d¢=5£(rz—n)(rz+n)d¢, G1)

where

(=), + 1) = 2acos pye> —a’ sin’ p +
+%(m+acosgp)\/a2 Cosz¢+52+2acos¢m+4+.

(32)

+%(\/52 —a’sin’ ¢ —acos go)\/a2 cos20+¢&° —2acospye’ —a’sin® ¢ +4

The two connected regions are symmetric about the polar axis. The function under the integral sign is even and 2z is
periodic. For the area of the area we have:

(r,=r)(n+r)de-

The integral (31) is an elliptic integral.

Comment. Expression (31) with a value of a = 0 reduces to equation (21).
Case d). ‘a‘ >¢. If a > ¢, then the curve:

- consists of two ovals (closed Jordan curves) that are not circles;
- ovals are one outside the other;

- each oval is the boundary of one connected region of a homeomorphic disk.

The functions 7 =7 (@) and r, = r,(¢) are defined if £* —a’sin* @ 2 0.
Where do we get:

—arcsin > < < aresin = and 7 — arcsin->- < p<m+ arcsin o - (33)
g g g

al

The ovals in the right and left half-planes are determined by equation (28) under condition (33).
If a >0, we have.

. & . &
The far arc of the right oval is determined by expression (30) and the condition ~ arcsmz < ¢ <arcsin—

. & . &

The near arc of the right oval is determined by expression (29) and the condition —2r¢S1l ; < ¢ <arcsin ;

The far arc of the left oval (the arc is conjugated with the far arc of the right oval) is determined by expression (30)
and the condition 77 — arcsin < < ¢ < 7 +arcsin z

a a
The near arc of the left oval (the arc is conjugated with the near arc of the right oval) is determined by expression
.. . & . &
(29) and the condition 7 —arcsin — < ¢ < 7 + arcsin—.
a a

The right oval limits one connected area. The square of this area is equal to:

1 ”*afCSi"; | /z+arcsin; : : | :
S=8,-8=5 [ wdp—o | rdp=g | (7-mdp=g [ (=) +n)de.

. &
JT—arcsimn—
a

. & . &
+arcsin— m+arcsin—

m—arcsin— 7-arcsin’ r—arcsin®
where the integrand is defined by equation (32).

Similarly, we can calculate the area of a region that is bounded by the left oval.
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Classification of circular source images in 1-point gravitational lens

Assume without loss of generality, that the circular source center is on abscissa and source radius is small. For
images of circular source in 1-point gravitational lens, we have classification

Theorem 3. Images of circular source in 1-point gravitational lens belong to only one of the following sets (we call
set as phase, we show circular source and images of circular source on the picture plane)

- phase «-7» of intersection with image on the left (center of circular image is on abscissa far left of the origin of the
coordinate system, circular image intersects with its left image);

- phase «-6» of touching with image on the left (center of circular source is on abscissa far left of the origin, circular
source touches its left image);

- phase «-5» of 1-connected convex images (center of circular source is on abscissa on the left of the origin of the
coordinate system, circular source has two 1-connected images, source is located between them and does not intersect
them, each image is convex)

- phase «-4» of 1-connected special transition images (center of circular source is left of the origin on abscissa,
circular source has two 1-connected images, source is located between them and does not intersect them, each image
become nonconvex);

- phase «-3» of 1-connected nonconvex images (center of circular source is left of the origin on abscissa, circular
source has two 1-connected images, source is located between them and does not intersect them, each image is nonconvex);

- phase «-2» circular alveolus (center of circular source is left of the origin on abscissa, touches origin, circular source
has two 1-connected images, that is circular alveolus, that is formed by two circles, source is located inside circles);

- phase «-1» «left Einstein ring» (center of circular source is left of the origin on abscissa, the origin belongs to the
circular source, image of circular source is 2-connected region, region boundary is disjoint closed Jordan arc, source is
located inside 2-connected region);

- phase «0» «Einstein ring» (center of circular source is at the origin, image of circular source is a circle that is
formed by two coaxial circles with centers at the origin);

- phase «1» «right Einstein ring» (symmetrical image of phase «-1» relative to ordinate axes );

- phase «2» (symmetrical image of phase «-2» relative to ordinate axes );

- phase «3» (symmetrical image of phase «-3» relative to ordinate axes );

- phase «4» (symmetrical image of phase «-4» relative to ordinate axes );

- phase «5» (symmetrical image of phase «-5» relative to ordinate axes );

- phase «6» (symmetrical image of phase «-6» relative to ordinate axes );

- phase «7» (symmetrical image of phase «-7» relative to ordinate axes );

We illustrate Theorem 3 in Fig.3 in appendix.

Remark. Each phase is totally defined by values of two parameters: coordinates of circular source center (a,0) and
its radius ¢.

Parameters defines phases as follows: phase «7»: g4« 5_L Fig.3.n; phase «-6»: 4 = g_L Fig.3.I; phase

1 2¢ 2¢e
«S5»: € —2— <a<-1+¢& Fig3.j; phase «-4»: a =—1+¢& Fig.3.h; phase «-3»: —1+¢& <a <—& Fig.3.f; phase «-2»:
&

a=-¢ Fig.3.d; phase «-1»: —€ <a <0 Fig.3.b; phase «0»: @ =0 Fig.3.a; phase «I1»: 0<a <& Fig3.c; phase

«2»: a =& Fig3.e; phase «3»: € <a <l—¢ Fig3.g; phase «d»: @ =1—& Fig3.i; phase «5»: l—g<a< 2L—8
&

1 1
Fig.3.k; phase «6»: @ = ——& Fig.3.m; phase «7»: d > — — & Fig.3.0.
2¢e 2¢

Corollary. The phase classification in Theorem 3 is linear; it contains 15 phases including 7 point and 8 interval
phases. Classification is symmetrical relative central phase — Einstein ring. Each phase is totally defined by values of two

parameters: coordinates of circular source center (a,0) and its radius ¢, they are invariants.
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Appendix

Fig.3.d. Phase «-2» a =—¢. Fig.3.e. Phase 2» a=¢.
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T Yy Y

1 1
Fig.3,j. Phase «-5» & — b <a<-l+eg¢. Fig.3.k. Phase «5» 1—&<a< Py £.
& &
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1 1
Fig.3.1. Phase «-6» d =& ———. Fig.3.m. Phase «6» 4 = ——¢& .
2¢ 2¢

1 . 1
Fig.3.n. Phase «-7» a<&——. Fig.3.0. Phase «7» a >——¢.
2¢& 2¢

The source is presented in the form of a yellow disc. Images are presented as white areas. The dashed circle is the
Einstein ring.
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the teaching of physics and astronomy in modern conditions and the role of fundamental discoveries in shaping the formation of the

schoolchildren views.

Keywords: physics, innovative methods, training of physics and astronomy.
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VY crarri 0OroBOpIOEThCS HOBA Iporpama MiABUINCHHS KBauidikarii BuuTeniB (i3uky Ta acTpoHOMii B XapKiBCHKOMY
HalioHanmbHOMY YHiBepcuteTi iMeHi B. H. Kapasina. OcHOBHY yBary NpHIiJICHO 3MICTy 1 OCOONHMBOCTSM «IpodeciitHOl OIOKY».
3BepTaeThes yBara Ha 0COONMBOCTI BUKIIAZaHHS (i3UKH Ta aCTPOHOMII B Cy4aCHHX yMOBax 1 ponib (yHIaMEHTaIbHUX BIKPUTTIB Ha

(bopMyBaHHs HAYKOBOT'O CBITOINISITY Y IIKOJISIPIB.

KirouoBi ciioBa: ¢i3uka, iHHOBAIlIiiHI METOMKH, i ITOTOBKA BUCTIIIIB (Hi3UKH Ta aCTPOHOMI.
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B crarbe oOcyskmaeTcst HOBas MpOrpaMMa IOBBINICHHS KBANTU(UKAINUK yduTeneidl (pU3MKH M acCTPOHOMUH B XapbKOBCKOM

HAIlMOHAJbHOM yHHBepcuTere wuMmeHun B.H. Kapasuna.

OCHOBHOE BHHMAaHHE YAEJICHO CONCP)KAHHIO M OCOOCHHOCTSIM

«mpodeccnonanbHoro O1oka». OOpaiaercs BHUMaHHEe Ha OCOOCHHOCTH IpEIoJaBaHusl (pU3MKH U aCTPOHOMUHM B COBPEMEHHBIX
YCIIOBHSIX ¥ POJIb (DyHJAMEHTAIBHBIX OTKPBITHH HA (JOPMUpOBaHNE HAYYHOTO MUPOBO33PEHHS Y IIIKOJILHHKOB.
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Achievement of physics as a science is mainly
determined by the substantial character of the world’s
scientific picture. It presupposes the important role of physics
in the programs of all educational institutions, starting from
general schools and finishing with the classic universities.
The reconstruction of Ukrainian education system, reflected
in the new laws ("About higher education", "About
education", etc) requires making changes both in the current
content of an academic program and teaching methodology.
Despite the appearance of the distant form of studying,
internet-lectures of well-known specialists, development
of interactive centers of science popularization (like the
Kharkiv "Landau-center") and, even educational animated
films, the digestion of this key discipline, as physics, without
the school and skilled teacher is not possible.

Since 2017 we started courses of in-plant training of
the regular school teachers on the physical department.
They provide the complete middle school course, named
"Physics and astronomy" [1]. The professional block of the
program was developed by the authors of this article in order

to help the teacher in his everyday work (modernization
of materials presentation, resolving challenging tasks,
preparation for final school exams, making research in
the laboratory), and help teachers to familiarize with
modern physical tendencies, views, paradigms. In fact,
the school physics course, unfortunately, uses a hundred-
year-old material. The Department of Physics of the
Karazin Kharkiv National University is one of the top three
Ukrainian universities, that is why it has the opportunity
to help teachers, and their students as well, to enlarge and
deepen the knowledge of modern physics and astronomy.

The professional block of the program consists of four
parts:

1. Innovational tools, methods, and forms of studying
physics and astronomy at schools.

2. The combination of old and modern views and
teaching methods in the physical and astronomy.

3. New directions in modern physics and astronomy.

4. Presentations and grants like a help to the teacher.

© Makarovsky M. O., Savchenko O. M., Zakhozhay V. A., Tertyshna M.V., 2018



Innovative approach to teacher development physics and astronomy

This part of the program for training of teachers is
the most interesting. Let us have a look at it through some
examples. Innovative methodologies of an educational
process, that provide brief transfer to the complete studying
from the detailed one and have a very important role in
teachers training. The new competent approach presupposes
providing the rich in content lines.

It is not secret, that nowadays pupils cannot imagine
the world, without computers, smartphones, the internet,
etc. That is why a teacher why does not use the modern
computer methodologies during the lessons of physics
hardly will be considered as an authoritative and clever
person among schoolchildren. It not enough to use
presentations or visual effects or even popular scientific
films during the lessons. Those pictures can be easily found
by everyone on the Internet and they will be followed by
professional or non-professional explanations. Instead ofit,
it is much better to recommend the teachers of physics and
astronomy to use the controlled computer animation during
lessons.

For example, let us have a look at the computer model
of the Solar system that demonstrates the planet motion
and orbits as well as asteroids around the Sun. This motion
is easily observed on a monitor and, as we all know, it
is determined by the gravitation law. It can be easily
changed by gravitational constant, that depends on gravity
and distance between objects, and you will see the real
destruction of the Solar system: orbits will change, planets
will fall on a Sun or fly out from the Solar system. The
main point here is that a student sees this animation with
his or her own eyes, that physical laws or parameters really
do not only determine the picture of the Universe, but also
determine various physical phenomena around us. There is
similar animation is also Bohr model.

In this case, it is possible to change the dependence
of force according to the Coulomb’s law on the distance
between the atom’s kernel and an electron that moves on an
orbit around kernels or size of charge of the electron. Those
amendments cause the substantial change of electron’s orbit
radius and even to the destruction of an atom that causes
the destruction of the whole substance. It is important to
add, that the nuclear model of the atom, invented E. by
Reserpilum, was built on the basis of analysis of planetary
motion around the Sun. It gives an opportunity to show the
historical development of physics in evidence. The one
can easily see the examples of a direct connection between
physics, astronomy, materials science etc. The pupil’s
consciousness is built this way and their particular and key
competencies.

The organization of teaching in the middle school has
its own peculiarities. It is important to combine the views
about the basic researches directions together with the
nature of celestial objects, the Universe model, its origin
and evolution, and the role of astronomy in the problem
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distribution of life outside Earth exploring. The example of
that teaching approach can be found in the corresponding
textbook written by one of the coauthors [4].

What approach should the teacher choose for getting
the best results? First of all, it is important to make the
science interesting through the process organization. The
material must be supported by modern multimedia facilities,
use of planetariums [5] where it is possible, by the use of
animations, and discussions, based on scientific and fantastic
films, that has physical and astronomical aims. Together
with lecture exposition, it is necessary to use physical and
astronomic tasks, based on a mathematical school program.
It is necessary for students to feel their potential in resolving
independent scientific and theoretical researches, for
example, as a part of the Junior Academy of Sciences.

One of the most important aims of the advanced
training, according to the authors’ point of view, is also in,
the extension of the professional teachers’ horizons to grow
out of the school program and be available to familiarize
their listeners with some new directions of modern physics
and astronomy. Everybody understands that school lessons
are limited in time, thus it is not possible to grasp impossible.
Thus, it is better to concentrate on the aspects in modern
physics as well as astrophysics that is fundamental both in
theoretical physics and in experimental, as well technical
one and used in space researches, but very limited by the
school program, or not included in it.

The professional part of the program also includes
lectures with astrophysical achievements, the views on the
nonlinear paradigm of the world, the basic stages and origin
of physics of fractals, quantum-mechanical approach on the
substance structure. The astrophysical achievements of the
latest decades are connected with to the results, combined
with large (with apertures about 10 m) earth and on orbital
telescopes with the receivers, operating in all spectrum
of Hertzian waves. The financing of those astronomical
researches can be only compared to the sums that are paid
in nuclear physics.

The results were not long in coming. The new class of
space bodies - substars (what by the way were envisaged
in the Kharkiv University [8]) was explored; acceleration
of Universe’s expansion, that is explained by the action of
Repulsion law; gravity waves; the planets that, were found
around the stars and called extrasolar planets. This list is
not finished.

The modern teacher of physics should know the
scientificterminology, thatis used nowadays ("bifurcations",
"fractals", "quasiparticles", "dark matter", etc), and it is
constantly renovated, and specifications. As an example
can be a "cosmography" term, that is now understood in
a new way if to compare with XIX century, when it was
used to name the whole astronomy. Now the cosmography
in educational and scientific literature is a part of the star
astronomy that studies the structure of Metagalaxy [9, 10].
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The new direction of research of named
"Cosmophysics" appeared, that studies the basis of micro
and macrocosm, their fundamental bond, that is shown
through effects, studied in nuclear physics, astrophysics
and cosmology. The unique possibility for the listeners
of qualification upgrade courses are the lessons in an
astronomical observatory. Teacher directly meets with the
wide variety of telescopes (independence to that, what
range of waves they are working with), with their work
and the usage of them in different constructions - refractors
and reflectors. The extra attention is paid to their usage in
astrophysical researches, The exploration of the Sun (with
a coelostat used), detection of relict and space gamma-
radiation, gravitational waves etc.

During the qualification upgrade, the teachers visit
the Museum of Astronomy (containing the history of
Astronomic School of the Karazin Kharkiv National
University from its foundation till current day and its
place in Ukraine and abroad), Museum of nature, Landau
Center. The final chapter of professional block covers
the possibilities of teacher’s participation in international
cooperation with other scientists. It means getting of
educational grants, that make possible the experience
interchange, have an internship, participate in researches
and conferences, both on the territory of Ukraine and
abroad.
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Electrical properties of double lead molybdate Pb,MoO; single crystal were studied in AC field (f=1 kHz) after irradiation with
UV light (290 K). It was found that UV irradiation caused appearance of maximums on permittivity ¢ and conductivity ¢ temperature
dependences, which were observed around 530 K. The anomalies of ¢ and ¢ vanished after annealing at 700 K and could be restored by
subsequent UV irradiation performed at room temperature. The magnitude of ¢ and o peaks increased for higher exposition time. Above
600 K conductivity o was practically independent on irradiation. It is proposed that photoelectrons induced by UV light, are trapped by
Mo located within the oxygen tetrahedrons with vacancy VO in one of the vertexes. The dipole moments of (MoO,)" groups reorient at
VO hopping through the tetrahedron vertexes. Annealing at 700 K thermally decomposes (MoO,)” complexes. For 7> 600 K behavior
of ¢(7T) is determined by conduction currents and nearly insensitive to UV irradiation. At high temperatures the photoelectrons do not
contribute to conductivity since they are bound in (MoO,)" centers, recombine with holes or re-captured by more deep traps.

Keywords: dielectric relaxation and loss, UV light irradiation, double lead molybdate crystal.

.M. BonHsHebka, M.T1. Tpy6iuvH, .M. BonHsaHcbkui, [1.C. boHaap, T.B. Leeub

Enexrpuyni BIaCTMBOCTI MOHOKPHCTAJIB MOABIHHOrO Momionary ceuHiio Pb,MoO, Busyanucs B 3minnomy noii (f=1 xI'm) micys
onpoMiHeHHs ynbTpadioneroBnm citioM (290 K). Bussneno, mo Y® onpomiHeHHs IPU3BOIHUTH [0 TIOSBI MAKCHMYMIB Ha TEMIIEPATyPHUX
3aJICKHOCTSIX JICIEKTPHYHOI IPOHUKHOCTI € 1 MPOBIIHOCTI 0, sIKi criocTepiratoTbes moonmsy 530 K. AHomatii ¢ i ¢ 3HUKAIOTh MiciIs BiATamy
npu 700 K i MoxxyTs OyTH BifHOBIIEHI HacTYmHHM YO ormpoMiHEHHSM, SIKUH MPOBOJMBCS MPH KIMHATHIN Temreparypi. Bemmanan mikiB
€ 1 o 30UIBIIYIOTHCS ISt OUTBIN TpUBaNUX YaciB excriozunii. Bume 600 K mpoBinHICTE ¢ MPaKTHYHO HE 3aJICKHUThH Bijl ONPOMIHIOBaHHSI.
[NependavaeTses, 1m0 (HOTOCNEKTPOHH, iHIyKOoBaHI YO CBITIIOM, 3aXOILTIOIOTECS MO, 110 3HAXOAATHCS B KUCHEBUX TETPAEAPaX 3 BAaKaHCIEI0
VO B onniii 3 Bepurus. Jlunonsri MoMenTu (MoO,)” rpyn niepeopienTyroThest pu cTprdkax VO 1o sepiunnax Terpaezpa. Bimman npu 700
K npusBoauTs 110 TepMiunoro pyitHysanHs (MoO,)” komiuiekcis. [Ipu 7> 600 K noseninka o(7) BU3HA4a€ThCS CTPyMaMH HPOBiAHOCTI i €
Maibke HedyTIMBoro 10 YO-onpominensst. [1py BUCOKHX TemriepaTypax (OTOCNEKTPOH! He JAI0Th BKJIAy B IPOBIHICTh, OCKUIBKHA BOHH
noB'szani B (MoO,)” 1ieHTpax, pekoMOiHYIOTh 3 Jlipkamu a00 IIOBTOPHO 3aXOILTIOIOTHCS OLIBIN IIMOOKAMH MAaCTKAMH.

KutrouoBi ciioBa: nienexkTpuyHi pesakcanis i BTpaTh, onpoMiHeHHs! Y® CBITJIOM, KpHCTaIX MOABIHHOTO MONIOATy CBUHLIO.

.M. BonHsaHckasn, M.I1. TpyouuuH, .M. BonHaHckuia, [1.C. BoHgaps, T.B. LseL

DJeKTpHYeCcKre CBOWCTBa MOHOKPUCTAJIIOB TBOWHOTO MOJUOIaTa CBUHIIA Pb2M005 H3ydalluch B mepeMeHHoM mone (f=1 k['m)
nocine obmydeHnst ynsrpaduonetoBsiM cBetoM (290 K). O6napyxeno, uro YO obiydeHrne NPUBOIUT K MOSBICHUIO MaKCHMYMOB
Ha TEMIIEPaTypHBIX 3aBHCHMOCTSX AMAIEKTPHUSCKON MPOHUIAEMOCTH € U IMPOBOAMMOCTHU 0, KOTOpBIC HaOmromarorcst BOim3u 530
K. AHoManuu ¢ u ¢ ucuesarot nocie omkura npu 700 K u Moryt ObITh BOCCTaHOBJICHBI HOCIEAYOIUM YD 00IydeHueM, KOTopoe
MIPOBOJMIIOCH TIPH KOMHATHOM TeMIepaType. BelnnunHbl HKOB € M ¢ yBEIMYUBAIOTCS JUIsl OoJiee JUTMTEIbHBIX BPEMEH YKCIIO3HIHH.
Beriie 600 K mpoBoauMocTh ¢ MPaKTUYECKU HE 3aBUCUT OT oOnyueHus. [Ipeanosnaraercs, 4to (poToMEKTPOHBI, HHAYIIHPOBaHHbIC YD
CBETOM, 3aXBaThIBAIOTCSI MO, HAXOAALIMMUCS B KUCJIIOPOAHBIX TeTpadapax ¢ BakaHcuedl VO B ofHON U3 BepIIuH. /IUM0IbHbIE MOMEHTHI
(MoO,)” rpynn nepeopueHTHpPYIOTCs TpH Tpbikkax VO no sepmmnam tetpasapa. Omxur mpu 700 K IpUBOAMT K TEPMHUYECKOMY
paspymennto (MoO,)” kommiekcos. ITpu 7> 600 K nosenenne o(7T) onpeenseTcs TOKaMu IPOBOJAMMOCTH M IIOYTH HETYBCTBUTEIBHO
Kk Y@-ob6myuenuro. IIpu BEICOKMX TeMmepaTypax (OTONIEKTPOHBI HE BHOCAT BKJIAJa B NMPOBOJMMOCTD, IOCKOJIBKY OHU CBS3aHBI B
(MoO,)” uenTpax, peKOMOMHUPYIOT C IBIPKAMH HJIM MTOBTOPHO 3aXBaThIBAIOTCSA 00JIee ITyOOKHMH JIOBYIIKAMH.

KunroueBble ciioBa: AUdIEKTPHUECKHE PETAKCALHS U TTOTEpH, 00mydenne YO cBeTOM, KPUCTAIIIBI ABOMHOTO MOIHOJaTa CBUHIIA.
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1. P. Volnyanskaya, M. P. Trubitsyn, D. M. Volnyanskii, D. S. Bondar, T. V. Shvets

Introduction

Because of monoclinic structure, double lead
molybdate Pb,MoO, crystal is optically biaxial and
considered as the perspective material for applications in
acousto-optic devices [1, 2]. Nevertheless, light yellow
coloration and low optical strength hinder its commercial
usage. Obviously, that these shortcomings are caused
by the structural defects. Accounting high volatility
of molybdenum and lead oxides, certain Mo and Pb
deficiency can be expected in as-grown crystals. Cationic
deficiency causes corresponding Schottky type disorder in
oxygen sub-lattice. Acting as the traps for electrons and/or
holes, the vacancies of the host ions can create the states
within bandgap that modifies optical properties and leads to
coloration and photochromism. Growing the crystals with
certain non-stoichiometry and doping with heterovalent
impurities can be the effective ways to reduce the content of
undesirable defects. The information on the local structure
of the defects, which degrade optical properties of Pb,MoO,,
is of great importance.

Up to now there are only a very few works devoted
to investigations of optical [2], acoustic [3], and dielectric
[4] properties of Pb,MoO, crystal as well as studying
electronic structure and EPR [5,6]. In particular, slow
dielectric relaxation was observed in as-grown crystal [4].
It was shown that after heating up to 600-700 K, ¢ anomaly
disappeared. Temperature-frequency dependencies of ¢
demonstrated behavior quite different from usual Debye-
like relaxation. Namely, with increasing frequency of
measuring field, ¢(7) peaks decreased in amplitude but
almost did not shift by temperature. Such behavior gave
evidence that in the temperature range of ¢ anomaly, the
dipole defects contributing to dielectric relaxation were not
stable and their thermal decomposition became noticeable.

Slow dielectric relaxation, observed in [4], could be
associated with certain dipole complexes involving ionic
and electronic defects. In order to examine the nature of
the dipole defects, in this paper we study permittivity & and
conductivity o of the Pb,MoO, crystals subjected previously
to UV irradiation.

Experimental results

The Pb,MoO, single crystals were grown from the
melts by Czochralsky method, the information on the
technology can be found in [7]. The samples for ¢ and o
measurements were prepared as the plane-parallel plates
with the main surfaces (010) coated with Pt electrodes.
Permittivity ¢ and conductivity ¢ were measured in AC
field (f=1 kHz) by bridge method. Temperature of the
samples was varied in the interval 290-700 K. Before each
measuring cycle the short-circuited samples were annealed
for 30 min at 700 K in order to eliminate & relaxation
observed in [4]. After annealing the samples were cooled
to room temperature and through the end faces irradiated
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with UV light of mercury ball lamp during the certain time
which was varied up to 60 min. Then ¢ and ¢ were measured
on heating run, performed with the rate 8 K/min. After that
the samples were kept at 700 K (30 min), cooled to room
temperature, irradiated for chosen time and the measuring
cycle was repeated.

Fig.1 shows the dependencies &(7) and o(1/T) for
Pb,MoO, sample irradiated at room temperature. One can
see that irradiation causes appearance of &(7) maximum
which magnitude increases for longer times of exposure
(Fig.1a). Fig.1b shows the temperature dependences
of conductivity ¢ plotted in Arrhenius scale. The broad
maximums, observed for irradiated crystals around 530 K,
are caused by dielectric losses accompanying € relaxation
(Fig.1a). At higher temperatures the dependences o(1/7)
are nearly linearized and almost independent on the time
and the doze of UV irradiation.
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UV irradiation effect on the electrical properties of Pb,M O single crystal

The detected dielectric anomalies (Fig.1a) indicate that
UV irradiation induces defects with electric dipole moment
in the Pb,MoO; structure. Maximums of ¢ and ¢ disappear
after annealing at 700 K, which preceded each measuring
cycle. Thus, the dipole defects are thermally destroyed after
annealing and can be recovered by subsequent irradiation
at room temperature. Dielectric losses, accompanying
reorientations of the defects dipoles, give rise to maximums
in a(1/T) dependences (Fig.1b). At higher temperatures ¢
behavior is practically independent on UV irradiation
exposure time since conduction currents become the
main process. Nevertheless, some slight decrease of ¢ for
the samples irradiated for longer exposure times can be
mentioned.

Discussion

The crystal structure of Pb,MoO, belongs to C,,* space
symmetry group [8, 9]. The unit cell includes four formula
units Z=4 and has the parameters a=14.206 A, b=5.759
A, ¢=7.284 A with the monoclinic angle f=114.29° in the
setting b||[010]||C,. Molybdenum with four oxygen atoms
01, 02,02, 03 form MoO, tetrahedra. Lead atoms occupy
two inequivalent sites Pb, and Pb,. The Pb,MoO, unit cell
contains additional oxygen atom O4, which is surrounded
by tetrahedron of four lead atoms. O4 atoms occupy specific
positions and form the rows along symmetry axis C,|[b.

Discussing the nature of the dipole defects,
induced by UV irradiation, one can make certain
assumptions based on the recent results presented in
[10]. The photoinduced defects were studied by EPR and
photoluminescence methods in PbMoO, crystal which
is another representative of PbO-MoO, system. Besides
that, it is useful to account information on various types
of photoinduced defects arising in lead tungstate PbWO,
crystal [11-13]. As it was noted in [10], EPR spectra of
the light induced defects in PbMoO, and PbWO, were
similar and characterized by very close spin- Hamiltonian
parameters. Thus, the models of the photoinduced defects,
proposed for PbWO, [11-13], with certain remarks can be
used for PbMoO,. In particular, it was shown [10], that
irradiation of PbMoO, (4/=420 nm) at low temperatures
(35K) induced photoelectrons trapped by regular Mo ions: e
+(Mo0,)* — (MoO,)”. Such polaron centers are relatively
shallow (the depth was estimated as £=0.05 eV below the
conduction band bottom) and exist up to 40-50 K. At higher
temperatures the (MoO,)* centers are thermally destroyed
that was manifested by disappearance of the EPR spectrum
and thermally stimulated luminescence glow. Some part
of released photoelectrons recombine with holes and the
rest are captured by deeper traps. The latter are formed by
oxygen vacancy ¥, and neighboring lead ion capturing an
electron: ¥, — Pb™. These F centers are thermally stable
up to 180-190 K (£=0.55 V) and decompose on further
heating. The most stable photoinduced centers can exist up
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to room temperature and even above (£=0.9 eV). Accurate
studying the EPR spectra anisotropy showed that such
centers are formed by W(Mo) — O tetrahedrons distorted by
V., and stabilized by the unidentified defect in neighboring
Pb site: (W(Mo)O,)” — 4,,.

Accounting the results in [10-13], one can suppose
that the dipole defects, induced by UV light and giving rise
to the maximums of ¢ and o (Fig.la, b), can be attributed
to photoelectrons captured by molybdenum atoms within
tetrahedrons distorted by oxygen vacancy (MoO,)". Quite
possibly, such complexes can be stabilized by additional
defect in the next coordination spheres similarly to the
defects observed by EPR in PbWO,. Excess negative
charge of molybdenum capturing photoelectron, and
excess positive charge introduced by V,, produce electric
dipole moments of the distorted (MoO,)" tetrahedra. Due to
thermal activation ¥V, can hop through the vertexes of the
(MoO,)” complex. Such hopping results in reorientation of
the (MoO,)” group electric dipole moment and contributes
to permittivity and conductivity anomalies shown in Fig.la,
b. It should be noted that apart from molybdenums, lead
atoms represent probable traps for photoelectrons. In such
case one can expect appearance of F* centers consisting
of photoelectron trapped by lead with neighboring oxygen
vacancy: Pb* — V. For these centers dipole moment can
reorient through motion of the photoelectron between
structurally equivalent lead sites.

Fig.1b shows that magnitude of ¢ maximums around
530 K increases for longer times of exposure. That reflects
growth of dielectric losses and confirms that photoelectrons
participate in formation of the photoinduced dipole centers.
Above 600 K o(1/T) dependences are nearly independent
on the time of UV light irradiation. One can conclude that
the photoelectrons do not contribute to charge transfer
because they are bound in dipole complexes (presumably
(MoO,)” centers), recombine with holes or get captured by
more deep traps.

The assumptions given above can be confirmed by the
following experiments. Fig.1 shows that the magnitudes of &
and o maximums depend on the time of UV irradiation. The
latter determines the dose of UV irradiation and the number
of excited photoelectrons. Besides that, the magnitude of ¢
and ¢ anomalies should depend on the content of another
oppositely charged defects which form the photoinduced
dipole centers. Hence annealing the Pb,MoO, crystals at
different temperatures and in various atmospheres (air,
argon, vacuum) should verify the assumed role of oxygen
vacancies in formation of the photoinduced dipole centers.
Of course, the most direct information can be obtained by
using EPR spectroscopy. Study of EPR spectra anisotropy
can give most direct information on the local structure of
the photoinduced dipole centers in Pb,MoO, crystal. Such
experiment is now in progress.
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Conclusions

Dielectric permittivity and electrical conductivity were
studied in Pb,MoO, single crystals irradiated with UV light
at room temperature. It is shown that UV irradiation causes
appearance of ¢(7) and o(7) anomalies around 530 K (AC
field frequency f=1 kHz). This fact demonstrates that the
photoelectrons induced by irradiation, participate in formation
of the dipole centers contributing to & and ¢ maximums.
Isothermal treating at 700 K results in thermal disassociation
of the dipole defects. The local structure of the photoinduced
dipole defects is discussed on the basis of the available data.
It is proposed that dielectric relaxation in Pb,MoO;, crystals
irradiated with UV light is determined by (MoO,)” complexes.
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In January 2018, during the celebration of the anniversary of the foundation of Kharkiv University, Physics between
the chair works began at the Physics Faculty. The decision of the Academic Council of the Physical Faculty was appointed
by the head of the seminar prof. Shklovsky Valery Aleksandrovich and the secretary of the seminar assistant professor.
Savchenko Olena Maksimovna.

The purpose of the seminar is to inform colleagues about the research results, current scientific publications, recent
achievements in physics; discussing the prospects for joint research, strengthening the interaction between the theoretical
and experimental links of the faculty, and the possibilities of more efficient use of experimental equipment.

Frequency of seminars - 1 time per month, total duration of the event is 60 minutes.

The audience - employees, graduate students, students.

Colleagues from other universities and research institutes are invited to report.

Please send applications to the report at olena.m.savchenko@gmail.com. In the application it is necessary to specify
the regalia of the speaker, the place of work, the contact phone number, the title of the report, the desired date. Reports
are accompanied by a computer presentation. Simultaneously with the application, the speaker must submit abstracts
(abstract) in English for publication in the journal "The Bulletin of Kharkiv National University named after VN Karazin."
Physics series ".

Below are abstracts of reports ...7
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Microwave-stimulated superconductivity in the vortex state

V. M. Bevz, R. V. Vovk, V. A. Shklovskij, A.l. Bezuglyj, O.V. Dobrovolskiy

V.N. Karazin Kharkov National University, Svoboda Sq. 4, Kharkov, Ukraine, 61022
dobrovolskiy@physik.uni-frankfurt.de

In the mixed state of type-II superconductors penetrated by an external magnetic field in the form of a lattice of
Abrikosov vortices, the dc resistance is known to increase with increasing velocity of the vortex lattice [1]. Accordingly,
vortex pinning sites impeding the vortex motion are widely used to preserve the low-dissipative response of the system
[2]. In our recent experiments we subjected superconducting Nb films with nanogrooves to a high-frequency ac current
stimulus [3-5]. By tuning the number of mobile and pinned vortices by varying the magnetic field around the so-called
matching values, Fig. 1, we observe a completely opposite effect [6]. Namely, the vortex-related microwave excess loss
for mobile vortices becomes smaller than for pinned vortices in a certain range of power levels at ac current frequencies
above 100 MHz. This is distinct from the well-known phenomenon of microwave-stimulated superconductivity in the
Meissner state [7, 8]. Thus, our findings appeal for the development of a theory of microwave-stimulated superconductivity
in the vortex state. Generalization of the theory is currently under way and the theoretical results soon will be presented
in comparison with the experimental data.[1] E. H. Brandt, Rep. Progr. Phys. 58 (1995) 1465.
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Fig. 1. Vortex-related microwave losses as a function of
the magnetic field value for a series of microwave power
levels, as indicated. While at lower ac power levels, the
microwave loss is minimal at the so-called matching
values (7.2 mT and 9.6 mT), when the vortex lattice is
commensurate with the periodic pinning nanostructure,
at high power levels the minima turn into maxima
indicating that pinned vortices dissipate less than the
mobile ones.

BicHuk XHY, cepia «®isukay, sun. 29, 2018 57



BicHuk XHY, cepisa «®isukay, sun. 29, 2018. c. 56-66 Section: Physics seminar

Activities of the Physicochemical Section of the Society of
Experimental Sciences at the Kharkov Imperial University
(1872-1915)

V.P. Poyda

V.N. Karazin Kharkov National University, Svoboda Sq. 4, Kharkov, Ukraine, 61022

He, in particular, reported that the first meeting of the Society of Physico-Chemical Section of Experimental Sciences
at the Kharkov Imperial University was held on December 19, 1872. In 1893, the section gained an independent existence
under the name of the "Society of Physical and Chemical Sciences at the Kharkov Imperial University". The section,
then the society, had its own library and its own means. The society published the minutes of meetings and annexes to
the minutes in which the scientific works of members of the society and their dissertations, reports of the treasurer and
the librarian were printed. Having studied the minutes of the meetings of the physico-chemical section, we can note
the following sections of its activities: scientific, public and social-practical. Scientific activity was mainly expressed
in reading reports on original experimental and theoretical studies of members of society, as well as in reading essays.
Members of the society gave presentations on chemistry, physics, meteorology and some other issues of natural science.
The meetings also addressed issues of methods of teaching physics and chemistry, demonstrated new physical devices
acquired in the university’s physical office or designed by members of society. There were also reports devoted to the
celebration of scholars or the reading of obituaries about scholars, including members of society who have passed away.
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Structure of the universe: hierarchical model

V. A. Zakhozhay

V.N. Karazin Kharkov National University, Svoboda Sq. 4, Kharkov, Ukraine, 61022

We discuss the first scientific hypotheses of the hierarchical structure of the world (T. Wrigt (1750), 1. Kant (1755), J.
Lambert (1771)) and astronomical research results X VIII-XIX centuries, which confirmed the correctness of these ideas.

The modern understanding of the structure of the Universe is analyzed. The Solar system is considered as an ordinary
planetary system. Further, neighborhood of the Sun is characterizes: from the nearest stars and their clusters to the strucyure
of the Local Stellar System (Gould belt). The structure of this astronomical object has all the signs of small galaxy and can
be seen as intermediate system between the Milky Way and systems of stars and planets, the existence of which mentioned
Lambert in XVIII century.

Structure of the Galaxy, of the Our Stellar System, subgroup of the Andromeda Nebula analyzed as components of
the Local Group of galaxies (LG). The special attention is paid to their astrophysical, kinematic and dynamic properties.
Outside the Local Group of galaxies its nearest neighborhood and a large structure is analyzed — Local Supercluster (LS),
in which it is included. Further seen gipercluster Laniakea, that includes the LS and its neighborhood. Characterized
neighbors gipercluster Laniakea: gipercluster Perseus-Pisces and Local Void. These are the largest ordered structures in
the Universe.

A map of the nearest superclusters to the LG, with located closer 1 Gyr. where has seen a network structure of the
Universe is included. The part of the Universe, bounded by the Hubble radius, and its properties are discussed. This region
has all the features of a black hole as it would be seen by the observer from outside.
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Peculiarities of the critical dynamics in magnetically uniaxial
PbFe, O, , hexaferrite

A. A. Bezlepkin’, S. P. Kuntsevich

V.N. Karazin Kharkov National University, Svoboda Sq. 4, Kharkov, Ukraine, 61022

‘e-mail: anatoliy.a.bezlyepkin@univer.kharkov.ua

The conditions under which the thermodynamic theory of the critical slowing-down of the order parameter relaxation
rate describes the behavior of magnetically uniaxial crystals are formulated. Taking into account the formulated conditions,
the peculiarities of the dynamic magnetic susceptibility and the critical slowing-down of the magnetization relaxation rate
of PbFel2019 in the vicinity of the Curie temperature are studied. The obtained experimental results agree well with the
droplet model of phase transitions. Based on the experimental data, an estimated value of the correlation length for the
magnetization in the temperature area of the critical slowing-down of the relaxation rate is obtained within the droplet
model.
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The phenomen of pseudogap in high-temperature superconductors.
The model of local pairs and the role of the interaction
of superconductivity and magnetism

A. L. Soloviev

Shortly after the discovery of high-temperature superconductors (HTSCs), it became clear that in addition to the high
critical temperature of the superconducting transition Tc, they possess a number of other unusual properties. This is a low
density of charge carriers nf, which even in optimally doped samples is an order of magnitude smaller than in ordinary
metals, strong electronic correlations, quasi-two-dimensionality, caused by conductivity along the conducting planes of
CuO,, and, consequently, a strong anisotropy of electronic properties. But the most mysterious property is the pseudogap
(PG), which opens at T *>> T,

The physical nature of the PG is still not clear. One point of view is that PG has a magnetic nature. However, we
share the view that the PG arises as a result of the formation of paired fermions - Local pairs (LP) at 7<7" *. It is important
that the description of the PG-state within the LP model makes it possible to explain practically all the effects observed in
HTSCs, whereas the "magnetic" approach, as a rule, explains only the linear dependence of the resistance at high 7 and
the anomalous dependence of the Hall effect.

The LP theory was developed by Imery-Kivelson, who showed that the "superfluid" charge carrier density and the
rigidity of the superconductor wave function in HTSCs are preserved up to temperatures significantly exceeding Tc. It was
also theoretically shown (Randerya's papers) that at high temperatures LPs exist in the form of strongly coupled bosons
(BCBs), obeying the Bose-Einstein condensation theory (BEC). With decreasing temperature, the SCBs are transformed
into fluctuation Cooper pairs, obeying the classical BCS theory as T approaches Tc. Thus, the theory predicts the BEC-
BCS transition with decreasing temperature.

After this, a considerable number of experiments were carried out, confirming the conclusions of the theory. Signs
of PG were observed in the study of magnetization in thin YBCO films containing micron holes; in the study of tunnel
and Andreev contacts and excess current; and in numerous experiments using ARPES (Angle Resolved Photoemission
Spectroscopy). In the experiments with ARPES one more, very unexpected phenomenon was discovered, namely: the
so-called Fermi arcs on the Fermi surface, which emphasize the unusual properties of HTSC.

It should also be noted that within the Local Pairs model, we proposed a method for analyzing the magnitude and
temperature dependence of the PG in HTSCs, the results of which coincide perfectly with the data of the studies using
ARPES. All the results underscore the appreciable role of spin-density waves in the formation of the PG state in HTSCs.
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Calcium-phosphate biomaterials

Z. Zyman

V.N. Karazin Kharkov National University, Svoboda Sq. 4, Kharkov, Ukraine, 61022, Department of Physics

The report is an overview on calcium phosphates (CP’s) which are prospective and also used as bioactive materials.
CP’s with Ca/P ratio in the range of 1.0 — 1,67 are considered. A comparison between the mineralized part of a bone and
the synthetic CP with a Ca/P = 1,67 (hydroxyapatite, HA) is given. The similarity of the main chemical and structural
characteristics of these substances enables studying the formation and evolution of bone as processes under wet
precipitation of synthetic HA. The nucleation, formation and crystallization of HA under conditions mimicking those
in vivo are detailed. A few other accepted methods of HA preparation are also presented. Several biomaterials for bone
substitution have been developed. The majority of them are ceramics. The most widespread procedures of CP ceramics
(CPC) fabrication are described. A number of CPC’s based on HA and other related materials are characterized. CPC’s
developed at the Physics of Solids Dept. of Kharkiv University are presented. They are based on HA and B-tricalcium
phosphate (Ca/P = 1.5). The peculiarities of the Kharkiv materials comparatively to functional characteristics of other
similar CPC’s are discussed. The results of biological tests and several clinical uses are given.

The future trends in the development of CP biomaterials are highlighted, particularly on highly prospective materials
such as calcium phosphate cements, nanoparticles, gradient functional materials etc., and pioneer studies and practical
results in this area at the Department are outlined.
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The zeros of matrix polynomials orthonormal on an interval

Yu.M. Dyukarev

V.N. Karazin Kharkov National University, Svoboda Sq. 4, Kharkov, Ukraine, 61022

Let B denote the o-algebra of Borel subsets of the real line [J . A mapping o from B to the set of nonnegative matrices
is called a nonnegative matrix measure if

O'(OA/} = ia(Aj)

for any infinite sequence (A y )j):l of pairwise disjoint Borel subsets of [].

A sequence of matrix polynomials ( Pj)j’:1 is called orthonormal with respect to the nonnegative matrix measure o
if the following conditions are satisfied:

1) the matrix polynomial Pj(t) is a polynomial of degree j whose coefficients are m xm matrices;

2) the leading coefficient of the matrix polynomial Pj( ?) is a positive matrix;

3) the matrix polynomials P (1) are orthonormal with respect to the nonnegative matrix measure

. L, j=k
JDPj(t)G(dt)Bc(t)=5jkIm’ 5jk={0’ j;ék.

Theorem 1 (see [1],[2],[3])). Let a sequence of matrix polynomials (Pj )j;l is orthonormal with respect to the
nonnegative matrix measure o. Then the zeros of polynomials det P (1) are real.

Theorem 2 (see [4],[5]). Let a sequence of matrix polynomials (Pj )j;l is orthonormal with respect to the nonnegative
matrix measure o. Then:

1) if support of the nonnegative matrix-valued measure ¢ is contained in the closed half-axis [a,+o0) then the
polynomials det Pj(t) have zeros on the open half-axis (a,+o0);

2) if support of the nonnegative matrix-valued measure ¢ is contained in the closed half-axis (-oo,] then the
polynomials det Pj(t) have zeros on the open half-axis (-o,f);

3) if support of the nonnegative matrix-valued measure o is contained in the closed interval [a,[3] then the polynomials
det Pj(t) have zeros on the open interval (o.,p).
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Spin-wave phase inverter upon a single nanodefect

O. Dobrovolskiy

Local modification of magnetic properties of nanoelements is a key to design future-generation signal processing
systems in which information is encoded in the spin-wave phase. Among greatest challenges in nano-magnonics is
keeping phase-setting elements tunable, simple, and miniature. In my talk, I will present a tunable spin-wave phase shifter
realized upon a single nanogroove milled by focused ion beam in a Co-Fe microsized magnonic waveguide. By increasing
the groove depth and the in-plane biasing magnetic field we continuously tune the spin-wave phase and experimentally
evidence a complete phase inversion. The microscopic mechanism of the phase inversion is based on the combined action
of the nanogroove as a geometrical defect and the reduced magnetization in the waveguide just below the nanogroove.
The presented results are relevant for spin-wave phase-tuning in magnonic circuits and stearing of spin-wave beams in
spin-wave nano-optics by analogy with phased-array antennnas for electromagnetic waves in radiolocation.
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Perfecticity history of opening and modern state study

V. P. Poyda

'V.N. Karazin Kharkiv National University, 4 Freedom Square, Kharkiv, 61022, Ukraine

The report presents literary data on the history of the opening of structural suprapubicity (SNP) and examines
the current state of experimental research on the physical nature of this effect. The theoretical notions about SNP are
considered and examples of its practical use in materials processing technologies are given.

It has been shown that for materials that exhibit the SNP effect, a combination of low strain flow (¢ = 100 + 101
MPa), a significant relative elongation of samples prior to destruction (6 = 102 + 103%) and a high value of the rate of
velocity pressure velocity deformation (m = 0,3 + 0,8).

It has been established that the velocity of the superplastic deformation (NAP), which lies in the range (depends on
the temperature-speed conditions of deformation, and on the characteristics of the microstructure of the material. SNP
exhibit metallic alloys and composite materials on their basis, as well as ceramic materials with large, small, ultra-fine
and sub-micron grains during their deformation in certain temperature-high-speed conditions under certain stable values
of high homologous temperatures. Also promising for the manifestation of the supernatural effect is also in isokoentropy
alloys.In the case of aluminum alloys, the main traditional and new methods of forming and stabilizing ultra-fine and sub-
micronized grain, in particular, the method of equal-channel angular pressing and friction stir welding, are considered.
It is shown that SNP is divided into several types on the basis of the homologous temperature at which the deformation
takes place: on the low-temperature SNP, on the usual (micro-grain) SNP and on the high-temperature (sub-solid) SNP.
By value of the deformation rate, SNPs are conventionally divided into low-speed and high-speed.It has been established
that SNP samples made from a number of multi-component alloys and composite materials based on aluminum are
manifested at pre-melting temperatures with the presence of grains of the cells of the metastable liquid phase formed on
their boundaries when they are heated to the test temperature due to partial melting of the alloy.It was established that
the NAP of metallic materials with ultra fine-grained structure, which passes at high homologous temperatures and low
deformation rates, is carried out at the expense of cooperative development in grains and on their boundaries of several
deformation and accomodation micromechanisms, namely: grain boundary slip, intragranular dislocation slip, diffusion
creep .In order to explain the mechanism of the NAP of samples that were transformed into hundreds and thousands of
percent by uniaxial stretching in solid or solid-liquid states, complex mesoscopic and microscopic models were proposed
that included various deformation mechanisms and physical processes, the simultaneous action of which ensures the
implementation of a stable flow. Despite the fact that existing SDA models at a qualitative level, to some extent, explain
the overwhelming majority of experimentally observed facts, the theory of SDP has not yet been developed.
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Massive graviton in Minkowski and de Sitter space-time

Yu. P. Stepanovsky'?

'V.N. Karazin Kharkiv National University,
4 Freedom Square, Kharkiv, 61022, Ukraine,
artem.gradysky@gmail.com.
’National Science Center “Kharkov Institute of Physics and Technology”,
Akademichna Street 1, Kharkiv, 61108, Ukraine,
yustep@kipt.kharkov.ua.

The direct observation of gravitational waves in 2015 has drawn attention to a problem on existence of graviton mass. In the
case of Minkowski space-time it is considered to be that the 2S + 1 linearly independent states of polarization of a relativistic massive
particle are reduced to two states with helicities =S (that is with projections of spin S on a direction of movement of a particle).
The inaccuracy of this opinion is shown in the case of massive graviton, the special case of particles with spin 2. Also properties of a
gravitational wave in the de Sitter space-time which represents good approach model of a modern state of our extending with
accelera-tion Universe are analysed. It is shown, that in the de Sitter universe (and, hence, and in our real Universe) the graviton is not
massless: the square of its mass is negative, mg2 =—(h/ c)22A/ 3, where A is Einstein cosmo-logical constant, i.e. graviton mass is
purely imaginary number modulo |, |=1,70- 107 eV/c?.

66 BicHuk XHY, cepis «®isukay, sun. 29, 2018



BocnomunHaHue o bopuce Akosnesunye NuHece

AHgpoHoB B. M.
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OTa
Breimonans

HUCTOpUS  Hayajach JIaBHO.

KypcoByl0  pabotry B
nabopartopun  YailikoBckoro  Jmyappaa
@dennKkcoBUYa, YEIOBEKA W YUYEHOTO,
KOTOPBIM HEJIb3s HE BOCXMIIATHCS, sI ObLI
OTOPUYEH M TTOCTABJIEH B JIOBOJIBHO TPYAHOE
MOJIO’KEHUE TEM, UTO B CBSI3U C TIEPEXOJI0M
B HMNU MoHOkpuCTaIIIOB B KadyecTBe
3aM. JUPEKTOpa IO Hay4YHOW paboTe,
MHE Jajiid HOBYIO TEMY JJIsl JaJibHEUIICH
Hay4yHOH paboThl Ha Kadeape. 3aaena 1o
HOBOHM TeMaTHKE Y MEHS HE MOIJIO OBITh
no omnpexaenenuto. Ho emé Oosnbime
MOTPSICEHUS SI UCTIBITAJ OT MOCJICIYIOIUX
coOpITHii. MHE OblIa ompejesieHa HOBas
TeMa, OCHOBHOM 3ajiaueii KOTOpPOil ObLIO
MOBTOPUTHh (WU TIPOBEPHUTH)  OIIBITHI
aMEpUKAHIIEB 10  BBIPAIIMBAHUIO U
HCCJICIOBAHNUIO MEXAaHMYECKHUX CBOMCTB
HUTEBUIHBIX KPHUCTAUIOB WK YCOB (OT
anrn. whiskers), B MoéMm ciydae ycoB
Meau. MouM PpyKOBOJHUTENIEM CTajl cam
3aB. Kadeapoil ¢Gu3MKH TBEPAOro Teia
TOKTOp (pu3.-Mart. HayK npodeccop bopuc
SIkoBneBuu IlunHec, u 3TO OBLJIO HEIIOXO,
XOTS ¥ CTPAIIHOBATO, BEAb O HEM XOJUIIU
TaKkue JIETeHAbl W cTpamwiku!? Moum
MUKpo-mieoM, Kak TOTAa Ha3bIBAJIH,
Ha3Haumiu accucteHta Kpora HOnus
AJleKCaHApOBUYA, JJIsi OCYILECTBICHUS
HETOCPEACTBEHHOTO PYKOBOJCTBAa, HY M
Bcssueckor momon. M 3ta momolnb He
3aMeInIa SBUTH ceOs.

S wHukorma He 3alymy  Hamly
neppyro BcTpeuy. Ilocie  KopoTkoro
Hacmex CJEaHHOTO MHCTPYKTaXka BO3JIE
YCTaHOBKH, BBINJISIZEBIIICH MPAMO CKaKEM
MpavHO ¥ YOOT0, OH MEHS ITPSIMO 03 a4 K.
OH BApPYT BBUIOKWIM, YTO ATa TEMA €r0
HU B MaJICUIIEH CTENIEHU HE MHTEPECYET,
YTO BCKOPE OH Oy/IeT 3aHUMAThCS JIPYTou
JTan€koi OT ATOM TeMaTWKu MpobIeMoi
B CBsI3U C TepexonoM Ha pabory B OTU
HU3KUX Temmeparyp. Janee emé Xxyxe:
IMOMOII HUKAKOW OT HEro MHE HE CTOMT
K7aTh, €€ mpocTo He OyneT. Kpome Toro, oH
CHUMAET ¢ ce0sl BCSIKYIO OTBETCTBEHHOCTD
M BO BCEM, UTO A CJICJIal0 WJIN HE Celalo,
BUHOBAThIM Oyny TOJIbKO s cam. Hamo
CKa3aTb HU TOIJa, HU IOTOM s HHUKOIIA
HE BCTpeUaJiCs ¢ MOJ0OHBIM OTHOIIIEHUEM
PYKOBOAMTENSL K CBOMM JIMIJIOMHHUKaM.
Mou OJHOKYpCHUKH U Jpy3bsi OBUIH
IIPOCTO B IIIOKE, KOTJIa y3HAIIA 00 3TOM.

[IporoTuB 3Ty MNEPBYIO TOPBKYIO
MTAJIIOJIO, 51 HE CTaJl HUKOMY KaJloBaThCH,
a He 0Oe3 3J0ro aszapra pemwiI, 4YTO
MOJy4y HHUTEBHUJHBIE KPUCTAJIbI MEIU
cam. Ho mum gHM W Hemedu, a yCbl
YIIOPHO HE XOTeNu pacTtu. YTO s TOJBKO
He Jenall, 0ECKOHEYHO TI'pajayupoBai (pu-
npudop Uil U3MEPEHHUS TeMIIepaTyphl,
niepedupan B dHHBIN pa3 ycTaHOBKY. OHa
npeAcTaBisga co00M MPUCITIOCOOIESHHYIO
BAKYYMHYIO TI€4b C BHEIIHHUM BOJISIHBIM
OXJIaXKJICHUEM u BEPTUKAJIbHBIM



TpyOUaThiM HarpeBaTeIbHbIM
AJIEMEHTOM, B Kau€CTBE TEPMOHU30JATOPa
ucnonab3oBasicst outeiit hapdop. Kopmyc
ObUT BBIMIOJIHEH W3 OOBIYHOM CTalu |
CTpallHO  KOPPO3UPOBaAJ,  IOCKOJIbKY
IPOAYKTOM PpEAKUUH BOCCTAHOBJICHUS
OBLITU TaphI COJISTHON KUCJIOTHI K TOMY K€
Harpetoi 10 650 rpagycoB. OHa ocenaia
Ha XOJIOIHBIX CTEHKax M€Yl BMECTE C
napaMyd OJHOXJIOPUCTOM MEAU U TOCIe
Ka)XJJ0ro omnbITa BCE APTO HaKaILIMBAJIOCh
Ha JHE CTaJIbHOTO KopItyca neuu. O Kakoi
YUCTOTE 3TOTO YCTPOWCTBA MOXKHO OBLIO
roBoputh!? [Ipu OTKpBHIBAHUU TIE€UH MAPHI
KHUCJIOTHI BBIXOJIWJIA HAPYKYy U HU3PSATHO
noptuiiu armocdepy B jaboparopuu, a
IJIaBHOE OBLIIM OY€Hb BPEIHBI JJISI BEPXHUX
IbpIXaTrenpHbIX myTed. Hakonen mnocrue
MHOTOUYHUCJICHHBIX OECIUIOAHBIX TMOIBITOK
BBIPACTUTh  HUTEBUIHBIE  KPUCTAJLIBI
M€l IO METOJMKE CTOJb CaM03a0BEHHO
pazpexiiamupoBanHoil Kporom FO.A. B
CBOEH cTarbe B COOpPHUKE, MOCBSIIEHHOM
namaty b.f, Iluneca, MeHs oOcCeHHJIO.
Tak kak s He JOBEpsJ H3MEPEHUSIM
TEMIIEPATYPbI B [IEUU, TO PEIINII IOCTABUTH
AKCIIEPUMEHT MO TOA00pY  yCJIOBHUM
BBIpAIIMBAHUSI YUCTO  AMIHUPUYECKUM
nyTEM. £ IMOCTaBUII HECKOJIBKO TUIVIEH C
OJTHOXJIOPUCTOM MEIIbI0 OAWH B JIPYTOW,
YTOOBI ~ TEPEKPBHITH  BCIO  PA3yMHYIO
30Hy HarpeBa. Temmeparypy peakiuu
BbIOpaj 3aBEJIOMO BBIIIE C TEM, YTOOBI C
y4€TOM TpajueHTa TeMmIlepaTyp B IE€4YU
MIOCMOTPETH, TJI€ e OHU (YChI) BBIPACTYT
Jydllle BCEro, B KAaKOM 30HE Harpesa.
A 3arem Tyga u Oyay CTaBUTh THUIJIU
JUISL TIOCIIEYIOIIETO WX BbIPALMBAHMUS.
H... o, uyno! Mou crapanusi cpasy xe
ObUTM BO3HarpaxjaeHol. B mepBoM ke
AKCIIEPUMEHTE Ha OJHOM W3 THUIJICH 5
MOJTyYMJI... HET HE YChI, a IeNIyI0 O0OpoIy

HUTEBUJIHBIX KPUCTAJUJIOB. B nanpHelmem
MHE TOJIbKO TaK W YyJaBaJlOCh PAaCTUTh
KPUCTAJIbI, 1BA TUIJISI BCTABJISUTUCH OJNH
B JPYrOM M Ha JHE C BHEIIHEW CTOPOHBI
MOJIy4aJIUCh  YChl. 3a 93TO TMOJYYMI
IpOMKYI0 noxBaiy oT bopuca SIkoBneBuya,
o xe b.A., on xxe JIOKTOP, tak mbI
€ro 3Balli  MEXJy COOOM: CTYIEHTHI,
acnupaHThl, coTpynnuku. Hano ckasarsb,
YTO B OTVIMYMM OT Moero mukpoiuieda 0.
A. Kpora, makpomed bopuc SAxoBieBuy
MOCTOSTHHO CJEAWI 3a Moed paboToH,
3axXOAWJI B JIAOOpaTOPHUIO U CIIPaBIISIICS,
KaK UIyT JIena.

HuteBuaHbple  KpuUCTALIBI  POCIH
XOPOIIIO, U TENEPh MOXKHO ObLIO MOyMaTh
00 ux wucneiTanusx. K stomy BpeMeHH
OblJJa  U3TOTOBJIEHA B  MAacTEpPCKOM
Kaenpsl yCTaHOBKA ISl MEXaHHUYECKUX
WCIBITAHUN HUTEBUJIHBIX KPHUCTAJJIOB.
[TpuHuun ObuT OYeHBb NMPOCT. MAarHUTHBIN
CEpJICUHUK BTSATUBATHCS B COJICHOU]I ATO
yCujue TepelaBajoch Ha HUTEBUIHBIN
KpUCTAJUL. YCTAHOBKAa KainuOpoBaiach
U 10 TOKY, TEKyIUIEMY 4Yepe3 COJCHOW],
TakuM 00paszoMm, Ompeensyiach CHia,
NpUJIOKEHHasT K oOpasiy. S HamoTan
COJIEHOM/I, HO OIIKOCS B C€YEHHUE MTPOBO/IA,
B3$UJT CJTUIIIKOM TOHKHH.

Bpemss Ha mnepemoTrky He ObLIO,
b.4l. nomkeH ObLI MPUITH C MPOBEPKOIA.
Bo BpeMsi ero mocneaHero mocCeleHHs
naboparopud s TooOeaI eMy, 4YTO CKOPO
CMOTY TOKa3aTh pabOTy HCHBITATEIIbHOM
MamHbl. WM TyT Kak Ha3lo ATOT
npokosl ¢ coineHougoM. Hamo OwuIO
YBEIIMYUTh HANpsHKEHUE ISl MMOTYYEHHS
JIOCTaTOYHOIO TOKa B cojieHouae. OaHoit
Oarapen akKKymyJsiTOpOB U3 6 OaHOK He
xBarayno. Hajo ckazaTh, 4TO TUIJTIOMHYIO
paboTy s BBINOJHSI HAa MPAKTUKYyME IO
MeTauI0(PU3UKK IJIs1 CTyAEHTOB 3 Kypca.



3710 OB OTPOMHBII 3aJ1, B KOTOPOM OBLIO
CMOHTHUPOBAHO HY, HABEPHOE, OKOJIO COTHU
nabopatopHbIX padoT. beutn Tam u Takue,
KOTOpBIE TPEOOBAIM aKKyMYJISITOPOB. S HE
IpUAYMaJl HAYEro JIYUIero, Kak cooparb
HE00X0IMMOE KOJINYECTBO aKKYMYJISITOPOB
JUISL TOTO, YTOOBI TIOJHSTH HAIMPSIKECHUE
U TMOJIyYUTh HMCKOMOE 3HAU€HUE TOKa B
conenoujie. Jlyist aToro motrpeOoBaUChH
YyTh JIA HE BCE AKKYMYJSTOPBI, KOTOPHIE
ObLIM Ha TMpakTUKyMe. B Ha3HaueHHBIH
neHb bopuc SIkoBneBrY SIBUIICS KaK 4achl.
Sl emy mokasan AeMCTBUE YCTAHOBKM Ha
3apaHee CMOHTHMPOBAHHOM HUTEBUIHOM
KpUCTAJIe, KOTOPBIA S HA €ro mnias3ax
pas3opBaj, U MbI ITOTYYHII €70 TPOYHOCTD.

bopuc SIkOBIEBUY TOJBKO TENEPH
oOpaTui1 Ha OrPOMHOE MOJIE, 3aCTaBICHHOE
AKKyMYJIITOpAMH, U BCIIOJIOLLIMJICS.
OH crmpocun y MeHsl, a TAe s UX B3sJl.
BcnomuuM, kak oH gro0un  00pa3HO
PAaCTOJIKOBBIBATH CBOW MBICIIH, MOJIb3YSICh
npuMmepamMu u3 xu3Hu. Korma oH y3Hadm,
71 51 B3sU1 aKKyMYJISITOPBI, OH MHE CKa3a:
« Bnagumup MuxalioBuy, IMpeIcTaBbTe
cebe, 4TO BBl HJIETE MO YIIHIIE, XOJIOTHO,
a y Bac Her manpTo. HaBcTpeuy wupaér
MYX4MHA, KOTOPBIA ONET B MNajlbTO. BbI
K€ HE TOJNOMIIETE K HEMY U HE CHUMUTE
C HEro MaJIkTO TOJBKO MOTOMY, UYTO Yy Bac
ero HeT?» B 910 Bpems B s1aboparopuio
3axoaut JKopa MakcHMMEHKO, TOAXOIUT
K BeIIAJKE U CHUMAET ¢ celsi majibTo.
bopuc SkoBneBuu oveHb He JOOWUI,
KOT/Ia COTPYIHUKHU 3aXOAWIN B uyxue (B
CMBICIIE HE B T€, B KOTOPBIX OHU PabOTasIn)
naboparopuu, 4YTOOBI TIOCETUTENH HE
OTBJIEKAJIN OT PaboThl «abopureHoBy. OH
PE3KO K HEMY Pa3BEPHYJICS U TOBOPUT: «
A BBI 4TO TYT aenaere?» XKopa BBUIOKUI
BCcE, Kak U ObUTI0. EMy CpOYHO HYXHO
OBLJIO BBICKOUMTH 3a [Ocmpom, B clIaBHO

M3BECTHBIN(!) MarasuH, U OH PEMIWI IO
JIOpOTe OJIETh MAIBTO AHIPOHOBA, YTOOBI
HE BO3BpallaThCsl B CBOIO J1abOOPaTOpHIO.
Hy, BOT Temepp, OH €ro BO3BpAIACT.
Ob6eckypaxxkennbii B4 MOKPYTHI
roigoBol u ckazan tuna: «Hy, ecnm y
BacC Takue MOpsAIKH...». Korma oH ymién,
MBI pacCKazail APY3bsIM-COKYPCHHUKAM,
YTO MPOU3O0IUIO, U €€ TOIr0 HE MOITIH
HAaCMeAThCS, a s MOBTOPsIT: «3Han Obl b.
S, emwi€, 4TO MANBTO Yy MEHS HA CAMOM JIEJIE
He Mo€, a Cepéru [IInHKapeHKO».

Sl moctynui B acnupaHTypy IO
kadenpe ¢huszuku TBEpIOTO Tena. [leproe,
YTO S CHEeJajl, TaK 3TO M3MEHUJ B KOPHE
METO/MKY BBIpALIMBAHUS HUTEBUJIHBIX
KpucrtayuioB. Ha crapoi  ycraHoOBke
XOPOILIETO Ka4ecTBa KpUCTAJJIOB
IOOUTHCSA OBLIO HEBO3MOYKHO: B
meyn OBICTPO HAKAIIUBAJIOCh MHOTO
HEKOHTPOJIMpYeMOM  rpsasu.  lopasno
0ojiee TPOTPECCUBHBIM METOJAOM MHE
MPEACTABISIICA METOJ, IPEAJIOKEHHBIN
em€ bpeHepoMm, ¢ HCIOIB30BAaHHUEM
TOPU30HTAIBHOM  TpyOuaTOd Teud C
BHEIITHUM HAarpeBoOM, 4TO 00€CTIeunBalIO
0ojiee YHUCTBIE YCIOBUA JUISl PEAKLHH

BbIpalMBaHus ycoB. Orryma ke o
MOYEPIIHYJI  MACK0  YCTAaHOBKH  JUIS
BBIPAllIUBaHKs, HO  KOHCTPYKTHUBHO

clenan Mo COOCTBEHHOMY pa3yMEHHUIO:
BBIMIOJIHWII T€Yb M3 KBapLEBOW TPYyOBI
C OXJIAXIAEMbIMU BOJOM  (paHLAMH
U3 Hepxkaserleld cranu. MHowo Obuia
cobpaHa HOBasi OoJiee cCliokHasi U Oosee
COBEpIICHHAasA, K TOMY JK€ JIOBOJBHO
s exTrBHAs CUCTEMa OYMCTKH BOJOPOaA
OT IVIaBHBIX ITPUMECEH, BOJIBI U KUCTIOPO/a,
U yCbl pociiu 0e3 mpoOem.

N3 Moux wuCKaHuUl BO BpeMms
JTUTUIOMHON pabOThI, s BBIHEC BaXKHYIO
MBICIIb. KaCaroIIyocs BOIPOCa, HOYEMY He



pociu HUTeBHIHBIE KpucTaiuiel y Kpora
I0.A. 4 noHsan, 4ro TpUBHAIBHO HE
XBaTaJo UEHTPOB KpucTaum3anuu. Korga
sl BCTABJISLJT TUIJIA OJJUH B IPYTOM, TO OJJUH
U3 HUX pacrnoiaraics HeoOpaboTaHHOM
(HE MISIHIIEBOM, KaK BECh TUTEJIb ) BHEIIIHEN
CTOPOHOW  JHA THUIVI HAaJ IOPOLIKOM
OJTHOXJIOPUCTOM Me€IH, IJI€ U BbIpacTaIH
KpUCTaUIbl. B CBOEN METONMKE S pacTuil
KPUCTAJUIBI B JIOJJOYKE, & CBEPXY pa3Melial
CIIMpajb U3 NOJUKPUCTAJUIMYECKON MEH,
Ha TOBEPXHOCTU KOTOPOM H300UIIOBAIH
LHEHTpBl  Kpuctaymm3anuu.  HyxHbie
napaMeTpbl HHUTEBUIHBIX KpPHUCTAJJIOB
JOCTUTAJIUCh BapbUPOBAHUEM YCIOBUHI
pocrta. Pocinyu pOCKOLIHBIE KPUCTAJIIBI.
Takum oOpazom, mpoOiema MOTy4YeHUs
HUTEBUIHBIX KPUCTAJJIOB ObUIa perieHa
MHOIO CAMOCTOSITEJIBHO U PaJIUKAJIBHO.

Sl BnIuiCcs B KOJUIGKTHB Kadeapsl,
3TO OBUIO JJIi MEHS HOBO M HE3HAKOMO.
MHe HpaBwiIOCh BCE, OOJBIIMHCTBO
COTPYIHUKOB M NPENOJABATENECH J1aBHO
yxke pabotanu y bopuca fAxoBrneBuua, u
OTHOILEHHUS YK€ CIOKWINCH, BCE XOPOILIO
3HAJIA JpYyr Jpyra, 3HAJIA YTO MOYKHO
OKHJIaTh W YETO HEJb35 OKUJATh OT TOTO
WIM WUHOTO 4YenioBeka. bbul Benukuil med
bopuc flxoBneBu4, aBTOPUTET KOTOPOIO
ObLJT COBEpUIEHHO HempepekaeM. FEro
paBo pPyKOW OBLT  JIONEHT AHATOIHIMA
®dengoroBnu CUpEeHKO, OH OBLUI CaMbIM
HCKYCHBIM UHTEPIPETATOPOM u,
NoXKaiayu, KoMmwiasasTopoM wunen b,
OOJBIIMM MacTEpOM BOIUIOUICHUS HUX
B xu3Hb. Jlounentr MHWpuna IleTrpoBHa
I'pebGenHMK OBLIIa TITABHBIM CTICITAATIICTOM
B oOmactu  anekTpoHorpadum, OHa
oOnanana XOpOUIMM 3JIEKTpoHOrpadom,
KOTOPBIM OBLT M3TOTOBJIIEH Ha Kadeape
u MO/IBEPTAJICS MHOTOUYHUCIIEHHBIM
MonudUKausaM U MoaepHu3ausaM. Bena

MCCJIeI0BaHUS TOHKUX TJIEHOK. JTO ObLia
JIOBOJIBHO KpacHBasi CTaTHas >KEHIIWHA,
WHTEJUTUTEHTHAs, XOPOIIO BOCHUTAaHHAs,
CO BKYCOM OfeBajach, YyBCTBOBAJIOCH,
YTO JKWJIAa B XOpOLIEM JIOCTarke. Y
He¢ ObUIO Jg00Opoe cepale, W OHa
MOJIJIEPKUBAJIA MOJIOJIEKb: ACIUPAHTOB,
MOJIOJIBIX YY€HBIX, IpenojaaBarencu. Y
Heé 3apoCTO MOKHO OBLIIO 3aHATH IEHBIU
JI0 CTUMEHAUU WIH B3ATh HY)KHYIO KHUTY
W3 OYEHBb XOPOoIlIel OUOIHOTEKH, KOTOPYIO
OHa coJeprKajla B HJICAIBHOM IOPSIJIKE.
3a B3ATYI0 KHHUTY HYKHO OBUIO JaBaTh
paclUCKy C yKa3aHHEM CpOKa BO3Bpara.
Hawm 0b110 3T0 04€Hb yT0OHO OTOMY, YTO
y Wpunsl [leTpoBHBI ObUIM YHUKAJIbHbBIE
coOpaHMe  CHOpaBOYHOM  JIUTEpaTyphl,
W3/IaHUsI OYEHb TMOJIE3HBIE JJISI MOJIOABIX
AKCIIEPUMEHTATOPOB. Cnenyer
oTMeTUTh JoueHra MBanoBa liBana
['puropreBrua OuYE€Hb TPYAOJIHOOUBOTO,
HEYTOMUMOTO Y OYEHb N300PETaTEIHLHOTO
AKCIIEPUMEHTATOpPa, KOTOPBIM peajbHO
MPOBOJIWJI MHOIO BpPEMEHHM 3a CBOUMH
YCTaHOBKaMHM ¥ MOJy4Yall  MHOTIO
OpUTMHAJIBHBIX pe3yibraroB. OH He
CIyIaKUBaJl SKCIIEPUMEHTAIbHBIE KPUBBIE,
YTOOBI MOJIOTHATh O]l TEOPHUIO, a MCKaJ
MPUYMHBI PACXOXKJIEHUH, YTO OBLIO OoJee
MPOAYKTUBHO. SI YNOMSHYN O JIIOISAX, C
KOTOPBIMU $I KOHTAaKTUPOBAJ B TO BpPEMsI
yamie, 4eM C JAPYrUMH, HO HE CTaBUJI
LEJIbI0 pacckazarb 000 BCEX.

MHe HpaBWIOCH Kakasi-TO cemeiHas
armocdepa Ha kadenpe. Ilepen b.5. mbr
Bce ObutM paBHBL. Ho MBI moaTpyHUBaIN
W TOAUIYYUBAIM JPYyr HaA JAPYIoM,
paccka3blBalidi  BCSIKME  HUCTOPUU O
b.A., o ero meromax pyKOBOACTBa, O
3HAMEHUTHIX «KJIM3Max» [0 CHCTEME
[Tuneca. MoxeT ObITh, OJ1Iarojapsi STOMy
s OBICTPO BOIIEN B KypC JieJia OTHOIICHUH



Ha Kadenpe. B Toxke Bpems Bce ObuH
3aHATHI JEJIOM, TOPSIOK TOAIEPKUBAI
bopuc SIkoBneBnu, pabora ObLla Ha
NEPBOM MecCTe, U BCE OBLIO MOTYUHEHO
BBITIOJTHEHUIO ~ TMMOCTaBJIEHHBIX  LEJei.
HccnenoBanus NpoBOAUIUCH B OCHOBHOM
B o0macTd  BBICOKOTEMIIEPATypHOTO
du3nuecKkoro MarepuanoBeleHrue. ITO
B OCHOBHOM JU((y3nOHHBIE MPOLECCHI
M WCCIEIOBAHUA CTPYKTYPBl TBEPABIX
Tel Pa3IMYHBIMU METOJaMHU: OOJIbIIOE
MECTO 3aHUMaJId PEHTTEeHOrpapuUuecKue
UCCJIEI0BaHU, 3NeKTpoHoTpadus,
ONTHYeCKas MeTaorpadus, onTuuecKast
MUKpPOCKONIUSL M TOMY  HOA0OHOE.
Mue HpaBunach 3Ta HalpsbKEHHAs U
LesieHanpaBieHHas padboTa kadeapsi.

Ho Mo0€ MmarepuanbHOE MHOJIOKEHUE
ocTaBJIsIakenarbaydiiero. OTkazaBUINCh
OTBBICOKHX CTaBOK B (DU3HKO-TEXHUUECKOM
WHCTUTYTE  HU3KUX  TEMIEparyp B
yrojly acupaHType B YHUBEPCUTETE, 5
BBIHYKJIeH Obul mepeOuBarbcst ¢ Xjeba
Ha kBac. Ha acnupaHTCKy10 CTUNIEHAMIO,
KOoTOpasi paBHsu1ach 68 py0. MHOTO cebe
HE TOo3BOJIMIIb. [locie BCEBO3MOXKHBIX
BBIYETA HA PYKU MbI Nosrydanu 59 py0o. 62
KOIl, 3TO ObLIO Mano. MHe IpeaIoxKuIn
nopaboTaTh Ha MOITOTOBUTENBHBIX Kypcax
JUI IOCTYyNAOIINX B yHUBepcUTeT. PaboTa
HETIOXO OIJIaYMBaoCh, U OblIa BBITOAHA
emé M TeM, YTO ObLI OOJIBIIONH OTCEB
ciywmareneid. Takum oOpa3zom, C TEHEHHEM
BPEMEHU KOJIMYECTBO CIylIaTelied Ha
Kypcax YMEHbIIAJIOCh, U COOTBETCTBEHHO
CHIDKaJICST 00bEM paboThL. Tak Kak 1eHbI'H
IPOIUIAYMBAJIUCE  BIEPEA, HEXUTPHIMU
npuéMaMu yaBaaoCh COXpaHATh 3apIuiaTy
MPaKTUYECKH Ha UCXOIHOM ypoBHe. Ho
bopuc SkoBneBuu oOveHb He JOOWUI,
KOTJIa €T0 JIFOJW OTBJIEKAJIUCH OT HAYYHOU
paboThl HAa BTOPOCTENEHHBIE, KaK €My

Ka3aJ0ch, aena. Ho s BCE ke oTBakuiics
HUCIPOCUTh Yy HEro paspelieHue Ha
paboty Ha mnoakypcax. Pesymbrar MHe
ObLJIO  HEBOOOPA3UMO  MPEJCTABHUTD.
OH BbICHyIIAJ MEHS W CHPOCHI, JJIsS
4yero HykHbl JeHbru. S Bemmammi: «Hy,
HampuMep, JJIg TOro, YTOOBl KYMHTh
najbroy. [1anbro y MeHsl 1EeUCTBUTENBHO
HEe OBUIO, U 5 XOAWI B TOHEHHKOM
TPAMUYHOM IJIAIIEe, KOTOPBIM B HEMOTOY
MpOAYBaJCsi HACKBO3b. M, KOHEUHO XKe€,
XOIUTh 3MMOW B OJHOM IUIalie ObLIO
JIOCTAaTOYHO XOJIOIHO, HECMOTPSL, YTO 51 U30
Bcex cui xopoxopuics. b. 5. MHe oTBeTHII
HE Cpa3sy, a MOMPOCHJ 3alUTH YepPE3 Mapy
nueil. Korna st npuién, oH Cripocul MeHs:
« A CKOJIbKO MOXKET CTOMTBH Balll€ aJIbTO?»
S y>xe uHTEepecoBasICs ATOW MpoOIeMoit 1
MPUMEPHO 3HAJ IIEHbI, KOTOPhIE MHE OBLITH
He 1o 3y0am. Sl pemmwt B3ATh MpUIET Ha
XOpoliiee NajabTo U ckazan pyoneit 160. On
BBIHYJ JIeHbId U otcuutan 160 pyo. b.A.
BPYYUJI UX MHE CO clioBamu: «Otmaaure,
KOTZIa CMOYKETE».

A Obu1 pocTo omenoMiaéH. Takoro
MOBOPOTA JAeN S He OXuaair, Y MeHs
CIOXWJIOCh BII€YaTI€HHE, 4T0 bopuc
SIKOBIIEBMY OYEHb CTPOrMHM M CYyXOHU
YeJIOBEK, KOTOPBIM HE JJaBall OCIa0ICHHE
HUKOMY M TpeboBall TOJBKO OJHOTO:
paboTaTh 1 paboTaTh U KaK MOXKHO OOJIbIIIE
u jydiie. S ckazan emy, 4TO HE HaJ0 Tak
JieJaTh, YTO MOTY M caMm 3apaboTarb 3TH
JeHbIu. OH HUYETO U CIBIIIATh HE XOTElL.
Bcé ke s pemmn B3ATh 3TU JNEHBIH, XOTSA
MHe OBLJIO y>KaCHO HEJIOBKO U J1a’Ke OOUTHO.
[Tocne pa3gymuil s pelnia TMOUINUTH
JIEUCTBUTEIBHO XOPOIIEE NaJIbTO, KOTOPOE
OBl COOTBETCTBOBAJIO B3siTOM cymme. Kak
celyac MOMHIO, OTIPABUJICS 1 B Mara3uH
JUI  TIOKYNKA TKaHW, BbIOpan Jpan
CTOJINYHBIN, O4EHb XOPOLIUI IO KAYECTBY.



3areM crefoBalio ObLUIO OMPEACIUTHCS,
CKOJILKO K€ TKaHHW HYKHO MHE Ha TaJbTO.
A pemms 3aUTH  TPEABApPUTENBHO K
KaKOMy-JIM00  3aKpOMIIMKY,  YTOOBI
yrounuth. Ha yin. CBepaiioBa B arenbe s
nornaJ Ha CTapeHbKoro 1006poro eBpes. OH
cpa3y mouTu 0e3 BCIKUX 00MEPOB CKazal:
« Bam nocrarouno Oyzner 2 m 80 cm». A
roBopio eMy: « HaBepHoe, Hazo 6path 3 M,
oOMaHyT Be/lb, HEMPABUIBLHO OTMEPST».
Ha uro on mHe ckaszan: « Bu xorure,
YTOOBI €€ OCTANIOCh JOCTATOYHO TKaHH,
YTOOBI TOWIUTH KM JJIS 3aKpOMIIHKA,
torna 6epute 3 M. Ho Bam xBatut 2 M 80
CMY.

A xymun 2 m 80 cM TKaHU, U HAAO
OBLIIO ONMPEJENUTHCS, TJI€ MOUTh. O0 3TOM
s HE UMEJT HU MaJIeUIlero npecTaBIeHusl.
BcnomHun, 4to mo gopore W3 HamIero
OOIIeKUTUSI B YHHMBEPCUTET  OBLIO
xopowmme arenpe moA. S 3amén Tyma u
U3JI0KUJ cBOIO MpockOy. Ko MHe Bbimen
3aKpOMIIHUK, KaK OKa3aJOCh 3HAMEHUTHIN
N30T0B, KOTOpBIA IOYEMY-TO PELINII
B3ATh MOW 3aKa3 W MOMOYb MHeE. S Tak
TOBOPIO MOTOMY, YTO BE/b s HaBEpHsKa
HE NPOM3BOJAWJ BIEYATIEHUE OOraroro
3akazyuka. OH CIIMJI  BEJTUKOJIEITHOE
najabTo. DTO ObLIA JIy4lliee MajJbTo B MOEH
*u3HU. Huuero iyuiiero y MeHs HU 10, HU
nocie He Obu10. S ero oueHs n00OmI. OHO
OBUIO CTpPOroe, KpacMBOE M DJIETaHTHOE.
MHe ObLIO O4E€HB XOpOoIlo B HEM. DTO s
Ccpazy TOYYBCTBOBaJ IO OTHOILIEHUIO
mronen k cebde. S Obu1 oueHb OnaromapeH
bopucy SlkoBneBuuy, cpa3y ke SIBUJICS K
HEMY B HOBOM MajbTO, YTOOBI MOKAa3aTh,
910 mOoMy4dmwioch. OH TIOXBadWI MEHS
M CKas3ajld, 4YTO MaJIbTO JEUCTBUTEIHbHO
xopouiee. /leHbru 3a nanbTo s BO3BPATUI
no3Ke, Korma cutyauus ¢ (UHAHCAMH
CTaOUIIN3UPOBAIACK. s cobpai

HEOOXOIUMYI0 CYMMY H
bopucy SIxoBimeBuuy ¢
0J1aroJapHOCTHIO.

Onnaxael, korna Mel ¢ Banei Obutn
B [lpubantuke, ™Mbl HaBECTWJIH €roO.
bopuc fxoneBnu Bmecte ¢ EnnzaBeron
HBanoBHOM OTAbIXaJIN TOJIBKO B
[Ipubantuke, eMy MOAXOMWIT KJIMMAT M
MHoOroe japyroe. ¥ Hac Obl1 aapec b.4.,
MBI HaIlUIM €ro, W MpUIUIM B roctu. U
TyT S OTKPBUI JJIsi ce0si COBEPIIECHHO
JIpyroro yenoBeka. Kpome Ttoro, 4dro s
yoenuicss Ha CBOEM JIMYHOM TpUMEpE,
MHE CTaj0 MOHSATHO, YTO ATOT MHPHUMEP
BOBCE HE EIWHUYHBINA, HE CYACTIUBOE
CTEUEHUE OOCTOATENBCTB, & CYIIHOCTb
sToro yenoseka. llepen Hamu mpeacran
JOOpPBI, OT3BIBUMBBIN YEJIOBEK, BMECTO
CyXOro  BBEIUIMBOIO  YYEHOIO MBI
yBUAEIU CBETCKOro bopuca SkosieBuya.
YMHOT0, 3pyaMpOBaHHOIO COOECEIHHKA,
raJaHTHOTO KaBaJiepa, BEJIMKOJIETHOTO
pacckazyMka ¢ YTOHYEHHBIM YYBCTBOM
FOMOpAa, aHEKJIOThlI, PACCKA3bIBAEMbIE M,
MPOCTO 00e30pyKUBaau. MBI TIpOBEIN
C HHUM HECKOJbKO CYACTJIMBBIX YAacoB.
[Iporynsamuce BMECTE MO KUBOMHCHOU
MECTHOCTH, U HaM TPOCTO HE XOTEIOCh
YXOJIUTh.

BHe BCAKOrO COMHEHHS, TOABI
ACIIUPAHTYPHl OBLIN CAMBIMHU SIPKUMHU B
Moel Ku3Hu U Ouorpadun. S mpuodpén
YBEPEHHOCTh B cebe  Omaromaps
ornpeaeNEHHbIMyCIieXaM BHAyYHO padoTe,
MOSIBUWJICS HEKUM aBTOPUTET CPeu KOJIIer
u fipy3eil. S cTan e3nuTh Ha KOHGEpEeHITUU
pPa3HOro YpPOBHS, 3aBs3a]l 3HAKOMCTBA C
CaMbIMH Pa3HBIMU JIIOJbMHU, KOJJIETaMH, C
KOTOPBIMU 3aTE€M MOAPYKWICS Ha JOJITHE
roabl. Mbl KU BECEII0O U HHTEPECHO.
B cocraBe rpynmel coO CBOMM JIpyrom
Amvutpruem CONHBILIKUHBIM  COBEPILINI

BO3BpaTUJI
BEJIMYANIIIEH



He3a0bIBa€MbINl  TYpUCTUYECKHI TOXOJ
no BOCTOYHOMY KaBka3y mo TOBOJIBHO
CIIOKHOMY MapwpyTy. B 3Tu ke rousl
MO3HAKOMMJICA CO CBOEH Oyayuieil »eHo
Banentunou bopucosnoi benonen. Y nac
3aBsA3aJICsl pOMaH, KOTOPBIM 3aKOHYMIICS

TeM, 4TO 5 Ha Heu keHwics. bopuc

SlkoBIEBUY MPEVIOKUI MHE OCTaThCs
paborarh Ha kadenape GU3UKU TBEPIOTO
T€la, TaM BIOCJIEACTBUU S 3aLIUTHI
KaHAUJATCKyl0 auccepramuto. Cambie
CBETJIbIE, CaMbI€ JI0OpbIE, camble TEIIbIE
BOCIIOMMHAHUA O HEM s TNPOHEC Yepe3

BCIO CBOIO KHN3Hb.



Yanson Igor Kondratievich
(1938-2011)

[. K. Yanson was a prominent Ukrainian scientist, experimental physicist,
talented teacher, member of the National Academy of Sciences of Ukraine (1992),
Doctor of Science (1976), recipient of the State Prize of Ukrainian SSR in Science
and Technology, Professor at the Department of Low Temperature Physics at Kharkov
State University (1979-1987), Honored Scientist of Ukraine (2005), Honored doctor of
Kharkov National University (2005).

I. K. Yanson was born and lived his whole life in Kharkov, Ukraine. His father
was repressed and executed by the Stalin’s regime in the year of his birth. In 1961 Igor
K. Yanson graduated with honors from the Faculty of Radiophysics at Kharkov State
University.

Yanson’s impressive scientific career was firmly linked to the B.Verkin Institute
for Low Temperature Physics and Engineering (ILTPE), where he worked his whole life
after the foundation of the institute. Yanson did his first significant discovery already
during his graduate study (1961-1965) at ILTPE: he was one of the first scientists in the
world who succeeded to prove experimentally the existence of the AC Josephson effect
in superconductors. Brian Josephson mentioned Yanson’s experimental work during
his Nobel Prize lecture in 1973.

[. K. Yanson defended his doctoral candidate thesis titled “Investigation of
tunneling effect in superconductors” in 1965. Already in 1970, he became the head of the
Department of Point-Contact Spectroscopy. He held this position until 2011. In 1976 Igor
Kondratievich defended his doctoral thesis on “Tunneling spectroscopy of impurities and
quasiparticle excitations in solids”. In 1978, he became professor at Kharkov University.



Igor Kondratievich became a corresponding member of the Academy of Sciences of
Ukrainian SSR in 1979 in the area of Physical Instrumentation, and a full member of the
National Academy of Sciences of Ukraine in 1992 in the field of Electronics.

I. K. Yanson was a member of the editorial board of the Journal of Low Temperature
Physics. He was also a member of the doctoral thesis defense experts committee of the
Institute for Low Temperature Physics and Engineering.

Without a doubt, the focus of the scientific interests of I. K. Yanson was on the
problems of solid state physics and low temperature physics. He made important
contribution to our understanding of the physics of superconductivity by his
experimental works. Apart from the above-mentioned pioneering experiment on the
AC Josephson effect, I. K. Yanson conducted his well-known experimental studies on
weak superconductivity and inelastic tunneling spectroscopy in solids.

The invention of the principally new and method of studying energy spectra of
conductors, known as the point-contact spectroscopy, belongs to I. K. Yanson. This
method is highly valued and recognized internationally by experts. Igor Kondratievich
established that electrical properties of point-contacts at low temperatures contain
detailed information about the energy spectrum of the interactions between the
conductance electrons and the crystal lattice vibrations, or phonons. For his discovery,
I. K. Yanson received one of the most prestigious awards in physics: the European
Physical Society Prize (1987).

In his later work, Igor Kondratievich addressed the problems of quantum and
mesoscopic effects in ultra-small contacts, and studied fundamental properties of novel
materials and alloys. In the recent years the method of point-contact spectroscopy is
gaining significance thanks to its applications in nanophysics. For example, this method
is being employed in the studies of charge- and spin-transfer effects in nanoscopic
obects, and in studies of their magnetic properties under the influence of ultra-high
density electrical current. Recently, the formation of spin-valve structures on atomic
level was observed by point-contact spectroscopy.

The broad spectrum of scientific interests of I. K. Yanson also included modern
problems of biophysics. He determined with great precision the interaction energies
of biological molecules in gas- and crystalline phases. Igor Kondratievich conducted
remarkable experiments to determine the binding energies for nitrogen bases of nucleic
acids. This work, which was published in 1979 in Nature, remains relevant even today:
it is being referenced by the international science community for almost forty years.

Fruitful scientific practice of I. K. Yanson is reflected in the great number
of publications. He authored or co-authored more than 250 articles in national and
international journals, as well as five books.

I. K. Yanson closely collaborated with several universities and research institutes
in such countries as France, Germany, Netherlands, Sweden, USA, Japan, and others.
He gave numerous invited lectures at conferences and symposia. He was often invited
to serve on the PhD theses defense committee in different countries. The signature of
I. K. Yanson marks the wall at Kamerligh Onnes laboratory at Leiden University, next



to the signatures of such famous physicists as Shubnikov, Einstein, Planck, Lorentz,
and Bohr. These scientists had an honor to give a lecture at the well-known Ehrenfesti
Colloquium.

For his significant accomplishments in science, I. K. Yanson received many awards
and prizes: in addition to the European Physical Society Prize (1987), he also received
the Ukrainian SSR Youth Prize in Science and Technology (1967), the Ukrainian State
Award in Science and Technology (1980), the Humboldt Research Award (1995),
the B.Verkin Prize of National Academy of Science of Ukraine (2006), Lise Meitner
Prize (Sweden, 2008), and the award “For Scientific Achievements” by the National
Academy of Sciences of Ukraine (2008). In addition, for his personal contribution to
the development of science and technology in Ukraine during many years of fruitful
work and for his high level of professionalism, I. K. Yanson received the Honorary
Award of the Presidium of the Verkhovna Rada of Ukraine (1988), the Honorary Award
of Kharkiv Regional State Administration (2008), the Order of Merit 3d Class (2008),
and the Honorary Award of the Verkhovna Rada of Ukraine for “Merits to the Ukrainian
People” (2010).

Apart from his scientific work, Igor Kondratievich paid a lot of attention to
teaching and training of young scientists and future experts. In 1969-1970 [.K. Yanson
taught at the Kharkov Institute of Radioelectronics, and from 1976 at the Kharkov
Polytechnic Institute. In 1978 1. K. Yanson became professor at the department of Low
Temperature Physics at Khrakov University. Former students of Igor Kondratievich
include a corresponding member of the National Academy of Sciences of Ukraine,
six doctors of science, and about 30 doctoral candidates (PhDs). One can say that I.
K. Yanson left behind a scientific school, whose followers continue to implement and
further develop his original ideas.

Apart from science, there was another passion in the life of Igor Kondratievich:
music. In 1956, he graduated with honors from Khrakov music school, and in 1963
with honors from the extramural faculty of the N. A. Rimsky-Korsakov Leningrad
State Conservatory in piano. At the beginning of his outstanding scientific carreer, 1. K.
Yanson had to make a very difficult choice: whether to dedicate his life to music or to
science. He chose science, and he never regretted his choice.

Igor Kondratievich is remembered as a respectful, kind, and empathetic person
with high moral standards, who is always ready to help in any matters. All people that
worked with him, all his colleagues and students, will always honor the memory of him
as a person, scientist, teacher, and citizen.



IHOOPMALIIA IS ABTOPIB CTATEN
xypHaiy «Bicauk XHY». Cepist «Dizuka»

VY xypHani «Bicauk XHVY». Cepis «®i3uka» IpyKyIOTBCS CTAaTTi Ta CTHUCII 32 3MICTOM ITOBIJIOMJICHHSI, B SIKMX
HaBeJIeH1 OpUTiHANBbHI PE3yNbTaTH TEOPETHYHUX Ta EKCIIEPUMEHTAIBHHUX OCHIKEHb, a TAKOXK AHAJITHYHI OTJISIH
JTepaTypHUX JHKEpeI 3 Pi3SHOMAaHITHUX aKTyalbHUX TMpo0sieM (i3uKH 3a TEMaTHKOIO BUIAHHS.

Moga craTeii — yKkpaiHChKa, aHTIIIHAChKA Ta POCIACHKA.

TEMATUKA XYPHAITY

1. Teopernuna dizuka.

2. di3uka TBEPIOTO Tija.

3. ®i3uKa HU3BKUX TEMITEPATyp.

4. di3uKka MarHiTHAX SIBUIIL.

5. OnTrka Ta CIeKTPOCKOTTis.

6. 3araspHi nUTaHHA (GI3UKK 1 cepel HUX: METOJOJIOTIS Ta icTopis (i3WKH, MareMaTHyHi MeToau (i3MYHHX

JIOCITIPKCHB, METOJIKA BUKJIAaHHs (DI3UKH Yy BUIIIH IITKOJ, TEXHIKA Ta METOAMKA (Di3UYHOTO CKCIICPUMEHTY TOIIIO.

BUMOTI'M 1O O®OPMJIEHH S PYKOITUCIB CTATTEN

3aranbHUI 00CAT TEKCTY PYKOIUCY CTATTI MOBMHEH 3aiiMaTH He Oiible, HiX 15 cTOpiHOK.

Pyxommic cTarTi CKIamaeTbes 3 TUTYIBHOI CTOPIHKH, Ha SIKi BKa3aHHO: Ha3Ba CTAaTTi; IHIIIaNKM Ta TIPI3BHINA
aBTOPIB; MOIITOBA a/Ipeca YCTaHOBH, B sKii Oyia BUKOHaHa poOoTa; Kiacudikauiiiuuii ingekc 3a cucremamu PACS Tta
VJIK; aHoTanii Ha OKpeMOMY apKylIi 3 TPI3BUILEM Ta iHilliaJlaMH aBTOPIB 1 HA3BOIO CTATTi, BUKIJIAAEHI YKPaiHCHKOIO,
POCIHCBKOIO Ta aHIIIIHCHKOIO MOBaMH; OCHOBHHUI TEKCT CTATTi; CIUCOK JITEPATypH; MIAMKCH IiJl PUCYHKaMH; TaOJuIIi;
pHUCYHKH: Tpadiku, GOTO3HIMKH.

AHorarris moBuHHA OyTH 32 00'eMoM He MeHbII Hik 500 cimBomiB. CtaTTs HOBHHHA OyTH CTPyKTOpOoBaHa. BICHOBKHI
MOTPIOHO MTPOHYMEPOBATH Ta B HUX MOTPiOHI OyTH BUCHOBKH a HE TEpETrCcaHa aHOTAaIlis.

EnexTpoHHMi BapiaHT pyKONHCY CTaTTi MOBUHEH BIAIOBIJaTH TAaKUM BHMOTAaM: TEKCT PYKOIHCY CTaTTi OBHHEH
Oytu HaOpanuii y popmati MicrosoftWord Bepcii 2013, BupiBHIOBaHHS TEKCTY MOBUHHE OYyTH 3/1iHCHEHE 32 JIIBUM KpaeM,
rapritypaTimesNewRoman, 6e3 nporucanx OykB y Ha3Bax, OyKBM 3BHYalHI PSJKOBI, 3 MOJISMH JIIBOPYY, NPABOPYY,
3Bepxy 1 3HM3Y 10 2,5 cM, popmynu noBuHHI OyTn HaOpaui B MathType (He Hmxkue Bepcii 6,5), y hopMynax KUPHIHLS
HE JIOITyCKA€ETHCS, CHMBOJIM 3 HIDKHIMHU 1 BEpXHIMH iHAEKcaMU ciin Habuparu B MicrosoftWord, mmpuna dhopmynu He
oimemre 70 MM, rpadiku Ta GoTtorpadii HeoOXigHO TogaBaTH B TpadiuHoMy (opmari, pospizHeHHS He MeHmne 300 dpi,
romupeHHst (ailiB NOBUHHO OyTH *.jpg, IIMPUHOIO B OJIHY UM JIBI KOJIOHKH, JUIS OJHI€T KOJIOHKH PO3MIpH: 3aBILUPIIKA
8 MM, JuIst 1BOX KOJIOHOK — 16 MM. Macmitad Ha mikpodororpadisx HE0OXiJHO MPEACTABIATH Y BUIVIAAI MaclITaOHOT
JHHIAKY.

BUMOI'U 10 O®OPMJIEHH I T'PA®IKIB
TopmuHa miHii He Oinbme 0,5 MM, ae He MeHte 0,18 MM. BennanHa niTep Ha mianucax 10 pUcyHKiB He Outem 14
pt, ane ne menme 10 pt, rapuitypa Arial.

ITPUKJIA T OD®OPMIJIEHHA CITMCKY JIITEPATYPU
1. JLJI. Jlanpay, E.M. JIn¢muu. Teopus ynpyrocru, Hayka, M. (1978), 730 c.
2. N.N. Ieanos. OTT, 25, 7, 762 (1998).
3. A.D. Ashby. Phys.Rev., A19, 213 (1985).
4. D.V. Vert. In Progress in Metals, ed. by R. Speer, USA, New York (1976), v.4, p.17.

J1O PEJAKLIT HAJAETHCA

1. IBa po3apykoBaHi IPUMIpPHUKH PYKOIIUCY CTATTi, AKi MiAMKCaHi ii aBTOpaMu.
2. EnexTpoHHa Bepcis pyKOIHCY Ta TaHi MI0/10 KOHTAKTIB /IS CIUTKYyBaHHS 3 11 aBTOpaMu. J{J1s 11b0T0 MOTPiOHO HaicIaTn
eJIEKTPOHHOIO TIOMITOY0, TUTEKH Ha anpecy physics.journal@karazin.ua.
3. HampaBieHHS BiJ ycTaHOBH, j¢ Oyia BUKOHaHa poOOTa, 1 aKTH €KCIIEPTU3H Y ABOX NPUMIPHUKAX; aJpecy, MPi3BHUIIE,
MOBHE iM’s1 Ta 0ATHKOBI aBTOPiB; HOMepH TenedoHiB, E-mail, a Takox 3a3HaYUTH aBTOpa PYKOIHKCY, BiIOBIAIEHOTO 32
CIJIKYBaHHS 3 PEAAKIN€I0 )KYPHAITY.

Marepianu pyKomuCy CTaTrTi MOTPiOHO HAmpaBiIATH 3a agpecoro: Pemakmis sxypHamy «BicHuk XapKiBCBKOTO
HarfioHaneHOTO yHiBepcuteTy imeni B.H. Kapasina. Cepis: disuka», Jledbeney C.B., disuunuii daxymsret, Maiizan
Ceobomu, 4, XapkiBcbKHii HamioHaNsHUH yHiBepcuTeT iMeHi B.H. Kapasina. texn. (057)-707-53-83.
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