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COSMOGRAPHY OF THE DYNAMICAL COSMOLOGICAL «CONSTANT»
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The paper considers a cosmographical approach to analyze cosmological models. Cosmography is a method to describe the
kinematics of the cosmological expansion based only on the cosmological principle. We consider a method of treating free
parameters of a cosmological model in terms of the directly observable cosmographic values related to the time-derivatives of the
Hubble parameter (deceleration, jerk, snap). The method is applied to analyze two cosmological models involving the time-
dependence of the cosmological constant in the form A(t) - A(H) when this approach is especially efficient. Both models interpret
the dark energy in the form of the cosmological constant A as energy of physical vacuum, which is currently the most supported
treatment. The first one means A being proportional to the Hubble parameter, and the second one involves a constant and a quadratic
term. As a result, the free parameters of both models are expressed in terms of the currently observed values of the Hubble parameter,
deceleration, and jerk. The obtained expressions for model parameters are exact, as the method does not involve any additional
assumptions. Furthermore, it leads to deal with algebraic equations instead of differential ones. After this procedure, solutions of the
evolution equations are obtained in the form of the time-dependence of the Hubble parameter. The obtained model parameters are
substituted to the solutions, which are analyzed for a typical range of cosmographic scalars taken from recent observations. Finally,
the proposed approach is used to eliminate free parameters from both models and to obtain constraints for the directly observable
cosmographic values that can be tested to correspond to present observations data. For the considered cases, such constraints are
received respectively for the jerk and the snap parameters with respect to the deceleration. The constraint for the linear model is
compared with current observational value ranges for the deceleration and the jerk parameters.

KEYWORDS: cosmography, cosmographic parameters, cosmological constant

KOCMOTPA®IA JHHAMIYHOI KOCMOJIOTTYHOI KOHCTAHTH
O. IBamiTeHko
Xaprxiecokuil nayionanvHutl ynieepcumem im. B. H. Kapasina, Xapxis, Yxpaina
m. Ce0600u 4, m. Xapxis, Ykpaina, 61022

VY wiit po6GoTi po3riasAHYTO KOCMOTrpadidHUi MigXiZ [0 aHamizy KocMojorigHmx mozenei. Kocmorpadis — me cmocib ommcy
KIHEMaTHKH KOCMOJIOTIYHOTO PO3IIMPEHHs, 0 0a3y€ThCs JIMIIE HAa KOCMOJIOTIYHOMY IMPUHIMII. MU pO3IIIsSfacMo METOA, SIKHM
TIOJISITA€ Y BUPaXEHHI BUIBHUX MapaMeTpiB KOCMOJIOTIYHO MOZIENI B TepMiHaX KOCMOTpadidYHUX BEJIMYHH, OB’ I3aHUX 3 TOXiTHIMHU
3a yacoMm Bia mapamerpa Xabma (q, j, ), 110 AOCTYIHI st Ge3mocepeHix crocrepexenb. CHocid 3acTOCOBAHO TSl aHAII3Y ABOX
KOCMOJIOTIYHHX MOJIEJIEH, 110 BKIFOUYAIOTh 3aJIEKHICTh KOCMOJIOTIUHOT cTanoi Bix acy y popmi A(t) —» A(H), Konu Takuii miaxin e
ocobnuBo edexTrBHUM. OOWIBI MOJENi TPAKTYIOTh TEMHY €HEprilo y (OpMi KOCMOJOTiYHOI KOHCTAHTH A SIK eHeprito (i3H4HOTrO
BaKyyMy, 110 Hapa3i sBisie co000 Haiibinbi po3moBciomkenHni miaxia. Ilepiia Moaens Bkitouae B cebe JiHINHY 3anexHicTh A Bifg
mapaMerpa Xabna, a Apyra MiCTHTh KOHCTAaHTy Ta KBajapaTWdHH{ 3a H momaHok. B pesynbrarti BuTbHI mapameTpu 000X Moneneit
BHPAXCHO Yepe3 TIOTOYHI 3HAUeHHS KOCMOTpadivHNX BEIUYHH, SIKi MOXKYTh OyTH OTpHUMaHi 31 criocTepeskerb. OTpuMaHi BUpa3H IS
MOJICNIbHHUX TapaMeTpiB € TOYHUMH, OCKUTBKM METOJl HEe BHMAarae HisIKMX JOJaTKOBUX HaOmwkeHb. OKpiM TOTo, BiH JO03BOJISIE
MPAIIOBATH 3 anreOpaidHIMU PiBHIHHAMH 3aMicTh qudepeHniianX. [1icas mporo pilleHHs eBOTIOUIHHIX PIBHIHD 3HAWICHO Y GopMi
3aJIOKHOCTI BiA yacy mapamerpa Xabma. OTpuMaHi mapaMeTpd MOJENCH MiJCTaBICHO IO PillleHb, SKI MPOAHAaTi30BaHO IS
XapaKTEepPHOTO Jiana30Hy KocMorpadiqHUX BEIHYHH, B3ATOTO 3 HEIIOJABHIX CHOCTEPEXKEHb. BpemTi pemr, 3arponoHoOBaHri MiIXin
JIO3BOJISIE BUKJIIOUUTH BUIBHI MapaMeTpu 3 000X Mojenell Ta OTpUMAaTH 3B S3KU JJIsI KOCMOrpadiyHUX BEIMYHH, IO MOXYTh OyTH
OTpUMaHi 3i criocTepexxeHb. BoHM Hanami MOXXyTs OyTH IPOTECTOBaHI Ha BiJIIOBIHICT Cy9aCHUM SKCIIEPIMEHTAIbHUM JaHUM. J{i1s
PO3IIIIHYTUX BUIAIKIB TaKi CHiBBiIHOIIEHHS OTPUMAHO BiAMOBIIHO AJS MapaMeTpiB j Ta s BiAHOCHO mapamerpy q. OOMexxeHHs Ui
THIHHOT MOIET TOPIBHSHO 3 TOTOYHUMH JIiaria30HaMK 3HA4Y€Hb JUIS [IUX MMapaMeTpiB 31 CIIOCTEPEIKCHb.

KJIFOUYOBI CJIOBA: kocMmorpadisi, kocMorpadiuti mapameTpu, KOCMOJIOTiYHa cTana

KOCMOI'PA®UA JTUHAMUYECKON KOCMOJIOITHYECKOM NOCTOSTHHOM
A. NBamirenko
Xapvroeckuil Hayuonanvhuild ynusepcumem umenu B. H. Kapasuna, Xapvkos, Yxpauna
nn. Ce0600wi 4, 2. Xapvros, Ykpauna, 61022
B pabote paccMoTpeH kocMorpapuyecKuii moaxo/] K aHaIu3y KOocMoJoruueckux moneneid. Kocmorpagus — 31o crocod omucanus
KHHEMAaTUKH KOCMOJIOTHYECKOTO PACIIUPEHHs, OCHOBAHHBIH TOJBKO Ha KOCMOJIOTHYECKOM IMpHHIHIE. MBI paccCMaTpUBaeM METOJ,
3aKJTIOYAIOIINICS B BBIPQKEHUH CBOOOIHBIX MApaMETPOB KOCMOJIOTHYECKHX MOJIeIel B TEpPMUHAX HENOCPEACTBEHHO HAOIIONaeMbIX
KOCMOTpa)UIecKuX BEIMYMH, CBS3aHHBIX C MPOM3BOAHBIMH IO BPEMEHH OT mapamerpa XaObma (mapameTpsl q, j, S). Meron
NPUMEHEH JIJIs aHAIIM3a JIBYX KOCMOJIOTHYECKUX MOJIENEH ¢ KOCMOJIOTHYECKOM KOHCTAHTOM, 3aBUCANIEH OT BpeMeHH B popme A(t) —

A(H), xoraa 3ToT moaxoa ocobeHHO 3pdekTuBer. O0e MOJETN MHTEPIPETHPYIOT TEMHYIO SHEPTUI0 B (hopMe KOCMOJOTHIECKON

© Ivashtenko O.,2018
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MOCTOSIHHOM A Kak Hepruro (U3MYECKOro BaKyyMa, YTO B HACTOSIIEE BPEMsI SIBIISICTCS CaMbIM PAacHpOCTPaHEHHBIM HOAXOJOM.
[lepBass Momens paccMmaTpuBaeT JIUHEHHYIO 3aBUCHMOCTh A OT mapamerpa Xa0O6ma H, a BTOpas BKIIOYAeT KOHCTAHTY U
KkBazparuyHoe 1o H crmaraemoe. B pesynprate cBoGOAHBIC ITapaMeTphl 00ENX MOJeNel BEIpaXKeHb! B TEPMUHAX TEKYIIHNX 3HAUCHUI
KocMorpadMyecKuX MepeMeHHbIX. I1oyueHHbIEe BBIPKEHHUS I MOJCIBHBIX MapaMeTpPOB SBISIOTCS TOYHBIMH, TaK KaK METOJ He
TpeOyeT HUKaKHX JOIOJHHUTEIbHBIX MpuOmmkennii. Kpome Toro, on no3BosseT padoTaTh ¢ anreOpandeckuMy YpaBHEHHSIMH BMECTO
b depenmanpHbIx. ITocie 3TOro penieHns YBOIIOLMOHHBIX YPaBHEHUH HaleHb B (hopMe 3aBHCHMOCTH OT BPEMEHH MapameTpa
Xab66ma. [Tomy4yeHHble mapaMeTphbl MoJiesIel OACTABICHbI B PEIICHUs], KOTOPBIE TPOaHaIM3UPOBaHbI I XapaKTePHBIX TUANla30HOB
3Ha4YeHMiI KOoCcMOrpa)MYecKuX MapaMerpoB, B3SATHIX M3 HENaBHHX HaOmoneHuH. HakoHel, NpeIoeHHBIH MOAX0/ MO3BOJISET
UCKJIIOYUTH CBOOOJIHBIE MAPAMETPhI U3 00EUX MOJICNeH U MOTyUYHTh CBA3M Ha HaOMI01aeMble 3HAUCHHST KOCMOTpaMueCKUX BEJIHYHH,
KOTOpBIE MOTYT OBITh HNPOTECTHPOBAHBI HA COOTBETCTBHE C COBPEMEHHBIMH HAOIIONATENFHBIMU TaHHBIMHU. J[IT pacCMOTPEHHBIX
CIIy4aeB TaKWE CBS3M IOJY4YEHbl COOTBETCTBEHHO U MapaMeTpoB j M S IO OTHOIIEHHIO K mapameTpy (. CooTHomieHue s
JIMHEHHON MOJIeNN CPaBHUBACTCS C TEKYIINM HAaOJ0IaeMBIM JMAIla30HOM 3HAUCHUH ATUX BEINYUH.

KJIIOUEBBIE CJIOBA: kocmorpadus, kocMorpaduieckre napamMmeTpbl, KOCMOJIOTYecKask IIOCTOsSHHAS

The Standard Cosmological Model (SCM) [1] describing a homogeneous and isotropic spatially flat accelerating
expanding universe is in a good agreement with a huge number of the observational data [2]. The accelerated expansion
in this model is generated by a substance with the negative pressure, named the cosmological constant (CC). SCM
succeeded to resolve the main problems of the previous cosmological model (the Big Bang model) [3].

However, the great success of the SCM for which it even got a name Cosmic Concordance should not be
misleading. The Cosmological model whereby our world consists 95% of entities of unknown nature (the dark
energy ~70%, and the dark matter ~25%) can be only an intermediate stage on the way to understanding the structure
of the Universe.

The lack of the information on the nature of main components of the Universe energy budget significantly
increases the number of possible ways to describe the cosmological evolution. The transfer from the cosmological
constant to dynamical forms of the dark energy is one of the most popular ways to generalize the SCM. The simplest
example of this type models is given by models with decaying vacuum. These models assume the energy exchange in
the dark sector.

The relation between the components will lead to the modification of evolution of the Universe. Particularly, the
dark energy density (in the form of cosmological «constant») will not remain constant. Such a modification vastly
expands the possibilities of the model and allows resolving a number of conceptual problems of the SCM, in particular
the problem of cosmic coincidence [4]. Unfortunately, as it often happens when introducing a new model, a serious
universal problem occurs in determining parameters of the model.

This problem can be resolved by reconstruction of parameters of cosmological models based on using their
kinematic characteristics [5, 6]. The traditional kinematics of the Universe works in accordance with the cosmological
principle stating that on scales exceeding hundreds of mega parsecs the Universe is homogeneous and isotropic. A
method to describe the evolution of the Universe named cosmography is based only on the cosmological principle and
presents actually a kinematics of the cosmological expansion. The efficiency of the cosmography is that it allows
expressing parameters of any model satisfying the cosmological principle, in terms of a limited number of
cosmographic parameters (first few Taylor series expansion coefficients of the scale factor).

In the present work, we use cosmography to find parameters of two models of the dynamical cosmological
constant.

MODELS

At the present time, the interpretation of the dark energy in the form of the cosmological constant A as energy of
physical vacuum is the most supported among other alternatives. It automatically leads to the equation of state of this
substance pp = —pa (P, is the pressure, and p, is the energy density), ensuring the accelerating expansion of the
Universe. The hypothesis allowing resolving a number of current cosmological problems involves moving to a time-
dependent CC, A —» A(t). In virtue of the energy conservation law, the vacuum decay should be accompanied by
changing the dark matter energy density p,,. Dynamics of the two-component system can be described by the system of
equations comprising the first Friedmann equation and the conservation equation (we use a system of units where the
reduced Planck mass Mp; = (8nG)™Y? =c = 1)

Pm t+ pa = 3H?,

. . )]

Pm + 3Hpm = —pp,
where H is the Hubble parameter, and we took into account that for the cold dark matter the pressure p,, = 0. In the
right part of the conservation equation there is a new term p, playing the role of the source generated by the decaying
CC. From the system (1) one can obtain the equation for the Hubble parameter

2H + 3H%? —p, = 0. )
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At the phenomenological level to solve the equation (2) a model of the CC decay is needed. Below, we will consider a
simple, but fully analyzable model [7], where

pa =0H, (3)

We will show that cosmography allows us to ecasily express a single parameter of the model ¢ in terms of the
cosmographic parameter, namely the deceleration.

The two-parametric model suggested in the work [8] also treats the CC as the decaying vacuum energy. More
specifically, the ideology of this model goes back to the hypothesis about existence of an unstable false vacuum [9-11].

If Eéf @45€) and Eétrue) are energies of the false and the true vacuums, the hypothesis involves a universal behavior of the
substance initially having been in the false vacuum

L t @
E(gfa se) _ Eé rue) +t_2i fOT' t>T, @)

where T is the typical time of the tunneling from the false vacuum to the true one. In terms of the time-depending CC
the relation (4) can be rewritten as [8]

pa(t) = A(t) = Apare + 5 (5)

that emerges from the covariant theory of a scalar field and presents a leading term at the late time of evolution.

METHOD

Characteristics used to describe the evolution of the universe can be either kinematic or dynamical. The first ones
presenting different combinations of time-derivatives of the scale factor are model-independent. While the second-ones
to be found require, besides dynamical equations of GTR, models of the equations of state of the considered
components. Like in the classical mechanics, cosmokinematics describes the observed evolution of the Universe
without respect to its causes. The kinematics of cosmological expansion of a homogeneous and isotropic universe has
been called cosmography [12].

In the early 60s, Alan Sandage [13] defined as the primary goal of the cosmologists a search for two parameters,
namely, the Hubble parameter and the deceleration parameter. However, an expansion with a constant acceleration is
not the only possible realization of the kinematics of a nonstationary universe. As the universe evolves, the relative
content of the components that fill it is changing, and as consequence, the dynamics of expansion changes, hence the
changes in acceleration. Thus, for a more complete description of the kinematics of cosmological expansion, it is useful
to consider an extended set of parameters (Hubble H, deceleration d, jerk j, and snap s) by including a higher-order
temporal derivatives of the scale factor [14]

lda
H(t) =qa’

© = 1d2a[1da_2_
T ="Gaez laar

1d3a [1 da]_3 ; ©

OR el pwrs
1d*a [1 da]

sO=Tm i

-4

The inclusion of higher derivatives of the scale factor, on the one hand, reflects the continuous progress of
observational cosmology, and, on the other hand, is dictated by the need to describe the increasingly complex effects
used for obtaining precise information.

In 2008, Dunajski and Gibbons [15] proposed an original approach for testing cosmological models satisfying the
cosmological principle. The implementation of this method involves the following sequence of steps:

1. The first Friedmann equation is transformed to the ODE for the scale factor. This transformation is achieved

by using the conservation equation for each component included in the model.

2. The resulting equation is differentiated (with respect to cosmological time) as many times as the number of

free parameters of the model.
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3. The time derivatives of the scale factor are expressed through the cosmographic parameters.

4. By solving the obtained system of linear algebraic equations, all the free parameters of the model are

expressed through the cosmographic parameters.

The procedure under consideration can be made more universal and effective if the system of Friedmann equations
for the Hubble parameter H and its time derivative H is considered as a starting one [6]. By differentiating the equation
the required number of times (determined by the number of free parameters of the model), we obtain a system of
equations including higher derivatives of the Hubble parameter H. These derivatives are directly related to the
cosmographic parameters by the relations

H=-H*(1+q); (7)
H=H3(+3q+2); (®)
H=H*(s—4j—3q(q+4) —6). )

So, the initial differential equation is turned to the algebraic one. The free model parameters are eliminated, so the
evolution equation takes a universal form and may be compared with other models as well as tested to correspond to the
observations data. In addition, the used kinematic characteristics are free from the uncertainties arising when physical
quantities such as, for example, energy densities are measured.

RESULTS
We applied the described method to treat the two considered cosmological models. For the first proposed model
(3) the evolution equation (2) reads

2H +3H?* —oH = 0. (10)

Using relation (7) we express the free parameter of the model ¢ in a simple way through the Hubble parameter and the
deceleration parameter:

o =H(1-2q). (11)

The second considered model (5) leads to the new parameterization of the vacuum dark energy [8] that together with the
second Friedmann equation and the continuity condition results in time-dependence of the Hubble parameter H~1/t. It
gives the following phenomenological quadratic parameterization of the cosmological constant density

A(H) = A, + 3B8H?, (12)

where there are two free parameters A, and 5. Hereby, the evolution equation (2) takes the form

. A
H==2-38H? (13)
2
where § is a constant defined as § = 3/2(1 — B). We repeat our procedure and differentiate the evolution equation
using expressions (7) and (8) for the time derivatives of the Hubble parameter. Finally, we solve a simple system of
algebraic equations and obtain free parameters of the proposed model in terms of the cosmographic ones

2+3q+] 1—j
=1 p=—r; (14)
21+ ¢q) 3(1+¢q)
j—q-2q°
Ay = H?— 15
: e (15)

Thus, having treated all the parameters of our models through the directly measurable cosmographical values, we
can substitute the experimentally measured current values of the Hubble, the deceleration and the jerk parameters H,
qo, Jo corresponding to the current time t,.
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After that, the further solution of the evolution equations can be done with considering these dependences. The
solution of the evolution equation (10) for the first model is given by the following time-dependence of the Hubble
parameter

Hyo
H(®) = oty (16)
3H0 + (0’ - 3H0)e 2

where H(t,) = H, is taken as an initial condition.
For the second model, it is also possible to solve the evolution equation (13) and to find the time-dependence of

the Hubble parameter
Ay A, 28
R ) — - 1
H(t) ,26 Tanh ’ > (t — tg) + ArcTanh /Ao Hy ||, 17)

In (16), and (17), model parameters o, §, and A, are correspondingly treated through Hy, q,, and j, (11), (14-15).

The current values of H,, q,, and j, obtained from the fitting of observations data can be found, for example, in
[16-18]. The recent analysis by Heneka [16] involves the comparison of the measurements for two cases: JLA
compilation of SN Ia and the Pantheon sample. These measurements give different results for the deceleration
parameter and the jerk: qo = —0.70 £ 0.18 and j, = 0.52(+0.58 — 0.60) for the first case and respectively qo, =
—0.86 £ 0.07 and j, = 1.13 +£ 0.26 for the second one. Having these parameters, we now can build the time-
dependences of the Hubble parameter and compare the results for two different models. For some typical range of
values, the time-dependences of the Hubble parameter are depicted in Fig. 1.

sk — A(t)=Ag—6H?

H, (km/s)/Mpc
(o]
o

..... Atty=cH

[ T |
L O

D
o

0.6 0.8 1.0 12 1.4
tHy

Fig. 1. Time-dependences (16) (dashed line) and (17) (solid line) of the Hubble parameter corresponding to two different models (3)

and (12). A typical range of current values of the deceleration parameter is indicated by the gray area. Here, the current parameter

value @, varies from -0.9 to -0.6 with the central value -0.75. The Hubble constant H, is set to be 67 (kTm) /Mpc, and the current

value for jerk j, is set to be 1.

As can be seen from the plot, the Hubble parameter decreases in time. The two considered models predict a similar
behavior for this dependence. However, one can notice the difference for early times and late times, which is quite
simple to explain. Indeed, for the case of j, = 1 we have f = 0 (14) that means A = A, for the model (5). So, the
model reduces to a constant term in the evolution equation (2), that affects the behavior of the derivative. While the
other model (3) has there a linear positive addend oH that is greater for larger H (and thus for the early times), so the
derivative H is greater for early times and smaller for later times. In general, when j, # 1, the character of the
dependence for the model (12) may be different due to the appearing quadratic term.

DISCUSSION
Finally, it is possible not only to treat the model parameters, but also to rewrite Friedmann equations themselves in
terms of directly observable cosmographic values. Dunajski and Gibbons [15] showed that for the three-parametric
model in the case of the pressure-free matter and the cosmological constant, the evolution equation treated through
cosmographic parameters yields
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k = a?H2(j — 1), (18)

where k (the spatial curvature) is regarded as a parameter. In particular if k = 0, this relation reduces to a third order
ODE

j=1. (19)

This constant jerk condition is consistent with almost all recent cosmological observations. Therefore, treating in this
manner the Friedmann equations, we can obtain some simple restrictions on the cosmographic parameters. It allows
testing the model for accordance with the current parameters relations received from observations.

We can perform the same procedure for the two considered models. For the first proposed model (3) the
evolution equation (10) can be rewritten as

H
2ﬁ+3H—0=0. (20)

We differentiate it with respect to the cosmological time. Then, using expressions (7) and (8) for the time-derivatives of
the Hubble parameter, we get by analogy to (19) a restriction on the jerk, involving already two cosmographic values:

+1
j=a?+ = @1

This relation is equivalent to the Friedmann equation and enables us to test the correspondence of the proposed
approach to the real values received from observations. The obtained constraint (21) compared with the ranges of
current values from the mentioned observations are shown on the Fig.2. As can be seen, despite the simplicity and the
absence of a strict physical background in this model, the result is in some accordance with the current cosmological
observations.

-1.0 -0.8 -0.6 -0.4

Fig. 2. Relation (21) for the jerk and the deceleration (black line) and areas of currently observable parameters values. Area [1]
corresponds to the data from JLA compilation of SN Ia {gq = —0.70 £ 0.18, and j, = 0.52(+0.58 — 0.60)}. Area [2] is related to
the Pantheon sample {q, = —0.86 + 0.07 and j, = 1.13 + 0.26}. See [16] for details.

For the second proposed model (12) this procedure requires differentiating the evolution equation (13) two times
to eliminate both free parameters. Using (7-9) for three time-derivatives of the Hubble parameter, we obtain the relation
for the snap parameter s that comes from the third derivative

J2+i@®+49+ 1D +q2q+ 1)
1+g¢ '

(22)

For the typical values g, = —0.75, and j, = 1 the estimation gives s, = 0.25. A possible range of values of the snap
parameter for different q,, and j, are depicted in Fig. 3.
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Fig. 3. The color diagram depicting the current value of the snap parameter (22) for some typical range of values for the deceleration
parameter and the jerk.

CONCLUSIONS

Numerous cosmological models include multiple parameters of different nature that often are in complicated
relations with the observed ones. It is possible to establish relations between parameters on a deeper level, thereby
reducing their number to the unique parameter set. An important methodological principle, the so-called the Occam’s
razor, states: there is no need to multiply essences without necessity. This is more than an aesthetic question. Having
reduced the number of cosmological parameters and developed a unified method of their determination, we will
facilitate testing of the models and limit the role of the observational cosmology to the determination of a small number
of the cosmographic parameters.

In the current paper, we have considered the algorithm of treating the free parameters of cosmological models in
terms of the directly observable cosmographic values. We have shown that this method is especially efficient in the
cases where the dynamical variables of the model directly depend on the Hubble parameter (the models with the time-
dependent cosmological constant in the form A(t) - A(H)). Here, the cosmographic analysis in terms of the Hubble
parameter derivatives H, H, H ... is more usable than the original approach of Dunajski and Gibbons [15].

The expressed model parameters can be then substituted in the solution of the evolution equation. Such a solution
is easy to compare with other results and to test in the correspondence to the modern observation data.

Moreover, the method enables us to eliminate at all free parameters from the model and to obtain the Friedmann
equation in form of some constraints on directly observable cosmological scalars. It allows considering the overlapping
of the regions of cosmographic parameters for different models carrying different physical sense to analyze the
reasonability of one or another approach. The obtained relations are exact and does not require any additional neglect.
They lead us to work with simple algebraic equations instead of to solve the ODEs. The validity of resulting constraints
can be verified by observations, thus providing the experimental test for any considered model.
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GROWTH OF EUROPIUM-DOPED MAGNESIUM SELENIDE FILMS BY ELECTRIC
FIELD-ASSISTED SPRAY PYROLYSIS: OPTICAL AND STRUCTURAL ANALYSIS
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Europium-doped MgSe films were deposited via electric field-assisted spray pyrolysis. The dopant concentration of the bulk solution
of europium trioxide was 5wt. %. However, for doping the films at different substrate temperatures, volume percentage (vol. %) was
employed at each instance of variation. Variation of spray temperature was around 573K and 673K (£0.3). Deposition occurred at
optimized conditions. Spectra of absorption indicate poor absorption characteristics demonstrated by Europium-doped MgSe films in
the ultra-violet region and very low absorption characteristics in the visible section. Absorption peaks were evident around 230nm,
240nm, 350nm and 365nm which confirmed defect states are inherent inside the crystal structure of the films. The films displayed
high transparency and low reflection in the visible section at varying substrate temperatures. The high transparency revealed by the
MgSe:Eu films in the visible section of the electromagnetic spectrum makes the material applicable as a coating layer in the
manufacturing of transparent products. Band gap energies within the range of 2.49¢V to 2.95¢V corresponding to varying substrate
temperatures (573K, 598K, 623K, 648K and 673K) and film thicknesses (2900nm, 2750nm, 2500nm, 2100nm and 200nm) were
determined for the MgSe:Eu films. However, a clear observation shows that the band gaps of MgSe:Eu films are mainly dependent
on thickness such that the obtained band gaps decreased with increasing thickness (band gap increases with thickness reduction).
Structural analysis (XRD) studied at 10% and 40% Eu concentrations reveals a hexagonal (or wurzite) structure for the films with a
distortion in crystallinity at higher dopant concentration (40 vol. %) and a resultant blue shift in the lattice constant from the bulk
value. Multiple planes of reflection from XRD pattern of the deposited MgSe:Eu films indicate clearly that the films are
polycrystalline. Surface morphology (SEM) confirms the highly strained nature and the presence of defect states within the crystal
lattice of the Europium-doped MgSe films. Composition of MgSe:Eu films obtained by energy dispersive analysis x-ray (EDAX)
confirms the growth of MgSe:Eu films.

KEYWORDS: Magnesium Selenide, Spray Pyrolysis, Europium, Temperature, Structural, Films, Band gap.

PICT MATHIEBO-CEJIEHIJHUX ILIIBOK JIETOBAHUX €BPONIEM METO/IOM CIPEM-ITAPOJII3Y B
EJEKTPUYHOMY NOJII: ONTUYHUIA I CTPYKTYPHHUI AHAJII3
D.M. Jeroh, A.J. Ekpunobi, D.N. Okoli
Physics/Industrial Physics Department, Nnamdi Azikiwe University, Nigeria

ITniBku MgSe neroBani eBpornieM GopMyBaIHCh 3a JOIOMOTOIO MipoJIi3y B eneKTpuiyHOMY Touti. O6’eMHa KOHIEHTPALsl JOMIIIKH y
PO34MHI TPHOKCHIY €BPOIi0 cTaHOBHIIA 5 Wt. %. IIpoTe mpu sieryBaHHi IUTiIBOK IIPU Pi3HUX TeMIepaTypax cyOocTpaTy, KOXKHOTO pasy
BUKOPHCTOBYBaBcsi 00'eMHuH BincoTok (vol. %). Bapiauis Temneparypu HanuieHHs craHoBwia Omusbko 573 K i 673 K (£ 0,3).
OcamkeHHs BinOyBasiocss B ONTHMi30BaHHX ymoBax. CrmekTpu abcopOrmii cBim4aTh mpo ciaOKi MOTJIMHANBHI XapaKTEPHCTHKH,
MIPOIEMOHCTPOBAHI IUTIBKaMH, II0 MIiCTATH oKkcua MgSe, B ynbTpadioneToBiit 00yacTi Ta Ay’Ke HU3bKi XapaKTEPUCTHKH TTOTIIHHAHHS
y BUAUMOMY niana3oHi. [Tiku nornuHaHHA crioctepiranucsk HaBKono 230 M, 240 M, 350 HM Ta 365 HM, 10 MIATBEPIKYE HASBHICTH
nedexTiB BcepearHi KPUCTANIYHOI CTPYKTYpH IUIiBOK. [1MiBKM TeMOHCTpYBaIM BHCOKY IIPO30PICTh 1 HU3BKY 3aTHICTH O BIIOUTTS y
BUAMMOMY Jlialla30HI TP PI3HUX TeMIepaTrypax MiJKkiIagkd. Bucoka mpos3opicTs, BusBieHa IutiBkamu MgSe:Eu y Buanmomy
Jiara3oHi eJNIEKTPOMArHITHOTO CIIEKTpa, pPOOWTH Marepiajl HNPUJATHUM Yy SKOCTI IIapy IHOKPUTTS IUIsi BUTOTOBJICHHS ITPO30PHUX
BUpoO6iB. s ruiiBok MgSe:Eu Oyna Bu3HayeHa MIMPHUHK €HEpreTHYHOI 30HKM B Mekax Bix 2,49 no 2,95 eB, mo Bignoigana pisHUM
temneparypam migkitaaku (573 K, 598 K, 623 K, 648 K i 673 K) Ta toBumH mmiiok (2900, 2750, 2500, 2100, 200 um). IIpore,
CIOCTEPEIKSHHSI YiTKO MOKA3ye, 110 MINPUHN CHEPreTHYHOI 30HH 3pa3kiB m1iBok MgSe:Eu B 0CHOBHOMY 3aj1€XKaTh Bijl TOBIIUHH, TaK
oI0 OTPUMaHi OIMPHHU €HEPreTUYHOI CMYTH 3MEHINYIOTHCS 3 30UIBIICHHSM TOBIIMHH (IIMPUHA CMYTH 3pOCTAa€ i3 3MEHIICHHSAM
toBmuHN). CTtpykTypHuii anani3 (XRD), nposeaennit aust koHuentparii 10% ta 40% Eu, mokasye rexcaronanbHy (a00 BypLiTHY)
CTPYKTYpY JUISL IUTIBOK i3 TIOPYIICHHSAM KPUCTAJIIYHOCTI IIpU OiIbII BUCOKiHM KoHIEHTparil oMimku (40 06.%) 1 sk HaCTiJOK CHHIH
3CyB KOHCTAHTH PELIITKH MOPIBHIHO 3 00’ eMHUM 3HadeHHAM. Kinbka mromuH BinouTTs Bixg mapy XRD nanecenux miiBok MgSe:Eu
YiTKO IIOKa3yloTh, IO ILTIBKM € moiikpucraniuaumu. [ToepxHeBa mopdororis (SEM) minrBepmxye BHCOKY HAIPY)KEHICTb Ta
HAsBHICTh NE(EKTHUX CTaHIB y KPUCTANIYHINA PEIIiTIi 1iBok MgSe, mo mictaTh cruiaBu €pporito. Ctpykrypa miiBok MgSe: Eu,
OTPHUMaHHX 32 JOTOMOIOI0 SHEePreTHYHOro AUCIIEPCIHHOro aHaily peHTreHiBcbkoro BunpominioBands (EDAX), niareepmkye pict
mwiiBok MgSe: Eu.

KJIFOYOBI CJIOBA: ceneHix Martiro, Cipei-mipodi3, €BpoIiid, TeMIepeaTypa, CTpyKTypa, ILTiBKH, ITUPUHA CMYTH

For decades, semiconductors have proven absolutely effective and reliable when it comes to designing and
fabricating several electronic devices. Amongst the studied semiconductors, II-VI semiconductors have been widely
reported in searching for novel materials toward advancing the study of semiconductors for various applications. As
such, focus has shifted to the inclusion of magnetic and rare-earth ions into pure semiconductors to explore their
variable properties. The alkaline earth chalcogenides such as MgSe, CaSe, SrSe, etc., have attracted scientists perhaps
due to their potential applications in various optoelectronic devices, especially luminescent ones [1]. Magnesium is
located in group ITA and when combined with selenium, it can be classified as a II-VI semiconductor. Due to its

© Jeroh D.M., Ekpunobi A.J., Okoli D.N.,2018
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hygroscopic nature and unstable zinc-blende structure, a detailed investigation on the physical properties of MgSe is not
clear till now and only few reports are existent in the literature [2].

Magnesium selenide (MgSe) films have previously been produced by spray pyrolysis [1-4], solution growth
technique [5-7], molecular beam epitaxy [8-9], metal-organic chemical vapour deposition [10], metal-organic vapour-
phase epitaxy [11]. In our current research, spray pyrolysis (SP) based on electrostatic field was used to deposit
magnesium selenide with europium as dopant (MgSe:Eu) and a careful analysis of its optical and structural parameters
are presented. SP was considered due to its advantages as reported by [12].

The major aim of this study is to introduce a pinch of europium (as a dopant) into MgSe and study its optical and
structural characteristics for possible applications of the material. This became necessary as only few reports are
available on the optical and structural parameters of MgSe films and also the inclusion of rare-earth ions (Europium) in
magnesium selenide films has not been described in available literatures. This research aims to close the gap by
investigating the optical and structural parameters of only Europium-doped magnesium selenide films and possibly
suggest applications of the films based on their determined characteristics.

EXPERIMENTAL DETAILS

The spray content of MgSe:Eu films comprises 1.8ml of 0.2M of magnesium acetate, 6ml of 0.2M of selenium
dioxide (SeO>) and 0.2ml of europium trioxide; Eu,O3 (0.1M concentration). 10% Dopant concentration (Vol. %) was
considered for temperature variation. The resulting mixture was whisked for 25minutes by a magnetic stirrer. Due to
swift precipitation of the mixture, the spray content was stabilized with the addition of some proportions of
hydrochloric acid (concentrated). This was done to reduce the reaction pace of the mixture. Once homogeneity of the
mixture was attained, it was sprayed via a syringe pump by spray pyrolysis (electrostatic) on the hot glass substrates
maintained at 573K, 598K, 623K, 648K and 673K respectively. Distance optimization between the nozzle and substrate
was achieved at 4.7mm, solution flow-rate was maintained at 2400uL/hr while time of deposition was maintained at
10minutes. The voltage throughout the whole deposition process was constant (optimized) at about 5.5kV.

RESULTS/DISCUSSIONS
Optical parameters
The film thickness was obtained by surface profile analysis using a DekTak Veeco 150 Stylus Surface Profiler.
The absorbance spectra for MgSe:Eu films obtained at varying deposition temperatures are displayed in Figure 1.
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Fig. 1. Absorbance Spectra of MgSe:Eu Films at Varying Substrate Temperatures

Very poor absorption of light is obvious for the MgSe:Eu films at long wavelengths. Highest absorbance recorded
is about 29.66% and was obtained at 648K in the ultra-violet region. Absorption peaks are evident around 230 nm,
240 nm, 350 nm and 365 nm. These observed peaks confirm defect states are inherent inside the crystal structure of the
films. The low absorption of light revealed by the MgSe:Eu films suggests that more light will be transmitted by the
material. An observation of Figure 1 indicates that the absorbance of the MgSe:Eu films decreases as temperature
increases from 573K to 623K in the visible region. At 643K, there was a sudden increase in absorbance with further
decrease of absorption as deposition temperature attains 673K. This behaviour could be as a result of defect states or
strains present within the material which is responsible for the slight distortion of trend. Notwithstanding, it could be
concluded that absorption decreases with increment in temperature in the visible zone. From the SEM results
(Figures 6 a,b), cracks are observed on the surface of the films which is an indication that the films are highly strained
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and the confirmation of defect states within the crystal lattice. Thus the SEM and optical results are well correlated. The
transmittance curves of MgSe:Eu films are displayed in Figure 2 for varying temperatures.
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Fig. 2. Transmission Spectra for MgSe:Eu Films at Varying Substrate Temperatures

The transparency of the MgSe:Eu films improves with temperature from 573K up to 623K, slightly decreased at
648K and further increased at 673K. A careful inspection of all the films obtained at varying deposition conditions
reveal high transparency around 73.42% and 96.47% in the visible region. The same reason adduced for the absorption
results also applies to the transmittance results. This property of high transparency revealed by the MgSe:Eu films in the
visible section of the electromagnetic spectrum makes the material applicable as a coating layer in the manufacture of
transparent products.

The band gap (direct) energies of the MgSe:Eu films at varying deposition conditions were computed from the
relation [13]:

(ahv) =D (hv-Eg)™ (1

where D is a constant, m indicates the transition type. The value of m is assigned either % or 2 (for direct and indirect
transitions respectively), Eg denotes energy of the band gap while hv stands for energy of the photon.
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Fig. 3. Plot of (ahv)? Versus Photon Energy for MgSe:Eu Films at Varying Substrate Temperatures.

The energy of band gaps of the films is within the range of 2.49eV to 2.95¢V depending on the substrate
temperature. The band gap energy is observed to increase slightly with temperature between 573K and 623K, reduces at
648 and further increased at 673K. However, a clear observation shows that the band gaps of MgSe:Eu films are mainly
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dependent on thickness such that the obtained band gaps decreased with increasing thickness (band gap increases with
thickness reduction).

Table 1a
Variation of Band Gap Energy with Substrate Temperature
Temperature Band Gap
) (eV)
573 2.65
598 2.75
623 2.85
648 2.49
673 2.95
Table 1b
Variation of Band Gap Energy with Thickness
Thickness Band Gap
(nm) (eV)
2900 2.49
2750 2.65
2500 2.75
2100 2.85
200 2.95

Table 1b reveals that a reduction in the thickness of the MgSe:Eu films caused a corresponding increment in band
gap energy. Another notable observation is the fact that the MgSe:Eu film thickness was astronomically reduced at
673K. At the occurrence of this fact, the films were repeatedly deposited at this temperature a couple of times with
variation of thickness still in the reported range. A very similar report has been given by [2], citing [14] wherein the
various authors concluded that at higher temperatures there is a reduction in the transfer of precursor to the substrate.
This, [2] and [14] attributed to gas convection emanating from the chamber, hence pushing away the droplets from the
substrate surface leading to the development of crystallites within the vapour. Thickness of MgSe:Eu films were
determined by profilometry using a DekTak Veeco 150 Profilometer.

STRUCTURAL CHARACTERIZATION OF MgSe:Eu FILMS
X-RAY DIFFRACTION (XRD) ANALYSIS
The x-ray diffractogram of the Eu-doped MgSe films obtained at a deposition temperature of 623K, deposition
time of 10 mins and 10% dopant concentration is displayed in Figure 4.
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Fig. 4. XRD Diffractogram of MgSe:Eu Films at 623K and 10% Dopant Concentration.

Figure 4 reveals multiple planes of reflection from the XRD pattern of the deposited MgSe:Eu films. This
indicates clearly that the films are polycrystalline. These diffraction patterns are indexed to the [101], [110], [002],
[200], [102], [112], [221] and [103] planes having corresponding 26 values: 20.37°, 23.53°, 30.67°, 32.68°, 36.77°,
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37.21°, 47.43° and 51.97° respectively. The indexed planes clearly suggests a hexagonal structure for the MgSe:Eu
films. The peak at 20 equals 23.53° recorded the highest intensity indicating the preferred growth angle which has been
indexed to the [110] plane. The lattice constant for the [110] plane was estimated to be about 5.3427A which is lower
than the reported standard value (5.462A) published by NBS Monograph 25, section 5 (card no.: 53-61386) [15] for
MgSe films.

In this research, optical studies reveal a blue-shift in band gap energy for the studied MgSe:Eu films while
structural analysis shows the lattice constant (5.3427A) is red-shifted from the bulk (5.462A). It is to be emphasized that
a reduction in the inter-atomic distance brings about a decrease in lattice constant. The implication of this is an
increment in binding force between the valence electrons and parent atoms. Thus, as the valence electrons become more
bound as a result of the decrease in inter-atomic spacing, more energy will be needed to free the valence electrons and
move them into the conduction band to become free electrons. Thus a reduction of the lattice constant will result in an
increase in the band gap energy. Thus, our structural and optical results are well correlated.

For an effective study of the structural details, parameters such as the grain size, inter-planar distance, strain,
lattice constant, dislocation density and number of crystallites per unit area have been estimated and displayed in
Table 2b.

The grain size, D, was estimated from the Debye-Scherer expression [2, 16-17]:

0942
a Bcos6 (1)

where A (1.540593A) is the diffraction wavelength, B is the Full-Width at Half-Maximum (FWHM) while 0 is the
Bragg’s diffraction angle.

The grain/crystallite sizes of the MgSe:Eu films at the different planes presented were estimated to be 41.19nm,
46.15nm, 47.79nm, 48.56nm, 52.97nm, 54.81nm, 61.76nm and 70.92nm respectively.
The inter-planar distance, d, was estimated from the expression [16]:

A
4= om0 &)
The strain, €, was estimated from the expression [18]:
__ BCos6
g = B2 3)
The dislocation density, 8, was estimated from the mathematical expression [19-20]:
1
=5 )
where D is the grain size.
The lattice constant for the hexagonal phase of MgSe:Eu was estimated from the relation given by [21-22]:
1ot Rahk+k?) 4L )
dz  3a? c2

where a; is lattice constant, d is the inter-planar spacing and hkl represents the miller indices.
The number of crystallites per unit area was calculated using the relation [23-24]:

t

=03 (6)

where t, is the thickness of the MgSe:Eu film and D is the crystallite size corresponding to each plane.

Diffraction Angles and FWHM Values for MgSe:Eu Films Deposited at 623K. fable 2a
20 0 Cos 0 F“I;HM (ﬁxgﬁ) BCos6
20.37 10.19 0.9842 0.1600 0.002793 0.002042
23.53 11.77 0.9790 0.1600 0.002793 0.002734
30.67 15.34 0.9644 0.1800 0.003142 0.003030
32.68 16.34 0.9596 0.1400 0.002444 0.002345
36.77 18.39 0.9490 0.1800 0.003142 0.002982
37.21 18.61 0.9477 0.1600 0.002793 0.002647
47.43 23.72 0.9156 0.2200 0.003840 0.003516
51.97 25.99 0.8989 0.2000 0.003491 0.003138
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Lattice Parameters for MgSe:Eu Films Deposited at 623K.

o

D d € a N
(nm) &) wioy |0 & | iy | M
70.92 4.3562 5.1050 1.9882 6.1606 7.71 101
52.97 3.7779 6.8350 3.5640 5.3427 18.50 110
47.79 2.9127 7.5750 4.3785 5.8254 25.20 002
61.76 2.7380 5.8625 2.6217 5.4760 11.67 200
48.56 2.4423 7.4550 4.2408 5.4612 24.02 102
54.81 2.4144 6.6175 3.3287 5.9141 16.70 112
41.19 1.9153 8.7900 5.8941 5.7459 39.35 221
46.15 1.7581 7.8450 4.6952 5.5596 27.98 103

Table 2b

The diffractogram of Eu-doped MgSe films obtained at 623K, 10mins deposition time and 40% dopant
concentration is displayed in Figure 5.

The reflections are indexed to [101], [110], [002] and [200] planes which clearly indicates a hexagonal structure
for the film. The reflection angles corresponding to the indexed planes have 26 values at 20.26°, 23.43°, 30.46° and
32.57° respectively. The lattice constant of the preferred growth plane was estimated to be about 5.3652A. The
estimated lattice constant (5.3652A) is close to the reported standard value (5.462A) for MgSe films according to NBS,
card no.: 53-61386 [15].

By comparison of Figures 4 and 5, it is observed that the number of prominent peaks decreased substantially when
the dopant concentration was increased to 40%. This implies that the material losses its crystallinity at increased dopant
concentration, thereby distorting the crystal structure of the material.

Fig. 5. XRD Diffractogram of MgSe:Eu Films at 623K and 40% Dopant Concentration.
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Diffraction Angles and FWHM Values for MgSe:Eu Films Deposited at 623K, 40%.

20 0 Cos 0 F“I;HM (IF{::;g?fs) BCos0
2026 | 1013 | 09844 0.1200 0.002094 0.002061
2343 | 1172 | 09792 0.1200 0.002094 0.002051
3046 | 1523 | 0.9649 0.1600 0.002793 0.002695
3257 | 1629 | 09599 0.1400 0.002444 0.002346

Table 3a
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Table 3b
Lattice Parameters for MgSe:Eu Films Deposited at 623K, 40%.
D d € 0 a N hkl
(nm) A) (x 104 (x 10" lines/m?) A) (x 10)

70.26 4.3796 5.1525 2.0257 6.1937 8.650 101

70.61 3.7938 5.1275 2.0057 5.3652 8.522 110

53.73 2.9323 6.7375 3.4639 5.8646 19.341 002

61.73 2.7500 5.8650 2.6243 5.5000 12.754 200

Figures 6 (a-d).

SCANNING ELECTRON MICROSCOPY (SEM) STUDIES
The surface morphology of the MgSe:Eu films were studied at different conditions of growth and presented in

From SEM images, cracks are evident all over the surface of the grown films (Figures 6(a-d) indicating that the
films are highly strained). Such strains lead to defects within the crystal structure of the material. This is evident in the

optical and XRD analysis.

Fig. 6a. SEM Image of MgSe:Eu Films at 573K, 10mins and
10% Dopant Concentration.

Fig. 6¢c. SEM Image of MgSe:Eu Film Obtained at 623K,
10mins, 10% Dopant Concentration at a Resolution of 500x.

Fig. 6b. SEM Image of MgSe:Eu Films at 623K, 10mins and

40% Dopant Concentration.

80 um

Fig. 6d. SEM Image of MgSe:Eu Film Obtained at 623K,
10mins, 10% Dopant Concentration at a Resolution of 1000x.
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ELEMENTAL COMPOSITION
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Fig. 7. EDX Spectrum of MgSe:Eu Films at 10% Eu Fig. 8. EDX Spectrum of MgSe:Eu Films at 40% Eu
Concentration and Growth Temperature of 573K. Concentration and Growth Temperature of 623K.

To confirm the growth of MgSe:Eu films, energy dispersive analysis x-ray (EDX) spectroscopy was employed to
ascertain the composition of the films. Figures 7 and 8 show the EDX spectrum of the MgSe:Eu films obtained at 10%
and 40% Eu concentrations at growth temperatures of 573K and 623K. The presence of Mg, Se and Eu is obvious from
the EDX spectrum confirming the formation of MgSe:Eu films. The presence of silicon (Si) and calcium (Ca) may have
come from the glass substrate while the peak corresponding to oxygen (O) may be due to atmospheric exposure.

CONCLUSION
Thin films of MgSe:Eu with varying thicknesses obtained at varying substrate temperatures and dopant
concentrations were obtained via electrostatic spray pyrolysis. The obtained band gap energies were discovered to be
dependent on the film thickness. Strong blue-shift in band gap energy was observed for the MgSe:Eu films. Optical
studies reveal the films will prove useful in creating optoelectronic devices and will also be valuable for coating
materials that need to remain transparent. The XRD analysis conducted indicates hexagonal structure for the MgSe:Eu
films while SEM analysis indicates the MgSe:Eu films are highly strained.
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NOVEL TRIMETHINE CYANINE DYE AS POTENTIAL AMYLOID MARKER
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The applicability of the novel cyanine dye AK 3-1 to the detection and characterization of pathogenic protein aggregates, amyloid
fibrils, was tested using the absorption spectroscopy technique. In an organic solvent dimethyl sulfoxide (DMSQ), absorption spectra
of AK3-1 exhibits vibrational structure with the relative intensity of 0-0 sub-band being higher than that for the 0-1 sub-band. In an
aqueous phase the dye absorption band undergoes hypsochromic shift relative to DMSO due to H-aggregation of the dye. The
interaction of AK3-1 with the native and fibrillar insulin was followed by the decrease of monomer band and the enhancement of H-
dimer band. To evaluate the relative contributions of the monomeric and aggregated forms, the absorption spectra of the protein-
bound dye were deconvoluted using the asymmetric log-normal (LN) function. The analysis of the set of fitting parameters provides
evidence for the protein-induced AK3-1 self-association into the head-to-head dimers, with the magnitude of this effect being much
more pronounced for fibrillar protein form. The molecular docking studies showed that the AK3-1 monomer tends to associate with
the specific arrangement of side chains in the f-sheet formed by L17 leucine residues (of the insulin B-chain), located on the dry
steric zipper interface of the fibril, while the dye dimers form stable complexes with the amyloid groove formed by the residues Q15
and E17 of the A-chain, and located on the wet interface of the fibril. The latter binding site is more easily accessible and is
additionally stabilized by the electrostatic interactions between the positively charged dye and the E17 residue. This binding mode
seems to be prevailing over that for the AK3-1 monomers. Based on the results obtained, AK3-1 may be recommended as a
prospective amyloid marker complementary to the classical amyloid reporters Thioflavin T and Congo Red.

KEYWORDS: Trimethine cyanine dyes, amyloid marker, H-aggregates, insulin

HOBUI TPUMETAHOBHUI I{IAHIHOBUI BAPBHUK SIK MOTEHIIMHAN AMLIOITHA MAPKEP
V. Tapa6apal, O. Puzxosa', K. Byc!, A. Kypyroc?, B. Tpycosa!, I'. Fopoenxo!, H. Taxkes?, T. leaireopries?
'Kagheopa sdepnoi ma meouunoi gizuxu, Xapriscoxuii nayionanonuii ynieepcumem imeni B.H. Kapasina
nn. Ceoboou 4, Xapxis, 61022, Vxpaina
2@axynemem ximii i papmayii, Coghiticoxuii ynieepcumem, Cogpis, 1164, Boreapis

3a 10moMOror0 MeTony abcopOIiifHOT CIIEKTPOCKOMii MpOBecHA OLiHKa MOKIIMBOCTI BUKOPHCTAaHHS HOBOTO I[iaHiHOBOTO OapBHHKA
AK3-1 nyst nerexTyBaHHS Ta XapaKTepH3allil TaTOreHHUX OLIKOBHX arperariB, aminoigaux ¢iopmi. Crnexrpu nornuHanast AK3-1 B
OpTaHiYHOMY PO3UMHHHKY JuMeTmicynbpokcuai (IMCO) xapakTepu3yroThcs HassBHICTIO BIOPOHHOI CTPYKTYpH, IPHIOMY BiJTHOCHA
iHTeHCUBHICTb cyOcmyru 0-0 Buine, HiX iHTEHCHBHICTH cyOcmyru 0-1. YV BoaHiil ¢asi BinOyBaBcsi TiIICOXPOMHHH 3CYB CHEKTpY
nornuHanHs AK3-1 BigHocHo [IMCO, obymoBnennii H-arperauiero 6apeaunka. [Ipu B3aemonii AK3-1 3 HatuBHUM Ta QiOpHISIpHUM
iHCYJIIHOM CIIOCTEpIrajgoch 3MEHIICHHS IHTEHCHBHOCTI MOHOMEPHOI CIIEKTPajbHOI CMYIHW Ta 3pOCTaHHs iHTEHCHBHOCTI cmyru H-
quMmepiB. J[is OIHKY BIZHOCHHX BHECKIB IMOHOMEpHOI Ta arperoBanoi ¢popm GapBHHKa , Oyiia mpoBeeHa ACKOHBOJIOLIS CIEKTPIB
MOTJIMHAaHHA 3B’s3aHOro 3 OinkoM AK3-1 3 BukopucTaHHSAM acuMeTpudHOi Jor-HopMmanbHoi (LN) ¢ynkmii. Anamiz HabGopy
mapaMeTpiB, OTPIMaHHX B MPOIIECi MiITOHKH, BKa3ye Ha camoacomiarito AK3-1 B quMepu THITy «roJioBa IO TONOBH» BUKINKAHY
OLTKOM, IPHYOMY BEJIMYHHA HOTO e(eKTy Oyia 3HAYHO OUTBII BHpakeHa B MPUCYTHOCTI (iOpmispHOro Oinka. 3 BUKOPHCTAHHSIM
METOJIy MOJIEKYJISIPHOTO JOKIHTY IOKa3aHo, o MoHOMepH AK3-1 3B’s3y10ThCs 31 crienn¢ivHO po3MIlIeHIMH OOKOBUMH JIAHITIOTAMH
B-yucra, mo chopmoBani 3anmuikamy Jeiinuay L17 (B manirora iHCymiHy) Ta 3HaXOISITHCS Ha ITOBHICTIO HEIOCTYITHIH AJIS BOJH
MOBEpXHI — CTepUuHil OimckaBLi. B Tol ke wac, numepn OapBHHMKA (OPMYIOTH CTa0iIbHI KOMILIEKCH 3 KoioOKkaMu ¢iOpui, 1o
yTBOpEHI aMiHOKHUCIOTHUMH 3aiuiukamu Q15 ta E17 nanmora A Ta po3ramoBaHi Ha JOCTYNHIH Ul po3dMHHMKA moBepxHi. CaiT
3B’si3yBanHsa Q15 E17 e Ginbur gocTynHUM [Uisi OapBHHKA, a TAKOXK J0JATKOBO CTaOTI3y€eThCs €IEKTPOCTATHIHOIO B3aEMOIIEI0 MiXK
MO3UTHBHO 3apsi/PKeHUM OapBHHKOM Ta 3amumkoM E17. OcranHiil MexaHi3M B3aeMOJil ySBIAETbCA MEPEBAXKHHUM IOPIBHAHO 3
MEXaHI3MOM 3B’s3yBaHHA MOHOMepiB 3 QiOpmmamu. OTpuMaHi pe3ynbTaTH AO3BOJSIOTH pekomeHayBatd AK3-1 B skocti
MEPCIEKTUBHOIO aMIIOITHOTO MapKepa, Hopsi 3 KIaCHYHUMH pernopTepcbkiuMu Mojiekynamu Tiodnasinom T Ta KoHro uepBoHHM.
KJIIOYOBI CJIOBA: TpuMeTHHOBI IiaHIHOBI OapBHUKH, aMinoinHuit Mapkep, H-arperaTw, incynin

HOBBI TPUMETHHOBBII INAHWHOBBINA KPACUTEJB KAK IOTEHIIUAJIBHBIN AMAJIOWTHBIA MAPKEP
V. Tapa6apal, O. PerxoBal, K. Byc!, A. Kypyroc?, B. Tpycosal, I'. Fopoenxo!, H. Taxxes?, T. leaureoprues?
'Kagheopa sdeproii u meduyunckoii pusuru, Xapbkosckuii nayuonarbnwlil ynusepcumem umenu B.H. Kapasuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna
2@axynomem xumuu u gpapmayuu, Couiickuti ynueepcumem, Cogpus, 1164, boneapus
C momompio MeTona abcopOIMOHHOM CIEKTPOCKONMH TPOBEJCHA OIEHKA BO3MOXHOCTH HCIIOJIB30BAHUS HOBOTO IIMAHUHOBOTO
kpacurenst AK3-1 1yt meTekTHpoBaHUS M XapaKTepU3alliH NATOTCHHBIX OEJIKOBBIX arperatoB, aMmIOWAHBIX (GuoOpmmt. CrexTps
nornomennss AK3-1 B opranmueckoMm pactBoputene auMmeTtwicynbpokcuae (JIMCO) xapakTepusyloTcsi HaJMdHeM BHOPOHHOM
CTPYKTYpBI, IPHYEM OTHOCHTENIbHASI MHTEHCUBHOCTH cyOmoinocs! 0-0 BbIlIe, 4eM MHTEHCHMBHOCTB cyOmosockl 0-1. B BoxHoit dase
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110JI0Ca TOTJIOLIEHUSI KPACHUTeJNIs MpeTepreBaeT TMICOXPOMHBIM caBur no otHomenuio Kk JIMCO, obycnosiennsiii H-arperamueit
kpacutens. [Ipu B3aumoneiictBun AK3-1 ¢ HaTUBHBIM M (UOPHIUIAPHBIM HMHCYJHMHOM HAOIIONANOCh YMEHBIICHHE MOHOMEPHOM
CHEKTPaJIbHOM MOJOCH M POCT mojockl H-mumMepoB. s OIleHKH OTHOCHTENBHBIX BKJIAJI0B MOHOMEPHOW W arperupoBaHHON (opm
KpacuTens, ObUIa TPOBEACHA [CKOHBOJIOIMS CIIEKTPOB IOTJIOMIEHUSI CBsi3aHHOTO ¢ OemkoM AK3-1 ¢ wmcmonbp3oBaHHEM
acuMMeTpu4HOit tor-HopMmansHO# (LN) ¢pyHKuu. AHanu3 Habopa mapaMeTpoB, HOIYYEHHBIX B MpOIecce MOATOHKH, YKa3hIBaeT Ha
BEI3BaHHYIO OelKoM camoacconmanuio AK3-1 B uMeps! THIIA «T0JI0Ba K TOJI0OBEY, IPHYEM BeJIMIHHA 9TOro dddekTa ObL1a ropasno
Oosiee BBIpaskeHA B IPHCYTCTBUH GHOPHILILIPHOH GopMbl Genka. C NCIIOIb30BaHIEM METO/[a MOJIEKYIIIPHOTO JOKHHTA II0Ka3aHo, 9TO
MoHoMepbl AK3-1 cBsi3bIBaOTCS O crenuduuecky pa3MeIieHHBIMA OOKOBBIMH LICIISIMH [3-1IHCTa, CHOPMUPOBAHHBIMHU JICHIITHOBBEIMU
octarkamu L17 (mpuHamnexamumy nemny B), KoTopele HaXOmATCS B CTEPUUECKOH MOJHUM (IOBEPXHOCTH (pUOPHMILIBI IOJIHOCTHIO
HEeIOCTYIHON i Boxbl). B To jke Bpemsi, AuMepbl Kpacurtelss (HOPMHPYIOT cTaOHIbHBIE KOMILUICKCHL C KelnoOKaMu (GHOpHILI,
c(hOpMHUPOBAaHHBIMU aMHMHOKHMCIOTHBIMU ocTatkamu Q15 u E17 memm A, KOTOphIe PAcIoJIOKEHbI Ha AOCTYIHOW PAaCTBOPHUTEIIO
noBepxHocTH. Cait ces3piBanus Q15 E17 sBnsercs Oosnee DOCTYHMHBIM Ui KpPacHTENs W IOMOJHUTEIBHO CTAaOWIH3HUPYETCS
JJIEKTPOCTATHYECKUMH B3aWMOJCUCTBHAMH MEKIY TIOJOKHUTEIBFHO 3apshKeHHBIM KpacuTeiaeM u octatkom E17. Tlocnemumit
MEXaHU3M B3aUMOJCHCTBUS IIPEACTABISACTCS INPEANOYTHTSIBHEIM II0 CPAaBHEHHIO C MEXaHU3MOM CBSI3BIBAHHMS MOHOMEPOB C
¢ubpmutamu. IlomydeHHBIE pe3yNbTaTH MO3BOISIIOT pekoMmeHnoBaTh AK3-1 B kadecTBe IMEpPCHEKTHBHOTO aMIJIOUIHOTO Mapkepa,
JIOTIOJTHUTEIBHOTO K KIIACCHYECKUM peropTepckuM MostekyiaM Tuodiaasuny T n Konro kpacHomy.

KJ/IFOYEBBIE CJIOBA: TpuMeTHHOBbIE IIAHUHOBBIE KPAaCUTEIIU, aMIJIOUAHBIN Mapkep, H-arperaTsl, HHCYJIUH

Protein misfolding followed by the deposition of the specific highly ordered protein assemblies, amyloid fibrils, in
various tissues and organs are involved in the molecular etiology of a wide variety of severe diseases, including
neurodegenerative disorders, systemic amyloidosis, familial amyloid polyneuropathy, type 2 diabetes, etc [1].
Accumulating evidence lends support to the hypothesis that structural transformation of a polypeptide chain into
partially folded conformation is a critical prerequisite for fibril formation. In vitro, fibrillization-favoring conditions are
created by lowering pH, elevating temperature, adding organic solvents or denaturants, etc., while in vivo, abnormal
partial unfolding or folding may arise from mutations, oxidative or heat stress or destabilization of the protein structure
upon its adsorption at interfaces such as cellular membranes [2,3]. Importantly, the morphology and physicochemical
properties of amyloid fibrils are not encoded in the polypeptide sequence since the fibrillar states of different proteins
are characterized by a similar cross- core structure with some variations in a final architecture of the mature fibrils [3-
5]. Due to their unique physicochemical properties, biocompatibility and biodegradability, the fibrillar protein self-
assemblies are regarded as attractive candidates for creating the nanostructured materials for different areas of
medicine, science and technology [6-8]. Among a variety of powerful physical tools currently used for identification
and characterization of amyloid fibrils an important place belongs to fluorescence and absorption spectroscopy
techniques involving the amyloid-specific chromo- and fluorophores [9-12]. The classical amyloid markers possessing
high affinity for the B-pleated structure are Thioflavin T and Congo Red [13-17]. Likewise, a marked specificity for
amyloid fibrils was observed for other classes of dyes including naphthalenes, oligothiophenes, curcumin derivatives,
cyanines, etc. [19-20]. Among these, cyanine dyes attract special attention due to their unique photophysical properties,
such as: 1) high extinction coefficients; ii) long-wavelength absorption and emission bands; iii) high fluorescence
quantum yield, iv) noticeable absorbance and/or fluorescence changes upon association with f-sheet structure [21-23].

A series of mono-, tri-, penta-, and heptamethinecyanine dyes were reported to display a strong fluorescence
increase upon binding to fibrillar beta-lactoglobulin [24], a-synuclein [25-27], insulin [28], lysozyme [22, 29], AB-
fibrils [30]. Remarkably, the trimethine cyanine dyes have been used for real-time, non-radioactive Ap imaging in vivo
[31]. Nevertheless, some of these compounds have the drawbacks among which are small Stokes shifts [32], poor water
solubility [33], low photostability in aqueous solutions arising from the flexibility of polymethine chain [34-35], and
high tendency to aggregate complicating the quantitative analysis of spectral data [36]. In view of this, there is a strong
need for the synthesis, testing and versatile characterization of the novel cyanines dyes. The aim of the present study
was two-fold: 1) to characterize the ability of the newly synthesized near-infrared cyanine trimethine dye, AK3-1, to
selectively recognize the amyloids fibrils, and ii) to perform comparative analysis of the spectral behavior of AK3-1
bound to native and fibrillar insulin.

EXPERIMENTAL SECTION
Materials
Bovine insulin was from Sigma (Sigma, St. Louis, MO, USA). The trimethine cyanine dye AK3-1 (inset in Fig.
1A) was synthesized in the University of Sofia, Bulgaria, as described previously [40]. The stock solution of AK3-1
was prepared by dissolving the dye in DMSO, then diluted by 5 mM sodium phosphate buffer (pH 7.4) and used for
spectroscopic measurements. The concentration of AK3-1 was determined spectrophotometrically, using the extinction

coefficient g, =1.36x10° M'em'.

Preparation of amyloid fibrils
Insulin, used here as a model protein, is a small hormone regulating the glucose homeostasis and lipid metabolism,
that is capable of forming fibrils under denaturing conditions such as elevated temperatures, low pH, the presence of
organic solvents, agitation, etc. [38,39]. Insulin amyloid fibrils were obtained in vitro by the protein incubation in
glycine buffer (pH 2) at 37 °C under continuous shaking for 6 days. Protein concentration in the stock solution was
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10 mg/ml. The working solutions of the native and fibrillar insulin were prepared in 5 mM sodium phosphate buffer
(pH 7.4). Hereafter, the native and fibrillar protein forms are referred to as InsN and InsF, respectively.

Absorption measurements
The absorption spectra of AK3-1 were recorded with the spectrophotometer Shimadzu UV-2600 (Japan) at 25 °C
using 10-mm path-length quartz cuvettes. Deconvolution of AK3-1 absorption spectra was performed with Origin 9.0
(OriginLab Corporation, Northampton, USA) using the log-normal asymmetric function (LN) [41]:

In2 21 a-v
A:Amax exXp| ——» In )
In™(p) a-ve

where A is the absorbance, AmaX is the maximum of absorbance, v is the wavenumber, v is the position of the

peak, p is the asymmetry of the function defined as:

e ™ Vimin
e @
Vmax ~Vc
where v .~ and Vipgy denote the wavenumber values at half-absorbance. The parameter a designates the limiting
wavenumber:
(Vmax V)P
min
p -1

Molecular docking study

The molecular docking was performed to identify the possible sites for the AK3-1 binding to insulin molecule and
to elucidate the nature of the interactions between the dye and either native or fibrillar protein. The coordinates for the
native protein were taken from the bovine insulin hexameric form, PDB ID: 2ZP6, while the coordinates for amyloid
fibrils were generated from http://people.mbi.ucla.edu/sawaya/jmol/fibrilmodels/ [42]. The model of fibrillar protein
was built based on the crystal structure of the segment LVEALYL (human insulin B chain, the residues 11-17). The
aggregated insulin was represented by the two protofilaments each containing 8 strands. The structure of AK3-1 was
built and optimized in Avogadro. The top 10 most energetically favorable dye-protein structures were obtained using
the PatchDock algorithm that is suitable for the protein-ligand and protein-protein complexes, and then refined by the
FireDock, as described previously [29]. The docked complexes were viewed by the Visual Molecular Dynamics (VMD)
software (version 1.9.3).

RESULTS AND DISCUSSION

As can be seen from Fig. 1A, AK3-1 is a cationic unsymmetric trimethine cyanine dye, the positive charge of
which is associated with the left-hand nitrogen atom. In an organic solvent, DMSO, AK3-1 is characterized by a broad
absorption spectrum within the range 450-700 nm, with the maximum at 637 nm and a second sub-peak at 569 nm.
Increasing the solvent polarity upon the dye transfer from DMSO to the buffer solution resulted in a ~15 nm shift of the
absorption maximum position coupled with a spectrum broadening (Fig. 1A). Accordingly, in the aqueous phase the
dye absorption spectrum was featured by two-peak structure with absorption maximum at 622 nm, a sub-band at 556
nm and the small shoulder around 510 nm.

Numerical studies indicate that the absorption spectra of cyanine dyes possess a vibronic structure with the relative
intensities of 0-0 and 0-1 sub-bands being dependent on the dye structure [43, 44]. The main absorption band of AK3-1
centered at ~ 622 nm in the buffer solution (637 nm in DMSO) corresponds to the 0-0 transition, whereas a second sub-
band can be assigned to 0-1 transition. However, the AK3-1 aggregation seems to occur in the aqueous medium and the
blue-shifted shoulder around 510 nm can be assigned, most probably, to the H-dimer of the dye. The hypsochromically
shifted bands of H-aggregates are generally explained in the terms of the exciton coupling theory proposed by Kasha.
Briefly, for a face-to-face stacked H-dimer the two exciton states appeared due to the coupling of the transition
moments of the two consistent dye molecules, with the transition to the higher energy state, the phenomenon
manifesting itself in the blue shift of the absorption spectra [47].

Shown in Fig. 1B and Fig. 1C are the absorption spectra of AK3-1 measured at increasing concentrations of the
native and fibrillar insulin, respectively. The addition of the native insulin to the dye in buffer solution resulted in a
marked decrease in the absorbance of monomer band and vibrational sub-band coupled with the broadening of the
absorption spectra and the increase of a shoulder at 510 nm. In the presence of fibrillar insulin the following effects
were observed: i) a hypochromism in the monomer absorbance augmenting with the InsF concentration; ii) the
appearance of a second well-defined peak at 510 nm. Although clear isosbestic points are not observed in the absorption
spectra of AK3-1 in the presence of insulin, the apparent isosbestic points can be distinguished around 545 nm and 650
nm for InsN and at 452 nm and 650 nm for InsF. For the both protein forms, the shoulder and peak at 510 nm can be
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distinguished around 545 nm and 650 nm for InsN and at 452 nm and 650 nm for InsF. For the both protein forms, the
shoulder and peak at 510 nm can be interpreted in terms of the insulin-induced AK3-1 self-association into the head-to-
head dimers, with the magnitude of this effect being much more pronounced for the fibrillar protein aggregates.
Remarkably, the tendency to organize into card-pack assemblies on the fibrillar matrix of B-amyloid peptide was
previously observed for the cationic piacyanol dye [30]. The ability of rhodamine 6G to aggregate on the amyloid fibril
template was found by Hanczyc et al. [48], who demonstrated that the structural differences between the lysozyme and
insulin amyloid fibrils promote the formation of the J-type and H-type molecular arrangements of the dye, respectively.
The enhanced aggregation of the cyanine dye 7514 in the presence of fibrillar insulin was reported also by Volkova et
al. [28] who ascribed the band shifted to the long-wavelength region relative to the monomer band to the formation of
the J-aggregates on the insulin fibrils.
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To analyze the spectral behavior of AK3-1 in more detail, we performed the decomposition of the dye absorption
spectra using the log-normal asymmetric function (Eq. 1). Presented in Fig. 2 are the results of the deconvolution of
AK3-1 spectra in the buffer solution and in the presence of the native and fibrillar insulin.

The choice of LN function was dictated mainly by a highly asymmetric nature of the AK3-1 absorption spectra.
As was demonstrated in the recent study of Laurdan fluorescence spectra, in the case of asymmetry in the spectral
shape, the decomposition procedure is more accurate when using the log-normal function [41]. The results of the AK3-1
spectra deconvolution with the asymmetric log-normal function are shown in Fig. 2 and Tables 1, 2. It appeared that the
dye absorption spectra can be represented as a sum of two separate bands, with a short-wavelength and long-wavelength
spectral components corresponding to the dimeric and monomeric dye species, respectively.

Spectral characteristics of AK3-1 absorption in the aqueous and protein phase (band I) feble]
System A V., cm’! Vi som? V. cm! | FWHM,em! | P, cm’ R’
Buffer 59413.2 16007.5 15502.6 17150 1647.4 0.442 0.98
InsN 31973 16007.5 15502 17150 1648 0.442 0.97
InsF 23342.8 16007 15502 17150 1648 0.442 0.98

The addition of the native and fibrillar insulin to AK3-1 in buffer was accompanied by the decrease in the
amplitude of band I coupled with a concomitant increase of the band II. This effect was most pronounced in the case of
fibrillar insulin showing ~ 2.5-fold decrease in the intensity of band I relative to the buffer solution, while for the native
insulin ~ 1.9-fold reduction of the band I was observed. Taken into account that the band I and II correspond to the
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absorption of monomeric and dimeric dye forms, respectively, the decrease of the amplitude of band I along with the

increase of Ao values for band II demonstrates one important feature: the native and fibrillar insulin may serve as a

matrix for AK3-1 dimerization.
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Table 2
Spectral characteristics of AK3-1 absorption in the aqueous and protein phase (band II)

. . ] ] ] 1 2
Medium A V., cm’! V. cm! Vo' | FWHM, em! | 0, cm R
Buffer 9457.6 18685.9 17223.2 20298.4 3075.2 0.907 0.98
InsN 10853.9 18685.9 17223 20111.2 2888.2 1.026 0.97
InsF 14142.2 19200 16669.2 20481.9 3812.7 1.974 0.98

While comparing the full width at half-maximum (FWHM), it can be seen that the association of AK3-1 with InsN
and InsF is followed by the FWHM change only for the band II, with the signs of this effect being opposite for the
native and fibrillar protein forms. Specifically, the insulin fibrils produced a significant increase in FWHM, whereas in
the presence of the native insulin this parameter displayed a slight decrease. Moreover, the dye transfer from the

aqueous to protein phase did not affect the position of the peaks I and I, with the exception of V. for the band II in the

insulin fibrils where a small short-wavelength shift was observed. Since the V. value is generally related to the

environmental polarity [41], we cannot rule out the possibility that AK3-1 associated with InsF experiences a
microenvironment with decreased polarity. However, when considered together with the growth of FWHM value, the

increase in V. is most likely to originate from the higher aggregation ability of AK3-1 in the presence of fibrillar

insulin. It can be assumed that not only dimers but also higher-order dye aggregates are formed on the fibril matrix. The
validity of this assumption is corroborated by the finding that the asymmetry parameter is significantly greater for the
band II in the case of fibrillar insulin.

The self-assembly of dye molecules, especially cyanines, into supramolecular aggregates has been widely
investigated indicating that the aggregation pathways and the types of forming aggregates depend on a variety of
factors, such as dye structure, temperature, the environmental polarity, the presence of salt, etc. [49]. The nucleic acids,
proteins, polymers, lipid assemblies and surfactants have been examined in the context of designing and controlling the
aggregation pattern of various dyes [49,50]. The physical background of dye aggregation lies in the dipole-dipole
coupling between the transition dipole moments of neighboring molecules which leads to the Frenkel exciton
appearance. The inclusion of the exciton-vibrational coupling in the model describing the absorption and emission

spectra of the linear H- and J-aggregates with the nearest-neighbor-only coupling (Jo) as a function of coupling
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strength was performed by Spano [51]. Assuming a monomer spectrum with a vibronic fine-structure being governed

by the Franck-Condon progression with the 0-n intensity scaling as s" exp(—S)/n! (S is the Huang-Rhys factor), he

associated the spectral differences of aggregation patterns with the aggregates in the weak and strong coupling regimes.
The absorption spectrum of the former is characterized by three peak structure, while in the strong excitonic coupling
regime, the oscillator strength is mainly concentrated in a single band. Taking into account the complex nature of the
dye-protein interactions and the fact that the dye-protein complexes and the dye aggregates are stabilized by the same
types of intermolecular forces (van der Waals, H-bonding, electrostatic and hydrophobic interactions), it is difficult to
answer whether the aggregates of the protein-bound AK3-1 exist in the weak or strong coupling regimes. However,
allowing for the very weak emission of AK3-1 in the protein phase (data not shown) we are prone to consider the strong
coupling regime as being more probable.

To explain the aggregation behavior of cationic AK3-1 in the protein phase, it should be noted that initially, in the
aqueous phase only a small portion of dimers are present because of very low dye concentration limiting the formation
of the dye-dye contacts. The dye transfer from the polar buffer solution to the protein phase stimulates the formation of
AK3-1 aggregates. The fact that the highest aggregation potential of AK3-1 was observed in the presence of InsF,
suggests that the fibrillar protein has either more binding sites for cyanine aggregates than InsN, or a more favorable
environment for the dye self-assembly. Presumably, the hydrophobic, electrostatic, and van der Waals interactions
between the dye and the native or fibrillar protein promote the formation of the dye H-aggregates. The presence of the
negatively charged insulin cavities favors the electrostatic interactions with the positively charged AK3-1. However,
taking into account that InsF has more exposed hydrophobic residues compared to InsN, the contribution of
hydrophobic interactions to the formation of the complexes “H-dimer-protein” is likely to be predominant. Furthermore,
typical fibril binding sites for the small organic molecules are represented by the long surface grooves running parallel
to the fibril axis, which may induce the end-by-end stacking of the fibril-bound AK3-1 molecules, followed by the dye
dimerization [52]. Therefore, to identify AK31-insulin binding sites, as well as the nature of the interactions involved in
the dye—protein complexation in the native protein and amyloid fibrils, a series of simple molecular docking studies
were performed.

Fig. 3. AK3-1 monomer (A) and dimer (B) complexes with fibrillar insulin and the most energetically favorable AK3-1 monomer (C)
and dimer (D) complexes with the native insulin, obtained using the molecular docking. Ligand and protein are represented via
VDW/ Bonds and New Cartoon/ Lines/ Bonds methods, respectively. The residues Q15 and E17 of the A-chain are colored in
yellow.
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As seen in Fig. 3A, the AK3-1 monomer tends to associate with the cross-strand ladder (a specific arrangement of
side chains in the B-sheet) formed by B17 leucine residues (of the insulin B-chain), located on the dry steric zipper
interface of the fibril. These results are in accordance with those reported for Thioflavin T, which possesses a high
affinity for the leucine and tyrosine ladders of the model peptides [53,54]. In turn, the dye dimers form stable
complexes with the amyloid groove formed by the residues Q15 and E17 of the A-chain, and located on the wet
interface of the fibril. The latter binding site is more easily accessible and is additionally stabilized by the electrostatic
interactions between the positively charged dye and E17 residue. Furthermore, it is AK3-1 dimer that has sufficient
surface area to form the van der Waals and hydrophobic contacts with both Q15 and E17 residues, and thus, to fit the
groove width. Interestingly, the cyanine amyloid inhibitor N44 was found to bind to the tau prefibrillar aggregates in the
dimeric form [55]. However, the dye dimers also proved to associate with the coil structure of insulin (data not shown),
suggesting that additional factors, viz. end-by-end stacking of the fibril-bound dimers, are needed to make the groove
binding mechanism predominant.

Fig. 3C shows that AK3-1 monomer presumably associates with the insulin B-chain residues 17-22 (3-10-helix
includes the residues B20-B22), as well as with the B-chain residues 1-4, via the hydrophobic and van der Waals
interactions. In turn, AK3-1 dimer was also associated with the A-chain of the protein. However, the environment of the
AK3-1 dimer bound to the native insulin is more polar and has lower surface area to form the dye-protein van der Waals
contacts, compared to the Q15 _E17 groove. Therefore, the AK3-1 binding to the native insulin may be less specific
than to the amyloid fibrils. Indeed, similar to the typical amyloid markers, AK3-1 showed a higher fluorescence
response to the fibrils compared to the native insulin (data not shown). Thus, AK3-1 seems to be entrapped into the
amyloid assemblies followed by the dye dimerization, so that the dye dimers bind to the Q15 _E17 groove with greater
affinity than that for the native insulin, underlying the spectral effects observed for the absorption of the H-dimeric
band.

CONCLUSIONS

e  The analysis of the absorption spectra of the novel cyanine dye AK3-1 in the presence of native and fibrillar
insulin points to the protein-induced AK3-1 self-association into the head-to-head dimers, with the magnitude of
this effect being much more pronounced for the fibrillar protein aggregates. The aggregates of AK3-1 emerging on
the protein matrix are presumably in a strong coupling regime.

e The molecular docking studies showed that the AK3-1 dimers are bound to the groove formed by the Q15 E17
residues of the insulin A-chain via hydrophobic, van der Waals and electrostatic interactions. This binding mode
seems to be prevailing, while the binding site is more accessible and stable than that for the AK3-1 monomers, i.e.
the cross-strand ladder formed by L17 residues of the B-chain.

e  The revealed spectral behavior of the cyanine dye in the presence of monomeric and fibrillar forms of insulin,
points to the possibility of using AK3-1 for the identification and structural characterization of amyloid fibrils.
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The mutants of human lysozyme are capable of fibril formation implicated in the etiology of familial systemic or renal amyloidosis.
A series of 100 ns thermal unfolding molecular dynamics (MD) simulations with WT human lysozyme and its seven amyloidogenic
variants (I56T, D67H, F571, W64R, Y54N, F5S7I/T70N and T70N/W112R) have been performed at 500 K. The molecular dynamics
simulations were performed with GROMACS software (version 5.1) using the CHARMM36m force field. The MD results have been
analysed in terms of the parameters characterizing both the global and local protein structure, such as the backbone root mean-square
deviation, gyration radius, solvent accessible surface area, the root mean-square fluctuations and the secondary structure content.
Depending on the observed effects, the examined variants of human lysozyme have been roughly divided into three groups
comprising of mutants with faster (Y54N and F57I/T70N), similar (D67H and I56T) or slower (W64, F571 and T70N/W112R)
unfolding rate compared to the wild-type counterpart. The analysis of the protein fluctuational behavior revealed that in most mutants
the B-domain displays stronger fluctuations (except the W64R and F571) and higher flexibility of the C- and D-helices relative to the
native lysozyme with the exception of W64R and Y54N which show marked decrease (W64R) or increase (Y54N) in mobility of
almost all residues. The analysis of secondary structure evolution provided evidence for higher stability of a-domain compared to -
domain. The results obtained reinforce the idea that mutation-induced global structural destabilization is not the only factor
contributing to protein misfolding, the modifications in conformation and dynamics of selected protein regions may also play
significant role in amyloid fibril formation.

KEYWORDS: Human lysozyme, amyloidogenic mutants, molecular dynamics, protein aggregation, amyloid

MOJIEKYJISIPHO-JUHAMHNYECKOE UCCIEJOBAHUE AMWIOUJOTEHHBIX MYTAHTOB
JIN30HUMA YEJIOBEKA
Y. Tapabapa, B. Tpycosa, K. Byc, O. Pu:kosa, I'. I'op6enko
Kagheopa sioeproii u meouyuncrou guzuxu, Xapvrkosckuil Hayuonanvhvill yHueepcumem umenu B.H. Kapazuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna

MyTaHTbl JTH30IIMMa YeJOBEKa CIOCOOHBI K 00pa3oBaHMIO (HOPHILI, BOBIEUEHHBIX B 3THOJOTUIO CEMEHHOTO CHCTEMHOTO HIIH
MOYEeyHOoro amuionno3a. B pabote Obia mposeaena cepust 100 HC MonekynspHo-auHamudeckux (MJI) cumymnsanuii qukoro Tuma
mu3onuma genoBeka (WT) u ero cemu amumongoreHHsix mytantoB (IS6T, D67H, F571, W64R, Y54N, F571 / T70N u T70N /
W112R) npu temneparype 500 K. MonekynspHO-AHHAMHYIECKOE MOAETHPOBAHKE MTPOBOIMIIOCH C UCIIONBE30BAHUEM IIPOTPAMMHOTO
naketa GROMACS (Bepcust 5.1) B cuoBom nore CHARMM36m. Pesynsrarst MD MoznennpoBaHust ObUIH NIPOaHAIH3HPOBAHBI B
TepMHHAX ITapaMeTPOB, XapaKTePHU3yIONINX KaK III00aIbHYIO, TaK U JIOKAIBHYIO CTPYKTYpy Oenka, TAKHX KaK CpeIHeKBaJpaTHIHOe
OTKJIOHEHHE OCTOBa IIENH, PAJUyC WHEPLUWH, IUIOIIAJb ITOBEPXHOCTH, JOCTYIIHOW JUIS PacTBOPHUTENS, CpPEIHEKBAJPAaTHIHBIC
(GuyKTyallMu OCTOBa ILIEIIM M COJep)KaHWE BTOPHYHOW CTPYKTYpbl. B 3aBucuMmocTn oT HaOmomaeMblx 3¢ddexToB Huccienyemble
MYTaHTBI JIM30LMMa YeJOBeKa ObUIM YCJIOBHO pa3[esieHbl Ha TPU IPYIbL MyTaHThl ¢ Gonee Obictpoit (YS54N u F571 / T70N),
nonobHoit (D67H u 156T) u 6onee memnennoi (W64, F571 u T70N / W112R) ckopocThio pa3BopadyuBaHus M0 OTHOMIECHHIO K WT
0enky. AHaIM3 (IIyKTyalnOHHOTO TOBENCHHS OeKa MOKa3ajl, 4To y OONBIIMHCTBA MYTaHTOB P-IOMEHY MPUCYLIH OoJiee CHIIbHBIC
¢ykryanuu (3a uckmodeaneM W64R u F571) u Gonpmast tubkocts C- 1 D-cimparneii Mo CpaBHEHUIO ¢ HATHBHBIM JIM30LIMOM, 32
nckioueHneM W64R 1 Y54N, y KoTOphIX BhIsBICHO 3aMeTHOe cHinkeHHe (W64R) mmm ysemmuenne (Y54N) moaBMXHOCTH MOYTH
BCEX OCTATKOB. AHAJIM3 SBOJIONUHM BTOPHYHON CTPYKTYypHl CBHIETEILCTBYET O Ooiiee BBICOKOH CTaOMIBHOCTH O-JOMEHa IIO
cpaBHeHHIO C (-moMeHoM. [loydeHHBIE pe3ysbTaThl MOATBEPXKAAIOT UICI0 O TOM, YTO IIOOANbHAs CTPYKTypHas JiecTaOuIn3ays,
BBI3BaHHAsl MyTallMei, He SIBIAETCS COUHCTBEHHBIM (DaKTOpOM, CHOCOOCTBYIOUIMM HEIPAaBUIFHOMY CBOpPaYMBAaHMIO OEIKOB, a
HW3MEHEHUs] B KOH(OpMalMu M JUHAMUKE OTAENBHBIX OONacTel MOMUMENTHIHOW IIEMM MOTYT TaKKe UIpaTh BaXHYIO pPONb B
00pa3oBaHNU AMUIIOUIHBIX (GUOPMILI.

KJIFOYEBBIE CJIOBA: Jluzounm 4enoBeka, aMIJIOWAOTEHHBIE MyTaHTBI, MOJICKYJISIpHAs IMHAMHKA, arperamys 0eJIKOB, aMUIOHT

MOJIEKYJISIPHO-TUHAMIYHE JOCJKEHHS AMUIOITOTEHHUX MYTAHTIB JI301LUMY JIIOAHA
Y. Tapadapa, B. Tpycosa, K. Byc, O. Pu:koBa, I'. 'openko
Kagheopa sioeproi ma meouunoi gizuxu, Xapkiscokuili Hayionanvrui yHisepcumem imeni B.H. Kapaszina
nn. Ceoboou 4, Xapxis, 61022, Vrpaina
MyTaHTH JIOJICHKOTO JI30LMMY 3/aTHI yTBOproBaTH (iOpwiIH, sIKi HOB'sI3aHi 3 €TIONOTi€I0 CUCTEMHOr0 ab0 HUPKOBOI'O aMiJIoino3y.
Byno nposeneno cepito 100 He MosekynsapHo-auHamiuauX (M) cumymsiii aukoro tumy (WT) Jroackkoro Ji301uMy Ta HOro ceMu
aminoinorennnx MmytantiB (IS6T, D67H, F571, W64R, Y54N, F571 / T70N i T70N / WI112R) mpu Ttemmeparypi 500 K.
MornekyispHO-IMHAMIYHE MOJCIoBaHHs Oyiio mpoBeneHe 3a jgoromoror mporpamuoro makery GROMACS (epcis 5.1) B
cunoBomy nonni CHARMM36m. Pesyneratn M/] MozenroBanHs Oyu mpoaHasi3oBaHi B TEpPMiHAX MapaMeTpiB, MO XapaKTepH3YIOTh
SK TIO0ANBHY TaK 1 JIOKAIBHY CTPYKTYpy OilKa, TakuX SK CepelHbOKBAJPATHYHE BIIXWICHHS OCTOBY JIAHIIOTA, pajiyc iHepii,
ILTONIA MTOBEPXHi, TOCTYIHA JUISl PO3UMHHHKA, CEPEeIHbOKBAAPATHYHI (UIyKTyarii Ta BMICT BTOPHHHOI CTPYKTypH. B 3aiexHOCTi Bif
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CHOCTepe)KYBaHUX e(eKTiB, AOCTIIKYBaHI MyTaHTH Oyjid YMOBHO pO3ZiJieHI Ha Tpu rpynu: myTaHtd 3 Oimbmoro (Y54N Tta
F571/T70N), nozni6uoto (D67H ta I156T) Ta menmoro (W64, F571 Ta T70N/W112R) mBuakicTio po3ropTranHs y mopiBHsaHI 3 WT
OinkoM. AHani3z QuykTyauiitHoi moBeaiHKH Gika MOKa3aB, 0 y OLNBIIOCTI MyTaHTIB B-I0MeHy MpUTaMaHHi cuiibHI (QuykTyamii (3a
BuHATKOM W64R 1 F571) Ta 6inpima rayuxicts C- i D-cripaneif y HOpiBHSHHI 3 HATHBHUM Ji301MMOM, 332 BUHATKOM W64R Ta Y54N,
y SKHX BHsABJIEHO MoMiTHe 3HIKEHHS (W64R) abo 3poctanHs (YS54N) pyXJHMBOCTI MPAKTHYHO BCiX 3aWIIKIB. AHANI3 €BOJFOLIl
BTOPUHHOI CTPYKTYpH CBITYHTH NpO OULIBII BHCOKY CTaOUIBHICTH 0-IOMEHY IOPIBHSHO 3 [-momeHoM. OTpuMaHi pe3yibTaTé
MATBEPIDKYIOTh TyMKY PO Te, IO TiiobambHa CTPYKTypHA AECTadiii3allis, BUKIMKaHA MYTaIi€lo, HE € €IUHUM (aKTOpOM, SIKHI
CIIpHsi€ HETIPAaBHJIBHOMY 3rOpPTaHHIO OUIKIB, a Moudikallis KOHpopMaLil Ta JMHAMIKK OKpEeMHUX 001acTeil MoNinenTHIHOTO JIaHIIora
TaKOX MOXXYTh BilirpaBaTH BOXIIMBY PoJib y (hOpMyBaHHI aMiIoiqHUX (iOpuI1.

KJIFOUYOBI CJIOBA: JlizouuMm JIIOANHH, aMiJIOIOTeHHI MyTaHTH, MOJIEKYJIIpHA JMHAMIKa, arperailis OiIKiB, aMinoin

A number of human disorders including systemic amyloidosis, Creutzfeld-Jacob disease, type II diabetes,
Alzheimer’s and Parkinson’s diseases, etc. are linked to protein misfolding and self-association into amyloid fibrils, a
particular type of protein aggregates with a cross-f-sheet core structure, in which hydrogen-bonded f-strands run
perpendicular to the long fibril axis [1-4]. The amyloid-forming propensity is thought to be a fundamental property of
polypeptide chain since proteins differing in their sequences, secondary and tertiary structures have been found to form
fibrillar aggregates with the same morphology [5,6]. A variety of factors controlling the mechanisms and kinetics of
amyloid formation have been identified and subdivided into two main groups. The former involves extrinsic factors,
such as environmental conditions (pH, temperature, pressure, ionic strength, extent of molecular crowding,
concentration of denaturing agents or reactive oxygen species, etc.), molecular chaperone and ubiquitin-proteasome
cellular systems; while the latter implicates intrinsic factors, associated with fundamental features of polypeptide chain
(net charge, mean hydrophobicity, secondary structure propensities, etc.) [7,8]. Accumulating evidence lends support to
the hypothesis that structural transformation of a polypeptide chain into a partially folded conformation is a critical
prerequisite for fibril formation. In vitro, fibrillization-favoring conditions are created by lowering pH, elevating
temperature, adding organic solvents or denaturants, etc., while in vivo, abnormal partial unfolding or folding may arise
from mutations, oxidative or heat stress or destabilization of protein structure upon adsorption at interfaces formed by
cell membranes [9-12].

A-helix C-helix

Fig. 1. Crystal structure of wild type human lysozyme (PDB ID 1REX): A-helix - residues 5-15 (blue); B-helix - residues 25-36
(red); C-helix - residues 89-100 (magenta); D-helix - residues 110-116 (violet); beta-strand S1 — residues 43-46 (orange); beta-strand
S2 — residues 51-54 (yellow).

One of the most extensively studied amyloidogenic protein is lysozyme, a multifunctional enzyme with
bactericidal, immunomodulatory and antitumor activities, which was found in secretions, such as sweet, saliva, mucus,
etc. [13-15]. Human lysozyme consists of 130 amino acid residues which form a-domain (residues 1-42 and 81-130)
with four a-helices (A-D) and 310 helices, and B-domain (residues 43-80) containing mainly antiparallel B-sheets [16]
(Fig. 1). The structure of this protein is stabilized by four disulphide bonds located in a-domain (C6-C128 and C30-
C116), B-domain (C65-C81) and in the active site, between a- and B-domains (C77-C95) [17]. In 1993 Pepys et al.
found that two natural variants of human lysozyme, I56T and D67H, are related with hereditary systemic non-
neuropathic amyloidosis, a disease in which amyloid fibrils deposit in viscera [18-20]. Later on, a series of other
amyloidogenic mutations of lysozyme have been identified, viz. F571, W64R, F57I/T70N, Y54N, T7T0N/W112R [21-
24]. Remarkably, most mutations are located in the B-domain, either in the long loop (W64R, D67H, T70N) or at the
interface between two domains (I56T, F671 and Y54N) [25,26]. An exception is the mutation W112 located in the D
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helix, and in combination with T70N leads to the pathogenic aggregation [27]. Notably, the single T70N and W112R
variants are not linked to disease [24,28,29], although the T70N and WT form transient intermediate species very
similar to those of amyloidogenic variants formed under non-physiological conditions such as elevated temperature, low
pH or high hydrostatic pressure [25,26,30].

To date, the most comprehensively investigated are the mutations IS6T and D67H. The substitution D67 by His
was found to disrupt the network of hydrogen bonds stabilizing the B-domain, especially its two long loops. This
destabilization leads to significant, concerted movement of long loops and B-sheets, but such increase in flexibility is
not characteristic of another pathogenic mutant, [56T and obviously does not play a primary role in the
amyloidogenicity [31-34]. The substitution of stabilizing hydrophobic residue Ile at 56 position at the interface between
two domains with a hydrophilic residue Thr destroys the long-range hydrophobic interactions and intramolecular
hydrogen bonds at the a-f interface and accelerates the unfolding process [26,31,33]. The I56T variant demonstrates
negligible change in crystal structure in comparison with WT protein [31,35] and significant decrease in stability, as
follows from the kinetic, thermodynamic and molecular dynamics data [36]. The reduced global cooperativity under
physiological and unfolding conditions [27,37,38], lower thermodynamic stability and ability to form specific transient
intermediate species have been supposed to be the major molecular determinants of the amyloidogenicity of I56T and
D67H variants [30,39]. Similar to these variants, the single-point mutations F571 and W64R demonstrated significant
decrease in thermal stability, whereas T70N was found to be slightly destabilizing [25,30,40]. The non-amyloidogenic
character of T70N substitution is thought to arise from the conservation of most hydrogen bonds and lack of
perturbation near the interface region [25,29,35]. The mutations F571, FS7I/T70N, W64R and Y54N are supposed to
destroy the hydrophobic interactions between a- and f-domains, thereby decreasing the hydrophobicity of the interface
region [21,25,35]. The tryptophan residues involved in the W64R and W112R/T70N mutations presumably disrupt the
hydrophobic clusters of these variants [35].

The aim of the present study was to characterize the effects of amyloidogenic mutations on the structure and
dynamics of human lysozyme. To this end, we performed a series of thermal unfolding molecular dynamics (MD)
simulations with WT protein and its amyloidogenic variants, I56T, D67H, F571, W64R, Y54N, F571/T70N and
T70N/W112R.

MOLECULAR DYNAMICS SIMULATIONS

The molecular dynamics simulations were performed with GROMACS software (version 5.1) using the
CHARMM36m force field with TIP3P water model [41]. The starting structure for the thermal unfolding simulations
was obtained from the crystal structure of wild-type human lysozyme (PDB entry 1REX). The web-based graphical
interface CHARMM-GUI was used to introduce the mutations F571, Y54N and W64R in the WT lysozyme sequence
and mutations W112R and F571 in the T70N structure (PDB entry 1W08), while the other seven mutants including I56T
(1LOZ), D67H (1LYY) were taken from the PDB bank. The input files for MD calculations were prepared using the
CHARMM-GUI Quick MD simulator [42].

The WT protein and mutants were solvated in the rectangular box fitted to protein size with a minimum distance
of 10 A to the edges of the box. To obtain a neutral total charge of the system the required amount of potassium
counterions were added. The number of atoms in the solvated protein systems varies from 22975 to 29727. The Particle
Mesh Ewald algorithm was employed to treat the long-range electrostatic interactions [43]. The minimization and
equilibration of the system were performed during 100 ps and 500 ps, respectively. The time step for MD simulations
was 2 fs. The trajectories and coordinates were saved every 2 ps for further analysis. The whole time interval for MD
calculations was 100 ns. The WT lysozyme was simulated at two different temperatures, 300 K and 500 K, while MD
simulations of all mutants were performed at 500 K and a pressure 1 bar. The analysis tools provided by GROMACS
were used to calculate the root mean-square deviations (RMSD), root mean-square fluctuations of the C-alpha atoms
(RMSF), radius of gyration (Rg) and solvent-accessible surface area (SASA) per residue. The evolution of the
secondary structure was followed using the VMD Timeline tool [44] and Tcl scripts.

RESULTS AND DISCUSSION

The thermal unfolding trajectories of WT lysozyme and its mutants were analysed in terms of the parameters
reflecting the changes in both the global and local protein structure, RMSD, Rg, SASA, RMSF and the secondary
structure content. As seen in Fig. 2, there are three main tendencies in RMSD behaviour, according to which all
examined mutants can be divided into three groups. The first group contains the double mutant FS7I/T70N and Y54N
variant whose RMSDs grow faster than that of WT lysozyme (Fig. 2A). Taking the RMSD values greater than 0.7 nm
as the unfolding criterion [45] it follows that WT protein unfolds during ~ 10 ns, while the unfolding times (tu) of
F57I/T70N and Y54N are ~ 3 ns and 7 ns, respectively. The second group includes D67H (tu ~ 11 ns) and IS6T (tu ~ 12
ns) whose unfolding times are comparable with that of WT lysozyme (Fig. 2B), while T7T0N/W112R (tu ~ 17 ns), F571
(tu ~ 21 ns) and W64R (tu ~ 24 ns) that unfold slower than WT protein constitute the third group (Fig. 2C). Notably,
previous unfolding simulations showed that D67H and I56T have larger RMSD values compared to WT [33,34]. The
discrepancy between these findings and our results can be explained by much shorter simulation times (1 ns [33] or 5 ns
[34]) within which RMSDs of the above mutants are indeed somewhat higher than that of WT counterpart (Fig. 2B).
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Fig. 2 The backbone root mean square deviation plotted as a
function of time for the wild-type human lysozyme (black) and
three groups of mutants: (A) the first group containing
F571/T70N (red) and Y54N (green); (B) I56T (red) and D67H
(green) belonging to the second group; (C) F571 (red), W64R
(green) and T70N/W112R (blue) constituting the third group.
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Along with larger RMSD, the higher Rg and RMSF values, the loss of native contacts and secondary structure
elements are all regarded as indications of the reduced stability of mutated protein [46]. The time evolutions of other
integral characteristics, gyration radius and solvent accessible surface area, support the idea about three patterns of
unfolding behavior of the lysozyme variants. The Rg value rises from ~1.4 to ~1.7 nm, while the total SASA grows
from ~80 nm? to ~110-115 nm?, mainly due to the changes in the hydrophobic SASA component that increases in the
first 20 ns from ~20 nm? to ~40 nm? and further fluctuates around this value. The increase in gyration radius positively
correlates with SASA changes and indicates that more residues become accessible for solvent with decreasing protein
compressibility due to the loss of packing interactions [33].
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Fig. 3. The root mean square fluctuations of the C-alpha atoms (black line) and the total solvent-accessible surface area (red line) per
residue calculated from the unfolding MD trajectory of the WT human lysozyme.

Next, to characterize the influence of mutations on the lysozyme structure and dynamics in more detail, we
analysed the changes in the root mean-square fluctuations of the C-alpha atoms and the total SASA per residue. Shown
in Fig. 3 are the RMSF and SASA profiles calculated for the 500 K unfolding simulation of the WT protein. Apart from
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the N- and C- termini, the largest fluctuations were observed in the turn regions 15-20, 38-48 and 58-62, while most
residues with the smallest fluctuations (e.g. 30, 100, 116) belong to the alpha-helical regions in the native structure of
lysozyme. Expectedly, the residues with the lower RMSF generally have the lesser SASA per residue (Fig. 3).
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It is hypothesized that the B-domain (residues 43-80), C-helix (residues 89-100) and hydrophobic core comprised
of G55, 156 and F57 [47] play the predominant role in the formation of lysozyme amyloid fibrils [48,49,27]. That is
why in the further consideration of the mutation-induced effects a special attention is paid to the amyloid-related and
adjacent regions. The analysis of the relative changes in RMSF revealed that the region 50-60, embracing the
hydrophobic core, in all mutants fluctuates stronger than in the WT protein, with the smallest differences being
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observed for W64R (< 11%) and F571 (< 16%) (Fig. 4). Most mutants have significantly larger fluctuations in the C-
and partially D-helix and increased flexibility in the region surrounding V100, compared to the WT lysozyme, with
RMSF difference ranging from ~50% to ~110%. It is only W64R that shows the restrained motion of almost all regions,
except the B-strands encompassing the residues 50-60 (Fig. 4, C). On the contrary, Y54N displays pronounced increase
in the mobility of virtually all residues (Fig.4, D). It is also noteworthy that the B-domain predominantly has higher
fluctuations in all mutated variants (with the exception of W64R and F57I). Our results are in line with those of
Moraitakis and Goodfellow [34] who found that D67H mutation gives rise to the increased flexibility of the f-domain.
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Next, concentrating on the relative changes the average SASA per residue (Fig. 5), we found that for all mutants
the largest increase in the solvent exposure is observed for the C-terminal parts of the - and a-domains and the region
30-36 of the B helix (especially for F57I and F571/T70N). The increased SASA of the C helix was also observed in the
previous unfolding simulation of D67H [34]. Remarkably, in D67H and T70N/W112R the mutated residues show
significant SASA increase (~90% for residue 67 and ~80% for residue 112), while the other mutated residues, 54, 56,
57, and 64 display the opposite SASA changes - decrease by 25-50% (Fig. 5, A-G).
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Importantly, for some of the examined mutants, the effects deduced from the MD simulation can be discussed in
the context of the available experimental data. The comprehensive studies, involving hydrogen/deuterium exchange
experiments monitored by NMR and mass spectrometry, provided evidence for the decreased stability in the native state
and lower global structural cooperativity of the amyloidogenic variants I56T and D67H [32,38]. Due to such properties,
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these mutants appeared to be able to populate transient intermediate species in which the B-domain and the adjacent C-
helix are essentially unfolded whereas the A-, B- and D-helices retain their native-like structure. Furthermore,
proteolysis experiments showed that the human lysozyme fragment 32-108 is highly resistant to pepsin digestion,
suggesting that this region represents the core of amyloid fibrils [30]. Our observations that D67H and 156T display
higher fluctuations within the region encompassing the f-domain and C-helix (Fig. 4, A, B), together with the increased
solvent accessibility of the C-helix in D67H (Fig. 5, A), relative to the WT protein, generally agree with the above
experimental findings. In the following, to complement the above analyses, we compared the time courses of the protein
secondary structure elements. As shown in Fig. 6A, in the WT lysozyme the percentage of a-helices reduces from ~35%
to ~5% during ~45 ns of the MD simulation, while the mutants exhibit different behavior. More specifically, one can
distinguish three principal tendencies in the time evolution of the helical content. First, the rate of loss of helical
structure in I56T, F571 and T70N/W112R seems to be similar to that of WT protein (Fig. 6, B, E, G). Second, D67H,
Y54N and F57I/T70N demonstrate faster helicity decrease than WT lysozyme (Fig. 6, A, D, F). Third, the helical
structure of W64R disrupts slower compared to its WT counterpart, with a-helix content being reduced to at most
~20%.

To take a closer look at the mutation effect on the lysozyme unfolding pathway, we evaluated the destruction times (td)
of the individual structural elements (a-helices and B-domain) of the lysozyme variants, considering the helix or
extended conformation of the B-domain as being completely destroyed if it does not emerge within at least 1 ns. By
introducing a tentative classification of the mutation effect as stabilizing (td increases by more than 20% relative to
WT), neutral (td changes lie within £20%) and destabilizing (td decreases by more than 20%), we uncovered additional
differences between the lysozyme mutants (Table 1). The principal outcomes of the data analysis can be summarized as
follows. Relative to the WT protein: (1) the D67H mutation stabilizes the B-helix and B-domain, destabilizes the C- and
D- helices and exerts no influence on the A-helix; (2) the F571 mutation stabilizes the A, B, C-helices and B-domain,
and destabilizes the D-helix; (3) the I56T mutation stabilizes the B, C-helices and B-domain, destabilizes the D-helix
and exerts no influence on the A-helix; (4) the W64R mutation stabilizes A, C, D-helices and does not affect stability of
the B-helix and the f-domain; (5) the Y54N mutation stabilizes the A and B-helices, destabilizes C and D-helices, and
does not affect the -domain; (6) the F57I/T70N mutation destabilizes the B-domain and all helices except the A-helix;
(7) the T7TON/W112R mutation stabilizes the A, B-helices and the B-domain, destabilizes the D-helix and exerts no
influence on the C-helix. Taken together, these findings are indicative of the following main tendencies: i) most
mutations stabilize the A- and B-helices and destabilize the D-helix; ii) the extended conformation of the B-domain is
stabilized or remains unaffected by most mutations, and only one mutation, F57I/T70N, leads to more rapid conversion
of the extended structure into turns and coils; iii) less stability of the f-domain compared to the a-domain generally
persists in FS7I, I56T, W64R, Y54N, F571/T70N and T70N/W112R, although being compromised by the strong
destabilization of D-helix in F571, Y54N, F57I/T70N and T70N/W112R.

Table 1.

The destruction time (ns) of the secondary structure elements of the human lysozyme variants
Structural WT D67H F571 I56T W64R Y54N F571/ T70N/
element T70N WI112R
5-15 18 15 (N) 22 (S) 21 (N) 46 (S) 34 (S) 39(S) 49(S)
Helix A
25-36 15 24 (S) 64 (S) 41 (S) 15 (N) 20 (S) 7 (D) 43 (S)
Helix B
89-100 35 11 (D) 53(S) 65 (S) 45 (S) 22 (D) 5(D) 34 (N)
Helix C
110-116 46 18 (D) 13 (D) 27 (D) * 1 (D) 0.3 (D) 14 (D)
Helix D
1-42 and 46.23 | 26.05 534 65.09 * 22.15 23.57 34.42
81-130
a-domain
helical content
43-80 15 38(S) 26 (S) 23 (S) 13(N) 14 (N) 7 (D) 21 (S)
B-domain
extended
conformation

S — stabilizing, N — neutral, D - destabilizing effect on the destruction time, * - no destruction

The observation that most amyloidogenic mutations render the B-domain capable of retaining the extended
conformation for longer period of time reinforces the view that this domain constitutes the core of amyloid fibrils
formed by the human lysozyme [26,30].
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CONCLUSIONS

To summarize, the present study indicates that amyloidogenic mutations can produce diverse effects on the
structural and dynamical properties of the human lysozyme. Through monitoring the changes in parameters such as the
backbone root mean-square deviation, gyration radius, solvent accessible surface area, the root mean-square
fluctuations and the secondary structure content, and applying different criteria characterizing the loss of both tertiary
and secondary protein structures during the thermal unfolding we found that depending on time evolution of integral
characteristics the examined mutants can be tentatively divided into three groups in which RMSD, Rg and SASA show
faster (Y54N and F571/T70N), similar (D67H and 156T) and slower (W64, F571 and T70N/W112R) increase relative to
the WT protein. Most mutants display higher flexibility of the C- and D-helices compared to WT, with the exception of
W64R and Y54N which show marked decrease (W64R) or increase (Y54N) in mobility of almost all residues. The
analysis of the time dependencies of the secondary structure content showed that the a-domain is generally more stable
than the B-domain, although the unfolding behavior of individual a-helices is mutation dependent.

Collectively, our findings support the idea that the reduced global stability of amyloidogenic mutants is not the
only determinant of protein misfolding, the local changes in conformation and dynamics of sensitive regions may also
play essential role in amyloid fibril formation.
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The interest in silicon carbide (SiC-based) ceramics and composites as matrix material for nuclear waste immobilization is grown up.
Long-term chemical durability and radiation resistance of SiC are important factors for radionuclides immobilization. Advantages of
SiC-based ceramics as structural materials in nuclear applications are the high-temperature properties, high density and reduced
neutron activation. The use of radiation resistant materials is a strong requirement for safe and environmentally beneficial energy
system. The SiC ceramics stability under irradiation for temperatures up to 1273 K is also very important for nuclear power
applications. The SiC matrices doped by additives of Cr, Si were fabricated using High Speed Hot Pressing Method. Additives content
was in the range from 0.5 to 3 wt %. Microstructural characteristics of silicon carbide ceramics were analyzed by X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and infra-red spectroscopy (IR)
methods. The results of microcracking under indentation conditions were revealed the lack of cracks in the SiC ceramics with Cr
additives before and after irradiation process. In addition, it was demonstrated that samples of SiC with alloying additives Cr and Si
possess high mechanical parameters under y-irradiation process. The strength of ceramics increases with the uniform and fine-
grained structure formation. The modification of phase composition and mechanical properties of the SiC ceramics with Cr and Si
additives under y-irradiation were analyzed for further development of radiation resistant and matrix materials for radioactive wastes
immobilization.

KEYWORDS: silicon carbide, irradiation, physical-mechanical properties, nuclear waste immobilization, microstructural
characteristics.

PI3UKO-MEXAHIYHI BJIACTUBOCTI y-ONPOMIHEHHOM SiC KEPAMIKH 111 IMMOBLII3ALLI
PAJIOAKTUBHHUX BIAXOAIB
K.B. Jlo6au4!, C.IO. Caenxo', B.A. llIkyponatenko!, B.M. Boesonin'?, I'.B. 3ukoBal,
O.I1. Bepesnnx!, }0.C. Xoaupena!, C.M. Bukanos?, A.O. Bukos?, JI.JI. ToBaKHsAHCbKHII’
THHI] Xapxiscoxuti ¢isuxo-mexuiunuii incmumym, 61108, Xapxie, Yrpaina
2HTY «Xapxiscokuti nonimexniunuti incmumymy, 61002, Xapxie, Ykpaina
3 Xapxiecoruii nayionarvnuii ynisepcumem imeni B.H. Kapasina, 61022, Xapxis, Ykpaina

IaTepec mo kapOimy KpemHiro, KepaMikd Ta KOMIIO3HTIB Ha OCHOBI SiC K MaTpHYHOTO Marepiany s iMMOOLTI3amii sSaepHuX
BinxoxiB 3poctae. JloBroTpuBana XimMiuHa Ta panianiiiaa crifikicts SiC € BaxxauBUMHU (akTopaMu Ui iMMoOLTizamii pagioHyKIIiniB.
IlepeBarammu kepamiku Ha ocHOBI SiC $K KOHCTPYKIIHHMX MaTepiayliB A 3aCTOCYBaHHS Yy SAEPHOI CHEPreTHIl €
BHCOKOTEMIIEPATYPHI BJIACTHBOCTI, BUCOKAa MLIUJIBHICTh Ta 3MCHINEHA aKTHBALisl HEHTPOHIB. BuKopucTaHHS pamialifHOCTiIHKHX
MarepiajiB € CyBOpOI0 BHMOTOI0 10 (yHKIIOHyBaHHS Oe3leyHOl Ta EKOJOTiYHO YHCTOi eHepreTndHoi cucremu. CTpyKTypHa
CTablIbHICTh KepaMiKy MPU OMpoMiHeHHi 10 Temmeparypu 1273 K Takox myke BaxiuBa IJisl 3aCTOCYBAHHS B sSACPHOI €HEPreTHII.
Marpuui SiC, neroBani nob6aBkamu Cr ta Si, OyJM BHTOTOBICHI METOJOM BHCOKOIIBHIKICHOIO Tapsioro mpecyBaHHs. Bwmict
nob6aBok ckiagaB Big 0,5 mo 3 % mac. MIKpOCTPYKTypHI XapaKTepHUCTHUKH KepaMiKd KapOily KpeMHilo Oysu mpoaHami30BaHi
MeTOoAOM peHTreHiBchbKoi audpakuii (XRD), ckanyBanbpHOI enekTpoHHOI Mikpockorii (SEM), eHepro-ancnepciiHoi peHTreHiBChKOT
cnekrpockorii (EDX) ta meroniB indpauepBonoi cmekrpockomii (I4). Pesynprarn TpimmHOCTIHKOCTI B yMOBaX HaBaHTAKCHHS
BHUSBWIM HE3HAYHY KUTBKICTh TpimuH y kKepawmimi SiC 3 mo6aBkamu Cr jo i micis mporecy ompomineHHs. Kpim toro, Oyio
MIPOJIEMOHCTpOBaHO, 110 3pa3ku SiC 3 jeryrounmu pobaBkamu Cr i Si MalOTh BHCOKI MEXaHi4Hi MapaMeTpu HPH Y-OIPOMiHEHHI.
MinHicTh KepaMiKH 3pocTae 3 yTBOPEHHSM OJHOPIAHOI Ta NpiOHO3epHUCTOl cTpyKTypH. [IpoananizoBaHo Moaudikamiro $a3zoBoro
CKJIQ/ly Ta MEeXaHIYHUX BiactuBocTel kepaMiku SiC 3 no6aBkamu Cr i Si pH y-OnpoMiHEHHI IS OAANBIIOr0 PO3BUTKY MaTepiais,
110 CTiMKi 10 BUIIPOMIHIOBaHHS, Ta MaTPHIIb JUTs iMMOOLTi3aLil paioakTHBHUX BiIXOIIB.

KJIOUYOBI CJIOBA: xap0ix KpemHil0, ONpOMiHEHHs, (i3MKO-MeXaHiuHi BIAaCTHBOCTi, iMMOOINI3allis SAEpPHUX BiAXOIB,
MIKpPOCTPYKTYPHI XapaKTEPUCTHKH.

PU3UKO-MEXAHUYECKHUE CBOMCTBA y-OBJYUYEHHOM SiC KEPAMUAKH 111 UMMOBWIA3ALIUU
PAJIMOAKTHUBHBIX OTXO10B
K.B. Jlo6au4!, C.IO. Caenxko, B.A. llIxkyponarenxo!, B.H. Boesogun'3, A.B. 3pikoBal,
E.IL. Bepesnsx!, F0.C. Xoapipena!, C.M. Boikanos?, A.A. Boikos?, JI.JI. ToBaKHAHCKMIT?
'HHI] Xapvkoeckuii pusuxo-mexnuyeckuti uncmunym, 61108, Xapvkos, Ykpauna
’HTY «Xapuvkoeckuii nonumexnuueckuti uncmumymy, 61002, Xapvkos, Yrpauna
3 Xapvrosckuii nayuonanvuwiii ynusepcumem umenu B.H. Kapasuna, 61022, Xapvkos, Yipauna
HuTepec k kepamuke n3 kapOouaa kpemHus (Ha ocHoBe SiC) M KOMITO3UTaM B Ka4eCTBE MATPUYHOTO MaTeprala sl MMMOOMITH3AINN
SZIGPHBIX OTXOJOB HOBBILIACTCS. J[0NrocpodHas XUMUYeCKas M paJnalMoHHast CTOHKOCTh SiC SABJISAIOTCS BaXXHBIMU (akTOpaMu ISt
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MMMOOMIM3aUMK paauoHykauaoB. [IpenmymectBamu kepamuku Ha ocHOBe SiC B KauecTBE KOHCTPYKLMOHHBIX MaTepHalioB IS
MIPUMEHEHHs B AJEPHON SHEPreTHKe SIBIISTIOTCS BBICOKOTEMIIEpPAaTypHBIE CBOMCTBA, BBICOKAs INIOTHOCTh M yMEHBIIEHHAs! aKTHBALIUs
HEeHWTpoHOB. Mcnonb3oBaHHE pPaJUALMOHHOCTOMKMX MATEpUaoB SBISIETCA CTPOTMM TpeGoBaHMEM K (yHKIMOHHPOBAHHIO
0e30MacHON M SKOJIOTMYECKH YHCTOH JHepreTuueckoil cucrteMel. CTPyKTypHas CTaOMIBHOCTH KEPaMHKH HPH OOTydeHHH [0
Temrepatypsl 1273 K, Taxxke oueHb BakHa U IPUMEHEHH B sAepHOH sHepreTrke. Matpuisl SiC, nerupoBaHnbie 1o6aBkamu Cr u
Si, OBUTH M3TOTOBIICHBI C CHOIB30BaHHEM METOJIa BEICOKOCKOPOCTHOTO Topsidero npeccoBanus. Coneprkanue 100aBOK HaXOJHIOCh
B quanasone ot 0,5 1o 3 mac.%. MHUKPOCTpYKTypHEIE XapaKTePUCTUKH KepaMHUKH U3 KapOuia KpeMHUs ObUTH IIPOaHAIN3HPOBAHEI C
NOMOIIBIO  peHTreHoBckod audpakuun  (XRD), ckanupyromeid anektpoHHoit Mukpockonuu (SEM), sHepromucnepcHoi
pentrenoBckoi criektpockoruu (EDX) u mHdpakpacnoit cnexrpockonuu (MK). PesynpTraThl TPEIIMHOCTONKOCTH B YCIOBHSX
HMHJICHTHPOBAHUS MOKa3aak HeOobIIoe KoiandecTBo TpeumH B kepamuke SiC ¢ nobaBkamu Cr 0 W mocie mporecca 00JIydeHHsI.
Kpome Toro, 06110 mpoeMOHCTpUpoBaHo, uTo obpasipl SiC ¢ aerupyronmmu gobdaBkamu Cr u Si HIMEIOT BBICOKHE MEXaHHYECKUE
rmapaMeTpsl HpH Y-00iaydeHHH. [IpodHOCTH KepaMHKH pacTeT ¢ 00pa30oBaHHMEM OAHOPOJHOM WM MENKO3EPHUCTOH CTPYKTYDHI.
[Ipoananm3upoBana moanpukanms (Ga3oBOro cocraBa W MeXaHHUeCKHX cBOWCTB SiC-kepamuku ¢ gobaBkamu Cr m Si mpu -
oOJTydeHNH U JQJIBHEHINEero pa3BHTHS pPaJHallIOHHO-CTOMKMX MaTepuajoB M MaTPHIl JUIi MMMOOWIM3ALNH pPaJHOaKTUBHBIX
OTXOJIOB.

KJIIOUEBBIE CJIOBA: xapbuji kpemHuus, o0inydeHHe, (pHU3NKO-MEXaHWYECKHEe CBOWMCTBA, MMMOOWIM3ALMS SICPHBIX OTXOJIOB,
MHUKPOCTPYKTYPHBIE XapaKTEPUCTUKH.

SiC-based ceramics and composites possess superior properties, such as high corrosion resistance, excellent
chemical and thermal shock stability, high mechanical strength, thermal expansion and small neutron absorption cross-
section [1-3]. Such properties are very attractive for further operating under extreme environmental conditions, in
particular, as matrix material for water-cooled and fusion power reactors, for the nuclear fuel as a cladding material, and
us protective form for radioactive waste immobilization [4-6].

Advantages of SiC-based ceramics and composites as structural materials in fusion applications are the high-
temperature properties and stability, density and reduced neutron activation. The use of activation materials (LAMs) is a
strong requirement for safe and environmentally beneficial energy system. The SiC ceramics dimensional stability
under irradiation for temperatures up to 1273 K [7] is also very important for fusion power applications.

The interest in SiC matrix material for nuclear waste immobilization is grown up. SiC ceramics and composites
have been proposed as an inert matrix for the burning or transmutation of long-lived fission products and minor
actinides from fuel cycle reprocessing. Nuclear waste is highly radioactive and toxic for hundreds of thousands of years.
The basis of light water reactor (LWRs) fuel cycle is storing of processing fuels into geologically stable repositories in
specially designed canisters, where the radioactive materials can decay for long times, with minimal release to the
environment. [8,9]. In all proposed deep-burn fuel cycle involving tristructural isotropic (TRISO) fuel, where SiC is the
primary barrier to fission product release, high burn up reduces the need for reprocessing, and the high-burn up TRISO
fuel could be placed directly in a geologic repository. TRISO fuels, incorporated in a dense SiC matrix has been
proposed for both transuranic waste destruction and as a potential fuel for light water reactors [9].

The long-term chemical durability and radiation resistance of SiC are important factors for radionuclides
immobilization. Due to the low induced activation, SiC ceramics were proposed as structural components for long-term
geologic disposal of the low-level or intermediate level waste. In operating conditions, energetic particles may alter SiC
retention capability for the fission products, producing atomic displacements. The resulting microstructural changes
may eventually modify the properties of the SiC ceramics [10].

The oxidation behaviour of SiC in water vapour containing environments was examined in details [11]. SiC
exhibits exceptional oxidation resistance in water vapour up to 1700°C. The oxidation of SiC has been studied in a
variety of gaseous environments. Of particular interest for the nuclear industry is oxidation resistance in a water/steam
environment [12]. It has been shown, that radiation significantly affects important material properties [13]. Recent
studies on the corrosion rates of unirradiated and irradiated SiC in different simulated ground waters over a range of
temperatures revealed no significant long-term effect of irradiation on corrosion behaviour [14]. The mechanisms and
rates of corrosion for SiC in different aqueous media under conditions relevant to geologic repositories have also been
reported [15], and indicated that the radiotoxicity of spent TRISO fuel is at least four orders of magnitude lower than
for current spent light water reactor fuel.

Radiation effects induced by neutrons at high temperature were widely studied. Microstructural evolution over a
large range of temperatures and swelling [16] were the main investigated topics. However, the gamma radiation
influence on SiC ceramic is of great interest due to an action of gamma radiation as main source of the effect on the
protective matrices during wastes immobilization process.

At the process of SiC exposure to high-temperature, and extreme radiation environments, microstructural
evolution and micro cracking may occur. During SiC matrix exposure to beta and gamma radiation from fission product
decay irradiation-induced amorphization took place. The critical temperature for amorphization from high flux electron
beams was about 300-340 K depending on SiC structure modification [17-19].

The retention capability of SiC for the typical fission product, particularly when it is submitted to irradiation-
induced structural modifications was studied. The evolution of a disorder with the ion fluence and the cumulative dose
in dpa (‘displacements per atom’) was calculated [20]. It appears that total disorder (i.e., amorphization) is achieved at
0.25 dpa. In previous studies, the structural modifications induced by the implantation of a typical fission product iodine
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(D into silicon carbide were examined. This result is in good agreement with previous investigations using other ion
species [21] and demonstrate that SiC is a very easily amorphizable material by low energy ion implantation at room
temperature while it can hardly be disordered by ion bombardment at elevated temperatures. For inert matrix fuels, SiC
ceramics demonstrate phase compounds with reasonably high radiation stability to high temperatures for different
fissile species [22].

The good corrosion and radiation resistances exhibited by the carbides are due to the unique combination of high
hardness and fracture toughness. The bulk mechanical properties and stability of carbides are strongly affected by their
composition and microstructural parameters [23, 24]. The different additives, such as oxides, Si, B, and transitional
metals of IV-VI subgroups, as sintering activators, were added to improve the mechanical properties of SiC ceramics.
The effect of additives on the ceramic sintering mechanism relates to its content and uniformity. The uniform
distribution of additives is beneficial for improving the densification and microstructure formation during the sintering
procedure [25-28].

The aim of the present study was the studying the influence of y-irradiation on surface and physic-mechanical
properties of the SiC ceramics modified by additives of Cr and Si.

MATERIALS AND METHODS

The highly dispersed powders were used as alloying additives for producing ceramics based on silicon carbide
(SiC): SiC powders of the grade 440 NDP (Superior Graphite Co) with a predominant particle size 0.44 um were
chosen as primary material, and powders of Si, and Cr, with a predominant particle size <3 um as additives. Mixing of
the initial powders was carried out in a planetary mono-mill "Pulverisette 6" (Germany) in isopropyl alcohol medium
with a rotation speed of 300 rpm during 3 hours.

Forming and sintering of the samples were made by the method of high-speed hot pressing in vacuum in a graphite
die. The equipment was developed in NSC KIPT in the framework of joint collaboration project (STCU P-154) with
Argon National Laboratory and Superior Graphite Co (USA). The optimum process parameters were previously
determined and described [29]: sintering temperature 2050 °C, pressure 40 MPa and holding time 30 minutes. The
samples size was 25x25x4 mm. Finishing surface treatment and polishing of SiC ceramics were made by series of
diamond pastes graded from 28/20, 7/5, 5/3, 3/2. As a result of surface polishing with low rates diamond pastes
treatment, 25-75 pm of defect surface layers were removed to a high degree of mechanical tests accuracy. The open
porosity and density of the samples were determined by hydrostatic weighing method.

The diffractometry was carried out using a DRON-4-07 X-ray diffractometer in copper Cu-Ka radiation using a Ni
selectively absorbing B-filter. The diffracted radiation was detected by a scintillation detector.

The absorption spectra in the IR range were recorded by IR spectrophotometer IRS-29 (LOMO) in the KIPT NSU.
The spectra detection was made in the spectral range 4000 — 400 cm™ (mean infra red area).

SiC samples were irradiated by bremsstrahlung obtained in Electron Linear Accelerator (EIA) with beam energy
up to 10 Mev, current 800 mA, dose rate 1.1 kGy / h up to dose 10 kGy. To realize the conditions of external y-
irradiation effect of the SiC specimens, the bremsstrahlung of the ELA was used. Irradiation scheme is shown on Fig.1.

\ 4

Fig. 1. Scheme of y-irradiation in electron accelerator:
e — electrons, 1 — electron accelerator, 2 — Ta-converter,
3 — filter for electrons and neutrons, 4 — SiC specimen

The hardness tests of SiC ceramic samples before and after y-irradiation process were made on a AMH-3
microhardometer by indentation of a four-sided 136-degree Vickers diamond pyramid. The optimal load value was
chosen: 9.8 N. The hardness calculations were carried out according to the standard procedure with the measurement of
the diagonals of the print:
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Hy = P/d? ()

where H is hardness, P is the load on the indenter, d? is the square of the diagonals of the indentor's print.

The measurements of fracture toughness of ceramic carbide are complicated because of high brittleness of these
materials. Estimation of fracture toughness values was made at 9.8 N load conditions. The equations of fracture
toughness of ceramic brittle materials, which are in a good agreement with experimental data were formulated by
Evans, Charles and Wilshaw [30] and by Niihara [31]. Equations for fracture toughness coefficient (Kc) calculation
were obtained by Niihara semi empiric dependence, commonly used for brittle ceramics [31]:

K=(0,035H, a) (E¢/H,)**/ ¢ L3 o

where a is the half-diagonal of the indentor's print, Hv is the hardness of the material, and L is the length of the radial
crack, E is Young modulus, ¢ — is the constraint factor (= 3)

The microstructure and morphology of the samples were studied by JEM-700F scanning electron microscope. The
Energy-dispersive X-ray spectroscopy (EDS) method with a high-energy electron beam was used for determination of
the elements and distribution in the SiC-Si and SiC-Cr samples.

RESULTS AND DISCUSSION
The physical properties and phase composition of SiC ceramic samples with/without alloying additives obtained at
the same technological parameters as previously reported [28] were presented in Table 1.

Table 1.
Properties and crystalline phases of the SiC samples

Ceramic composition SiC SiC + SiC +

0.5%Cr + 0.15%C 1.0%Si + 0.3%C
Open porosity, % 0 0-1 0-1
Density g/cm? 3.19 3.16 3.18
Relative density, p, % 99.4+ 0.75 97.8+0.75 99.7+0.75
Phase composition SiC-6H 99% SiC-6H-95.5% SiC-6H-83.8%

C-1% SiC-4H-2.8% SiC-4H-16.2%
C-17%

Analysis of the data given in Table 1 indicates that a slight decrease in the relative density is observed in SiC
ceramic samples with alloying additives: up to 97.8% (Cr).

X-ray diffraction analysis of the samples revealed the presence of one phase a-SiC of polytype — SiC-6H with
hexagonal lattice, whereas the introduction of the alloying additives leads to structural changes and the formation of a
second a-SiC polytype of silicon carbide — SiC-4H in different weight contents (Table 1, Fig. 2).
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+-C E—
3000 4
2000 -
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Fig.2. XRD patterns of the samples:
a—SiC+ 0.5%Cr + 0.15%C, b — SiC + 1.0%Si + 0.3%C

Electron microscope images of the fractured cross-sections of the samples SiC + 1.0% Si + 0.3% C and SiC +
0.5% Cr + 0.15% C were presented (Fig. 3,4). The structure of SiC sample with the Si additives demonstrates a very
dense and uniformly fine-grained structure (99.7% of the theoretical values). The grain sizes were in the range 0.3-2.2
pm with a predominant grain size of 1.5 um.
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10pm NSC_KIPT
X 2,000 20.0kV SEI SEM WD 10.0mm 1 2 3 4 3 g 7 keB

Fig. 3. SEM images (a) and EDX spectra (b) of SiC + 1.0%Si + 0.3%C sample

Analysis of SEM/EDX results for SiC + 0.5%Cr + 0.15%C sample demonstrate that Cr adding leads to inclusions
formation, probably of Cr,Cx chromium carbide types. According to small amount of Cr, the presence of chromium
carbide phase formation was not detected on XRD patterns of the ceramic samples (Fig. 4a).

= pi \?','
P

10pm NSC_KIPT 1 2 a2 q 5 g 7 keB

20.0kV SEI SEM WD 10.0mm

Fig. 4. SEM images (a) and EDX spectra (b) of SiC + 0.5%Cr + 0.15%C sample

The main approach to enhance the mechanical properties and fracture toughness is sintering of materials with
dense and uniform grain microstructure. The strength of ceramics increases with the decrease of grain size and porosity.
The evolution of phase composition and mechanical properties of SiC ceramic under y-irradiation and irradiation-
induced structural modifications was studied.

The hardness tests of SiC ceramic samples were made by indentation under load condition 9.8 N before and after
irradiation process. Cracks appear on all samples, except the sample with the Cr additives before and after dose y-
irradiation (Fig.5 a, b, e). This fact indicates that the crack resistance and fracture toughness coefficient were not
principally changed before and after irradiation process, which is also confirmed by the calculations carried out
according to formula (2).

Table 2 shows the values for hardness and fracture toughness calculations before and after y-irradiation process.
As can be seen from the obtained data, hardness and fracture toughness values are not principally changed for both
samples with additive Cr and Si. SiC samples without additives produced by High-Speed Hot Pressing Method show
high density and microhardness parameters. The fracture toughness parameters demonstrate the values from K. =4.5
MPa'm'”? — 4.2 MPam'? for SiC ceramic samples to K. = 5.6 MPam'? — 5.4 MPa-m'? for SiC samples with Cr
additives, and K. = 4.4 MPa-m'? — 4.2 MPa-m'? for SiC samples with Si additives, before and after y-irradiation
process correspondently.

Previously was reported, that dense and uniform SiC ceramics demonstrate high mechanical parameters: micro
hardness 24 GPa [32, 33] and fracture toughness coefficient Kj. = 5 MPa-m'"*[32]. At present study, SiC ceramic
samples with Si, Cr and without additives also show high mechanical parameters: micro hardness 29.8 GPa and fracture
toughness coefficient Ki. =4.5 MPa-m'?2. Furthermore, a dose y-irradiation process did not significantly change the
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mechanical properties of SiC ceramic with both Si and Cr additives, only slight decrease of fracture toughness
coefficient up to 5.4 MPa-m'? and 4.2 MPa-m'? was detected.

A

Fig. 5. Images of the ceramic surface before(a, ¢) and (b, d) after y-irradiation process and
indentor's print (e, f) after irradiation:
a,b,e—SiC+0.5%Cr+0.15%C;c,d, f—SiC + 1.0%Si+ 0.3% C

Table 2.
Hardness and fracture toughness
Ceramic material Load P, Hardness HV, GPa Fracture toughness K, MPa-m '?
N before / after y-irradiation process | before / after y-irradiation process
SiC 9.81 29.8/29.8 45/4.2
SiC+0.5% Cr+0.15% C 9.81 33.4/322 56/54
SiC+1.0%Si+03%C 9.81 30.9/29.9 44/42

IR spectrum of SiC samples without additives produced by High-Speed Hot Pressing Method demonstrates peaks
of 580, 650, 820, 935 and 990 cm™, related to the Si-C vibrations at the silicon carbide structure with hexagonal crystal
structure. In addition, the intensive absorption bands were detected correlated to stretching and deformation vibrations
of
Si-O in tetrahedral SiO4 quartz structure: 460, 510, 690, 780, 800, 1080 and 1160 cm™ (Fig. 6, curve 1) [34, 35]. The
SiO, formation can occur as a result of sample oxidation during the heat treatment process. The absorbed water band of
3450 cm! also was observed.

After y-irradiation process up to 10* Gy dose any visible changes at the absorbed spectra were not detected. An
intensity of band at the vibration range of O-H (3430 cm') was slightly decreased. Thus, y-irradiation process up to 10*
Gy dose had no effect on the phase composition and crystal structure of SiC ceramic samples.
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An analysis of IR absorption spectra of SiC samples before and after irradiation process demonstrated no principal
distinctions between samples with/without 0.5 % Cr u Si additives.

A T, 00
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3600 3300 1100 1000 900 300 700 600 500 400V, ot
«-Si0,

Fig. 6. IR absorption spectra of SiC samples after sintering:
curve 1 — initial SiC, curve 2 — SiC after y-irradiation process up to 10* Gy dose

CONCLUSIONS

Sintering process by High-Speed Hot Pressing Method leads to the fine-grained structure formation and increase
of the fracture toughness of ceramics. The hardness and crack resistance of SiC ceramics with Cr and Si additives were
not principally changed under y-irradiation process. The results of microcracking under indentation conditions were
revealed the lack of cracks in the SiC ceramics with Cr additives before and after irradiation process. In addition, it was
demonstrated that samples of SiC with alloying additives Cr and Si possess high mechanical parameters under y-
irradiation process: microhardness — 32.2 — 29.9 GPa, fracture toughness coefficient Kic = 5.4 — 4.2 MPa-m!'?,
respectively. The strength of ceramics increases with the uniform and fine-grained structure formation. The analysis of
IR absorption spectra demonstrates that any phase composition and crystal structure changes were not observed after -
irradiation process. The samples sintered with Cr and Si additives demonstrate good radiance resistance and high
mechanical properties under y-irradiation up to absorption dose of 10* Gy, which confirms the advantages of alloying
additives using. SiC ceramics with Cr and Si additives are promising candidates for further nuclear applications as
radiation resistant materials to manufacture protective matrices for radioactive wastes immobilization.
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The purpose of this work is to expand the class of electrical energy storage devices with non-conjugate functional hybridity.
Cyclodextrins of S- and y-modifications has used as a starting material for research. These materials containing intramolecular voids,
which are able to accommodate guest components by molecular recognition on the "lock-key" principle. Methods of precision
porometry and impedance spectroscopy has used to study the obtained carbon structures, electrochemical and magnetic
measurements has performed to study the obtained carbon structures. Data of the precision porometry has indicated a bimodal porous
structure of the synthesized chars. The total specific surface area of active surface of the S-cyclodextrin carbonizate was about
72 m?%/g. After KOH-modification, the specific capacity for S-cyclodextrin char was 158 F/g, and in the negative potential range —
203 F/g. The last value for y-cyclodextrin carbon was 162 F/g. The ability of f-cyclodextrin to molecular recognition of ferrocene
(FC) has used and this cavitat has subjected to activation carbonation according to the same modes as f-cyclodextrin. The specific
capacity of the obtained char of the -CD complex after the KOH-modification was 110 F/g, the specific capacity of the cavitate
carbon synthesized on y-CD has dropped twice. The study of complexes host-guest inclusions S-cyclodextrin with molecular iodine
has indicated a slight increase of capacity. However, their interface with 30 % aqueous electrolyte solution has shown high
photosensitivity. The specific capacitance of the cavitate carbon without KOH-modification has increased four times when it was
illuminated with integral and monochromatic light from LEDs of the same intensity. Magnetic studies of the synthesized carbonates
have shown that they all demonstrate ferromagnetic properties. Measurement under normal conditions and in a constant magnetic
field of cells of symmetric configuration on carbon-based electrodes synthesized with y-CD and y-CD has showed that their
capacitance practically does not change, but their reactance parameters change significantly. Supercapacitors based on these
carbonates can serve as sensors of a weak magnetic field at room temperature. Magnetovarionistors is a new class of devices, which
are forming on such kind of supercapacitors.

KEYWORDS: supramolecular assemblies, cavitandes, cavitates, nanoporous carbon, porous structure, impedance spectroscopy,
Nyquist diagram, photovaricaps

CYIIPAMOJIEKYJISAPHAM JN3AVTH KAPBOHIB JJIs1 HAKOITMUYBAUIB EJJEKTPUYHOI EHEPTTI 3
PEAKTAHCHO-CEHCOPHOIO ®YHKIIIOHAJIBHOIO I'TBPUJIHICTIO
LI T'puropuak!, A.K. Bopuciok!, P.41. lllsens!, I.B. Matyakal, O.1. T'puropuak?
!Hayionanvnuii ynisepcumem “Jlvsiscoka nonimexnixa”
79000, Yxpaina, m. Jlvsie, eya. C. bandepu, 12
2JIveiscoruii nayionansnuii ynisepcumem imeni leana @panka
79000, Yxpaina, m. Jlveis, eyn. Yuisepcumemcoka, 1

Meroto nmaHoi poOOTH € pO3MIMPEHHS KiIacy HAKONMYyBadiB €JIeKTPHYHOI eHeprii 3 HEeCHPsHKEHOI0 (yHKIIOHAIBHOIO
riopuanicTio. B SKOCTI BHXIJHOI PEYOBHHHU JUIsS JOCIHIDKCHh BUKOPHUCTAHO IUKJIOJCKCTPHHU f- Ta y- MOAUGIKAIliii, SIKi MICTITh
BHYTPIMOJICKYJISIDHI ITyCTOTH, sIKi 37aTHi aKOMOIYBaTH TOCTHOBI KOMIIOHEHTH IUIIXOM MOJIEKYJIIPHOTO pO3IMi3HAaBaHHS 3a
OPUHIMIIOM ‘‘3aMOK- Kito4”. J[ist JoCHikeHb OTpUMaHUX KapOOHOBHX CTPYKTYp BHKOPHCTAIM METOIH MPELH3iiHOI mopoMeTpii Ta
IMITEIaHCHOT CIIEKTPOCKOIIT, MPOBEACHO SNIEKTPOXiMiuHi Ta MarHiTHI BUMipioBaHHs. J{aHi mpenu3iiHol mopoMeTpii 3acBiA4MIn mpo
0iMOZANbHY MOPHCTY CTPYKTYPY CHHTE30BaHHX KapOoHi3arTiB. 3arajbHa MATOMA IUIOMIA AKTHBHOI MOBEPXHI [-IIUKIOACKCTPHHOBOTO
kapOoHizaTy craHoBwia mopsaka 72 mM>/r. ITicis KOH-momudikamii nuTomMa eMHICTh misl S-LMKIOAEKCTPUHOBOTO KapOOHi3aTy
cranoBmwia 158 &/r, a y Big’emuiil obnacti morenmiamiB — 203 &/r. i p-IMKIONEKCTPUHOBOTO KapOOHY OCTaHHS BEJIMYMHA
craHoBmwia — 162 @/r. BUKOpUCTOBYIOUH 3[ATHICTh S-IUKIOASKCTPUHY O MOJICKYJSIpHOTO po3mizHaBaHHS (eponeny (FC) meit
KaBiTaT TMiIJIaHO aKTUBAIWHIN KapOoHi3amii 3a THMH X pPEKHUMAMH, MO 1 S-IUKIOACKCTPUH. [IUTOMa €MHICTH OTPHMAHOTO
kapOonizaty komiutekcy f-CD<FC> micias KOH-moxudikarii cranosmina 110 &/r. J{ns xaBitaTHOro kapOOHY, CHHTE30BaHOTO 3 y-
CD<FC> muroMa €MHICTh Brmama y [Ba pasd. J(OCHiIKeHHsS f-IHMKIONSKCTPUH KOMILUICKCIB BKIIIOUCHb “TOCIOAAp-TIiCTh” 3
MOJIEKYIIpHUM HOIOM, BKa3aldu Ha He3HauHe 3pocTaHHs eMHOCTi. [IpoTe ix Mexka 3 30 %-BoAHMM PO3YMHOM €JIEKTPOIITY MPOSBUIA
BHCOKY (oTouyTimBicTh. [Ipy OCBITICHHI iHTErpaJbHAM 1 MOHOXPOMATHYHHM CBITJIOM BiJ CBITJIOAIO/AIB OJHAKOBOi iIHTEHCHBHOCTI
MMUTOMa EMHICTH KaBiTaTHOTO KapOoHy 0e3 KOH-momudikamii 3pocna B 4 pa3u. MarHiTHI JOCTiIKEHHS CHHTE30BaHHX KapOOHIB
I0Ka3aJIy, 1[0 yCi BOHM IPOSBIIIOTH ()ePOMATHITHI BIACTHBOCTI. BIMipIoBaHHS KOMipOK cHMeTpUYHOI KOH(DIirypamnii 3 exekTpogaMu
Ha OCHOBI KapOoHiB, cuHTe30BaHUX 3 y-CD Ta y-CD<FC> 3a HOpManbHHX yMOB Ta B IOCTii{HOMY MarHiTHOMY IOJI IOKa3ajH, 1o iX
€MHICTh INPAaKTUYHO HE MIHSETBhCA, 3aT€ CYTTEBO 3MIHIOIOThCS iX peakTaHcHi mapamerpu. CynepKOHAEHCATOpH Ha OCHOBI IHX
KapOOHIB MOXYTb CIIy>KUTH JaBadyaMy cJIaOKOr0 MarHiTHOTO IOJIS 3a KIMHATHHUX TEMIIEpaTyp, GOpMyIOud HOBHH KJac MPUCTPOIB —
MarHeToBapioHiCTOPIB.

© Grygorchak LI., Borisyuk A.K., Shvets R.Ya., Matulka D.V., Grygorchak O.1., 2018
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KJKOUYOBI CJIOBA: cynpamonekyysipHi aHcamOni, KaBiTaHAM, KaBiTaTH, HAaHOMOPHCTHH KapOOH, MOpUCTa CTPYKTYpa,
iMITelaHCHa CIIeKTpOCKois, niarpama HaiikBicra, otoBapikamnu

CYIPAMOJIEKYJISAPHBIN TU3AVH KAPEOHOB JIUISI HAKOIUTEJIEN SJIEKTPOSHEPT AU C
PEAKTAHCHO-CEHCOPHOM ®YHKIIMOHAJIbHOM T'MBPUIHOCTbIO
N.NA. Tpuropuak’, A.K. Bopuciok', P.51. IlIsenu!, I.B. Matyaka', O.W. I'puropuak®
!Hayuonanvnoiii ynusepcumem "Jlv6oeckas nonumexnuxa”,
79000, Ykpauna, 2. JIveos, ya. C. banoepu, 12
2JTvs06CKuil nayuonanviwlii yuueepcumem umenu Meana ®panxo
79000, Yxpauna, 2. JIveos, yn. Yuusepcumemckas, 1

Lenbio naHHOM pabOTHI ABISIETCS PACIIMPEHHE KIacca HAKOIMMUTENEH IEKTPUUECKON SHEPIUU ¢ HECONPSIKEHHON (PyHKIIMOHANBHON
THOPHIHOCTBIO. B KauecTBe MCXODHOTO BEUIECTBA A WMCCICAOBAHUM HCIIONB30BAHBI IUKIOAEKCTPUHBI - U )- MOAM(DHKAINH,
coziepKaIlue BHYTPUMOJIEKYIISIPHBIE ITyCTOTHI, KOTOPBIE CIIOCOOHBI aKKOMOJIMPOBATH TOCTEBBIC KOMIIOHEHTHI ITyTEM MOJEKYIISIPHOTO
pacro3HaBaHMs 10 NPHHIOWIY "3aMok-Kmou". JJisi McclaenoBaHUM ITOMy4eHHBIX KapOOHOBBIX CTPYKTYp HCIIOIB30BATH METOJBI
MIPEIU3HOHHON TTIOPOMETPUH ¥ UMIICTAaHCHOH CIIEKTPOCKOIIHY, IPOBEICHO JIEKTPOXMMHUUECKHAEC U MarHUTHEIE M3MepeHus. JlaHHbIe
MIPEIU3UOHHON OPOMETPHUHU CBHAETEIBCTBOBAIN O OMMOAANBHOM MOPHUCTOH CTPYKTYpe CHHTE3UPOBAHHBIX KapOoHm3aToB. OOmas
yIeNnbHas MIOWaAb aKTHBHOH MOBEPXHOCTH [-LMKIIOACKCTPUHOBOIO KapOoHM3aTa cocTasisia nopsaka 72 m%/r. ITocne KOH-
MOAU(UKAIMY yleTbHAs €MKOCTh Ul [-LMKJIOAEKCTPHHOBOrO KapOoHM3aTa coctaBistia 158 d/r, a B oTpuuatesbHON obnactu
noteHuuanos — 203 @®/r. J{ns y-uuKI0AEKCTPUHOBOrO KapOoHa MocaeJHsIs BeianunHa coctaBmia — 162 @/r. Mcnonk3ys cnocoOHOCTD
[-LIUKIIOIEKCTPHHA 10 MOJIEKYJIsipHOTO pacnozHaBanus ¢epporneHa (FC) 3ToT kaBUTaT MOIBEPTHYTO aKTUBAIIMOHHOW KapOOHU3AINU
0 TEM K€ PeKUMaM, UTO U S-IIUKIONCKCTPHH. Y IeNIbHAast eMKOCTh MOJIy4eHHOro kKapOoHmn3ara komiuiekca [f-CD<FC> mocie KOH-
Moaudukamuu cocrasisuia 110 @/r. [lnsa xaBuraTHOrO KapboHa, cuHTe3upoBaHHOro ¢ y-CD<FC> ynembHas eMKOCT yIaja B /Ba
pasa. UccnenoBanme [-IUKIONEKCTPHH KOMIUIEKCOB BKIIOYEHHH "XO3IMH-TOCTH" C MOJEKYJSIPHBIM HOOOM, YKasalu Ha
HE3HAUUTENBHBIH pocT eMKkocTH. OpHako ux rpanuna ¢ 30%-BOXHBIM PacTBOPOM OJIEKTPOJINTA IPOSIBUIA  BEICOKYIO
(OTOUYBCTBHUTEIBHOCTEIO. [IpHM OCBELIEHMM HMHTErpajJbHBIM M MOHOXPOMATHYECKMM CBETOM OT CBETOAMOJOB OJMHAKOBOM
MHTEHCHBHOCTH Y/IeJIbHasi eMKOCTh KaBUTaTHOrO KapboHa 6e3 KOH-moandukarmu Bo3pocna B 4 pasa. MarHuTHbIE HCCICIOBAHHS
CHHTE3MPOBAHHbBIX KapOOHOB MPOSBUIIM, YTO BCE OHM HPOSBIAIOT (hePPOMArHUTHBIE CBOKMCTBA. VI3MepeHHe sSUeeK CUMMETPUYHOMN
KOH(HUTYpallUH C 3JIEKTPOJaMH Ha OCHOBe KapOoHa, cuHTe3upoBaHHBIX ¢ y-CD m y-CD<FC> mpu HOpManbHBIX YCIOBHSX U B
MIOCTOSIHHOM MAarHMTHOM IIOJI€ TIOKA3alld, 9TO MX E€MKOCTh NPAKTHYECKH HE MEHSETCS, OJHAKO CYIIECTBEHHO H3MEHSIOTCS X
peaktaHcHbIe mapameTpel. CyNepKOHICHCATOPEI HA OCHOBE 9THX KapOOHOB MOTYT CIyTyBaTh JaTYUKaMH CIa00T0 MarHUTHOTO MOJIS
IIPY KOMHATHBIX TeMITepaTypax, OpMHpPYs HOBBII KIacC yCTPOHCTB — MarHETOBAPHOHUCTOPEL.

KJIFOYEBBIE CJIOBA: cynpaMonekyispHble aHcamOin, KaBUTAHIbI, KABUTAThl, HAHOMMOPHCTHIA KapOOH, MOPHCTAsl CTPYKTYPA,
HMIIeIaHCHas CIEKTPOCKomus, anarpamma HaiikBucra, oToBapHKarsl

CroroaHINHIA OypXIUBUI PO3BUTOK €IEKTPOMOO1IEOyJyBaHHS i adbTePHATUBHOI EHEPIeTHUKH, BpaKalodi yCIixu
HAHOEJIEKTPOHIKM Ta CHIHTPOHIKM aKTyami3yBajk 3ajady 3al0e3nedyeHHs (YHKIIOHAIbHOT TiOPUIHOCTI BiINOBIAHUX
NPUCTPOIB, sIKa BUXOAWUTH Ha YlIbHE MICIE HA NUISIXY CTBOPEHHS HOBITHIX CXEMOTEXHIYHMX pilleHb. B o3HaueHOMY
pakypci HalOUIBII IMUPOKO BUBYAIKCS CICKTPOXIMiYHI KOHICHCATOPH, sIKi 00’ €qHYBaIM B COOI MEXaHI3MH €MHICHOTO
Ta IMCEBIOEMHICHOTO HAKOMMUYCHHS eHeprii [1], mo m03BoJisie AOCATaTH BENMKOI muToMoi eHeprii [2-5]. Hampuknan,
HaMHM B poboTax [6-7] BcTaHOBIIEHHH 3BOPOTHHI 3apsij HaHOHOpUCTOro Kapbony 1o 2000 @/r, 3acHOoBaHMIA Ha Tporeci
eJIeKTpocopOIIii aHiOHIB [” py 3JIEKTPOJHMX MOTEHIIaNaX, 10 He JOCATaloTh MOTEHIIATy BUIUICHHS HOY y BUIBHOMY

TaHl Ta IIOTEHIl TBOpeHHS [, . Ke cuiabHe (IPaKTHYHO JIECITHKPATH TaHHA U HITIaIbHOT
cra a IIOTEHIUA ope I,. Take c e a 0 1ec aTHE) 3pocCTa epeHIiaabHO1

TICEBJIOEMHOCT] TIOPIBHSHO 3 MAaKCHMajbHO MOSKJIMBHUM 3HAUYEHHSM BIANOBITHOT BENMYMHHU /sl HedapaleeBChKUX
MIPOLIECIB 3yMOBJICHE PO30JIOKYBAaHHSIM MEXI PO3ALTY 3 EJNEKTPOJITOM IIOA0 IHTEPKAJSIMIHHOI ICEBIOEMHOCTI NpH
NIEBHOMY KpUTHYHOMY ToTeHUiami. [Ipn HbOMY BIpPOBa/UKEHHsS HOHA 3 EJIEKTPOJITY y KapOoH BinOyBaeThCs, KOJIH
EHepris CoJbBATaIlil B TBEPJOMY TiJli HE MEPEBUIyBaTUME 3HAYCHHS WOTO XIMIYHOTO IOTEHIiAly B €NCKTPOINITI. Y
poboti [8] HaMH 3ampPOTIOHOBAHWHA HOBHH MiIXil IO PO30JIOKYBaHHS '"imeasbHO" TOJSAPHU30BYBAHOI MEXi MOy
HAHOITOPUCTOTO BYTJICIIO 3 €JIEKTPOJITaMH, SIKHU TOIiArae He y madopi mapaMeTpiB (a3 i BeNMWYWH MpPUKIAICHIX
MOTEHIialiB, a y Moaudikamii eHepreTHYHOro CHEeKTPy NUIIXOM iepapXi3amii HOTo CTpyKTypu mnpu (opMyBaHHI
KaBiTaHaHOTO aHcamOmio C<18-kpayH-6>. B pesymprarti 3abe3meuyerbess (pyHKI[iOHANBHA TiOpHAHICTH: B iHTEpBasi
morermianiB 0+0,4 B peami3oByeThCS IICEBIOEMHICHUN MEXaHi3M HAaKOIMYECHHS €HEpTii 3 MATOMOO IICEBIOEMHICTIO
~ 13350 @/r, a ipu 0,4+1,2 B — emuicHuit mexani3m (~ 80 ®/r). [Ipu npoMy, yIpTpa3ByKOBe ONMPOMiHEHHS MIPHU3BOIUTH
IO pocTy cTIpyMmiB OOMiHy Ha Mbk(asHIH Mexi cynpamMoneKymsipHuX aHcamOmiB i mo 20 % pocTy TyCTHHH
HaKOIIMYEHOTO 3apsy.

O3HaueHy Bullle QYHKI[IOHAIBHY TIOPUIHICTE MOYKHA YMOBHO HA3BaTH K (PYHKI[IOHATBHO-CIIPSHKCHOIO, OCKIIBKA
00MJIBI 3/1aTHOCTI BITHOCSITHCS IO OAHOTHUITHUX IPOLECIB — HAKOIIMYEHHs! EIEKTPUYHOI eHeprii, X04 i 3a MPUHIUIIOBO
pI3HMMH MeXaHi3MaMH i, BIINOBIJHO, PI3HUMHU 3HAYCHHSMM eKCIUTyaTalidHux napamerpiB. Ciig BiA3HA4MTH, 11O B
OCTaHHBOMY BHIAJKy TaKHH TIepexiJi 10 IHIIOr0 MEeXaHi3My HpOLECIB YacTO CYNPOBODKYETHCS MOTIPIICHHAM
napamerpiB. Tak, IICeBIOEMHICHUI MeXaHi3M HaKOITMUCHHS €Heprii nepeadayae 3HWKEHHs KUTBKOCTI LUKIIB “3apsi —
po3psin”, Ta MaKCUMAJIbHY MOTYXKHICTh €IEKTPOXIMIYHHX NICEBJOKOH/ICHCATOPIB.

Bunaetscs, OUTBITY 3alliKaBICHICTh MOXKE BUKIUKATH (PYHKITIOHAIEHO HECHpsDKeHa Ti0puaHicTs. [IpukinamomM skoi
MOXE CIYXHTH Halla paHHS poOorta [9], B sKkii OyB CTBOpEHHH CYNEPKOHACHCATOpP HAa OCHOBI CHeEHiadbHO
CHHTE30BaHOTO KapOOHOBOTO KOMIIO3UTY, SIKUH MpH afgiabaTHdHOMY pO3psii 3a0e3nedyBaB oxoJjo/pkeHHs. Ha sxanb,
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iHImm poOOTH TakKoro HampsMy HaMm He Bigomi. ToMy MeToro mi€l CTaTTi € PO3IIUpPEHHS Kiacy HaKOIMHYyBadiB
EJIEKTPUYHOI eHeprii 31 HeCHPSHKEHO (YHKIIIOHATBHOO T1OPUIHICTIO.

KOHUENTYAJIbHI NIOJIOKEHHSA I METOAUKA EKCIIEPUMEHTY

Mu MpUIyCTUJIN, MO JOCATHCHHSA MOCTaBJICHOI METH MO>KHA I[O6I/ITI/ICSI 3aCTOCYBaHHAM B IpoIecax
CHEPrOHAKOMUYEHHS TPEThOI'0 OCHOBHOTO BHy OpraHizailii peuyoBHH — KJIATPaTHOTrO (abo CympamoNeKyJIsSpHOro) 3
OISy Ha HOTO CTPYKTYypHO-eHepreTudHi ocodmmBocTi [10, 11]. Ile Moxe nmpu3BecTH HE TUTBKH 10 MPUHIUIIOBO HOBHX
3aKOHOMIpHOCTEl MiK(}a3HOro NEepeHeceHHs 3apsiy, ajle 1 BUCOKOS(EKTHBHOI'O €MHICHOTO HAKOIMYCHHS EHeprii.
Boanouac, ciif BiI3HAYNTH, 10 3aCTOCOBYBaHAa ChOTO/IHI BHXiJJHA CHPOBHMHA JUISi CHHTE3y aKTHBOBAHOTO BYTLIIS Mae
OyzoBy, sika HE MOXKE aKOMOAYBATH Yy CBOIill BHYTPIIMIHIN MIKPOCTPYKTYpi HEBHI JISTYIOUi PEUOBUHH, SKi OM yKe Ha
cTanii kapOoHi3alii peryIoBaIy eIeKTPOHHY OYIOBY OTPUMYBAHOTO HAaHOIIOPUCTOTO KapOoHy. ToMy BHXOISYH came 3
OUX MipKyBaHb, a TaKOXX BPaXOBYIOUM MOTPEOM EKOJOTiYHOi OE3MeKH Ta MCIIeBU3HU, B poOOTi B SIKOCTI BUXiTHOI
CHPOBMHM BHUOpaHI MUKIOAEKCTPUHH f- Ta p- Momudikaiiii (puc. 1), siki MICTATh BHYTPIMOJIEKYJISIPHI MYCTOTH, B SIKI
MOXYTh OyTH aKOMOJOBaHI TOCTHOBI KOMIIOHEHTH NUISXOM MOJEKYJISIPHOTO PO3Mi3HABAaHHSA 3a MPUHIUAIIOM ‘‘3aMOK-
kitou” [11]. IcHyroua mie o-Moaudikariist TUKIONEKCTPUHY HE po3riisaanacs yepe3 npobdiemy ii cTabiibHOCTI.

Puc. 1. 300paxkeHHst MoJeKkyI, - Ta y-IUKIOAEKCTpHHY [11]

[Topucta OynoBa OTpUMaHMX KapOOHOBHX CTPYKTyp Oyia BHU3HaYeHa METOJaMH Mpelnu3idiHol mopoMeTpii 3
BUKOpHUCTaHHAM nopomerpa ASAP 2000 M.

EnexTpoxiMiyHi BUMIpH NpPOBOAWJIM 32 JBO- 1 TPHUEJCKTPOJHOIO CXEMaMH 3 XJIOP-CPIOHHUM  eJIeKTPOJIOM
nopiBHAHHL. JI7s IbOTO HOCTIHKYBaHI MaTepiany 31 3B°s13y104nM areHToM (5 % nomiBiiineH(TOpHI) HApecoByBaHCS
Ha HikeneBy ciTKy mwiomero 0,5 cm?. Maca akTMBHOTO Marepialy HE MepeBHIyBana 3 Mr. B sKOCTI eleKTpoIiTy
BukopucroByBaiu 30% Boauuit pozund KOH. Enextponni notenmianu £ nepepaxoByBaIMCs BiIHOCHO CTaHJapTHOTO
BOJIHEBOTO €JIEKTPO/LY ITIOPiBHIHHSI.

ImneancHi crekTpy (B Aiamasoni wactor 5x107°-10°T'm 3 ammiiTymoro 5 MB) B IOTEHIIOCTATUYHHX YMOBax,
OUKJTIYHI BOJIBTAMIICPOTPAMHU 1 TabBAaHOCTATUYHI 3apsii-pa3psiHi IHUKIM 3alMCaHi 32 JONOMOTOI BHMIipIOBAIFHOTO
kommurekca “AUTOLAB” ¢ipmu “ECO CHEMIE” (I'omanmist), yKOMIUIEKTOBAHOTO KOMII FOTEPHUMH IIPOTpaMaMU
FRA-2 Ta GPES. Bupanenus cyMHIBHHX TO4YOK mpoBoamiocs ¢insrpom dupuxme [12, 13]. YactoTHi 3ajexHOCTI
KOMILJIEKCHOTO IMIeancy 7 aHamizyBaiucs rpadoaHaliTHIHUM METOJOM B CEPEIOBHIIII IPOrPaMHOro mnakety ZView
2.3 (Scribner Associates). IToxubku anpokcumanii He nepesuiryBanu 4 %. AJEKBaTHICTh NOOYIOBAHUX IMITCIAaHCHUX
MoJieiell TaKeTy eKCIIEPUMEHTaJIbHUX AaHuX Oysa MiATBEp/KEeHa ITOBHICTIO BUIIAJKOBUM XapaKTEPOM YacCTOTHHUX
3aJIeKHOCTEH 3aIMIIKOBUX Pi3HUILE mepmoro nopsaky [12, 13]. 3HaueHHs emMHOCTell Uit 100y10BU BOJIBT-(hapaaHux
3aJIeKHOCTEH BU3HAUYamcs 3 TouHicTio 2 - 8% (Kpamepc-Kponir tect 6yB B Mexax 106-1075).

MarHiTHI BUMipIOBaHHS BUKOHYBAJIU 3a JOLIOMOI'OI0 MarHiTomMeTpa 3 BiOpyrounM 3pazkom [14].

PE3YJIbTATHU TA IX OBTOBOPEHHSA
KagiTanani HuK/101eKCTPUHOBI KapOOHU
OcoOJMBICTIO LUKIIOJACKCTPHHIB, SK CUPOBHHHU JJIS OTPHMaHHS aKTHBOBAHOI'O BYTJICHIO, € CUIIbHE CITIHFOBaHHS
MIPU HAarpiBaHHI B pe3yNbTaTi MPOIECIB JETigpaTalii Ta BUIIICHHS IOKCHIY BYTJCHIO, KOTPE CYIPOBOIKYETHCS
OaraTokpaTHUM (HECATKH pa3iB) 30UIbIIEHHSIM 00’€My, IO BHMarae ocoOIMBOro pexumy mipomizy [15]. Tomy
3aCTOCOBYBaJIM HACTYIHUN PEXUM MPHUIOTYBaHHS 3pa3kiB: HarpiBaHHs 31 mBuikictio 1 °C/xB g0 100 °C i BuTpuMKa
JUI. BHJAICHHS BOAM TNPOTSIroM 2 ron., cradimizamiiiHa o0OpoOka mpu Temmeparypi 500 °C mpotsrom 5 roj.,
kapOowizariis npu 800 °C npotsrom 4 rox. OTpuMaHUM YaCTHHKaM KapOOHi3aTy BJIAcTHBA MOPOKHHHHA CTPYKTYpa.
[Tpu upoMy po3Mmipn YaCTUHOK KapOOHI3aTy y-IMKIOJEKCTPHHY 3HAUYHO MEHIII, HDXK aHaJOTi4Hi S-IMKIOAEKCTPUHY, 1
MOPOXKHUHM y HUX MeHmI (puc.2). PeHTreHocmekTpanbHHH aHajli3 IOKa3aB IPaKTHYHO YUCTO KapOOHOBY dazy
OTPHUMAHOTO IPOJYKTY.
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Ximigra KOH-aktuBanis mpu temnepatypi 800 °C ynpomoBx 2 romuH NMPU3BOAUTH IO 3HAYHOTO 3MEHIICHHS
YaCTHHOK aKTHBOBAHOT'O BYTLILIS TIOPIBHSIHO 3 BUXITHUMH.

\,‘W’\'

200um @ WD=25.0mm 20.00kV  x150

WD=24.7mm 20.00kV  x150
a 0

Puc. 2. EnexTpoHOMiKkpocomivHe 300paskeHHsI HAHOTIOPHCTOTO KapOOHY, OTPIMAHOTO aKTUBAIIHHOK0 KapOOHi3ali€eo
S-LIUKIONEKCTPHUHY (a) Ta p-IUKIOAEKCTPUHY (0)

Jani npenmsiiiHoi nopomerpii, ompainpoBani Metogom DFT cBimuaTh mpo OiMOIalibHY HOPUCTY CTPYKTYpPY
CHHTE30BaHMX KapOOHI3aTiB 3 MAaKCMMyMaMH B PO3HOALII rop 3a ixHiMu niamerpamu B okoui 1,3 Ta 4,3 um (puc. 3).
3arajibHa MUTOMA TUIONIA AKTUBHOT MOBEPXHi (Saxr) S-IMKIOJEKCTPUHOBOTO KapOoHizary mopsaka 72 m*/r. AxTusaris
BOJITHOIO TTapolo 3a0e3neuye muToMy eMHICTb ~ 50 @/r B cumerpuuHiii koHGirypanii. [Ticas KOH-moandikanii Bona B
JaHiii reoMeTpii BUMipiB 3pocTae no 158 @/r, a y Bix'emHild obnacti moreHmianiB — Big 101 mo 203 &/r. dus y-
OUKIOJACKCTPHHOBOTO KapOOHY 3 MPAaKTHYHO “iIealbHAMK TalbBAHOCTATUIHUMH MUKIAMHU “3apsa — po3psan” (puc. 4)
OCTaHHS BEIMYMHA Ma€ Jeno MeHie 3Ha4eHHs — 162 O/r. [lopiBHIOIOUM 11e 3HAUYSHHS 3 MUTOMOIO ILUIOLICIO MOBEPXHI
3HAaXOAMMO, IO AU(EPEHIiaIbHa €MHICTh NaHOTO BYIJIEIIO ckimamac ~ 22 Mk®/cm?. 3a HasBHUMH JITEPATypHAMH
JnaHumH [16] 11 BenuvrHA € BHIOI Bijl BIJMOBIIHOTO mapamerpy OLIBIIOCTI BIIOMHUX BHAIB aKTHBOBAHOTO BYTLILIA,
110 BUKOPUCTOBYIOTHCSI B CylepKOHJeHcaropax. Di3uyHa NpUYMHA LHOTO HAWIMOBIpHIlIE 3yMOBJIEHa THM, LIO B
TaKOMy Marepialli € BUCOKa T'yCTHHa CTaHiB Ha piBHI Pepmi, sika cripusie eKpaHyBaHHIO aJcOopOOBaHHUX 3apsliB, L0
¢dopmyroth noagiiHuit enexrpuunnii map (ITEIL). HeouikyBanum akTom cTasio Te, mio yJibTpa3ByKOBE ONPOMiHEHHS
TaKoXX 3Ha4YHO (~5 pa3iB) 30UIBIIye IUIONIY aKTUBHOI IMOBEpXHi 1 Oinbin cyrreBime HaBiTh HbK KOH-momudixamis
posmmproe 06’em Meszomop. [yt 0o0MIBOX MarepialliB BUSIBICHHH OJHOTHITHMH — €MHICHMH XapakTep KiHETHKH
HaKOIMYECHHS eHeprii Ha Mexi TX po3/iy 3 eeKTPOITITOM.
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Puc. 3. Po3moin mioii mop 3a iXHiM JiaMeTpoM f- Puc. 4. TampBaHOCTaTHUHI UUKIK  “3apsa-po3psin”  Juis
LUKJIOICKCTPUHOBOTO KapOOHY: KaBiTaHTHOTO KapOOHY, CHHTE30BaHOTO 3 P-IIUKJIOICKCTPHHY

1—-no KOH-momuopikauii, 2—micns KOH-monudikamii,
3 - micis ynbTPa3ByKOBOTO ONPOMiHEHHS
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KagiTaTHi HMKJI01€KCTPUHOBI KAPOOHU

3a 3arajgbHOI0 TEXHOJOTTYHOK CXEMOK KaBiTaTHI KApOOHU CHHTE3YIOThCS ILISIXOM “‘pre”’-Momudikaiii BUXiJHOTO

KaBITaHAHOTO aHCAMOJIO TOCTHOBMM KOHTEHTOM 3 HACTYIIHHMH aKTHBALIHHOIO KapOOHi3aIiero Ta “post’-XiMIYHOIO

(pizuunoro) momudikamisiMu. BukopHCTOBYIOUYM 3/1aTHICTh [-IMKIONEKCTPUHY IO MOJIEKYJIIPHOTO PO3ITi3HABAHHS

deporeny (FC) [17], sxkuit BiqoMui, K OJUH 3 HAWOLIBII EIEKTPOXIMIYHO 3BOPOTHIX CIEKTPOIHUX MaTepialliB, HAMHU

Hacamrepe] leil kaBitaT OyB MiIaHWIA aKTHBAIiHIA KapOOHi3alil 32 TUMH X PEKUMaMH, HIO 1 S-IUKIONEKCTPHUHY.

Ockinbku  (eporeH HEpO3UMHHHUHM Yy BOJI, METOJ CHiBKpHCTaji3amii 3 BOJHOTO pO3YMHY, KOTPHH IIHUPOKO

3aCTOCOBYETHCS 3 BOJOPO3UYMHHUMHU CIIOJyKaMH, HE MOXe OyTH 3acTocoBaHWi. [l OTpUMaHHS KOMILIEKCIB

“rocrofiap-ricts”’ BUKOPUCTOBYBAJIHM METOJI IIPSIMOTO JIOJIaBaHHS TOHKUX (PePOLICHOBHX KPUCTAIIIB 0 BOJAHOTO PO3UNHY

p- i y- CD mpu temmeparypi 60°C 3 mepeminryBaHHSAM Ta HACTyHHHM BumapoByBaHHsAM [18]. Komrmiekcu €

CTEXIOMETPUYHAMH 1 MAIOTh CIIBBITHOIIEHHS rocmojaps i rocts mist f- i - CD — 1:1. Bracnmigok camoopranizarmii

MOXYTh (OpPMYBATHCSI CyNpaMOJICKYJSIpHI aHcaMOJIi 3a THIIOM MOJIEKYJIIPHOTO HAMHCTa, JIaHKa SIKOTO MOKAa3aHa Ha
BCTaBIIi JI0 pHC. 5.

Yactuakn kapOoHizaTy kommiekcy f-CD<FC>

TEX MICTATh MOPOXHWHH, aie 3HAYHO MEHII i B

M MeHIIiil KinbKocTi, Hik oTpumanoro 3 A-CD. Ix

- NUTOMa €MHICTh B CHMeTpH4Hid Kowmipii 3 30%

BonHuM pozunHoM KOH ne neperumrysana 40 O/r.

[Micns KOH-momudikarii BoHa B gaHili reomeTpii

BuMIpiB 3poctae 10 110 ®/r, a y Bix emHiit odmacti

MOTeHIiamiB  gocsrae 145 d/r npu  BiAMiHHIN

. s KyJloHIBCBKili  edektuBHOCTI ~ 99%. [lna
= c ‘L;.\-;]_ KaBiTaTHOTO KapOOHY, cuHTe30BaHOTrO 3 y-CD <FC>

N :»—m MUTOMAa €MHICTh Taja€ y [Ba pas3d, 1o

= HalliMOBipHiIe OB’ SI3aHO 3 pi3HOIO

5 % T o KOMIUIEMEHTapHICTIO  (eporieHy 10  oOHIOBOX
B B MaTpuib. 3 JaHUX Ha PHUC.S5 MOXKHAa 3pOOHTH

BHCHOBOK, IO KaBiTaTH3allis MPEKypcopy [uis
Puc. 5. iarpamu HaiikBicTa ais kapOony, cunre3oBanoro 3 y-CD (1) aKTUBALIMHOT Kap60Higaui'1' MOKpaIlye IapaMeTpH

Ta y-CD <FC>(2) €MHICHOTO HAaKOIHWYEHHS 3apsiy, B JaHOMY pasi —
Ha BcTaBKkax — maHka MoseKyisipHoro Hamucra 3 y-CD <FC> [18] Ta CYITEBO 3MEHIIy€ TAHIEHC KyTa EIEKTPHYHUX
3ACTYIIHA CICKTPHIHA CXeMa Brpar. CrocrepexyBaHH €MHICHMH MeXaHi3M
HAKOIIMYCHHSI CHEprii, Mo0pe MOIENIOEThC CKBIBAJICHTHOIO EIEKTPHUYHOI0 cxemoro ae Jleri, sixka mommdikoBaHa, y
BiJIIOBiTHOCTI 10 migxomy Boiita, mocitoBHUM NpHeIHAHHAM MapanenbHoi RscCsc — maHku (BctaBKka 1o puc. 5). Tyt
Rsc 1 Csc — BiAMOBiIHO O11ip 1 €MHICTH 00JIACTI MPOCTOPOBOTO 3apsIy.

Job6pe BimoMo, 10 [S-IUKIOACKCTPUH YTBOPIOE KOMIUIEKCH BKJIIOYECHHS ‘‘TOCHOAAP-TICTh” 1 3 MOJEKYJISIPHUM
riogom [19], B sikux oJ| icHye B MOMIMOJIEKYJISIpHiA (opMi. Buicoka ejekTpoHHa TyCTHHA ycepeanHi nopoxuuuu [-CD
MOJX€ aKTHBYBATH EJEKTPOHHM MOJIEKYNd “TOCTeH”, IO NPHU3BOAWTH 1O 3MIHM CIEKTPaJbHHUX BIACTUBOCTEH SIK
BKJIFOUEHUX MOJIEKYJI, Tak 1 camux [-CD. KomruiekcoyrBopenns 3 f-CD Moke IIOMITHO 3MiHIOBAaTH MOYAaTKOBUH CIIEKTP
norMHaHHA MoJiekyil. Ile o3Hauae, 110 MpPU BUKOPUCTAHHI TAKOTO KaBITATHOTO KOMILICKCY B IPOIIECi aKTHUBAI[IHOT
KapOOoHi3alli MaTUMEMO CHTYaIlifo, MPH SAKid KapOOHI3YETHCS MPEKYPCOp 31 3MIHCHOIO CJICKTPOHHOK CTPYKTYPOIO
MOPIBHAHO 3 BHXITHUM penentopoMm (06e3 cyOcrpary). OueBHOHO, MO 1 CHUHTE30BaHWI KapOOH MaTUME IHIII
BJIacTHBOCTI. | zificHO, sik Oys0 Hamu BcTaHOBIEHO B [20], mist cynbdar-3ai3Horo cyocTpary 3adikcoBaHe 3pOCTaHHS
muToMoi eMHocTi Oimpmr sk Ha 50 %. Y HamoMy BHUNAAKY IOJIHOIMCTOTO cyOCTpaTy 3pOCTaHHS €MHOCTI JUIst
BIJIIIOBIIHOTO HAaHOMOPHCTOTO KapOoHy (micist aHanoriuyHoi “post”-monudikarii) € meHmuM i ckiagae ~10 %. IIpote
BiH Ha0yBa€ HEOPAMHAPHMX HEOYIKyBaHMX BIAcTHUBOCTEH — Horo mexa 3 30 %-BOOHMM PO3YMHOM EJIEKTPOIITY
MIPOSIBIISIE BUCOKY (POTOUYTIHUBICTb.

@ oTOYYTIINBICTh CynIpaMoJieKyIIPHUX KapOoHiB. @oToBapioHicTOpH.

Ha puc. 6 HaBezeHi miarpamu HaiikBicta i 3MiHa €MHOCTI CHMETPHYHOI CUCTEMH 3 CYIIPAMOJICKYJISIPHO “pre-post”
MoudikoBanum HanonopuctuM kapbonom (KHK): KHK]|30%KOH(H»O)||[KHK npu ocBiTieHHi sk iHTErpajibHUM, TaK
i MOHOXPOMAaTHYHHM CBITJIOM BiJ| CBITJIOZI0/IB OAHAKOBOI iHTeHcHBHOCTI. TyT mikaBo 3a3Hauuth, mo 6e3 KOH-
Mo udikarii JaHa cUCTeMa XapaKTepH3YEThCs 11ie BUIOK0 (POTOUYTIUBICTIO: MUTOMA EMHICTD Ha CBITII 3pocTae OuIbII
Sk B 4 pasu. OmHak B oMy pas3i rojorpadu immemaHcy BKasylOTh CKOpillle Ha IICEBJIOEMHICHHHA MeXaHi3M
HaKOIMYCHHS €Heprii, HiK Ha eMHicHUH (puc. 7). B pesynbrari, B ocraHHi# jaHmi MomudikoBanoi cxemu ne Jlesi
(BctaBKa mo puc. 5) xoHaercatop Cs HEOOXiTHO 3aMiHUTH eleMeHTOM 3akputoro BapOypry (Ws). Lle € cBoepimamit
COHSYHHUH CYIIEPKOHACHCATOP, IO XapaKTePH3Y€EThCs LIKABOK KiIHETHKOIO, JUIA SIKOT BIIaCTUBHI qU(Y3iHHNI KOHTPOIIB.

MexaHi3M TIraHTCHKOTO 3POCTaHHS €MHOCTI TIPH OCBITJIICHHI MOKe OYyTH 3pO3yMUTHUM 3 HacTymHol mojeni. [lpu
CHJIBHO PO3BMHEHIH MOBEPXHI MaTepialy MOXEMO 3yCTpiTHCSA 3 JABOMa BHMagkamu: 1) ¢parMeHTH MmaTepiary Mix
MOPOYKHUHAMH € 1€ JIOCTATHBO BEJHKI, 11100 He BpaXOBYBAaTH KBAaHTOBOPO3MIpHi edexTH; 2) (hparMeHTH Marepiany Je-
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¢axro cratoTh 2-, 1- un 0-BUMipHUME 00’ €KTaMH. Y KOKHOMY 3 X BHUIAIKIB IPH 3aps/KaHHI TAKOTO MaTepiary MU
MOXKEMO MaTH CIIpaBy 3 CHTYAI[i€l0, KOJIU KUIbKICTh 3apsiiy, SKHH 3HaXOMUTHCS HA aKTHBHIN MOBEPXHI, € OlIbIIa, HIK
Moxke OyTh e(eKTHBHO 3eKpaHOBaHAa BIIBHMMH HOCisIMH Matepianmy. Lle mpuBomuTHMe 10 3pOCTaHHS IOBXKHHU
eKpaHyBaHHs 1, BIJIIOBIIHO, 10 3pOCTaHHA e(EeKTHBHOI BiJCTaHI MK 3apsamu 3 000X CTOpIH aKTHBHOI MOBEPXHI i
3MEHIIICHHS [COMETPUYHOI EMHOCTI MaTepiany. [HIIMMU CJI0BaMHU, MH MAaTHMEMO CIIPaBY 3 IIYHTYHOUOK KBaHTOBOIO
eMHicTIO. X04a y MEpIIOMY 1 JPYyroMy BHIAAKY MPHPOJA OMUCAHOTO SBHIA Ta caMa, a caMe: 3MEHIICHHS T'YCTHHH
CTaHIB IIOPIBHSHO 3 HENEPEPBHUM CEPEIOBHINEM, OJHAK CIOCI0O TEOPETHYHOro ONHMCY Jemo iHmui. PosrisHemo
CIIOYaTKY 3arajibHi ()OpMYJIH, a TTOTIM KOXKEH 3 BUIIAJIKIB OKPEMO.

350 4 —o— (1) —A— (2
] (3 —e— (4 6000 -
300 —— (5
1 25 2 5000 4 1
250 4
1 4000 4
E 200+
1 5 = 3000
5y 1507 & o !
100 05 N 2000
50 00 ] ! 1000 - 2
4 Xapaktepuctika caitna
0% 0
0 50 100 150 200 250 300 350 0 1000 2000 3000 4000 5000
Z', Om Z', Om

Puc. 6. [liarpamu HaiikBicta s xap6oHy, cunresoBanoro 3 f-CD  Puc. 7. [liarpamu HaiikBicra, moOymoBaHi a1t BUMIpiB
<J> B TempsBi (1) Ta mpu OCBITICHHI OAHAKOBOI iHTEHCHMBHOCTI B TeMpsiBi (1) Ta mpu ocBitienHi (2)
4yepBoHUM (2), 3e1eHuM (3), cuHiM (4) Ta iHTErpaIbHUM CBITIIOM (5)

ITpupicT eHeprii moABIHOTO APy MPH 10/IaBaHHI €IEMEHTapHOTO 3apsly MATUME BUIJIS:

2
oV =L snvsu, (1)
&g,

Qe TIepIInii TONAHOK BimoOpakae 30UTBIICHHS €HEprii, MOB’s3aHOI 3 TEOMETPUYHOI E€MHICTIO TOABIHHOTO mIapy, a
JPYTHUi, — 3MiHa XIMIIOTCHITIATy, — OB’ sI3aHUI 3 BHECKOM B CHEPTilO BiJl KBAHTOBOI EMHOCTI, o7 — 3MiHa KOHIICHTpALIii
3apsily Ha aKTHBHIHM MOBEPXHI.

BennunHy du MOKeMo 3aIicaTH Tak:

o = 6—’”511 . 2)
on
Toni
2
sV ==—(d+2)on, 3)
&8s,
Jie TOBKMHA eKpaHyBaHHA A piBHA!
1 ou
A=——. 4
e’ on @
I ocraTouno
C- Sedn _ S 5)

SV ge(d+2)
Bunanok, xoian HeMae HEOOXiJHOCTI BpaXxOBYBaTH KBaHTOBO-PO3MIpPHI €(eKTH TaKOXX pO3OMBAETHCS HA 1BA, B

3aJIe)KHOCTI BiJl KOHIIEHTpAIii eIeKTPOHIB y 30HI MPOBIAHOCTI MaTepiany. Po3risHeMo BUNIamMOK HU3bKOT KOHIICHTpAIIi 1

€JIEKTPOHIB B 30HI mpoBigHOCTi. Toai MU MaeMo cIpaBy 3 KIACHYHHM EIEKTPOHHHM Ta30M, OCKUIBKH TeMIIepaTypa
2 2

BUPODKEHHS 1) = —n? Oy/ie HU3bK0I0. XiMIOTEHI[iaNl KIACHIHOTO €IeKTPOHHOTO Ia3y Ma€ BUTIIAAL
m
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2
27k’ )3
=kT|n 6
H - (6)
Toni
A=t _ M ()

en  ean,

I[Tig KOHIEHTpami€l0 n MH PO3yMieEMO 7 =an,, A€ N, — Ii¢ KOHIEHTpAlis EIeKTPOHIB y 30Hi MPOBiTHOCTI
HETOpUCTOro Marepiany, a @ <1 — ne ¢geHoMeHONOTIYHNI KoedilieHT, TPONOPLUIHHUN 10 BEIWYWHHU OJUHHUII MiHYyC
MTOPUCTICTh MaTepiany.

TakuMm 9IHOM, HasIBHICTB ITOp 3MEHIITY€ KOHIICHTPAIIIO EIeKTPOHIB 1 30UIBIITye TOBXKUHY €KpaHyBaHHS, IO Bele
JI0 3MCHIICHHS CyMapHOI EMHOCTI MaTepiaiy.

VY Bumaaky BHCOKO! KOHIEHTpALIi €JIeKTPOHIB, KOJIU TeMIepaTypa BHPOMKEHHS € BHCOKOIO, MU OyAeMO MaTH

CIIpaBy 3 BUPOKECHUM CJICKTPOHHUM Ta30M, IJI AKOT'O XiMHOTCHHiaII Ma€ BUTJIAI:
-2

2 2

B (3n)3 | B (371)3
=—1| = |1-— — +... . 8
" Sm(ﬂj 12| 8kTm\ n ®

Bukopucraemo nuiie nepuini, Beayuuii, wieH poskiany. Tofl, 3 ypaxyBaHHSIM BHIIECKA3aHOTO

B hzn_% (if _ K (an, )7% (if ©

C12me*\x 12me* b4

baunmo, 1o, SIK y BUNaAKy MaJlMX KOHLEHTpAlii, TaK 1 y BUIAJIKy BUCOKHUX, SKICHO KapTHHA 3aJIMIIAETHCS TIEI0
CaMoI0, JIMIIIE y JPYroMy BHIAJIKY 3aJIeKHICTh BiJ] KOHIEHTPALl 1 MOPUCTOCTI € 3HAYHO MEHIIO0.

IIpu OCBiTIICHH] KUIBKICTH €IEKTPOHIB y 30HI ITPOBIHOCTI 3pOCTAE, a BIAMOBITHO JIOBKMHA €KpaHyBaHHS ITOBHHHA
3MEHIIYBaTHCS 1 3arajibHa EMHICTb POCTH. Y BHIAJKY IPOCTOT MOJIEIi HAsIBHOCTI O/IHOTO JIOMIIIKOBOTO PiBHS, 00’ €eMHY
KOHIICHTPAIiF0 EJIEKTPOHIB y 30HI MPOBITHOCTI, COPUYMHEHY BIUIMBOM CBITJIA 1 TEMIIEPaTypoOr0, MOXHA 3HAWTH 3
PIBHSHHS:

on _ AE 1 of
—=ymnyexp| ——— |~ ynp+y,P+——, 10
51701{1#)“77’ 4 or (10)
SIKE JJIS CTalliOHAPHOTO BHIAJIKY':
on oj
—==0, j=0, 2L=0 11
a 7T (an
HaOy1e BUTIIILY
AE
ymnyexp| ——— |—ynp+y,®=0. (12)
kT
3Bincu
ymn, exp[—iﬁ} +y,®
n= . (13)
rp
VY Hamucanux Buille (GopMylnaX BHUKOPUCTaHI TaKi HO3HAa4eHHA: y — KoediuieHT pekoMOiHamii, y, — KoedimieHT

cBiTIOBOI reHepanii, ©@ — CBITJIOBUI MOTIK, 7, — KOHLEHTPALis €IEKTPOHHUX CTaHIB IOOJIU3Y JHA 30HH MIPOBIJHOCTI,

AE — BincTaHb TOMIIIKOBOTO PIBHS BiJ AHA 30HU MPOBIAHOCTI, K — crana bonbimana, 7 — abcontoTHA TeMIeparypa,
E — HampyXeHiCTh €JNIEKTPUYHOTO TIONS, ¢ — 3apsi eNeKTpOHa, & — jielekTpuuHa crama. OTxe, BeIMYHHA

_ AE . . . . ..
mn, exp| ——— | BIANOBIIA€ 3a TEIUIOBY reHepamiio, y,® — 3a CBITJIOBY, — KOHLEHTpamis AIpoK, a m —
ymi, €Xp T Y P 71 Y, P p p

KOHIICHTPALisl €JIEKTPOHIB HA JOMIIIIKOBOMY PiBHI, ¥np — peKOMOIHALIHHUIN YJIeH.

Sxmo BBaxaTH, M0 y MOIMEPEIHIX MOJENIAX BXKE BPaXOBaHUHM BHECOK BiJl TEIUIOBOI reHeparii B KOHIICHTPALIO
€JIEKTPOHIB y 30HI NMPOBIOHOCTI, TO HAUIAIIKOBAa KOHIICHTPALiS €JIEKTPOHIB, COPUYMHEHA BHKIIOYHO OCBITICHHSM,
MaTUMe BUTJISL;
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an="2 (14)
rp

Toni y IBOX momnepeHix BUIIagKax ISl JOBKHHY €KpaHyBaHHA OyaeMo MaTé GOpMyJIHu:

P A
en g n0+}/’—
rp
1
K an0+@ ’ 2
rp 33
A= 12me’ [;) ’ (13)

YUM 1 TOSICHIOETHCS 3MCHIIICHHS JIOBXKIUHH €KPaHyBaHHS (1 BiIOBITHO 301IBIIICHHS EMHOCTI) TP OCBITJICHHI.

Bunanok, konu € HeoOXiIHICTh BpaXxoOBYBaTH KBaHTOBO-PO3MIpHI €(eKTH HPHUITyCTUMO, IO MOPUCTHH Martepial
BIAIITOBAHUI Tak, IO 032 MEXaMH [Op BiH sBIsi€ cOOOK IBOBUMIpHY cucTeMy. Tomi, SK BiOMO, JOBXKHHA
eKpaHyBaHHs, 0¢3 BpaxyBaHHS €JICKTPOH-EIEKTPOHHOI B3aEMO/II1, HE 3aIe)KaTHME BiJl KOHIICHTpALIIi:

2
h

A=— 16
el (16)

*
e m — e(eKTHBHA Maca eJIeKTPOHA.

B peanpHEX NOPHCTHX CEPEAOBUINAX MU MAaTHUMEMO IIISTHKH, sIKi OyayTh 00’ €KTaMu ycix BUMipHOCTeH Bix 3 1o 0.
Taky cuctema MOKHa 3MOJIENIOBATH (DEHOMEHOJIOTIUHO BBIBIIM JPOOOBY BHMIPHICTh mpocTopy. Po3risHemo 3apa3

JIMII€ BUIIAJIOK BUCOKHX KOHHeHTpaHii/II. TOH] ryctuHa CTaHiB TaKOT'0 €JICKTPOHHOTO Iady MaTuME BUTJIAA:
D D
2 Y D
V4 (2m) 2 2
ele) -2, Ol a7
r (j (277)

2

ne D — ue npoboBa BUMIpHICTh. XIMIOTEHIIaJ [TPX HYJIi TeMIIepatyp Oyae piBHUM:

r(?j(z;m)” Dn
/J = D D ) (18)
72 (2m)2
a JOBXXHWHA eraHyBaHHﬂ
2 2
2 ! o
a2 r(gjl) . (19)
mDe 2

Bruus cBitia Ha JOBXXWHY €KpaHYBAHHSA MaTUME BUTJIAL:

2, 2
s 01,1

= 20
mDe* (20)

Bukianena Hamu Teopist He BpaxoBye aeopMarliiro KpaiB 30H 4epe3 HOBEPXHEBI 3apsiiu.

MarHiTHi BJIACTHBOCTI CynpaMoJIeKyJIsIpHUX KapOoHiB. Marnerosapionicropu

LikaBuM BHABHCS 1 pe3ynbTaT MAarHITHUX JOCITIKCHb CHHTE30BAaHHUX KapOOHIB. Yci BOHM B Till 4M iHIIIH Mipi
BUSIBILIIOTH (pepoMarHiTHI BIacTUBOCTI (puc. 8, Tabmmid). Takuii cTaH 3yMOBIIOETHCA HE CTUIBKH aTOMaMH BYTJIELIO,
CKUIBKU CTPYKTypoto mop. [leBHI nedexkTn Takoi CTPYKTYpU HPUBOAATH JO PI3KOTO ACUMETPHUYHOTO MiKy T'yCTHHHU
ctaniB Ha piBHi epwmi [21]. [Ipu 11bOMy OCTaHHS Ma€ OyTH TOCTaTHHO BUCOKOIO, 110 KOPEIIOE 3 BU3HAUCHUM BHCOKUM
3HAYCHHSM TU(epeHIlianbHoi eMHOCTI. OYEeBHUIHO, IIKaBO JI3HATHCSA YU BIUIMBA€ HASBHICTH MArHITHOTO MOMCHTY B
HAHOIIOPUCTOMY KapOOHi Ha IMapaMeTpH EMHICHOTO HaKOIMYECHHS €HEprii Ha MeXi Horo po3finy 3 enekrpoiitom. s
BIJINOBi/I Ha II€ MUTAHHS KOMIPKH CHMETPHUYHOI KOH(Iryparii 3 eJleKTpoJjaMu Ha OCHOBI KapOOHIB, CHHTE30BaHHX 3
y-CD ta y-CD<FC> (auB. TaOIHMLIO) BUMIPIOBAJINCS 3a HOPMaJbHHUX yYMOB Ta B IIOCTIHHOMY MAarHiTHOMY IOJI
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HanpyxeHicTo 2,75 kOe. BusBuiocs, mo s nepmoro kapOooHy y MarHiTHOMY TOJIi €MHICTh HE MIiHS€TBCS, a IS
apyroro — 3poctae Ha 10 %, 1m0 € B Mekax MOXUOKN EKCIICPUMEHTY.

OpHak CyTTEBi 3MiHM B MarHiTHOMY ITOJIi BUSIBIIA€E KiHETHKA MPOLIECY HAKOMMWYCHHS 3apsny (puc. 9) i, BiINOBiIHO,
peakTaHCHI NapameTpH, 30KpeMa, TaHT'eHC KyTa eJIeKTpuuHHX BTpar. CaMe B IIbOMY CEHCI MOXKHa TOBOPHUTH IIPO
MarHeToBapioHICTOPH, THM OlIbllie, IO CHOTO/AHI HasiBHI MPELU3iiHI eIeKTPOHHI CXEMH BHMIPIOBAHHS PEaKTAaHCHHUX
napameTpis.

2, -1 B parpiBanHa
*y Tk
Gsu A M TKP O OXONSAWEHHA
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Puc. 8. [lerns ricrepe3nucy ByIJIEIi0, OTPHEMAHOTO Mipoiti3oM y-mukiIonekctpury mpu 800 °C (a) Ta TeMIiepaTypHa 3aIeXKHICTh HOTo
MTUTOMOI HAMAarHiYeHOCTI HACHYCHHS
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Tabauus
Pe3ynbTaTi MarHiTHUX JOCHIPKCHh CHHTE30BaHUX KapOOHIB

Neri/io 3pasok Maca, Gs, A-M%kr! KoepHHTHB}_I,a chna,
KA'M
1. S-CD 0,43 1,0 8
2. y- CD 0,41 4,5 8
3 [-CD<deponer> 0,31 0,6 8
4. y- CD<depouer> 0.31 3,6 16
2,04 60
1
1,64 50 4
40 4
< 1,2 -
=
9 S 30 4
A 08 .-
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0,44 10 4
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Puc. 9. liarpamu HaiixBicTa aist kapOoHiB, cuHTe30Banux 3 y-CD (;1iBopyu) Ta y-CD <FC> (npaBopyu),
no0y1oBaHi A7t BUMIpIiB 32 HOpMaibHUX yMOB (1) Ta B mocTiiHOMY MarHiTHOMy Mo Hanpy»xeHocrti 2,75 kOe (2)

BUCHOBKHA
1. CunTe3oBaHO ‘“‘KaBiTaHgHE” BYTUDIA BOJIOZIE€ OIMOIABFHOIO TOPHCTOI0 CTPYKTYpOK 3 MaKCUMyMaMH B
posmnoini nop 3a ixHiMu aiamerpamu B okouti 1,3 Ta 4,3 HM. 3arajbHa NUTOMA TUIOIIA aKTUBHOI MOBEPXHi (Sar) f-
LMKIIOJEKCTPUHOBOTO KapOOHi3aTy Mopsaaky 72 M>/T. AKTHBaIis BOISHOK MApor0 3abe3ledye MUTOMY €MHICTh ~
50 ®/r B cumerpuuniit kondirypauii. [Ticas KOH-monudikauii BoHa B JaHiit reometpii BuMipiB 3poctae a0 158 d/r, a
y BiJ’eMHil obOnacti norenuianiB — Bin 101 go 203 O/r.
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2. ins y-IHUKIOJEKCTPUHOBOTO KapOOHY 3 MPAKTHUYHO “ieadhbHUMHU~’ TalbBAHOCTATHYHHMHU ITHKIIAMH ‘‘3apsii-
po3psan” mudepeHmianbHa €MHICTh cKitagac ~22 MKD/cM?, IO € BHIMM BiJl BiANOBIAHOro ImapameTpy OGimbIIOCTI
BiZIOMHX BHIB aKTUBOBAHOTO BT/, IO 3aCTOCOBYIOTECS B CYyIIEPKOHICHCATOPAX.

3. Insa xaBiTatHOro KapOOHy, cuHTe30BaHoro 3 f-CD<depouen> nutomMa €MHICTh Y BiI’€MHIH oOsacti
noteHuiainiB gocsrae 145 @/r npu KyaoHIBCbKil epekTrBHOCTI ~99 %. [lyis KaBiTaTHOrO KapOOHY, CHHTE30BaHOTO 3 )-
CD<d¢eporer™> nuromMa €MHICTh HaNa€ y JBa pasy, 110 HAWIMOBIpHIIIE MOB’SI3aHO 3 PI3HOK KOMILICMEHTAPHICTIO
(eporieHy 10 0OUIBOX MATPUIIb.

4.V Bumazaky nodioxucroro cyoerpary y f-CD 3pocTaHHS €MHOCTI JUIS BIIIOBITHOTO HAaHOIIOPUCTOTO KapOoHY
(micns aHanoriuHoi “post”-momudikanii) cknanae ~10 %, HaOyBarouM HEOpAMHAPHHUX BIACTHBOCTEH — HOro Mexa 3
30%-BOTHIM PO3YMHOM EIICKTPOIITY HIPOSBISIE€ BUCOKY (POTOUYTINBICTS.

5. 1o KOH-momunikarii nannii KaBiTaTHHH KapOOH XapaKTEPH3YEThCS IIe BHUIIOK (POTOUYTIMBICTIO: MATOMA
€MHICTh Ha CBITJII 3pOcTae OUTBII 5K B 4 pasu, Ie MOB’S3aHO 13 30UTBIICHHSIM BKIIQAy IMOBEPXHEBHUX CTaHIB Y EMHICTh
00J1acTi MpOCTOPOBOTO 3apsiAy TBEpAOl (a3m.

6. CuHTe30BaHI KaBiTaHJHI 1 KaBiTaTHI HAHOMOPHCTI KapOOHM BOJOIIIOTH ()epPOMArHITHUMHU BIIACTHBOCTSIMH.
CymnepKkoHIeHCaTOPH Ha X OCHOBI MOXKYTh CIYKHTH JaBadyaMH cIaOKOro MarHiTHOTO IOJIS 332 KIMHATHHX TEMIIEparyp,
(hopMyrouM HOBHUH KJlac IPUCTPOIB — MArHETOBAPIOHICTOPIB.
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DIFFUSION TEMPERATURE DEPENDENCE IN TILTED PERIODIC POTENTIALS
RANGING FROM UNDERDAMPED SYSTEMS TO OVERDAMPED SYSTEMS

I.G. Marchenko'*, (”LI. Marchenko?, “2V.I. Tkachenko'*
!National Science Center ,, Kharkov Institute of Physics and Technology”
1 Akademicheskaia Street, Kharkov 61108 Ukraine
2V.N. Karazin Kharkov National University
4 Svobody Square, Kharkov 61022 Ukraine
SNTU “Kharkov Polytechnic Institute”
2 Kirpicheva St., Kharkov, 61002, Ukraine
*E-mail: march@kipt.kharkov.ua
Received 25 October 2018, accepted 16 November 2018

Recently, both the experimental data and the data of theoretical research appeared stating that the diffusion coefficient shows
nonmonotonic behavior with temperature. The motion of Brownian particles in the space periodic structures is an example of the
systems with abnormal temperature dependence of the diffusion. The aim of the work was to study the change in the temperature
dependence of the diffusion coefficient with a change in friction, both in underdamp and overdamped systems. This scientific paper
studies the diffusion of particles in tilted spatial-periodic potentials in a wide temperature range. It is shown that in both
underdempted and overdamped systems, the diffusion coefficient reaches a maximum value for a certain value of an external force,
the value of which depends on the value of the friction coefficient. However, in systems with low and high friction, the temperature
dependence of the diffusion coefficient differs. It was established that the systems with a low friction level y’ show temperature
abnormal diffusion (TAD) at which the diffusion coefficient D is increased with a decrease in temperature. At the same time, the
diffusion is enhanced at high y values with the rise in temperature. This scientific paper studies the transition procedure from the
exponential dependence of TAD to the ordinary power temperature dependence with an increase in y’. It was shown that the energy
hump that separates “running” solutions and “localized” solutions is decreased with an increase in the friction coefficient and it
vanishes at ' — 2. Simultaneously with a decrease in ¢, the temperature interval of the TAD also narrows. It was established that

the temperature-limited TAD domain appears in the region of intermediate values of the friction coefficient. In a specified force
range the diffusion coefficient is first increased with a decrease in temperature and then it begins to decrease again. The diagrams of
existence of such domains have been constructed. The results obtained opens up prospects for the creation of new technologies for
managing diffusion processes. This is of great importance for the production of nanomaterials with a given structure, the creation of
surface nanostructures, etc.

KEY WORDS: diffusion, computer simulation, periodic structures, Langevin equation, time-periodic fields

TEMIEPATYPHA 3AJIEXKHICTh TA®Y3Ii Y MOXWIAX MEPIOAYHAX MOTEHIIAJIAX:
BIA HEAOAEMII®IPOBAHUX CUCTEM JIO NEPEJEMII®IPOBAHUX
LT. Mapuenko'?, LI. Mapuenxo®, B.I. Tkauenko
! Hayionanvnuii naykoeuii yenmp «XapKiscoKutl (hisuko-mexuiunuii incmumymy
8yn. Akademuuna 1, m. Xapxie 61108, Yrpaina
2Xapriscoxutl nayionansnuii ynieepcumem imeni B.H. Kapasina
nn. Ceoboou 4, m. Xapxis, 61022, Vrpaina
SHTY «Xapxiscokuti nonimexuiunuii incmumym
eyn. Kipniuesa 2, m. Xapxie 61002 , Yxpaina
OcTaHHIM YacoM 3'SBHJIHCS SIK €KCIIEPHMEHTAJbHI JaHi, TaK 1 TEOPETHYHI JOCITIIDKEHHS, B SKUX Koe(imieHT Audy3il TOBOAUTHCS
HEMOHOTOHHO 3 TeMmeparyporo. OIHUM i3 HPUKIANIB CHCTEM 3 AHOMAJIBHOKI TEMIIEpPAaTYpHOI 3alexHICTI0O Audysii € pyx
OpOYHIBCEKMX 4YacTOK B HPOCTOPOBO-IEPIOJUYHUX CTPYKTypax. MeToro poGOTH OyJio IOCHIMKEHHS 3MiHM TeMIepaTypHOL
3aeXHOCTI KoedimieHnta nudysii 31 3MiHOIO TepTs, sIK B HemoaeMidipoBaHHX, Tak i mepereMidipoBaHux cucremax. ¥ poOOTi
Jociikena qudys3is YaCTHHOK y MOXHIMX MPOCTOPOBO-NIEPIOANYHMX MOTEHIIaNaX Y MIMPOKOMY Jiarna3oHi Temmepatyp. [lokasaHo,
110 SIK B HepoaeMIdipoBaHuUX, TaK 1 B nepeaeMidipoBanux cucremax, koedilieHT Audys3ii gociarae MaKCHMAIILHOTO 3HAUYSHHS MPU
MIEBHOMY 3HA4YCHHI 30BHILIHBOI CHJIM, BEJIHMYHMHA SKOI 3QJICKUTHh BiJ BENHMYMHM KoedimieHTa TepTsa. OOHAK B CHCTEMax 3 MaluM i
BEJIMKHUM TEPTSIM TeMIepaTypHa 3aJIeKHICTh KoedimieHTa nudys3ii Binpisaserses. [lokazaHo, Mo y cucTeMax 3 MajliM piBHEM TepTs
Y’ croctepiraerscs TeMiepaTypHo-aHomansHa audysist (TAD), npu skiit koedimient quddysii 3pocTae i3 3HIKSHHSIM TeMIIepaTypH.
VY Toif ke yac IpH BEIMKUX 3HAUYCHHSX Y’ ANUQY3is HOCHIIOETHCS i3 3pOCTAHHAM TeMIIepaTypH. Y poOOTi ZOCTIPKEHO SIKUM YHHOM
BiZOyBaeThCsl IEPEXO0Jl Bijl KCIIOHEHIIabHOT 3anexxHocTi TAJl 10 3BUYaiHOI CTEHEHHOT TeMIepaTypHOl 3aJIeXKHOCTI 13 3pOCTaHHAM
y’. TlokasaHo, mo i3 30UIbIIEHHAM KOeillieHTy TepTs eHepreTHYHU Oapep €, M0 po3aiite “Iokaii3oBaHi” Ta “Oirydi” pinieHHs
3MEHILY€ThCsL, 3HUKaUu pu ¥ —> 2. OHOYACHO i3 3MCHBIIECHHAM € TAKOXK BiIOYBAEThCS 3BYXKEHHS TEMIICPATYPHOTO iHTEpBALy

TeMIepaTypHO-aHOMaJbHOI Audy3ii. BcTaHOBIeHO, IO TPH HPOMDKHHMX 3HAYCHHSX KOe(illi€HTy TepTss BHHHKae 00JIacTh
Temmeparypao oomexxeHoi TAl. V nesxomy iHTepBami cui koedimieHT andysii cmoyaTtky 3pocTae i3 3HWKEHHAM TeMIIepaTypH, a
MOTiM 3HOBY no4nHA€E najgatu. [1o0ymoBaHi nuarpamu icHyBaHHS Takux obaacteil. OTpuMaHi pe3yNbTaTd BiIKPHBAIOTh MIEPCIEKTHBU
CTBOPEHHsI HOBUX TEXHOJIOTiH KepyBaHHs npouecamMu audysii. Ile Mae Benrke 3HAYCHHS sl OTPUMaHHS HAHOMATEepiaiB i3 3a1aHOk0
CTPYKTYpOIO, CTBOPCHHS TOBEPXHEBUX HAHOCTPYKTYP Ta iH.

KJIIOUYOBI CJIOBA: nudys3is, KoM’ I0TepHE MOJICTIOBAaHHS, OPOYHOBCHKHUI pyX, IEPIOAUYHI CTPYKTYpH, piBHAHHA JlamxkeBeHa

© Marchenko I.G., Marchenko 1.1., Tkachenko V.I., 2018
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TEMIIEPATYPHAS 3BABUCUMOCTDH JU®PY3UU B MNEPUOJUYECKNUX HAKJIOHHBIX IOTEHIIUAJIAX:
OT HEAOJAEMII®UPOBAHBIX CUCTEM K NEPEJEMII®OUPOBAHBIM
W.I'. Mapuenxo'?, U.U. Mapuenko®, B.1. Tkauenxo'?
' Hayuonanshuii nayunwviii yenmp «Xapbkoeckuii (pusuko-mexnuueckuti uHCmunymy
ya. Axademuueckas 1, 2. Xapvros 61108, Yrpauna
2Xapwrosckutl Hayuonanvhbiil yrusepcumem umenu B.H. Kapasuna
ni. Ce0600wi 4, 2. Xapvros, 61022, Vkpauna
SHTY «Xapbkosckutl nOUmexnudeckuti uHCmumyn
ya. Kupnuuesa 2, 2. Xapvkos 61002, Ykpauna

B nocnennee BpeMst MOSBHIMCH KAaK SKCIICPUMEHTaJIbHBIEC JaHHbIC, TaK U TEOPETUYECKUE MCCIIEIOBAHUS, B KOTOPBIX KO3(duuueHT
1bdys3un Beret ceds HEMOHOTOHHO ¢ TeMneparypoil. OHUM U3 PHUMEPOB CHCTEM C aHOMAJIBHOW TeMIepaTypHOH 3aBUCHMOCTBIO
muddy3un ABIsAETCS OBIDKEHHE OPOYHOBCKHX YacTHI B IPOCTPAHCTBEHHO-NIEPHOAMYECCKUAX CTpyKTypax. Llempto paboTsl OBLIO
HCCIICIOBAHNE HM3MCHEHUS TEMIICpaTypHOW 3aBUCHMOCTH Kod(pduuuenta aupdy3un ¢ HU3MECHCHHEM TPEHUS, Kak B
HeIoAEeMII(DUPOBAHBIX, TaK M IepefeMI(HUPOBAHBIX cHcTeMax. B pabore m3yuena mudys3us dYacTHI] B HAKJIOHHBIX
IIPOCTPAHCTBEHHO-TIEPUOANYECKUX MOTEHINAIaX B IIHPOKOM JHama3oHe Temieparyp. IlokasaHo, 4To kKak B HeOAeMI(PUPOBAHbIX,
TaKk M B IepeleMnpHUpOBaHbIX cHcTeMax, KoddduuneHT nudy3nu AOCTHraeT MaKCHMAJIbHOTO 3HAUCHUWS MPU ONpPEAEICHHOM
3HAQUEHNH BHELIHEH CHJIbI, BEIMYMHA KOTOPOH 3aBUCHUT OT BeNM4YMHBI Kodddunnenta tpenus. OIHAKO B CHCTEMax C MajbIM U
OOJIBIIMM TPEHHEM TEMIIepaTypHas 3aBUCUMOCTh Koddduimenta aupdys3un pasnugaercs. [lokasaHo, 4To B cucTeMax C MajbIM
ypoBHeM TpeHusi y’ HaOmromaercs TemmeparypHo-aHoManbHas audoysus (TAL) npu kotopoit kodddunment audoysuun D
BO3pacTaeT C MOHIDKCHHEM TeMIlepaTypbl. B To ke Bpems mpu Oonplinx 3Ha4YeHUSX Y Au(y3us yCHIMBAaeTCs C POCTOM
TeMIeparypsl. B pabote mccienoBaHo, KakuM 00pa3oM ¢ POCTOM Y’ OCYIIECTBISIETCS MEPEXOJ OT IKCIIOHEHIIMAIBHOH 3aBUCHMOCTH
TAJl x 0OBIYHO CTETICHHOH TeMIlepaTypHOH 3aBHCUMOCTH. [IokazaHo, 4To ¢ yBelMueHHEM Kod(dUINeHTa TPEHNS SHEPTeTHIECKUI
Gapbep €, pasuendlomuil “Oeryime” U “JIOKATM30BaHHBIE” PELICHHs, YMEHbUIAeTCs, ucuesas npu Y'— 2. OIHOBPEMEHHO C
YMEHBIICHHEM € TAKKe MPOHUCXOJMT CY>KCHHE TEeMIepPaTypHOrO MHTEpBajia TeMIepaTypHO-aHOMaJIbHON nuddy3un. YcraHoBiIeHo,
YTO MPH MPOMEKYTOUHBIX 3HAYCHHUAX KO PHIMEHTa TPeHHsT BO3HUKAeT 00J1acTh TeMneparypHo-orpanndeHHoi TAJl. B HekoTopom
uHTepBase cuil koddoduuueHt audpdys3un cHayana BO3pacTaeT ¢ yMEHbIICHHEM TEMIEpaTyphl, a 3aTeM CHOBAa HAYMHACT IaJaTh.
ITocTpoensl anarpaMMsbl CyLIeCTBOBaHHsA Takux obmacteill. IlomyueHHBIE pe3ynbTaThl OTKPBHIBAET NMEPCIEKTHBBI CO3/AaHMS HOBBIX
TEXHOJIOTHIl ympaBieHns mporeccamu Juddy3un. ITo uMeeT OoIbIIOe 3HAYECHHE JUIS MOMy4eHHsS HAHOMATEPHaloB C 3aJaHHOMN
CTPYKTYpOH, CO3aHHsI IIOBEPXHOCTHBIX HAHOCTPYKTYP H TIp.

KJIIOUEBBIE CJIOBA: nud¢ysus, KOMIBIOTEpHOE MOAENIMPOBAHHE, OPOYHOBCKOE IBIKEHHE, IEPUOIMIECKHE CTPYKTYDHI,
ypaBHeHus JlamkeBeHa.

Hame uHTyHTHBHOE TIpencTaBieHne O Au(GQy3ur TOBOPUT HAM, YTO C YBENWYEHHEM TemrepaTtypbl aupdysus
pacter. Bmecte ¢ TeM 3TO yTBEp)KICHHE HECIpaBEeAIMBO UL CHCTEM, JAJIEKUX OT paBHOBecHA. B mociemnee Bpems
HOSBUIIUCh KaK HKCIIEPUMEHTANIbHBIC JaHHBbIE, TaK M TEOPETHUECKHE HCCIICAOBAHUS, B KOTOPBIX KOI(PQUIMEHT
muddy3un Bener ceds HEMOHOTOHHO ¢ Temmeparypod [1-17]. OgHMM W3 NPUMEPOB CHCTEM C aAHOMAJbHOU
TEeMIIEpaTypHOH 3aBUCHUMOCThIO AMGD(Y3un sBISETCS JBH)KEHHE OpOYHOBCKMX 4YacTHII B MPOCTPAaHCTBEHHO-
TIEPUOAMYECKUX CTPYKTypax. PemieHne 3amauu o ABM)KEHMH TaKMX YacTHI[ CBSI3aHO C HIMPOKHUM KPYTOM BOIIPOCOB
(U3UKK, XMMUM ¥ OMOJIOTMU. DTO HE TOJIBKO Kiaccuueckass Aup@y3us B KpUCTaIax, HO U AJIEKTPOINPOBOJHOCTH B
KoHTakTax J)o3edcoHa, pacrnpocTpaHEHHE BOJH 3apsIOBOH IIOTHOCTH, IIPOHHUIIAEMOCTb MEMOpaH, IIPOIEecCHl B
CYNEPUOHHBIX MPOBOJHUKAX U MHOTrO€ Jipyroe [18].

[Ipu TeopeTrmueckOM paccMOTpeHHH 3amadn Muddy3un OPOYHOBCKHX YACTHI] B BSI3KOH cpene ¢ Oe3pasMepHBIM
KO3(pOUIMEHTOM TpeHHs Y  OOBIYHO PACCMATPUBAIOT JABAa NPEACNHBHBIX CIydas: CiIy4aldl HeIoJeMII(pupoOBaHOTO
mewkeHus (Y’ << 1) u mepenemnduposanoro apmwxerus (y° >> 1). TparcrnopT n qudQy3ns 4acTUIl B TEPHOIIHIECKOM
MOTEHIAJie  BIIEPBBIE  CHCTeMaTHdeckh Obul  mccmenoBaH — X. Puckenom  [19-24], xak mnsg  cioydas
HeAOAEMIIGUPOBAHHOTO, TaK MW I  TepeAeMI(UPOBAHHOTO  IBIKCHWS. bBBUIO  TOKa3aHO, d9TO iAo
HeJ10JIeMII(pUPOBAHHOTO CITy4asi BAXKHBIM B TOBEJICHUHM aHCAMOJIsl YaCTHI SBJISETCS BOSHUKHOBEHHE “JIOKAIN30BaHHBIX
u “Oerymmx” pemenuit. [Tpu BHemne# cune F npessiatomeit kpurnueckoe 3Hauenue For Bo3HHKaeT Oudypkanus u
BMECTO OJIHOTO PCIICHUS, BO3HUKACT JIBA: TAaK Ha3bIBaGMEIC ‘‘TIOKAIM30BaHHOE” W “Oeryimee” pemieHus. O000meHMe
pesyibratoB pabdor [19-24] moxno HaiTH B MoHorpadguu [18]. X.PuckeHoMm ObuTM mONMy4eHBI (YHKIHMA
pacripeziesIeHus YaCTHIl ¥ BEIPayKeHUS! JUIT MOOMIIBHOCTH 4acTHLl. B To sxe Bpems nosezaeHue koddpdunuenta nuddysun
He OBUTO HWCCIEIOBAaHO, YTO B ONPEACICHHOW Mepe CBS3aHO C IUIOXOW MPUMEHHMOCTBIO HCIONB3YEMBIX aBTOPOM
AHATUTHYECKIX METOJOB pemreHus ypaBHeHHsT Dokepa—IlmaHka Kk cucTeMaMm ¢ MalloW IUCCHIIAIMCH H3-3a CIaboit
CXOMMOCTH peIICHUS. AJNBTEPHATHBHBIM CIIOCOOOM H3YYeHHS TPOLEcCOB AUM(Y3UM YaCTHIl SBIACTCS TPIMOE
YHCIICHHOE MOJEIHMPOBAHUS JBIKCHHS YAaCTHI] C MOMOIIBIO CTOXacTWYeckux ypaBHeHuil Jlamxkesena. duddysus B
MIePUOANIECKUX HAKJIOHHBIX MOTEHIMATaX CHCTEeMaTHYeCKH uccienoBamuck @. Mapue3oHu U [Ip. B OAHOM W3 MEePBBIX
paboT TO YHCIEHHOMY pEMICHHI0 STHUX ypaBHeHWH [25-26]. MMu OBIT yCTAaHOBIEH CYIIECTBEHHBIN pPOCT
NPOCTPAHCTBEHHON Mu(Gy3uH YacTUIl B CUCTEMaxX C Majod JUCCHIAIUMEH BONM3M KPUTUYCCKOH CHJIbI, BBI3BAHHBIN
MEePeXoJ0M YacTUI[ W3 ‘“JIOKaJM30BaHHOTO” B “Oerymee” pemenue. [lanmpHeiniee wusydenue muddy3ud MO
BO3CUCTBHEM IMOCTOSIHHOW CHIIBI OBLIO CBsizaHO ¢ paboramu rpymmsl K. JluagenOepr [27-30]. Beuio ycraHoBiIeHO
CYIIECTBOBaHNE OCOOCHHOCTH B TEMIIEPATYPHON 3aBUCUMOCTH An(dy3nu I HeloJeMI(pUpOBaHbIX cucTeM. B pabore
[30] BepBble OBLIO MOKA3aHO, YTO B HAKJIOHHBIX MEPHOIUUECKHX MOoTeHIManax koapduuuent nuddysun D Benet ceds
AHOMAJBHBIM 00pa3oM. IIpu HEKOTOPOM 3HAYECHUHM CHJIBI OH POC C MOHIKCHHEM TeMIiepaTyphl. B paborax [31-32]
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OBUIO TIOKa3aHO, YTO B HENOJNEMII(PHPOBAHBIX CHCTeMax IUPQY3HUs BO3pacTaeT C IOHIKCHHEM TeMIIEpaTyphl
9KCIIOHEHIMANIBHBIM 00pasoM: D, o exp(€/kT) B ompeneleHHOM HHTEpBajle NPUIOXKEHHBIX BHEIIHUX CHI. DTOT

SIBJICHUE aBTOPHI Ha3BAIM TeMIeparypHo-aHoMaibHOU nuddysueii (TA/) [33-34]. denomen TA/J] cBs3aH co ciabbiM
HapyILIEHUEM SPrOJUYHOCTH B TAaKHUX CUCTEMaX, MOCKOJIBKY BpeMs KOPPESLMU SKCIOHEHLUAIBHO CTPEMUTCA K
6eckoneunoct pu 7' — 0. C majieHueM TeMIIepaTyphl epexo;] YacTull u3 “0erynux’ B “JOKaJTH30BaHHBIC” PEIICHUS
U OOpaTHO TPOUCXOJUT C MeHbIIeH 4YacToTOH. BcenencTBue 3TOro jajiMHa “‘CKaykoB” OpPOYHOBCKHMX YacCTHI]
yBenuuuBaeTcsa. B pabore [33] Obula moctpoeHa (eHOMEHOJOrHYeckass MOJIeNb, OOBSCHSIONIAs TaKoe IOBEICHHE
Y4acTUlLl.

C npyroii CTOpoHBI, B Cilydae TepeaeMII(pHPOBaHbIX CUCTEM, ABHKEHUE YacTHI] B CHHYCOMIAJIbHOM IOTEHIHAIe
HE JIEMOHCTPUPYET aHOMAaJIBHOW TeMIlepaTypHO# 3aBrcuMocTu. [iis nepenemmnupoBaHoro ciydas Puman u coaBTopsl
[35] mokaszamu, 9TO MakCHMalbHOE ycwieHHe AN(GY3MH IMPOMCXOAWUT IPH HEKOTOPOH KpHTHUYEeCcKoi cuie. MM
AQHAJUTHYECKH OBIIO TOKa3aHO, YTO C TEeMIIEpaTypod MaKCHMaJbHBIH Kod(duimenT nuddysnn B cHHyCOMTIEHOM

MOTeHIane pacter, kKak D, o< T 3 To ects npu Gombimx y TeMIIepaTypHasi 3aBUCHMOCTh HE JIEMOHCTPUPYET

max
aHoManbHOCTH. OJHAaKO HESACHO, KakuM o0pa3oM (yHKIMOHAIbHAS 3aBUCUMOCTh D, I CHHYCOUJAIBHOIO
MOTeHIMANIa HW3MEHSIeTCsl ¢ aHoManbHOu (D
1/3
(Dpax < T77).
Llenpto paboThl OBLIO HCCIIEAOBAHWE HM3MEHEHHS TeMIlepaTypHOil 3aBucHMMOCTH Koddduimenra auddysuu c

U3MEHEHHEM TpPEHHMsI, KaK B HeJ0JeMI(pHPOBAHbIX, TaK U NepeieMI(upoBaHbix cucteMax. st 3Toro B nepBoi yactu
paboTel MBI HW3YYHM HW3MEHECHHE D(T )mm HepoaeMmpupoBaHHbIX cucteM ¢ ¥ <0,03. Bo BTopoli wactu MBI

nax ~ €Xp(€/kT)) Ha HOpPMalBHYI0  TEMIIEPATYPHYIO 3aBHCHMOCTH

NpOaHATU3UPYEM TEMIIEPATYPHYIO 3aBUCHUMOCTh AU Qy3un Juisi 3HaueHUH ¥ >2 . B TpeTbeill yacTu Mbl pacCMOTpUM
nepexonHble 3HaueHus1 0.1< ¥ <2, u uccienyeM Kak M3MEHsIETCsl TeMIlepaTypHas 3aBUCUMOCTh AU((PY3un ¢ pOCTOM
¥ . B 3axiodeHnn paboThl MBI IPOAHAIN3UPYEM KaK M3MEHSETCS IIMPHHA WHTEpBala CHJI B KOTOPOM HaOmogaercs
TA/J] c poctoM ¥, a Tak ke YCTaHOBUM Ipe/eIbHOE 3HaYeHUE ¥ , IpH KoTopoM Habmtonaercst TA/I.

METOJIUKA MOJIEJUPOBAHUS
JIBmkeHHe OpOYHOBCKHX YACTHII B HAKJIOHHOM IIEPHOAWYCCKOM IIOTEHIMAJe OIHKCHIBAJIOCH ypaBHCHHEM
JlamxkeBena:

m3é=—iU(x)—y3c+F+5(t), (1)
ox

rae f- BpeMs, X— KOOpAWHaTra 4aCTHLBI B OZ[HOMGpHOﬁ pemeTKe, m - €€ Macca, 7— KOZ)(b(l)I/IHI/IeHT TpCHUA, F-

JeHCTByIOIlad Ha 4YacTUIy IIOCTOSHHas CHJa, 3aJalollas HaKJIOH IIOTeHIHMana. Todka CBepXy O3HadaeT
nmuddepentmpopanue 1o Bpemenn. Unen &(¢) omuchiBaer Tepmuueckue (uykryamuu. IlyMm sBasercss GenmbiM

raycCOBBIM H COOTBETCTBEHHO JUIsl TEPMUYECKUX (ITYKTyaIUil BBIMOJHAETCS COOTHOIEHHUE:
(EWE)) =20kTS(t~1"), @)

rae k - mocrosiuuas Bonbimana, T - Temneparypa.
[MoTeHunanbHas 3Heprust yactuupl U Gbuta paBHa:

Ux)= —% cos(z—ﬂ- x] , 3)
a

rlie a - IepHOJ OJHOMEPHOIT pereTk, a U - BEICOTa IIOTEHIMATEHOTO Oapbepa.
Ha nerxyuryrocss gacTtuily, HIOMUMO IIOCTOSSHHOM BHEIIHEH CUJIBI, JEHCTBYET NMPOCTPAaHCTBEHHO-IIEPUOANYECKAS
cuna [,

U . (27
F, = _a—x =F, sm(a xj. 4)

n o o -
Bennuuna Fjy = —U,, Ha3bIBa€TCd KPUTHYECKOH cuioi [36-37]. OHa COOTBETCTBYET MHMHHMMALHOH CHIIE,
a

HEOOXOAUMOM IS TPEOIOJICHHS B BA3KOH Cpee SHEPIreTHYECKOro Oaphepa, pa3aeisaioIiero 18a COCCAHUX MOI0KECHHUS
YyacTHIbl Ha pemieTke. [lapaMeTpbl HCHONB3yeMOro MPOCTPAHCTBEHHO-TIEPHOANYECKOTO MOTEHIHANa ObUTH TEMHU XKe,
4ro U B paborax [20-22,38]: U, =0,08 3B, a=2,0 A Macca gacTull COOTBETCTBOBAJIA Macce BOJIOPO/Ia U ObLTa paBHA

1 aTOMHOM €IUHHIIE MACCEI.
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Croxactuueckue ypaBHeHHs (1)-(2) mias KaXmol dYacTWIBI pEIIaiCh YHCICHHO C IIAaroM II0 BpPEMEHH,

. 1/2
cocrapnstomuM MeHee 0.01 mepuosma coOCTBEHHBIX KoJeOaHWH 7, =a(2m/U0) . Craructudeckoe ycpeJHEHHE

MIPOBOIMIIOCH 110 aHCAMOITI0 ¢ KOJIMYECTBOM YACTHIl HE MeHee N = 5-10*. s TIPOBEPKH MOIYUYEHHBIX PE3YyJIbTaTOB

OTJeIbHBIEC BEIYHCICHHs TpoBommmuch ¢ N = 5-10°. HauansHble yCoBHS 3a1aBasich CIeayiomuM obpasom. YacTuria
MOMeIaiach B Havajge KOOPAMHAT W €il Ciy4aiiHbIM 00pa3oM coolmianack CKOPOCTh, UMerolnas MakCBeIOBCKOe
pacrtipeziesienue mo Temneparype. st JOCTHKEHHS PABHOBECHOM (DYHKITUH PACTIPE/IENIEHHs] YaCTHUI], KaK M0 CKOPOCTSIM,

TaKk U MO KOOpAMHATaM, INPOBOJMIACH TEPMAIU3aLMsS CUCTEMBI B T€UEHUE 10* BpeMeHHBIX IaroB. Kak mokaszamu
pacdeTsl, Ioce 3TOr0 BPEMEHHU paclpelelieHHe aHcaMOJsl YacTHI, KaK 10 KOOpAMHATaM, TaK M IO CKOPOCTSAM HE
MEHSJIOCh. B Ipomecce TepManm3alMy YacTHIBI MOTJIM COBEpIIAaTh CKAadYOK B COCEAHHE JIICMEHTAPHBIC SUCHKH
OJHOMEpHOW perreTku. s Toro yroObl Anddys3us 4acTHI NPOMCXOWIAa W3 Hayalna KOOPAWHAT, TAKHE YaCTHIBI
NepeMeNIatach B IEPBYIO 3JEMEHTAPHYIO SUEHKY ITyTeM TPaHCISIIUH Ha 11eJI0€ KOJTMYECTBO IOCTOSIHHBIX PEIETKH.

ITpu aHanmu3e pe3ynbTaToOB MOAEIMPOBAHUS yJOOHO MepedTH K Oe3pasMepHbIM BenuduHaMm. Hauboree wacto
UCTIONB3YIOTCS Oe3pa3MepHbIe BEeNMUMHBI, BBeleHHbIe X. Puckenom [18], mpu koropeix ypaBHenue (1) mpuHHUMaeT
MaKCUMaJIbHO MPOCTOM BUI:

x=—sinx—yx+F+&@0) (%)

ITpu 3TOM BBIOOpPE €OWHUII BBICOTA dHEpreTHdeckoro 6apnrepa U, =2, MpOCTPAHCTBEHHBIH NEPHOA MOTEHIHATIA
a=2x u Macca gactul] m =1. Ilepuox coOCTBEHHBIX MaNbIX KojneOaHUH paBeH 7, =27 . B 310l cucteme exuHun

K03(ULKEHT TPEHUS y' CBSI3aH C ¥ CJEOYIOIIUM 00pazoM:

' TO
y=r— - (6)
4
s omucaHuMs XapakTepa KOJCOaHHA B Pa3IMYHBIX CHCTEMaX OOBIYHO BBOJAT Kod(duimeHT 3aryxanus [39]:
__7 .
= Py rle @), - 9acToTa cobcTBeHHbIX KoseOanuil. [Tpu 0 < ¢’ <1 konebaHHs HAa3bIBAIOT HEAOAEMII(QHUPOBAHBIMH,
ma,
o

amnpu ¢ >1 - nepenempnuposansiMu. B cinydyae ¢ =1roBopsr o kpuTuueckoM gemnduposanun. s ypasaenus (5)
KPUTHYECKOE AEMI(HUPOBAHNE MaJbIX KONEOAHMH YacCTHII OKOJIO TIOJIOXKEHHS pAaBHOBECHS OYyIET HpPOHUCXOIUTH

mpu ¥ =2 . [odToMy aanmee GyaeM HCCIENOBATH JABIKEHHE OPOYHOBCKHX YACTHI B JABYX PA3IMUHBIX AMATIA30HAX:
HenoaeMnduposanom ( 0 < j/' <2 ) unepenemndupoBaHoM ( 7' >2 ).
Jlatee Mbl TakKe Gy/IeM HCIIOIB30BATh GE3pa3sMEPHYIO BEIIMUHHY TeMeparypsl T

Tk .
TH*=—=T'/2, (7)

Uy
rae 7' - 6e3pa3MepHasi BeTMIMHA TEMIIEPaTypPhl, HCHob3yeMast X. PuckeHOM.

2
Koappunnent auddys3nn BHIUUCISUIICS IO TUCTIEPCHE O~ B PACHPEACICHUN aHCAMOIIS ABHKYIIUXCS YaCTHII ITPH
CTPEMJICHUH BPEMEHH K OECKOHEYHOCTH:

e=oP)
X—(X 2
D=1im Dy (1) = lim———— = lim 7 ®)

=300 f—yoo 2t t—e0 2t

rae CKoOKH <> 0003HaUalOT ycpegHeHne To aHcamOmo. Ilpm kaxkmom pacuere kodduuueHTa IUPPy3un
ONpPEENNOCh BpeMs [, MOCTWKCHHs JTMHEIHOH 3aBHCHMOCTH auchepcuu oT BpeMeHH. Koadoumment nuddysmn

ONpeIe/sICS [0 METOAY HANMEHBLIMX KBajgpaToB mpu Bpemenu ¢ >100f;, myreM noaroHku koddouuuenta

HPONOPIIMOHAILHOCTH TUCTIEPCUH BPEMEHH.

B paborax [20-22] 6but0 1MOKa3aHO, YTO B HEAOAEMII()MPOBAHHBIX CHCTEMaX C CHHYCOMIAIBHBIM MOTEHINAIOM
CYIIECTBYeT UHTepBa 3HaueHui cui (3oHa TAJL), 3aBucsinuii ot koadduimenra Tpenus, npu koropom D OeckoHeuHO
BO3pacTaeT C MOHMKEHHEM TeMITepaTypbl. BmecTe ¢ TeM Ayl mepHoANYecKoro Bo3AeHcTBHs [34] ObUIO yCTaHOBIIEHO,
YTO Takoi pocT koaddurmenta muddy3nn HabIIOJaETCS TOIBKO B OTpaHMYEHHOM HHTepBajie Temmeparyp. Y. Cokosos
n b. Jlungep myrem dncieHHOW 00pabOTKH JaHHBIX MOJIEITMPOBAHMS TPHIILIH K BBIBOIY, YTO U IIPU MOCTOSHHOW cuie
BO3MOJHO cymectBoBanmne TAJ] B orpannmdeHHOM nHTepBaie Temmeparyp [37]. [losToMy mist yHUBEpCaIbHOCTH MBI B
JanpHeHIeM o01acTeio TeMnepaTypHao-anoManbsHo auddysuu (TAL) 6ynem HazpBaTh 00macts mapameTpoB (T,F,y),
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. dD(T,F,y)
B KOTOPOH 4acTHasi IPOU3BOIHA o Menblie Hyns. 1lupuny TtemneparypHoro unrepBana TAJ] amns
(UKCHUPOBaHHBIX 3HAUCHUAX ¥ U F o0o3HaunM kak AT(F,y)=T,, (F , 7)— T in (F , 7). [IupuHy cUII0BOTO MHTEpPBANa,
dD(T,F,y)

B KOTOPOM JUTSI KAKOH-HAOYIb TEMIIEPaTyphl <0 mpu pukcupoBaHHOM ¥ 0003HAUMM Kak AF (7)

oT
HEJIOJAEMII®UPOBAHHBIE CUCTEMBI ( '< 0.03)

Hamm Obumo mpoBeneHo YHCICHHOE MOAETHpOBaHWE ypaBHEeHUS (1) Ui pa3nuyHBIX 3HAYCHHN KOX(PPHUINESHTOB
TpeHusi U TemmnepaTryp. Ha puc. 1 mpencraBneHsl 3aBHCHMOCTH K03(duImeHToB udQy3nu OT CHIBI IS HHU3KUX

* o
temnepatyp (7 <1). Benmuuna D, = %/ Ty, Tne Ty =a+/2m/U, - nepuon coOCTBEHHBIX MaJIbIX KOJIEOAHUI OKOJIO
TIOJIOKEeHHUsT paBHOBecusi B moteHimaibHoM moie U(X). Tpu rpynmel rpadukoB, oGo3HadeHHble uudpamu 1-3,

COOTBETCTBYIOT PazIM4YHbIM Ko durrentam TpeHus. M3 Buaa rpynmsl rpagukoB cieayeT, 4To IOJIOKEHUE U IIHUPHHA
CWUJIOBOTO HHTepBaia AF (7‘) JUHEWHO YMEHBINAIOTCS C yMeHbImeHweM Y'. JleTanpHBI aHauW3 BCeX ITaHHBIX

MOKa3bIBAET, YTO MPU ITOM MAaKCHUMalbHOE 3HaueHue D nuHEHHO pacTeT ¢ yMmeHblieHHeM Y '. YToObI HOHSITH
(usnueckre NPUYMHBI TAKOTO TMOBEACHHS, MPOAHAIN3UPYEM H3MEHEeHHE GYHKIMU PpaCpeeICHUs] YacTHIl I10
ckopoctsam n(V) ¢ uamenenuem F u y . Ha puc. 2 B kauecTBe npumepa npuBeeHsl rpapuku GyHkimid n(V) s 1Byx

3HaueHudt cwr: F/F, =0,01 u F/F;=0,001 npu pa3snuuHbIX Y ', KOTOpBIE TaK XK€ OTIUYAINCh HA MOPSNOK (Y =

3107 u y'= 3-10* ), V,=U,/m. Kak cienyer u3 puc. 2, npu HCIONb30BAaHHBIX 3Ha4YeHusXx F u y' QyHKumu

n(V;F',yv) COBIMA/IAIOT.
W3 anamm3a rpadukoB (puc. 2) ¥ APYTHX MOIOOHBIX €My 3aBHCHMOCTEH n(V;F ,7') MOXHO CJIeNaTh BBIBOJ, YTO

IpU MaIBIX Y’ (QYHKOMS paclpeieieHHs 110 CKOPOCTSM 3aBUCHT TOJBKO OT oTHomeHus F/y. Bnepsble 310 ObLIO
ormeueHo B MoHorpaguu X. Puckena (puc. 11.22-11.22a [18]). 13 toro dakra, 4ro n(V, F,l")zn(V,F/l") , MOXHO

MOJIYYHUTh CKIMIMHTOBBIC 3aBUCUMOCTH JUIs KO3 dunrenToB auddysuu [33]:

Ha pwuc. 3 npuBenens! rpaguku 3aBECUMOCTH K03 HUIHEHTOB TU(PY3UH OT EHCTBYIOMIEH CHIIBI IUTS Pa3InIHBIX
ko3 unmenTo TpeHus. MopennpoBaHHE TPOBOAWIOCH TIIPH TPEX pa3IWYHBIX 3HAUYCHHUSAX TEMIEpaTyphl:
T =0,13;0,19;0,39. Ha puc. 3 obmacte TAJl, B koropodl Kod(pduIMEHT aupQPy3uu pacTeT ¢ MOHIKEHUEM

TEMIIEpaTyphbl, BBIJIEJICH IITPUXOBKOM. 113 npencraBieHHbIX rpaKoOB ClIEAYEeT, YTO CKeHIMHTroBoe cootHoleHue (10)
BBINOJIHAETCS ¢ XOPOILIEH TOUHOCTBIO.

10° 5
W[ 4k Y v y=0.003, F=0.01
i 3 | X 2 4=0.0003, F=0.001
10°L o
= E c = 2+
=] :[ =
-~ 0 e
= b 1+
1 OI L L
E 0+
i} [ [
10 alk
1 1 1 1 1 1
07 10" -1 0 1 2 3 4
VIV
0
Puc.1. 3aBucumoctu ko3¢ punuenToB mupdy3un ot Puc. 2. @ynkuuu pacnpeeneHus 4acTUll 10 CKOPOCTIM

|
AeTCTBYIOMIEH CHUTBI U PASTHYHBIX )/ n(V) TpH 3HAYEHHAX CUIBI [, (7) KOTZa JOCTUTAeTCs

1— },=3.10—2,2_ 7/' ~3.1073 3_7/' -3.10™* . MaKCUMYM D(F)

T'=0,19,V—y =3-107,A—y =3-10"* . Crunommoii

D, = 7[2 /TO . TemniepaTypsl paBHbIL: a — T = 0,13, .
JIMHHEN HAaHECEHbI PACUETHEIE 3HAUCHUS n(V) , UCXOJIS U3

b-T =019,c— T =039.
[IyHKTUPHBIME JTHHUSAMH TOKa3aHBI KOAQPUIUEHTH! AUPPY3un

B Bsskoit cpene: D =kT /7y .

Mozeny AByxbsiMuoro noterimana W (V) [32]. ®ynkuus

umeer murumymsiipu V =0 u V =F/y

1/2
Bmecro Benmumnbl ckopocti ¥V, = (U, /m) Ha rpaduKax puc. 3 UCIOIB3yeTcs 3Ha4eHHe V. DTO CBS3aHO C
TEM, UTO TIOJ ACHCTBHEM CHIIBI M3MEHSETCS] BETMIMHA SHEPreTHUECKOro O6aphepa, KOTOPIH MPeoi0IeBaloT YaCTHIIBL.
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OH 3aBHCHT OT HaKJIOHAa MOTEHIHMAIBHOTO penbeda F . OmHAKO, ¢ N3MEHEHHEM Y, WHTEPBAI CHJI, OTPAaHUYNBAIOIINX
obmacte TAJl ymenbmancs o ¥ . COOTBETCTBEHHO, IPU CTPEMIIEHHMH KO3((HUIMEHTa TPEHUS K HYJIO BEJIHMYMHA

sHepreTndeckoro Oapeepa crtpemutrcs kK U,. IlosromMy pasnuums B Trpadukax MOIDKHO HHUBEIHPOBATHCS C

*
ymeHbiienneM ¥. ['padukm Ha puc.3, coorBerctByrone Ttemmneparype 1 =0,19, mokas3pBalOT, YTO 3TO
neiicrBurensHo Tak. Kpussle, coorBeTcTByromue ¥'= 0,003 u '=0,0003 , npakTH4ecku COBNAAAIOT.

i

10 ;
109 |
10 - ! p
= j
= 10 |
= g 'TAD
= i ;
L a i
i 7'=0.003
. 10 1'=0.0003
10 . -
0 2 4 6 8 10
1/T
Puc. 3. 3aBucumocts Dy/Ug ot F'/ (7VF) st pasmaeeik ¢’ n PHC. 4. 3aBucHMOCTb Dinaxy/Uo 0T 06paTHO# TemmepaTypbl
T". 3amrpuxosana o6nacts TAJI. st pasaumbix Y.V — ¥ =310 ,A—y =3-107".

Ha puc. 4 npuBesieHsl TeMIepaTypHble 3aBUCUMOCTH ko3 duuuenta nuddysun npu 3Ha4eHuH cuisl F,, , Korja

JOCTUTaeTCd MaKCHMaJlbHOE 3HaueHwe D, . (T ) JUIs JBYX MaJlbIX 3HA4€HUM 7', OTJIMYAIOIIMXCSA Ha mopsaok. U3
rpadMKOB BHIHO, YTO CKEHIMHTOBast 3aBUCUMOCTD (9) AeHCTBUTENBHO XOPOLIO BHITTOJIHIETCS /11 HU3KMX 3HAYCHUH 7 .

U3 puc. 4 Tak e MOXHO ONpEIEIHUTh TemreparypHblii uHTepBasn TAJl a1t HemoaeMIUpOBaHHBIX CHUCTEM.
OueBUIHO, YTO IIPU TEMIIEepaTypax, CYIIECTBEHHO IPEBBINIAIONINX BEJIMYMHY aKTUBAIMOHHOTO Oapbepa, BIIMSHUE
CTPYKTYPBI CTAHOBHUTBHCS HECYIIeCTBEHHBIM. [lo3TOMY /ABM)KEHME OpOYHOBCKHMX YacTHII MOKHO PaccMaTpHBATH Kak

JBIKEHHE B OECCTPYKTYPHOI! BA3KOH cpeze ¢ TpeHueM. B atom ciydae D, o< 7. OnHaKo py HU3KHUX TeMIIepaTypax,

KaK 3TO BUAHO M3 puC. 4, D, o exp(€ /(kT )) B pabote [33] ObLIM HalieHBl aHANIUTUYECKHE BBIPAKEHUS AT

koddp¢unuento audoysun wactun B obmactu TAJI. Beoro mokasaHo, 4To B Ipefene HU3KHX TEMIIEpartyp
neiictButensHo D, o exp(e /(kT)).

W3menenne (GyHKIIMOHATBHON 3aBUCHUMOCTH D,

max
nax (T ) ¢ aHoManbHOU (D, o< exp(e /(kT ))) Ha HOPMaJIbHYIO
(Dgax =< T) mnpoucxogutr mnpu 3HadeHWsXx temneparypsl kI =U, (T fx1 ). Kak crmengyer u3 pucyHka
OD(T, Fr,p, )/ 0T <0 Tonbko npu kT /U, <1,2.

Takum o0OpazoM, B cucteMax ¢ ManbiM TpeHueM TAJl HaOmiomaercs npu temmeparypax 0< k7T /U, <12 B

H“HTepBane cul 1,8 < F/(}/VF ) <28.

NEPEAEMII®UPOBAHHBIE CUCTEMBI (¥ > 2)

Jnst mepeneMupoBaHbIX CHCTEM HWHEPUMOHHBIE d(PQEKThl He BaxHBL. [Ipu 3ToM ypaBHeHue (1) ympormaercst u
TIPUHUMAET B

yée:—iU(x)+F+§(t). (10)
ox

YucneHHo ciyvail nepeaeMrndupoBaHbIX cUcTeM ObUT M3yueH B paborax Mapuesonu [25-26]. AHanmuTHYeckoe
pelIeHne JuIs TeMIepaTypHOi 3aBUCUMOCTH TU(QY3UH YacTHIl B 3THX cucTeM OblIo HaiieHo B pabote [35]. Ha puc. 5
TIpHBE/IeHa TUMHMYHAS 3aBUCHMOCTb Kod(pduiuenTa muddysun s nepeaeMndrupoBaHHbIX cucteM. Kak BUIHO u3

pHUCYHKa, MaKCUMabHOe 3HaYeHHe kodpduimenta nudpdysuu D, ,, Habmonaercsa npu F = F . Paiimanom [35] Obu10

TMOKa3aHO, YTO [Is CHHYCOMIATBHOTO oTeHmmana D, o< '3

Ha puc. 6 tpeyronsaukamu (A) npuBeneHa Mojly4eHHas YUCAEHHBIM pelenreM ypasHenuit (10) TemneparypHas
3aBUCHMOCTb D, .. I pefeMdupoBaHbIx cucteM. Kak BugHO n3 pucynka, D, ,, FMEeT CTEHEHHYIO 3aBUCHMOCTD
Do T% . Tlpn uuskux Temmeparypax « = 0,33, 4ro cormacyercst ¢ pesyibraroM Poiimana (o =1/3). B obnactu
BBICOKHX TEeMIIepaTtyp & =1, Tak Kak CTPyKTypa Cpe/bl IepecTaeT OKa3blBaTh BIMSHHE Ha JBWKEHHE OPOYHOBCKHX

yacTHL. VI3MeHeHne mokas3aresis CTeNeHN IponcXoauT Bomm3n temmnepatypsl k7T = 0,5U, (T " =1/2). Xors TG Py3us
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YCHJIMBAeTCS B OOJIAaCTH HHM3KUX TEMIIEpaTyp IO CPaBHEHHIO ¢ OSCCTPYKTYpHOH cpenoi, abCONIOTHBIE 3HAuYCHUS
koddduruenta auddys3un npu HU3KUX TEMIIepaTypax MaJaloT ¢ TeMIeparypoi kak D, o T 3,

O6paTabIME Tpeyroabaukamu (V) Ha puc. 6 IpHBEIEHB! 3HaueHHs D paccuMTaHHBIE O ypaBHeHHAM (1-2) misa
TOro ke 3HadeHust y =2,0, 4yro m Ans nepeaemndupoBaHHON cucTeMbl. Kak BHIHO M3 TpaduKOB, YHCICHHBIC

3HA4YC€HU, pACCUMTAaHHBIC ABYMsS METOAAMH, COBIIAAAroT. Tlomevm KpY>XKaMWd TIPUBCIACHBI 3HAYCHUA D , A

max
¥y =8,0, KOTOpbIe COBMAAAIOT C JaHHBIMU uis cirydast ¥ =2,0. To ects ipu ¥ > 2,0 MHEPIHOHHBIMHU 3 QeKTaMH B

CHHYCOMJIAJbHBIX HAKIIOHHBIX MOTEHIINATIAX MOXKHO ITPeHe0pedb, M CUUTATh CHCTEMY IepeAeMII(pHpOBaHHOM.
Taxkum o0pa3oMm, B nepeaeMI(UpPOBaHBIX CHCTEMax B CHHYCOMIAJbHBIX HAKJIOHHBIX HOTeHmuaigax 3oHa TAJ]

oD(T,F,y)
OTCYTCTBYET, TaK KaK MpPH JIFOOBIX TeMIIepaTypax o >0.
Y'=2'O/V e L
0.3 ) T o Y
/"/ )
0] 3
=2 1/ 5
{ £
8 a
0.1 R o
/A \ e 0.14
LN
0.0 A/ A\A%A‘A A 4 T T T T
. ' ' 1E-3 0.01 0.1 1
0.5 1.0 - 1.5 2.0 KT/,

0
Puc.5. 3aBucumoctu kodpdunuentoB auddys3un ot

JEeNUCTBYIOIIEH CHIIBI ISl pa3AMYHBIX TemnepaTyp. KBaxpaTsr —

Puc. 6. 3aBucumocts Dy/Uo 0T 00paTHOM TeMnepaTypbl s

Pa3IUYHbIX Y.
T>x< = 0’4 , KPYXKKHU — T>x< = 0’1 , TPEYTOJILHUKH — T* = 0’01 ; A— 7' = 2,0 HepeﬂeM(bI/IpOBaHHLIC CHUCTEMBI, V- 7' = 2,0
7y =20.

peurenue ypaBaenuii (1) . IlyHkTupHOW ITMHUEH 1 HaHECeHA

1 033
3aBHCHMOCTH 1, MEJIKHM IYHKTHPOM 3aBUCUMOCTh 1~~~ .

NEPEXO/JHBIE 3HAYEHUS KOO®UIMEHTA TPEHUA (0,03< ¢'<2)

Ilpu »'< 0,03 TtemmeparypHbiii uHTepBan B KotopoM 0D(T, Fp,p,7)/ 0T <0 OrpaHHYeH TeMmIepaTypamH, MpH
kotopeix kT /U <1,2 . PaccMoTpuMm, Kak TpaHchopmupyercs Temneparypsslii uarepsal TAJl AT(F) ¢ yBenudeHueM
7'. Ha puc. 7 npuBeneHa xapakTepHasi KapTUHa 3aBUCUMOCTH Koddduimenta nuddys3un oT AeHCTBYIOMIEH CHIIbI IS
7'=0,32 . KauecTBeHHO KapTWHa CXO0Xa C TOH, YTO HaOMIOaeTcs M AJs ciiydas Maloil auccunanuu. B HexoTopom

uHTEepBaie cwi Kod(huureHT audpQy3uu Bo3pacTaeT ¢ MOHIKEHUEM TeMIleparypbl. MakCUMaNbHbIH KOA(GPHUIUESHT
mapdysmm D, (T , 7') peanmzyercs ipu cune F), .. Mccnenyem, kak Hu3MeHseTcs TeMreparypHbiid uarepBan AT(F,,.)

C YBEIIMUCHNUEM TPCHUS.

= &
10° 5 — = T'=1.00 1074
Lol b = —0—T'=0.52
M v—T'=0.19
5 = =T'=0.13 /A
=T o
o—T'=
- ==L, Dc / o
) 0—T'=0.027 =
= 2Aa = >
& 105 =z g
o o+ E
W / 10'; "
Al e . /A —
o | w plbriesite = ~g—— A o
L a o)
' 10’ = . T . .
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0

Puc. 7. 3aBucumocts Dy/Up ot F s pasnmuansix T*.
l'opu3oHTaNBEHOIN MTPUXOBKOI 0003HaYeHA HU3KOTEM-
neparypaas obsacts TAJl. BeprukanbHas ITpUXOBKa —
TemrenpaypHo orpanudeHsoi TAJL.

4 6
U /KT

Puc. 8. 3aBucumocts Dy/Uo 0T 06paTHO# TeMIepaTyphl ATs

¥ =0,03;0,16;0,4 .
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Ha puc. 8-9 mpusenensr Temmneparyphsle 3aBucumocta D, . 7'/U, oT oOpaTHOW Temmeparypsl IUId 3Ha4Y€HHH ¥ ,

BO3pacTalouX oT 3HaveHus ¥ = 0,03 no ¥ =0,95. Kak crexyer u3 puc. 8-9, yBenuuenne kodhuuenTa TpeHus

MIPUBOJIUT K yMEHBIICHUIO TemmeparypHoro uHTepBana TAJl. Ha puc. 10 mpuBemeH rpaduk MakCHMaIbHOU

* D(T, F, !
Temmepatypst Ty (7), mpi koTopoit % <0.

4x10° 5 -
1240,
3x10° 4 .
A 1.0 o
2x10" / a2 oernzal "
—A— =
v'=0.64 _ 08
= —4A—+'=0.80 =)
= , ~ N
= —=—y=0.95 2 0.6 o
g = o
A - 204 .
— 0.2
T T T 0-0 T T T T xxrcl}‘w”r
0 50 100 150 200
0.0 0.2 0.4 0.6 0.8 1.0
U /KT '
o Y
Puc. 9. 3aBucumocts Dy/Uo oT 06paTHOM TemIiepaTypbl st Puc. 10. 3aBucumocTy BepXHeil rpaHUIbI TEMIIEPATypPHOTO
v =0,64,0,3,0,95. unrepsana TAJl oT BenuuuHEl Y 1Ipu AEHCTBYIOIIEH cuie

F, mx (7 )
' o ' *
Bugno, uro mpu ¥ >1 Temneparypa BepxHel rpanunsl TAJl 6mmska x Hymo. [Ipu ¥ =1,1 temneparypa Ty, =0,01.
Takum o00pa3oM, ¢ yBeIMYEHHWEM J  TeMIlepaTypHO-aHOManbHas IHGQY3Us HCUe3aeT, TaK KaKk Cy)KaeTcs
TeMIIepaTypHBIA HHTEPBAJ, B KOTOpoM HaOmogaercs TA/.

Kak BugHO U3 puc. 8-9, s paccMaTpuBaeMbIX 3HAUSHUH J , TaK XKe Kak M U Malbix K03((UINEHTOB TPEHUS,
Doy < exp(emx /(kT)), rme £, - TOJIOXHUTENbHAA BenndnHa. OIHAKO CaMoO 3HA4YEHHE &, YMEHBIIAETCA ¢ ¥ . OTO
W3MEHEHHE CBS3aHO C HM3MEHEHHWEM IOTCHIMAIbHOTO penbeda, B KOTOPOM MABHXKETCS OpOyHOBCKas dacThna. B
orcyrctBue BHemHed cuibl (F=0) MUHUManbHOE 3HAaYeHHE MOTEHIMajla HaONogaeTcs B Toukax x =27aN, rame N -
Lesoe 4ueio. A MakcumyM — npu x =7 + 27N . Ilpu 3ToM akTuBaumoHHBIH 6apbep AU , KOTOPBIA NPEOmoIeBalOT
YaCTHLBI IPU NIEPEX0Jie U3 OJHOM sTUeliku B Apyryto, paseH U, . C yBenuuenueM ' BospactaeT F,,. . AKTMBaIlMOHHBINA
Gapbep NpH 3TOM yMEHBIIAETCs, KaKk 3TO CXEMAaTHYHO IMOKa3aHO Ha pwuc. 11 mia neiictByromeit cunel F/Fy, =0,4.
MunumManbsHOoe 3HadeHue U (x) Tenepb peanusyercs Npu X = Arcsin(F)+2zN, a MakCUMaJIbHOE - TIpH

x = 71— Aresin(F) + 27N . M cootsetcteerno AU(0)>AU(0,4).

1.0
0.8 "

0.6

U,

mx

® 0.4

0.2 1

0.0 y T T T
0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8 1.0

Puc. 11. 3aBucumMocTy BeTUUMHBI aKTUBALIMOHHOTO Oapbepa Puc. 12. 3aBucuMocCTH BeM4uHbI 6apbepa £, OT

AU or BenuuuHbl cuibl F . ,
BenuuuHbl ¥ . [lyHKTHPHOM JIHHKCH IOKa3aHO H3MEHCHHE

notenmansroro 6apsepa AU () B nepuomnueckom
HAKJIOHHOM IOTCHIUAIC.
YmenbireHne Oapsepa B X-TIPOCTPAHCTBE NPHBOAWT K YMEHBIICHHIO Oapbepa B NPOCTPAHCTBE CKOPOCTEH H
COOTBETCTBEHHO K yMeHbeHuio &, (7). Bemmummsr &, /U, TpencTaBmeHsl Ha puc. 12 TONBIMH MapKepamH.
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TTyHKTHpHOI JIMHHEH MOKa3aHO M3MeHeHHe ToTeHmMansHoro Gapsepa AU(F, (7)) B mpocTpaHcTBeHHO# permeTke.

Bunro, uto 3aBucumoctu AU(y) u &, (y) xopomo kopperupyior mexy coboit mpu '> 0,3 . AHanornano ¢ Tpyj, ,

mpu ¥ > 1,1 ucuesaer SKkCHOHEHIMATIbHAS 3aBUCUMOCTh TAJ] oT 00paTHOI TeMneparypsl.
Teneps paccMOTpUM, KaKUM 00pa3oM M3MEHSCTCS IIHPUHA CHIOBOTO MHTEpBasia 30HEI TAJ] AF ¢ m3MeHeHHEM
¥ . W3 puc. 7 BUAHO, 9TO IS TMPOMEXKYTOUYHBIX 3HAYCHHUH Y, TaK e KaKk M U CIydas MaJbIX Y B OTPaHMICHHOM

nHTepBaie cui cymiectByet 30Ha TAJl. OmHaKko B ciaydae NmepexoHbIX 3HaUeHHH Y HabmronatoTes ocoberHoctu. CreBa
Ha puc. 7 BepTUKAIBHON IITPUXOBKOI IpuBeneHa oomacTts orpanmdernoit TAl. B atoif o6mactu npu puKcHpoBaHHOM
3HAYCHUH CWIbI AU(Qy3Hs yCHINBACTCS C POCTOM TEMIEPaTyphl BIUIOTH IO HEKOTOPOTO 3HAUYEHMS TEMIIEPaTyphl, a
3aTeM HAa4YMHACT YMEHBINAThCSA. [ OpHM3OHTAIBHON IITPHUXOBKOW Ha pHC.7 TOKa3aHa o0JacTb, B KOTOPOH B
UCCJIEJIOBAaHHOM JIMalia3oHe Temreparyp ¢ ymenbinenueM T kodddunuent auddys3un Bcerna Bopacraer.

Ha puc. 13 npuBenens! 3aBrucumocty D 0T 00paTHOMN TemrepaTypbl Uit TPEX Pa3IMyYHbIX 3HAYCHUH AeHCTBYOLICH
CHUJIBI U3 pHuC. 7.

1075 —A—F/F=0.58 o 10 4
] 0 \
—e— F/F =0.64 e ] ‘A
—m—F/F =0.71 /’/ g4l 7'=0.32
; 7 Il F/F,=0.58
107 ~ - 11
=) e 2 6l
= 1'=0.32 W = Al
Q /// Q b “ ““‘
10' 3 4 \‘ A
] i
] 24 f
) \,/l - A AH A A A A4
o 10 2 30 00 02 04 06 08 1.0 12
U /(KT) KT/U,
Puc. 13. 3aBucumocts Dy/Up ot obpaTHoii Temnepatypsl aiist 3 Puc. 14. 3aBucumocts Dy/Uo OT TeMnepaTypsl 1ist 3HaYCHUS
(UKCHPOBaHHBIX 3HAYeHUH cuiibl: F'=0,58 (TpeyronbHuKH), crtsl F=0.58 },' =032,
F'=0,71 (xBanpater) u F=0,64 (xpyxxu). ¥ =0,32. LITprxOBKOIf BBIIENIEHO TeMItepaTypHoe “okHo” TAJI.

3nauenne F/F, =0,64 cooTBEeTCTBYyeT MaKCHMaJIbHOMY 3Ha4deHHIO Kodddummenta muddysun. Kak BugHo u3
puc. 13, B 06acTi HU3KHX TemnepaTyp Bemmunna D, o< exple,,. /(kT )) TakK ’e Kak M B cilydyae Maibix ¥ . OgHako

mpu F' =0,58 koddduiment nuddy3ud B HH3KOTEMIIEPATYPHOH OONACTH CHAYana BO3PACTAET C YMEHBIICHHEM
TEeMIIEpaTyphl, a 3aTeM HauWHAeT Majath. To ecTh Bo3HUKaeT TemneparypHoe “okno” TAJl. Ha puc. 14 sta obnacts
BbIJIE/IEHa BEPTUKAJIBHOM IITPUXOBKOH. W3 puc. 14 cuemyer, uro 0D/dT <0 jumb B UHTEpBAIE TEMIIEPATYD
0,04 <kT /U, <0,6 . BO3MOXXHOCTb TAaKOro pojia 3aBUCUMOCTH 00Ocyxnanack B pabdore b. Jlunnepa u H. Cokonosa
[37]. Ha ocHOBaHMHM anmpOKCHUMAIMH 3aBUCHMOCTH CKOPOCTH IIEPEXO0/I0B MEXIy “OerymmMu’” U “JIOKaIH30BaHHBIMH
COCTOSIHHMSIMH, OHHM IPHIUIM K BBIBOJYy O CYIIECTBOBAHHM OTPaHWYEHHOTO CHM3Y IO Temmneparype uHrepBama TAJI.
Puc. 14 moka3pIBaeT, 4TO Takasi 3aBUCHMOCTD ACUCTBUTEIHHO peann3yercs. B HacTosmee BpeMs MBI HE MOJKEM CKa3athb,
Oymer mu 30Ha TAJl cyxkaTbCs OO TOJHOTO HCYC3HOBEHMS C YMCHBIIEHHEM TEMIICPaTyphl, WIH CYIIECTBYET
HU3KOTEMIIEPaTyPHBIH Ipe/iesl LIMPUHBI HHTEpBaJla CUJI, KaK U [UISl CUCTEM C MaJIbIMH }'.

Ha puc. 7 tak xe oOpamaer Ha ce0s BHUMaHHE TOT (KT, YTO B OTIMYHME OT CiIydas MaJbIX 3Ha4yeHWH }'
TIOBEZICHIE TEMIIEPATYPHBIX KPUBBIX AU(Qy3UH cIeBa 1 cupasa OT 3HadeHus F,, pasnmmaHo. Ha seBoit rpannme TAJ]

CYIIeCTBYeT IIMPOKWI MHTEpBaJ CWJI, B KOTOpoM Habmromaercs temmeparypHoe “okHO” TAJl. OmHako Ha mpaBoit
rpanune 5Ta 00J1acTh IIPaKTHYECKH OTCYTCTByeT. Tak mpu F'=0,71 xospdumuent mupdysun cmabo 3aBHCHT OT
TeMIepaTypbl, Kak 3TO BUAHO U3 puc. 13.

Takue jxe 3aBUCHUMOCTH, KaK W Ha pHUC.7 OBUIM INOCTPOSHBI U LEJIOr0 psAa MEepexXOonHbIX 3HAYCHHH

koo dunmenros aupdysuu. Tak Ha puc. 15 B KadecTBe mpuMepa NPUBEICHBI JaHHBIC JUIS }/' =1,0. Buano, dro
BenmuuHa AF (7) YMEHBUIWJIACh IO CPAaBHEHUIO C 7/' =0,32. IIpu »TOoM mo-mpexxHeMy Ha JieBod Tpanmue TA]]

CYIIECTBYEeT y4JacTOK TeMmIlepaTypHoro “okHa”. OmHako, B omimmume oT ciydas ¢ ¥ =0,32, Takod ke y4acTok

CHMMETPUYHO OTHOCUTENIBHO LIEHTpa CYIIECTBYET U Ha mpaBoi rpanune. Ha puc. 16 mpeacraBineHs! TeMepaTypHbIE
3aBUCHMOCTH JUIS Pa3IMYHBIX 3HAYCHUH IeicTByIoMmEl cuibl. 13 rpadukoB XOpoIIo BUIHO HAJMYKME TEMIIEPaTyPHOTO

“okHa” Ha rpaHunie AF (1,0).
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Puc. 15. 3aBucumocts Dy/Uo OT critsl uts pa3inyHbIX Puc. 16. 3aBucumocts Dy/Uop ot TemnepaTypsl 1uist
' SHAYCHUI TEMIICPATYPBI. pasTuuHbIX 3HaueHuit cubl. ¥ = 1,0
y =10 [lyHkTupHO# TUHKEH MoKa3aH Ko PuuneHTs AuhPy3un B

Bs3koii cpene: D=kT/y .

Ha puc. 17-18 npuBenena uroropast KapTHHAa U3MEHEHHs MHTepBajia cymecTBoBaHus TAJl AF (7’). Ha puc. 17

MapKepaMM IpUBEAEHBI 3HAYE€HUS IIHUPUHBI CUJIOBOTO HHTepBana AF (}/ ), B KOTOpOoM Habmroganock dD /0T <0 xots

Obl ans KakoW-HHMOynp Temmeparypel. Ha pumc. 18 3amomHeHHBIMH MapKepamMH IPHUBEICHBl MHHUMAlbHBIE U
MaKCHMaJIbHbIe 3Ha4eHHs cwil, npu kKotopoMm HabOmonansoce TAJI. TloneiMu MapkepamMu NpHBEACHBI 3HAUCHHUS CHIIBI,
pyu  KOTOpoil kodhduuneHnt muddy3un MakcuMmaieH A AaHHoro koaddwuimenra tpenus. Buapno, uyto s

0,2<y <0,5 3HaueHme F,,, acCCHMETPUYHO OTHOCHTEJIFHO KOHIIOB OTpe3ka cymectBoBanus TAJl. Ilpu y >1,1

IIMPHHA CHJIOBOTO HHTEPBaJIa, B KOTOPOM Habmonaercs dD/dT <0, cTpeMHUTCs K HYJIO.
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Puc. 17. U3smenenue mupunsl 30861 TAJ] B 3aBUCUMOCTH OT Puc. 18. uarpamma 3oub1 TAJ]. Kpyxxamu 0603HaueHO
K03 dULIHeHTa TPESHHSI. HIDKHEe 3HaueHue obnactu BosHUKHOBeHusa TAJl (pu
mo6bIx T), kBagpaTamu — 3Ha4eHUs pu KoTopbix TAL
ncyesaer.

HezanomneHasiMu KpYy’KKaMHU OTMEUYCHBI 3HAYCHUA IPU
KOTOPBIX PCaIN3yCTCa MaKCUMaJIbHast ,I[I/I(i)(i)yi’)l/lﬂ.

BBIBOJbI
B pabote nzyuyena audy3ust yacTHUIl B HAKIOHHBIX TPOCTPAHCTBEHHO-TIEPUOMYECKHUX MMOTEHIIMAIAX B IIMPOKOM

IHara3oHe TeMueparyp. McciieqoBaHbl CUCTEMBI ¢ pa3iMyHbIM YpOBHEM Kod(hdunuenTta TpeHust ¥ . [lokazaHo, 4To Kak
B HEOIEMII(PHPOBAHBIX, TAK U B TIEpEIEMII(HPOBAHBIX CHUCTEMaX, ko3 durment nuddys3nn qocTuraeT MaKCHMaIIbHOTO

3HaueHust D, TIpU ONpEeIeHHOM 3HaYe€HUU BHEUIHEH CHJIbI, BENWYKMHA KOTOPOH 3aBucHUT 0T ¥ . OfHaKo B CUCTEMax

max
C MaJIbIM U OOJIBIIMM TPEHHEM TeMIepaTypHas 3aBUCUMOCTh D, pasznuyaercs. B HenomeMnpupoBaHHBIX CUCTEMAX B
HU3KOTEMIIepaTypHOH oOiacTu HaOmomaercsi TeMmeparypHo-aHoManbHas anddysus (TAM), npum kxotopod D
BO3pacTaeT C MOHIDKEHWEM TEMIIepaTyphl SKCHOHEHIMAIbHO C oOpaTHOW Temmeparypoi: D e exp(e/kT). TAJ]
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HaOmonaercss npu temneparypax 0<k7T/U, <12 B uHrepBane cun 18 < F/ (yVF ) <2,.8. B cucremax ¢ OOIbIIAM
tpenneM TA/l orcyTcTByeT. OnHAKO U3MEHSETCS MTOKA3aTeNb (¢ B CTETIIEHHOM 3aBUCHMOCTH KoddduinenTta quddysnu ¢

poctom Temmeparyper: D o< T Tlpu T " <0,5 moxasarens o =1/3 gs CHUHYCOMJAJIBHOTO MOTEHIMana, a npu 1’ ">1
nokaszaresp o =1.

B pabote wmccienoBaHo, KakuM 00pa3oM OCYIICCTBISCTCS MEPEXO] OT IKCIOHCHIMANIbHOM 3aBucumoctd TAJl k
OOBIYHOW CTENEHHOW TeMIepaTypHOH 3aBUCHMMOCTH ¢ pocToM J'. IlokazaHo, 4To C yBennueHHeM Kod(hQuiUeHTa

TPCHUSL SHEPTETUUCCKHU Oapbep £ pazmeisionuidi “Oerymme” U “TOKaJU30BaHHBIC” PEIICHHUS yMEHbIIaeTcs. [Ipu
7'>1.1 BennunHA £ CTPEMHUTCS K HYIIIO.

HccnenoBanusi mokaszanu, 4T0 B OONACTH NPOMEKYTOUHBIX 3HaueHHH kodp¢uuuenta tpenus 0,1< y'<?2

BO3HHUKaeT TemneparypHoe “okHo” TA/l. B HekoTopom mHTepBane cui KodppunueHT auddy3un cHadaga BO3pacTaeT ¢
YMEHBIICHUEM TEMIEpaTyphl, a 3aTeM CHOBAa HauMHAeT Majgarh. [IoCcTpoeHbl IuarpaMMbl CyLIECTBOBAHHS TaKHX
obnacreil.

[Tomy4eHHBIE pe3yNbTaThl OTKPHIBACT MEPCHEKTHBHI CO3JaHHS HOBBIX TEXHOJIOTHH YIpaBieHHS NpOLECCaMH
muddysnn. OTto mmeeT OonblIoe 3HAUCHHE UIA TONYyYSHHST HAHOMATepHaJoB C 3aJaHHOW CTPYKTypOW, CO3IaHHMs
MOBEPXHOCTHBIX HAHOCTPYKTYP H TIp.
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HELIUM POROSITY DEVELOPMENT DURING ANNEALING
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The kinetics of helium porosity development during annealing of 18Cr10NiTi stainless steel irradiated with 20 keV helium ions at
room temperature for simultaneous creation of displacement damage at a level of 0.5-5 dpa and a helium concentration of 1-12 at.%,
have been investigated by electron microscopy and thermal desorption spectrometry. The temperature ranges of helium release from
steel and their dependence on the irradiation dose are determined. The evolution of 18Cr10NiTi steel microstructure was investigated
during post-implantation annealing in the temperature range from Troom to 1420 K. At a dose of 1:10?° m2, helium bubbles were
detected only after annealing to a temperature of 890 K, while at a dose of 1-10?! m, bubbles were observed immediately after
radiation at Troom. During annealing, the average diameters of the bubbles vary from ~1 nm at Troom to 10-20 nm at Tann 1420 K. The
mechanisms of bubbles growth either by migration and coalescence, or by Ostwald ripening — dissolution and re-trapping are
considered. Since each of these mechanisms corresponds to a certain trend of bubbles size and density dependence on the annealing
temperature, the temperature dependences of average diameters and densities of helium bubbles for a dose of 1-102! m2 have been
constructed and analyzed. Experimental data are characterized by three temperature ranges: 1 — from 300 to 760 K, 2 — from 760 to
1030 K, and 3 — from 1030 to 1350 K with clearly differing trends. In the low-temperature region the diameter and density of the
bubbles virtually does not change. Their size increases and the density decreases at annealing in the temperature range 760-1030 K.
This tendency intensifies in the temperature range of 1030-1420 K. An estimation of activation energy of the processes controlling
the mechanism of bubble growth in the temperature range of 1000-1420 K has been done. An obtained value of ~3.7 eV correlates
well with the theoretically calculated value of the activation energy of the dissociation process (Euc®®) of the Ostwald ripening
mechanism.

KEY WORDS: austenitic steel, irradiation, helium, bubbles, thermal desorption, microstructure.

PO3BUTOK I'EJIEBOI HOPUCTOCTI ITPH BIITAJI IMITAHTOBAHOXO I'EJIEM CTAJI X18H10T
B.B. Py:xxunnknii, C.O. Kapnos, O.C. Kanbuenko, 1.€. Konaneus, 5.C. Cynrypos, I'./I. Tosicroayubska
Hayionanvnuii naykosuii yenmp «Xapxiscokutl (pizuxo-mexniunuil iHcmumymy
8yn. Axaoemiuna 1, Xapxie 61108, Vkpainua

Kinetnka mpomeciB po3BHTKY TellieBol MOpPUCTOCTI mpH Bigmani Hepikaitowoi crami X18H10T, ompomiHeHOi i0HaMu remito 3
e”eprieto 20 keB mpm kiMHaTHiii Temmeparypi A7 OZHOYACHOTO CTBOPEHHS 3MILIYIOUHMX IOIIKO/yKeHb Ha piBHI 0,5-53Ha i1
KOHIeHTpanii renifo 1-12 at.% nociimkeHa MeToIaMu eIeKTPOHHOI MIKpOCKOIIil Ta TepMoecopOLiitHoi criekTpoMeTpii. Busnaueno
TeMIIepaTypHi IHTEepBaJIM BUXOMY TeJIifo 31 cTalli Ta 1X 3aJeKHICTh BiJ] JO3H ONPOMiHEHHS. JlOCIIPKEHO €BOJIIONII0 MIKPOCTPYKTYPH
crani X18H10T B nporieci nocrimMiuiaHTamiiHuX BifnaniB B iHTepBayi Temnepatyp Bif Twiws 10 1420 K. Ilpu no3i onpoMiHeHHS
1-10%° m? remieBi Gynnbamku Oyiv BUSBIEHI TUILKM micis Bimmany po temmeparypu 890 K, mpu mo3i 1:102! M2 GynbGaniku
criocrepiraiucs Bigpasy micis onpominenHs npu Txive. B mpoueci Bianany cepenuiii jiameTp Oyabp0alok 3MiHIOETbCS Bif ~1 HM 1pu
Txivm 10 10-20 HM npu Teinn 1420 K. Po3risiHyTo MexaHi3MH 3pocTaHHs OynabOariok abo HusixoMm Mirpauii i koanecueHuii, abo 3a
MexaHi3MoM OcTBaibaa — PO3YMHEHHA 1 mepe3axoruieHHs. OCKUIBKM KOXKHOMY 3 IUX MEXaHi3MiB BiINOBia€ MEBHUH TpPEHI
3aJIeKHOCTI PO3MipiB 1 IiNbHOCTI Oynp0AIIOK Bill TeMIepaTypH Biamaily, moOyIoBaHi 1 MpoaHaNi30BaHi TEMIIEPaTyPHI 3alIeKHOCTI
Cepe/iHiX JiaMeTpiB i IiNbHOCTI remieBux Oynapbamok nis no3u 1-102' M2, ExcriepuMeHTabHI aHi XapakTepu3yoThCs TPhoMa
TeMreparypHuMH iHTepBanamu: 1 - Big 300 mo 760 K, 2 - Big 760 no 1030 K i 3 - Big 1030 mo 1350 K 3 Tpenmamu, siki sSBHO
pi3HATBCSA. Y HHM3BKOTEMIIepaTypHiil obnacTi aiaMeTp 1 MIIBHICTh OyJIBOAIIOK MPAaKTHYHO He 3MiHIoeThes. Ipu Binmaini B obnacti
temneparyp Biz 760 10 1030 K moyrHaeThCs 3pOCTaHHs X PO3MIpIB 1 3HIKCHHS MIUTHHOCTI. L5 TeHACHIIsI TOCHIIOETHCS B 00J1aCTi
temmeparyp 1030-1420 K. Bukonano ouiHKy eHeprii akTUBallii MpoLeciB, sIKi KOHTPOJIIOIOTH MEXaHi3M pocTy Oyib0aliok B obacti
temmneparyp 1000-1420 K. Otpumano 3nauenHs ~3,7 eB, sike q1o0pe KOpeioe 3 TEOPETHYHO PO3PAXOBAHOI0 BEIUYMHOIO €Hepril
axtmBanii npouecy mucouiauii (Ene“™ ) 3a mexanizmom OcTBanbna.

KJIFOYOBI CJIOBA: aycTeHiTHa cTaib, ONPOMiHEHHS, Teliid, Oyap0amku, TepMoaecopOIis, MiKpOCTPYKTypa

PA3BUTHUE I'EJJMEBOM MOPUCTOCTH ITPU OTKUT'E UMILTAHTUPOBAHHOM I'EJIMEM CTAJIU X18H10T
B.B. Py:xuuxkuii, C.A. Kapnos, A.C. Kaasuenxo, U.E. Konanen, b.C. Cyurypos, I'./l. ToJicTosnyukas
Hayuonanvneiti nayunuviil yenmp «XapbKo8ckuill (pusuko-mexuudeckuti UHCImumym»
yi. Axademuueckas 1, Xapvros 61108, Ykpauna
KuHeTtHka npoueccoB pa3BUTHs TeJIMEBOH MOPUCTOCTH NpH oTxure Hepykaseromteit cranu X18H10T, o6ayueHHOH HOHAMK Telust ¢
sHeprueit 20 k3B npu KoMHaTHOH TemmepaType Uil OIHOBPEMEHHOT'0 CO3AaHMsI CMEINAIOIIMX MOBpeXAeHUH Ha ypoBHe 0,5 — 5 cHa
U KOHLeHTpanuu remus 1 — 12 ar.%, uccienoBaHa METOAaMH IEKTPOHHON MUKPOCKOITHH U TEPMOAECOPOIIMOHHOMN CIIEKTPOMETPHU.
OrmpeneneHsl TeMIepaTypHble HHTEPBAJIbl BRIXO/A T'eIHs U3 CTAM M UX 3aBUCUMOCTB OT 1036l 00mydeHus. VcciaenoBaHna 3BOIIOLHS
MUKpocTpyKTyps! ctanu X18H10T B mporecce MOCTUMIUIAHTAMOHHBIX OT)KHTOB B HHTEpBaNE TeMmeparyp oT Tromn 10 1420 K. [pn

© Ruzhytskyi V.V., Karpov S.A., Kalchenko A.S., Kopanets I.E., Sungurov B.S., Tolstolutskaya G.D., 2018
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nose obmydenust 1-10%° M2 renueBble IMy3bIpbKH ObUIM OOGHApY’KEHBI TOJILKO MOCHIE OTKMra a0 Temmeparypbl 890 K, npu mose

1-10?! M mysepbku Habmoganuch cpasy mocne obmyuenuss npu Tiown. B TIpoLecce OTKHra CpeIHHH IUAMETP IMy3BIPHKOB
n3mensiercs oT ~1 HM 1pu Txomn 10 10-20 HM npu Torx 1420 K. PaccMoTpeHB! MeXaHU3MBI POCTA My3bIPbKa MO0 ITyTEM MHUTIPALUH U
KOAJECIEHINH Iy3bIpbKOB, JHO0 1o MexaHm3My OcTBampia — pacTBOpeHHME M Tepe3axBaT. [IOCKONBKYy KaXIOMy H3 3THX
MEXaHU3MOB COOTBETCTBYET ONpPEICTICHHBIH TPEHJ 3aBHCHMOCTH Pa3MEpOB U IUIOTHOCTEH Iy3BIPHKOB OT TEMIIEPaTyphl OTXKMHIA,
TIOCTPOCHBI ¥ IPOAHATN3UPOBAHEI TEMIIEPATYPHBIE 3aBICUMOCTH CPEIHUX IMaMETPOB U INIOTHOCTEH I'eJIMeBBIX ITy3BbIPHKOB JUIS 03I
1-10%' M. DKCepUMEHTAIILHBIE JIAHHBIE XaPAKTEPU3YIOTCS TPEMSL TEMIIEPATYPHbIME uHTepBatamu: 1 - or 300 mo 760 K, 2 — ot 760
10 1030 K u 3 — ot 1030 mo 1350 K ¢ siBHO paznuuaronmmucs TpeHAaMu. B Hu3koTeMIepaTypHOil 006JacTH JUaMeTp U INIOTHOCTh
My3bIPEKOB TIPAKTHYECKH HE MeHsieTcs. [Ipu omkure B obiactu temmeparyp ot 760 no 1030 K HaumHaetcs pocT UX pasMepoB U
CHIDKCHHE IUIOTHOCTH. JTa TEHAEHIMs HapactaeT B oOsactu temmepaTyp 1030-1420 K. BeimonHeHa olLieHKa 3HEPIHU aKTUBALUU
MIPOLIECCOB, KOHTPOJIMPYIOIIMX MEXaHU3M pocTa IMy3bIpbKoB B obmactu Temmneparyp 1000-1420 K. Iomydeno 3nauenue ~3,7 3B,
KOTOPOE XOPOLIO KOPPEIUPYET ¢ TEOPETHYECKU PACCYUTAHHON BENMYMHOMN SHEPIUU aKTHBAUUu Ipouecca aucconuanud (Encd™) mo
MexaHmmy OcTBambaa.

KJIIOUEBBIE CJIOBA: aycrenuTHas cTaib, o0IydeHue, relui, My3sIpbKy, TEPMOIecOopOnns, MUKPOCTPYKTYpa

KoHCTpyKIIMOHHBIE MaTepualibl SJIEPHBIX JHEPreTHYECKHMX YCTAaHOBOK IO CPAaBHEHUIO C MaTepHajaMu
TPaAUIHOHHBIX SHEPTETHYECKUX YCTAHOBOK pabOTalOT B OoJjiee CIIOXKHBIX ycloBusiX. HeliTpoHHOE 001yueHne yckopsier
MIPOILIECCHI TIOJI3yYECTH, YCWJIMBACT BPEMEHHYIO 3aBUCHMOCTb IIPOYHOCTH, PE3KO CHIDKACT IUIACTUYHOCTH MpH
ymepeHHbIX (20...450°C), Beicokux (500...800°C) n ocobenHo cBepxBbicokux (Bbime 800°C) Temmneparypax, CHIKaeT
CONPOTHBJICHHE KOppo3uu. HakoruleHne onpesieneHHOW J03bl HEWTPOHOB BBI3BIBAET IOPOOOpa3oOBaHUE U
panuanMoHHOE pacilyxaHue. B pe3ynpraTe sSiAepHBIX peakiiii B MaTepuanax o0pa3yloTcs ra3000pa3Hble TpPaHCMYTaHThI
(renmuii, BOIOPOX), CIIOCOOCTBYIOIIME IPOSBICHHUIO TEIHEBOTO OXPYIMUUBAHUS, BOAOPOJHOM XPYNKOCTH M Ta30BOTO
pacmyxanus [1].

TunuuHble KOHIEHTPAIMM TelHsd, [0 OTHOWIEHHWIO K OJHOMY CMEIICHHIO aToMa MAaTpullbl (CHa) M3 €ro
paBHOBecHOTO ToNOkeHHs B pemietke (He/cHa), cocraBmstor <<l mis peakTOpoB Ha OBICTPHIX HEHTPOHAX, OKOJIO
JIECSITKOB ISl PEaKTOPOB CHHTE3a U ~ COTeH it ycTaHoBOoK ADS (accelerator-driven spallation devices, ycTaHOBKU
yHOpaBiIseMble YCKOpUTENIeM). ATOMBI TeIUs IPAKTUYIECKH HE PACTBOPUMEI B PEIIETKE METAJIOB M, BCIEICTBHE 3TOTO,
CTpEMATCA O6'bellI/IHHTI)C$I B BAKAHCUOHHO-TCJIMEBBIC KJIACTEPblI MW IY3BIPbKHU, KOTOPBIC MPUBOAAT K JACrpajaluiud
SKCIUTyaTallMOHHBIX CBOICTB PEaKTOPHBIX MaTepuaios [2-4].

BonbIIMHCTBO McCiIef0BaHMIT BIMSHUS Teiis Ha Pa3BUTHE PAUALIMOHHBIX TOBPEKACHUH BBITIOIHEHO C IOMOIIBIO
METO/la MOHHOW HMIUIAHTAlMK, YTO ITO3BOJWIO K cepenuHe 90-X TONOB IMPONUIOTO CTOJIETHS MOJIYYUTh OCHOBHBIC
MIPEACTaBICHNSI O IIOBEAECHMM TeNus B TBEpAOM Tejle. bbumm ompeneneHbl »Heprun oOpa3oBaHUS Tenust B
MEXXI0Y3€TbHOM U 3aMEIIAIOIIEM TTOJIOKEHHSIX, SHEPTUH CBS3U C BaKaHCHEH, SHEPTUH aKTUBAWH JUTSI MEKI0Y3€IbHON
MUTPALIH TeNNsl, SHEPTUH TIepEMEICHHS TeJIUs U3 3aMEIIAIOIIEro MMOJI0KEHUH B OJIvpKakiIyto BakaHcHio [3].

HccnenoBanus NpoBOAWIN KaK HAa YUCTHIX METAJIAX, TaK M CIUIaBax. B 4acTHOCTH, 1OCTATOYHO IIHUPOKO M3Y4YEHO
MIOBEZICHUE TENNSI B ayCTEHUTHBIX HEPKABEIOIIMX CTAISAX. AyCTCHHTHBIE KOPPO3HOHHO-CTOWKHE CTAIHM — 3TO CTalH,
OOBIYHO JIETHMPOBaHHBIC XPOMOM M HHUKeJeM (MapraHieM), KOTOpPbIE ITOCIIe OXJIaXICHUS 10 KOMHAaTHONH TeMIepaTyphl
HUMEIOT ayCTEHUTHYIO CTPYKTYpY, HU3KHHM Ipeies TEKydeCTH, YMEPEHHYIO HPOYHOCTb, BBICOKYIO IUIACTHUYHOCTh U
XOPOIIYI0 KOPPO3HOHHYIO CTOMKOCTh B OKHCIIUTEIBHBIX CPEIax.

Panee [5] MeromamMM HaHOMHACGHTHPOBAHMSA U O3JEKTPOHHOW MHKPOCKONHMU HCCIEIOBAHbl YIPOYHEHHE
ayCTEHUTHOH Hepykaserowiel cramu SS316 M BOIIONMS €€ MUKPOCTPYKTYPBI MOCIE 0OIy4YeHHs TSDKEJIBIMH HOHAMH C
sHepruell 1,4 MaB B untepBane cmemaromux 103 0-30 caa npu remneparypax 300 1 900 K 1 koHLIeHTpanusx renus ot
0,5 o 5 ar.%. YcraHOBIIEHO, YTO PaAUALIMOHHOE YIIPOUYHEHUE CTANIN SBIISIETCS (DYHKIMEH H03bl 00JTydeHNs], IOCTUTaeT
HACBIIIEHUS Tpu QurroeHcax okojo 1 cHa u coctasmseT 2.0+0.3 ['Tla. YcraHOBIIEHa KOPPEILSIHS MEXKIY DBOIIOIHEH
MHKPOCTPYKTYPBl M HW3MEHEHHEM TBEpPAOCTH OOJIydeHHOro ciios cranu. [loka3aHo, 4TO 3aKpeIuyieHHWe AWCIIOKALUM,
MPUBOASIIEE K YINpOYHEHHIo cramu SS316, MPOMCXOOUT Ha IHUCIOKAMOHHBIX METIIAX MEXIOY3eIbHOTO THIIA
muamerpoMm 1o 15 um. T'enmit ycmnmmBaer ymnpounenue Ha 20-30% mpu koHnentpanusx Oonee 1 ar.% [5]. Hus
OIIPEZICTICHUs] POJM TelHs B YNPOYHCHWH HEOOXOIUMBI MHUKPOCTPYKTYPHBIE HMCCIIENOBAHUS Pa3BUTUS TENNEBOM
HOPHUCTOCTHU KaK B 00JIACTH HU3KOTEMIIEPATYPHOTO, TaK ¥ BEICOKOTEMIIEPATYPHOTO YIIPOUHEHHUS.

B [6] oTMedeHO, 4UTO MCClIeIOBaHMS T'€IHEBON MOPUCTOCTH BBINOJIHSINCH, B OCHOBHOM, B JIBYX HAaIpPaBICHUSAX:
(1) obmyvenue npu MOBBIMIEHHON Temreparype u (ii) o0mydeHue npu HU3KOH TeMreparype (0OBIYHO KOMHATHOM) C
MOCIIEAYIOIUM OT)KUTOM. B skcnieprMeHTax 1mepBoro THia HENpPEephIBHOE BBEJCHHUE Ta3a CIIOCOOCTBYET CTaOMIN3aIMN
ITy3bIPHKOB, 3aPO’KAAIOIINXCS YK€ Ha PAHHHUX CTaJHUsIX 0OJIydeHHs, , TAKUM 00pa3oM, Tociie MpeKpanieHust o0ydeHns
MaTepuan coxpaHseT HWH(opMmanuio O Ipolecce 3apoiplmieoOpasoBaHus. B ciyyae oOdydeHHMs IpH  HU3KOW
TeMITepaType ¢ MOCJIEAYIONNM OT)KUTOM CYANTh O HA4JILHOM COCTOSHHH KiacTepoB He -V u mpomuecce 3apoxaeHus
ITy3BIPPKOB  JIOCTATOYHO CHOXHO. OJHAKO Takue OSKCIHEPHUMEHTHI II03BOJSIIOT KOHTPOJIMPOBATH  IIPOIECCHI
TEepPMOAKTHBHPOBAHHOTO BBIIEICHUS Ta3a, MCCIEAOBATh JETali KMHETHKH POCTa ITy3BIPHKOB, M MOTYT IPEIOCTAaBHUTH
MHPOPMANHNIO 00 UX MUTPALNH, KOATECICHIINN 1 aHHUT WIS LIH.

Ilenpro HacTOSIIEH PabOTHI OBIIO MCCIENOBAHNE KMHETHKU HPOLIECCOB B CHCTEME «METAJUI-TEIIN) MPU OTXKUTE
HepkaBeromeit cramu X18H10T, oGmydeHHO# pr KOMHATHOHM TeMIlepaType MOHaMH renus ¢ 3Hepruei 20 k3B s
OJIHOBPEMEHHOT'O CO3/IaHHs CMEIIAIOIINX TOBpeXaeHni Ha ypoBHE 0,5 — 5 cHa u koHIeHTparuu remus 1 — 12 at.%.
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MATEPHAJIBI U DKCNEPUMEHTAJIBHBIE METOAUKH
Jnst mccnenoBannii  Mcnonb3oBank 00pasmpel  pasmepamu 27X7x0,1 Mm 3 cramm X18H10T, mnpensapurensHO
HPOILIEIINE ayCTEHM3UPYIOMMUI OTKMr Tpu Temmeparype 1340 K B Bakyyme 10* Ila B Teuenme ommoro waca. Cocras
HCCIIeyeMOit CTalli IPUBEEH B TaOIIHIIE.

Tabmina
Cocras cramu X18H10T, Bec.%
Ni Cr Mo C Ti Nb Si \% P S Mn
10,8 17,9 - 0,07-0,1 25xC - 0,74 - <0,025 | <0,015 | 1,75
1o 0,8

HcxonHas CTpyKTypa CTalaM IOKazaHa Ha puc. l. B crpykType cramu HaOmIOmalOTCs ayCTEHUTHBIE 3€pHA C
pasMepamu okoiio 30 MkM. CpeiHss IIOTHOCTH JUciIoKalumii coctasiser ~108 cm?2,

Puc. 1. McxoaHas cTpyKTypa CTalu 1ocie TepMI:Iqu}COfI 061;ai6ﬁiﬁpl‘/l 1340 K/1 4
OGpa3uel 06MyYanu MyYKOM HMOHOB Tenmsi ¢ sHeprued 20 xoB mo mo3 (I — 10)-10*° M2 npm KoMHATHOMN
temreparype. TemnepaTypy oOiydeHHs: KOHTPOJIHPOBAIM XPOMEb-alltoMeNIeBoil Tepmonapoii. Ha puc. 2 npuBeneHsl
paccuuTaHHble ¢ moMoubio nporpammbl SRIM 2008 npodunu paciipeaeseHus IpoOeroB U MOBPEKACHUH HOHOB TelHs
¢ sueprueii 20 k3B 1715 10361 00mydenus 1-10?! M2, PacyeTs! IpOBOAMINCH C UCHOIb30BaHHEM Mojend Kununna-ITusa
npu 3Ha4eHuu sHeprun cmenieus 40 3B g Fe u Cr [7].

6 T T T T T T T T

[o3a, cHa
KoHueHTpauus, at.%

O T T T T T T
0 50 100 150 200
[ny6uHa, Hm

Puc. 2. [Ipodum pacnpeneneHus mpoOeros (depHasi KpUBast) M MOBPEXACHUHN (cepasi KpuBast) AJIsI TeIHsL, IMIUIAHTHPOBAHHOTO B
cransb ¢ sHeprueii 20 k9B 10 10361 1-102! M2

TepMOaKTUBUPOBAaHHYIO JECOPOLMIO TeNMsi M3 CTald HCCIENOBAIM C IIOMOIIBIO IPHUCOEAMHEHHOTO K
9KCIIEPUMEHTAILHON KaMmepe JaTdiKa MOHOIIOJILHOTO pPaJno4YacTOTHOTO Macc-crekrpomerpa. Omkur oOpas3loB B
unTepBane Temieparyp 300...1600 K BEIIONHAIN Opy CKOPOCTH yBeIMYeH s Temmeparypsl 7 K.

MUKpOCTPYKTYpa UMILIAHTHPOBAHHOTO CJIOSI U MOPQOJIOTHS MOBEPXHOCTH CTalM Ha 3aJaHHBIX cramusax T/]
HCCIIe/IOBaHBI C TOMOIIBIO METOIUKH «3aMOPAKUBAHUSD) COCTOSIHUS 00pasia (IpeKpalieHne HarpeBa oopasiia u pe3koe
CHIDKEHHE TeMIepaTypbl A0 KOMHATHOW). V3MeHeHHe MHKpPOCTPYKTYpPHI OONYYEHHBIX OOpa3IIoB HCCIEIOBAIA Ha
ANEKTPOHHBIX MHUKpockomax OM-125 u JEM-2100. YToHeHHe 00pa3oB ¢ JUaMETPOM 3 MM IO TOJIIHUHBL, PUTOTHON
i uccenenosanuid B 119M, mpoBoamiIoch cTaHOAPTHOW CTPYWHOH 3JIEKTPOINOIMPOBKOM CO CTOPOHBI HEOOTyUeHHON
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moBepXxHOCTHU. [Ipu 3TOM Ha 0OIYUICHHYIO CTOPOHY 00pasiia HAaHOCHIICS 3aIlllUTHBIN CIIOH Jlaka, IPEeIOXPaHSIONIHNA ee OT
pactpaBnuBanus. Ilpum mosBireHMH B oOpaslie OTBEpCTHs IOJUPOBKA Npekpamanack. OOpasen H3BIEKaJICS U3
Te(IIOHOBOrO JeprkaTelns, NMPOMBIBAICS B CIIMPTE, a 3aTeM B alleTOHE J0 PacTBOPEHHMS 3alUTHOM JIAKOBOHM IUICHKH.
OxoHyaTeIbHas IMPOMBIBKAa OCYHICCTBJIAIACH B O6eSBO>KeHHOM 9THUJIOBOM CIIMPTE. AHanu3 CHHUMKOB U IOCTPOCHUE
THCTOTPaMM pacripezieseHust 1e(ekToB 1o pa3MepaM BBIOJIHSIIH, UCIIONb3Ysl IPOrPaMMHYI0 00pabOTKy H300paKeHHil.

PE3YJIbTATBI 1 OBCYXJIEHHNE

C nenblo ompesesieHus] TeMIEepaTypHbIX WHTEPBANOB BBIXOJA TENHS W3 CTadW OBUIM ITOJIYYEHBI CIIEKTPHI €ro
TEepMOAKTHBUPOBaHHON Jecopbunu (puc.3). CpaBHEHHE CIEKTPOB IIOKa3bIBaET, YTO TEMIIEPATYpHbIE HHTEPBAJIBI
JeCOPOLIMY TeNUs 3aBUCAT OT 103bI 00myuenus. Tak mpu g03e 00myuenns 1-10%° M (pacyeTHas KOHLIEHTpAIUS Teus B
MakCHUMyMe MpoQuisl 3aneraHus resus Ha riayouHe ~90 HM cocraBiser ~1,2 ar.%) B crmekTpe TepMojecopOIu
HaOIr0JaeTCs 0JTHA XOPOIIO BhIpakeHHas cTauust ¢ MakcuMyMmoM npu 1450 K. TouHOCTH ompeneneHust TeMiepaTypsl
nuka cocrasisuia £15 K.
T T . T . T . T . VBenuuenue m036I 00mydeHus go 1-10%!

. 120 . ] mM?  (pacueTHas KOHIEHTpaus Tenus B
T He’ — X18H10T MakcuMyMe Tpo¢uis coctaBiuster ~12 at.%)
5100_ v . NPUBOJUT K YIIMPEHUIO TEMIIEPaTypHOTO
) — 1.10 M MHTEpBaJla Ta30BBIACICHUS W  CMEIIECHUIO
§ 7 —_— 1.10%" M2 ] Hayvaja BBIXOJA Teius M3 o0pasiia B 00JacTh
2 801 . fonee HU3KMX TeMmmepaTryp. B  crekrpe
g 1 HaOMIONAlOTCsl  JIBe  TPYHNBI  JTOCTATOYHO
8 60- ] XOpOILIO Ppa3zeneHHbIX MTUKOB -
f | 4 HuskoremiiepatypHast (Twvaxe ~ 1190 K) m
5 404 BBICOKOTEMIIEpaTypHasi, cocrosimas u3
S l HECKOJIBKMX  TEPEKpPBHIBAIOIINXCS  CTaAWi
g 1 | rasoBelenieHns. B mocienHem  cimydae
O 20- MakCUMyM  IIMKa, HMEIOLIETO  CIOXKHYIO

1 T CTPYKTYpY, IIPUXOAUTCA Ha TEMIEpaTypy
0 : : : ' ' ~1350 K. Hammune B cnektpe T/l HeCKOIBKUX

12I00 ' 14I00 1600 pa3peiacMbIX IINKOB YKa3bIBa€T Ha

Temnepartypa, K CYIECTBOBAHHE ~ HECKONBKHUX  JUHCKPETHBIX

Puc. 3. CriekTpbl TepMOAECOPOINH TeHs M3 CTaJH, OOTyICHHOW HOHAMH CTajiii - BBINCJICHAA  Iejns,  OTINYAIOMIMXCA

He* ripu T = 290 K 110 7103 1-1020 11 1-102! w2 TEPMOAMHAMHUYECKIMH XapaKTePUCTUKAMH U
MexaHu3Mamu Bbixona He u3 cramm.

Opomtouuss MUKpocTpykTypbl ctamu X18HI0T B mporecce NOCTUMIUIAHTALMOHHOIO OTXHUIa B HHTEpBaJe
temreparyp OT Tywown MO0 1420 K mis o0pas3moB, OOMYYCHHBIX TEIUEM O HO3BI 110 M2 n TACTOIPaMMBbl
pacnpeseneHus My3bIpbKOB 110 pa3MepaM MOKa3aHbl Ha puc. 4.

Oo6myuerne 1pH Tiomu TPHBOAUT K OOpa30BaHUIO NePEKTOB TUCIOKANMOHHOTO THma (puc. 4, a). ['enmensie
ITy3bIPBKHU TIPH 3TOH TeMIeparype He HabmronaInch. Bo3MOXXHO, UX pa3Mepsl HaXOAATCS 3a MPEAEIaMH pa3peIlieHus
MHUKpockoma, coctaBigomero 0,2 uM. ['enmeBsle my3pIpbku ObUTH 3a()UKCHPOBAHBI TOJBKO IIOCIE OTXHTra IO
temmeparypst 890 K (puc. 4, 6). [ly3bIpbku HMEIOT cpennuii pasmep 0,98 HM, UX INIOTHOCTE cocTasisieT 3-10% M.

[Tosrrmenue Temmnepatypsl okura 1o 1280 K nmpuBoauT k pocty pa3mepoB my3sIpbkoB g0 ~10 - 15 um (puc. 4, B).
[Ipu 3TOM My3BIpHKH, 00pa30BaBIIMECS Ha TPAaHUILIE 3epHA, UIMEIOT pa3Mepbl, B HECKOJIBKO pa3 MPEBbIIIAIONINE Pa3Meph
My3bIpbKOB B Tene 3epHa. [locne omxura no temmnepatypsl 1420 K cpennune pasmeps! yBenuuuBarorest 10 15 - 20 Hm
(puc. 4, r). Kpome sToro HabmoaaroTcs nojoctu ¢ pasmepamu 10 100 HM, KOTOpbIe MOTYT NepecekaTbh MOBEPXHOCTh
oOpasna. Beixon renust UX Takux My3bIPKOB 00yciaaBiIuBaeT MUK Tepmoaecopouun npu 1450 K (puc. 3) u nosiBnenne
JIBIPYaTON CTPYKTYpHI Ha TOBEPXHOCTH 00pasIia.

JlutepaTypHble HaHHBIE CBHIETENBCTBYIOT, 4YTO TeJIHH, OOJanaromuii HauOojiee WMHEPTHOH BIEKTPOHHOM
000JIOYKOM, TOCTAaTOYHO BBICOKUMH Kod(pduimeHTaMu muddy3un M Ype3BBIYaAHO MaloOd pPacTBOPUMOCTHIO B
MeTaJIax, Py BBEJCHNH €r0 B MaTepuall HOHHOW MMILTAaHTAIeH MOJKET BCTYIIAaTh B Pa3IMYHbIE PEaKIUH ¢ AedeKTaMu
KPHCTAJUIMYECKON PEIISTKH, BKIIIOUas 3aXBaT M TEIUIOBYIO SMHUCCHUIO TeINsl OJMHOYHBIMI BaKaHCHUSIMH, TMBAKAHCHUSIMH,
a TaKkKe KiacTepamMu OONBIIMX pa3MEpOB, MOTJIOMICHHE TeNHs AWCIOKAIMSIMH, TPAaHUIAMH 3€peH M MEX(a3HbIMU
rpaHuiamMu. Takke MOXKET NPOMCXOAWTH 3aMEICHHWE TeNUs, HaXOJSIIETOCs B Y3/1aX PEHIeTKH, COOCTBEHHBIMHU
MEXXI0Y3€IbHBIMI aTOMaMH M PaJHalliOHHOE BHIONBAHNE 3aXBaYEHHBIX aTOMOB T'€JIHs B MEX/0Yy3€IbHBIC MTOJI0KEHHS.
Juddynaupyromye 1o MEXIOY3JIHsIM aTOMbl TelIUsl JIETKO CBS3BIBAIOTCSI C BaKaHCUSIMH, OOpa3yroT Teluii-
BaKaHCHOHHBIE KOMIUIEKCHI U My3bIPbKH, U yIEPKUBAIOTCS B HUX JI0 BRICOKHX TEMIIEpaTyp OTXxHra [6].

OGcysxmas IBOIIONMI0 MEKPOCTPYKTYphl ctamn X18H10T mocme oGmydenus reamem mo mossl 1-10%° M2 u B
npoliecce MOCTUMIUIAHTAIMOHHOIO OT)KUTa B MHTEpBalie TeMneparyp OT Tiown 10 900 K MBI MOXeM NpenrosoxkuTh,
YTO 3axBaT TeNUsl Ha BaKaHCHUX MM KjacTepax BaKaHCHH B 3TOM TeMIIEpaTypHOM HMHTEpBaje JOCTATOYHO CHIIBHBIM.
ATOMBI TeJIns TEPSIOT CBOI0 MOOMIIBHOCTB, KaK TOJIBKO OHH 3aXBaTBIBAIOTCS JIOBYIIKOW. BeposiTHO, Bech renuii Ipu ero

I I I 1
400 600 800 1000
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KOHLEHTpauusx ~1 ar.% 3axBaTbIBaeTCs B TAaKME KOMIUIEKCHI M HE YJacCTBYeT B 00pa30BaHMH My3bIpbKOB. BeireacTaue

9TOr0, BJMSHHE TelMs Ha MPOLECChl YNPOYHEHHS ayCTeHWTHBIX CTaleil Ha4YMHAeT MpOSIBISITECS IIPH  €ro
KOHIICHTpaLusX, mpeBsimarommx 1 at.% [5].

| 30/
kj ; °\°25
e
S £ 20]
= 515
£ 10 |_l

5,

S | I P

1.0 15 20

x 05 1. : 0 25
% [nameTp ny3bIPLKOB, HM

0

100 nm

r
Puc. 4. Mukpoctpykrypa X18H10T nocie o6my4enus nonamu resus 10 10361 1-102° He'/m? 1pu Trown (@) 1 1IOCIE OTXRUTA IPU
temmepatype 900 (6), 1280 (8) u 1420 K ().
TloaTBepkaeHNEM BBIIIECKA3aHHOMY SIBJISIFOTCSA PE3YJIbTAThl UCCIEIOBAHUS 3BOJIIOLMUA MUKPOCTPYKTYPBI CTaIH
X18HI10T B mporecce MOCTUMILTAHTAIIMOHHOTO OTXKUTA B MHTEpBalle TeMIEpaTyp OT Twows M0 1350 K mmst o6pasmos,
00JTyueHHbIX reeM 10 1036l 1102 M2 (puc. 5 u 6).

Puc. 5. Muxkpoctpykrypa X18H10T nociie 06ay4enus nonamu reius 10 103sl 1-102! He'/mM? mpu Trown (a) M HOCIIE OTHKHUra OPU
temneparype 760 (6), 900 K (B)
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1 -
uameTp ny: blpbKOB, HM

- —

a

Puc. 6. Mukpoctpyktypa X18H10T nocre 06mydenns nonamu resust 1o 10361 1-102! He'/m? ipu Trown OTXKHTA TIPH TEMIIEPATYPE
1030 (a), 1200 (6) u 1350 K (B)

B aroM ciydae oOpa3oBaHHE Iy3bIpbKOB HaOmtomaercsi yxke NpH Twown. OTKHr 70 Temmeparyp ~1030 K He
MPUBOANT K CYIIECTBEHHOMY YBEIMYEeHHIO WX pa3Mepa. 1 Tompko mocne omxkura mpu 1200 K u Bbime my3bIppkd
HAYMHAIOT YKPYIHAThCA. Tarkke Kak M B ciydae oOnydenus 10 1036l 1-102° He™/mM? pasMepsl HEKOTOPHIX ITy3BIPBKOB
JOCTHUTalOT COTHH HM U OHHU BBIXOJAT Ha IIOBEPXHOCTH (PHC. 7).

Puc. 7. CTpyKTypa MOBEPXHOCTH CTaJH, 00Ty IeHHOHN TIPH Tiomn HOHAMHE Tems 10 10361 110! M2 u oToxokennoi mpu 1350 K (a), u
OHa K€ TIOCTIe CHATHS UMITYJILCHON 3JIEKTPONOIMPOBKOM OBEPXHOCTHOTO CJI0sl TONMIKHOHK 20 HM (0)

Ha noBepxHocTr 06pasna NOMUMO JIbIpYaTOl CTPYKTYPBI, 00YCIOBIEHHOH BBIXOJIOM Ha MOBEPXHOCThH OTACIBHBIX
WIN HECKOJBbKHUX OJIM3KOPACIOI0KEHHBIX ITy3bIPHKOB, HaOJIIOAaeTcss 00pa3oBaHME KaHAIOB W3 CIMBIIMXCS ITy3bIped
(oOpazoBanus 6eoro 1BETa HEMPABWILHON (OPMBI BHYTPH 3epeH) (puc. 7, a). [locie nMITysIbCHOM 3JIEKTPOIIOIMPOBKU
Ha MOBEPXHOCTH BUIHBI CJIEbI OT KAHAJIOB M JIBIPKH OT BCKPBITHIX IMy3bIpeii ¢ pasmepamu oT ~50 no 300 uM (puc. 7, 6).
HabGmonaercs HepaBHOMEpHOE pacipeielieHUe ITy3bIPhKOB 10 3epHY.

MexaHu3MaM pocTa ITy3bIPBKOB HPH HCCICIOBAHMM TEIUEBOW IMOPUCTOCTH yIeiseTcs OOJIbIIOoe BHUMAaHHE.
AHanu3 JIUTepaTypHBIX AaHHBIX [OKAa3bIBAET, YTO BO BpeMs OT)KMIA IPH IOBBILICHHBIX TEeMIIEpaTypax HeOobluue
komiiekcel He-V, oOpasoBaBuimecst mpu HuzkoTemmeparypHom oOmyudennu (290-600 K), oOpasyror 3aponsiiiu
My3bIpbKOB. JlanpHellee yKpyNHEHHe 3apoiblliei ITy3bIppka OyayT HPOHCXOIUTH JHOO IyTeM MHIpalud |
koanecrennuu my3sippkoB (MK), mu6o no mexanusmy OctBasibaa (OC) — pacTBopeHue U nepe3axsar [8].

Poct renueBbIX My3BIPHKOB B pe3ysibTare WX MUTpAaLMM M KoalecleHIMu yOenuTenabHO mokasaHn B [9]. B
9KCIEPUMEHTaxX in situ oOpa3ipl aycteHuTHOTO crutaBa Fe - 16Cr - 17Ni o6ayuanu 10 k3B noHamu renusi, UCTonb3ys
HOHHBIH YCKOPHUTEIb, MOAKIIOUCHHbIN K 3JIEKTPOHHOMY MUKpOckoiy. Hekotopsie o6pasiisl, 00aydeHHble noHamu He™,
orxuranu no temneparyp 970 - 1500 K npu 3ToM HempepblBHO KOHTPOJIHPOBAIM U PETUCTPUPOBAIU JIBUKECHUE
ITy3bIPHKOB HA BHUJICO. BBIIO YCTaHOBIIEHO, YTO MPOLIECCH 3apOXKICHNUS My3bIpbKOB JoMHuHHPYIOT ipu 700 K, Torna xax
MIPOIIECCHI MX POCTa JJOMHUHHPYIOT IpH Temneparypax Boimie 900 K. I[ToasmkHOCT renuii-BakaHCHOHHBIX KOMIUIEKCOB
WM Ty3BIPHKOB SIBIISICTCS BAXHBIM (DAKTOPOM, PETyIHPYIOMIMM 3TH IMPOIECCHl. BpOyHOBCKOE IBIMKEHHE ITy3BIPHKOB
renus ObUIO TPOJEMOHCTPHUPOBAHO M MOATBEPXKJCHO HAOIIOAECHUEM, YTO CPEAHUM KBaJIpaT pacCTOSHUS, HA KOTOpOE
MHTPHUPYIOT My3BIPBKH, IporopixoHaneH BpeMeHd. Koadduunent nuddysun my3slpbKa 3aBHCENl OT €ro AuaMeTpa
coctapisn 10718 — 102° m%/c ipu 1460 K. B nponecce GpOyHOBCKOTO MBUKEHUS ITy3BIPHKU KOATECHUPOBAIA M HCUE3ATH
Ha [MOBEPXHOCTH 00pa3ua.
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B pabore [10] c momompio HaOmomeHus "in situ" B MPOCBEYMBAIOMIEM JJIEKTPOHHOM MHKPOCKOIIC
TEPMOAKTHBHUPOBAHHBIX IMPOLECCOB, MPOTCKAIOMIMX B IUICHKAaX Ni, oOimyueHHbIX uoHamu He', 1 HempepsIBHOW nX
perucTpanuy ObUTH 3a(UKCHPOBaHBI 00a MEXaHH3Ma POCTa My3bIPHKOB. BBUIO 1MOKa3aHo, YTO Cpa3y MOCIe HOSBICHUS
HOp UX POCT MPOUCXOOUT 3a cyeT AU(GGY3UH aTOMOB TEMsl WIM TellMi-BaKAHCHOHHBIX KOMILUIEKCOB Ppa3lIMuHON
cioxxHocTd. CiMsiHME TOp NMPAaKTUYECKH OTCYTCTByeT. [Ipy MOBBINIEHWH TeMmIeparypbl, Hapsay ¢ And(dy3HMOHHBIM
pocToM, HauMHaeTcs Mpolecc ciuaHus nop. IIposeineHue 3TOro mporecca HaumHaercs mpu Temmeparype ~800 K.
Bpemst opgHoro akra cnustaust cocrasisier ot 0.25 mo 0.04 ¢ (mpexen paspeuienust amnmapatypsl). [Ipu ganpHeinem
POCTe TEMIIEPATYPHI 3TOT MPOLIECC TIPOSBIAETCS Bee GoJiee OTYETIMBO H, TIPH J03ax obmyuenus 2-10%! M2, npusogut K
00pa30BaHMIO NPOTSHKEHHBIX ra30HAIOIHEHHBIX TTIOJIOCTEH.

O/HOBPEMEHHO € POCTOM MOP HAOIIOAFOTCS MPOIECCHl AaHHUTWIISIIMN: YMEHBIICHUS TUaMeTpa Mop BILIOTH JI0 UX
TIOJTHOTO Mcue3HOBeHNs (puc. §). Hapsimy ¢ 3TMM IpOMCXOST MpoLecchl pocTa OOJIBIIOH ra30HaNOIHEHHOH MOJIOCTH 32
CUeT MepeTeKaHus aTOMOB Ta3a U3 Oim3iesxamnieid mopsl Masoro pasmepa. Ilpu remneparype ~800 K Bpemst mociennero
mporecca cocraBiger mopsiaka 1 c¢. OOHapykeH mporecc ckaukooOpasHoro pocra monocteil. [lomst coObITHid,
MIPOMCXOAAIINX IO 3TOMY MEXaHU3MY, HEBEIIMKA U cOcTaBIsieT 2...3% oT 00Iero ux 4ucna.

Puc. 8. Mukpodororpadusi, WLTFOCTPUPYOLIAs POCT MOPHI 4 3a CUET 00BETUHEHHS ¢ 00JIee METKUMH OKPECTHBIME MTOPaMH,
HCYE3HOBEHHE MOPHI 5 U CUHXPOHHBIH pocT nopsl 6. [Topsr 1,2,3 He nperepreBaroT usmenenui [10]

Murpanust my3sIppkoB B MexaHn3Me MK oOycioBieHa mporeccaMid MepecTpORKHA MOBEPXHOCTH ITY3BIPHEKOB
IyTeM, CKOpEe BCEro, MOBEPXHOCTHON Iu(Qy3uH aTOMOB MaTpHIpl BOIM3M My3bIpbKa. B 3TOM ciydae sHeprus
aKTMBAI[MM IIPOIECCOB, MPUBOSIIMX K HM3MEHEHHIO IUIOTHOCTH Iy3BIPBKOB IIPH OTXKHIE, COCTABISIET IMPUMEPHO
MIOJIOBUHY SHEPTUH MOBEPXHOCTHOH quy3un, 3aBucsIel OT TEPMOJUHAMHIECKOTO COCTOSIHUS ITy3bIPHKOB.

PactBopenne n mepesaxsaT mo OcTBanbpay OOYCIOBICHBI TEPMHUYECKH AKTHBHPOBAHHBIM BBIXOJIOM TENUS U3
MaJIbIX MY3bIPHKOB U MOBTOPHBIM MOTJIONIEHHEM HMX OOJBINMMH Iy3bIpbKaMH. B 3TOM ciiydae KaKyllascsi SHEprus
aKTUBAIlU{ CHIDKEHMS IUIOTHOCTH ITy3BIPHKOB, PaBHA HEPTUU JUCCOIMALNHU (BBIX0/A) TeNlus U3 My3bIPHKOB, KOTOpas
3HAYUTEJBHO BBIIIE SHEPTUH MOBepXHOCTHOU An(dy3uu. Cunraercs, uto mexanuzmsl MK n OC OyayT TOMUHHPOBATh
IIPY OTHOCHUTENIFHO HH3KMX W BBICOKMX TemIreparypax (M /WM BBICOKMX W HH3KHX KOHIEHTPALUSIX Tenus),
COOTBETCTBEHHO. B J10M0JIHEHNE K TMCCONMANMK U IOBTOPHOMY IOTJIOLICHUIO aTOMOB resusi, Mexanusm OC Ttpedyer
JUCCOLMAllM U IOBTOPHOrO NOIJONIeHHs BakaHCUH. COOTBETCTBEHHO, JTOT, B OCHOBHOM, JIByXKOMIIOHEHTHBIN
MEXaHU3M, MOKET KOHTPOIMPOBAThCS MPOLIECCOM JTUCCOLMAUU aTOMOB TE€IHs WU BaKaHCHH, B 3aBUCUMOCTH OT TOTO
Kakasi U3 JIByX HEpIHil TUCCOIMANNH BHIIIE.

Kaxnomy #3 3THX MEXaHH3MOB COOTBETCTBYET ONPENEICHHBIH TPEHJ 3aBUCHMOCTH pPa3MEpPOB M IUIOTHOCTEH
ITy3bIPBKOB OT TeMmIlepaTypsl oTxura. Ha puc. 9 mpuBeneHsl TemnepaTypHble 3aBUCHMOCTH CPEAHHX AWAMETPOB U
IUIOTHOCTEH TENMEBBIX My3bIPHKOB it 1036 1-10%! M2, DKcnepuMeHTAbHBIE JAHHBIE XapaKTEPU3YIOTCA TPEMs
temnepaTypabiMu uHTepBatamu: 1 - ot 300 mo 760 K, 2 — ot 760 mo 1030 K u 3 — or 1030 no 1350 K ¢ sBHO
Ppa3IMYaroIUMUCS TPEHIAMU.

B HuzkoremmepaTypHOW 00JIaCTH JMaMeTp U IUIOTHOCTh My3bIPHKOB MpakTHYecku He MeHsiercs. [Ipu omxure B
obsactu Temneparyp ot 760 no 1030 K HaumHaercs pocT MX pa3MepoB M CHIDKCHHE IUIOTHOCTH. DTa TEH/EHIUS
Hapactaet B obsactu Temmeparyp 1030-1350 K.
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Puc. 9. TemneparypHas 3aBUCUMOCTb CPEJHUX JHAMETPOB U IUIOTHOCTEH I'eJIMEBBIX My3BIPHKOB B CTaJIH, 00ay4yeHHoH 20 kKaB-HbIMU
MOHAMH Tenus 10 10361 1-10%! M2

OneHka DSHEPrHMHM aKTHBALMM Ipolecca (TaHI€HC YIja HaKIOHAa BBICOKOTEMIIEpaTypHOHl BETBH KpHBOW),
KOHTPOJIUPYIOIIETO MEXaHW3M YKPYIIHCHHUS TeIUEBBIX Iy3BIPBKOB, B 3TOH 00JacTH naeT 3HadeHue ~3,7 5B. DOta
BEJINYMHA XOPOLIO COTIACYETCs C TEOPETHUESCKH PacCUMTaHHOM SHeprueii aktuBauu (3,5 5B) mpouecca orpeiBa aToma
remust oT MuKpomyssipbka (Epe®™®) mo mexammsmy OctBambma [11], a Takke ¢ JKCIEPHMEHTAIBHO IONYYEHHBIM
3HaueHueM Epd™ 11 BhICOKOTEMIIEpaTyPHOI CTaui pocTa Iy3bIpbKoB B cTamu 304L [12].

3AK/IIOYEHHUE

HccnenoBaHo pa3BHTHE TeJIMEBOI MOPUCTOCTH Npu oTxure Hepxkasetoued cramu X18H10T, obiyyenHol mpu
KOMHATHOW TeMmIeparype HOoHamu Trenus ¢ dHeprued 20 kaB 11 OJHOBPEMEHHOTO CO3JIaHUM CMENIAIONIUX
noBpexaeHui Ha ypoBHe 0,5 — 5 cHa u koHIeHTpanuu renus 1 — 12 ar.% .

VYCTaHOBIIEHO, UYTO NpU KOHIEHTpauuu renus ~1aT.% mepBble BUIAMMBIE ITy3BIPbKM C JAHAMETpOM ~1 HM
nosiBisitorcst mocie omxkura go 900 K. Ilpu yBenuueHuMM KOHIEHTpauuu renus A0 ~12 ar.% my3sIppku
00HAPYKUBAIOTCS TIPH Txoum.

OKCHEepUMEHTAIbHBIE JaHHbIC 110 W3MEHEHHWIO JMaMETPOB M  IUIOTHOCTH IIy3BIPBKOB B  IIpOIIECCe
MTOCTUMIUIAHTAIMOHHOTO OT)KUTA XapaKTePU3YIOTCSA TpeMs TeMiepaTypHbiMu craausmu: 1 - ot 300 mo 760 K, 2 — ot
760 mo 1030 K u 3 — ot 1030 mo 1350 K ¢ siBHO pasnugaroniiMucs TpeHaaMu. Ha mepBoit — mapaMeTpsl my3bIpbKOB HE
MEHSIOTCS, Ha BTOPOH WM TpPETheH CTaguM W3MEHEHHS HMEIOT Tpagalio oT cilaboro K cmibHOMy. s camoi
BBICOKOTEMIIEPATYpPHOIl CTauu IMOIy4eHO 3HaueHHe 3,7 3B i SHepruM akTUBAIMHU MPOLECCOB, KOHTPOIMPYIOIINX
OJIMH M3 MEXaHU3MOB YKPYITHEHHUS TeJIMEBBIX MTy3BIPHKOB. DTO 3HAYCHHE KOPPEIUPYET C TEOPETHUECKH PACCUMTAHHOMN
BEJIMYMHOMN SHEPrUM aKTUBALUU npouecca aucconuanuu (Ep.Y**) no mexanusmy OctBanbia.
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The results of the photonuclear production of ''C and '8F isotopes in various target-matrices are summarized. The studies were
performed using linear electron accelerators of the R&DE "Accelerator" NSC KIPT NAS of Ukraine in the energy range 10 -40 MeV
to determine the possibilities of obtaining the maximum achievable activity levels of ''C isotopes, and !®F with a view to planning
further developments on the creation of radiopharmaceutical for these nuclear isotopes. In the framework of the above approach, we
measured the activity levels of the '8F which is transferred to the surrounding aquatic environment during irradiation of targets-
matrices of fluoroplastic (C2F4) with bremsstrahlung flux. The release of the '8F isotope into the aquatic environment under the most
favorable conditions (in terms of energy and average beam current) was 3.6% of the target-matrices activity - 40 MBq/g, which is a
very low figure. Despite the encouraging value of the specific activity of '®F isotope in lithium fluoride (LiF) -77 MBq/g target—
matrices and hydrofluoric acid (HF) - close to 100 MBg/g, the process of extracting '8F from C:F4, LiF and HF as basis of the
radiopharmaceutical is not sufficiently effective and brings into question the feasibility of such a methodology for producing '*F
isotope for further use. More efficient was the production of the ''C isotope in the irradiated target-matrix of the standard therapeutic
form "glucose monohydrate" (glucose). It was shown that, as a result of irradiation of glucose with a gamma-quanta beam, it is
possible to “label” glucose with the ''C isotope, which is formed as a result of the photonuclear reaction >C(y, n)!'C at the 2C
nucleus, which is part of the glucose molecule CcH1206 -H20. Irradiated sample of glucose dissolved in a given volume of solvent
(distilled water) will be ready for use radiopharmaceutical "Glucose, ''C". It has been shown that the “photonuclear method”
provides for obtaining the “Glucose, ''C” radiopharmaceutical complex with total activity necessary for performing PET diagnostics.
The radiopharmaceutical "Glucose, ''C" by the time of its use has 100% radionuclide purity. “Glucose, ''C” obtained in this way was
produced for the first time. The choice of the optimal design of a water-cooled target station, providing a moderate (in terms of heat
loads) mode of irradiation of a capsule filled with glucose tablets, is discussed. Using the program “SolidWorks FlowSimulation
20117, the quantitative characteristics of the flow rates of water flowing around the glucose capsule and the converter are calculated.
KEYWORDS: isotope ''C; isotope '8F; target C2Fs; LiF; HF; linear electron accelerator; linac; radiopharmaceutical “Glucose, !'C”;
water cooled target station; photonuclear method.

HATIPAIIOBAHHSI I30TOIIIB ''C u '*F. OTPUMAHHS PAJIO®APMITPEIIAPATY «I'JIFOKO3A ,''C».

A.M. loB6Hs, P.M. /Iponos, B.A. Kyunip, B.B. Murpouenxo, C.O. Ilepe:korin, JI.I. CeaiBanos, B.A. IlleBuenko,
B.I. llipamenko
Hayionanvnuii Haykoeuii Llenmp «Xapxiecokuii ¢hizuxo-mexuiunuil incmumymy
1 8yn. Axademiuna, m. Xapxkie Yxpaina 61108
V3aranbHeHO pe3ylbTaTd HalpalioBaHHs GpoTosaepHuM crocodom izoromis ''C ta '8F B pisHux Mimensx-maTpunsx. JoCiimKeHHs
BHKOHAaHI Ha JNiHIHHUX npuckoproBadax enekTponiB HIAK "[puckoproBau" HHIL] X®DTI HAH VYkpainu B miamazoni eneprii 10 -
40 MeB st 3'aCyBaHHS MOXIJIMBOCTEH OTPMMAHHS MAaKCUMAIBHO JOCSKHUX piBHIB aktuBHOCcTi i3otomiB ''C ta '8F 3 meroro
IUTAaHYBaHHS TTOJANBIINX PO3POOOK 31 CTBOPEHHS Ha OCHOBI WX i30TomiB paxiopapmmpenapatis (POII) mus sneproi mMequunu. B
paMKax BMIIEBUKJIAIEHOTO MiZX0/y HAMHM IIPOBEACHI BUMIPIOBAHHS PiBHIB aKTHBHOCTI i30Tomy '®F, 110 MepexoauTh B HABKOJIMIIHE
BOJIHE CEpe/IOBUILE IPH ONPOMiHEHHI MilmeHeil-marpuup 3 ¢ropomnacty (C2Fs) morokoM rajabpMiBHOrO BHIPOMiHIOBaHHS. Buxin
isotory '8F y Bomme cepenoBumie B HAaNCTIPUATIHBIIMX yMOBax (IIO €HEPrii Ta cepelHbOMY CTpyMi Mydka) CKiaB 3,6% Bix
BEJIMYMHU aKTUBHOCTI Matpuni - 40 MBK/T, 1110 € T0CUTh HU3bKUM MOKa3HUKOM. He3Baxkaroun Ha oOHamidIMBe 3HAYCHHS MUTOMOL
akTUBHOCTI i30Tomy 'SF B Mimensx-marpuusax ¢ropumy mitito (LiF) -77 MBx/r Ta mwiaBukoBoi kuciaotu (HF) - 61u3bkoro 10
100 MBK/r, mutanHs BuinydeHHs i3otory 'SF 3 matpune CoF4, LiF i HF mus npuroryBanns Ha Horo ocHosi POII 3amumaerses
BIJIKPUTHM 1 CTABUTH I1ijl CYMHIB JIOLIBEHICTh TAKOI METOJOJIONI] HANIpAIfOBaHHs i30Tomy '8F juist 10anbuoro BAKOpUCTaHHs. Bibiun
PpE3yIbTATHBHUM BHSBHIOCH HANPALIOBaHHs i30Tomy ''C B ONpOMiHEHiH MillleHi-MaTpULi CTaHAAPTHOI JIKapChKoi hopMu "[IIHOKO3H
MmoHoriapar" (riaroko3a). [TokazaHo, 1110 B pe3ybTaTi OMPOMIHCHHS TJIFOKO3H MTyYKOM TaMMa-KBaHTIB BAA€ThCS 3IMCHUTH «MIYCHHSD»
rmoko3u i3otonom 'C, sxuii yTBOproeThea B pesynsTaTi (ortosueproi peakuii >C (y, n) ''C na aapi >C, mo BXoauTh 10 cKiaxy
Moutekyin rimokosu - CeH1206 -H20. OnpomiHeHuid 3pa30oK IIFOKO3H, PO3YNHEHHH B 3a7aHOMY 00CsI31i PO3UMHHUKA (IMCTUIILOBAHOT
Bomu) Gyze roToBuM 0 Bukopucranus POII «moko3a, ''Cx». Tlokasauno, mo «porosaepuuii MeTom» 3abesrnedye orpumants POIT
«'moko3a, ''C» 3 0BHOW aKTHMBHICTIO, HeoOXinHOoW s npoBeneHus IIET niarnoctuxu. POIT «mokosa, ''C» 10 MomeHTy iioro
BukopucTanus mMae 100% pamionykiinay uucrory. POIT «[moko3a, ''C» Takum croco6oM orpumanmii Brepiue. OGroBOPHOETHCS
BHOIp ONTHUMAaJIBbHOI KOHCTPYKLIi BOJOOXOJOIKYBAaHOTO MIIIEHEBOTO HPHUCTPOIO, 10 3abe3meuye MagHUN (B CEHCI TEIIOBUX
HABaHTA)XEHb) PEXHM ONPOMIHEHHsS KallCyJH, 3alOBHEHOI TaONeTKaMH TIIIOKO3U. BukopuctoByrounm mporpamy «SolidWorks
FlowSimulation 2011», po3paxoBaHi KiITbKICHI XapaKTepHCTHKH IMIBUAKOCTEH ITOTOKIB BOJY, IO OOTIKAIOTH KAICYIy 3 TIIIOKO30I0 1
KOHBEpTEp.

© Dovbnya A.N., Dronov R.N., Kushnir V.A., Mitrochenko V.V., Perezhogin, S.A., Selivanov L.I.,
Shevchenko V.A., Shramenko B.1., 2018
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HAPABOTKA U30TOMOB !'C u ¥F. TOJYYEHUE PAIUO®APMIIPENIAPATA «['JIFOKO3A 'C»
A.H. [1oB6Hs, P.H. /Iponos, B.A. Kyminup, B.B. Mutpouenko, C.A. [lepexorun, JI.U. CearuBanos, B.A. Illepuenko,
B.U. lIpamenko
Hayuonanvnvrii Hayunviii Llenmp «Xapvkosckuil pusuko-mexnuieckuti uHCmunmymy
1 yn. Akademuuecxas, Xapvkos Ykpauna 61108

OGoO6uIEHbI Pe3yIIbTaThl HApaboTKu HOTOsAEPHBIM crioco6oM u30Tonos 'C u 'F B pasnmuunbix Mumiensx-marpunax. Uccnemaopanus
BBINOJIHEHBI Ha JIMHEHHBIX yckopuTessix 31ekTpoHoB HUK "VYcekopurens" HHI X®TU HAH Ykpauns! B auanasone suepruii 10 -
40 M5B 11 BBIICHEHHS BO3MOYKHOCTEH MOJTyYEHUS MAKCUMAIBLHO JOCTHKUMBIX YPOBHeH akTuBHOCTH M30TonoB ''C, u ®F ¢ uensro
IUTAHUPOBAaHUS IaJbHEHIINX pa3paOdOTOK MO CO3JAaHMIO HAa OCHOBE ITHX HM30TONOB paauodapmmpenapara (POII) mmsa smepHoit
MEMIMHBL B paMKax BHIIIEU3IOKEHHOTO MOX0/a HAMHU MPOBEIEHBI H3MEPEHUS YPOBHEN akTHBHOCTH m3oTomna 'F nepexomsmero
B OKPYXKAIOIIYI0 BOJHYIO Cpefy IpH oOiydeHHH MuiIeHeid—Marpun u3 ¢roporuiacta (Cz2F4) mMOTOKOM TOPMO3HOTO H3ITyYeHHSI.
Boixon uzorona 'F B BoHYIO cpely B caMbiX GJIArONpPUSTHBIX YCIOBUSX (IO SHEPTHHU U CPEAHEMY TOKY Iy4Ka) cocTaBui 3,6 % OT
BEJIMYMHBI akTUBHOCTH Matpuubl 40 MBK/T, uTo siBiIsieTcsl BeCbMa HU3KUM IokasaTeneM. HecMoTpsi Ha o0HaAeXUBaroIIee 3HaYCHHE
yaensHoM akTuBHOCTH n3otona '°F B mumensx—marpunax ¢propuaa mutus (LiF) -77 MBr/T u miaBukosoii kucinotsl (HF) — Gnuskoii
k 100 MBx/r Bonpoc useiedenus uzorona 'SF u3 marpun CoF4 LiF u HF ans npurotoenenus Ha ero ocHoe POII ocraercs
OTKPBITBIM M CTaBHT TMOJ COMHEHHE MENeco00pasHOCTh TaKOW MeTomoNornn HapaGoTkm msotoma '8F s nansmeifiero
UCIIONB30BaHus. bojee pe3ylbTaTMBHOM okasamach HapaGoTka u3ortona ''C B 0OIydeHHOH MHUIIEHE-MATPMIIE CTaHIAPTHOM
nedeOHON (POPMBI «TITFOKO3BI MOHOTHIpPAT» (TUItoK03a). [lokazaHo, 4TO B pe3ysbTare OOMYUYEeHHS TIFOKO3BI IIyYKOM raMMa-KBaHTOB
yIaeTCsl OCYLIECTBUTh «MEYEHHE» TIIHOKO3bI H30TonoM ''C, KoTopslii o6pasyercs B pesynbrare Gorosaeproit peakuuu 2C(y,n)''C
na sape '°C, Bxonsiem B cocras Mouekyinsl Tiokosbl - CeHi1206 - HyO. OGnyuennsiii oGpasen TIFOKO3bI, pacTBOPEHHbIN B
3a[[aHHOM O0BEME PACTBOPUTENS (JIMCTHILTMPOBAHHON BOJIBI) OyI€T rOTOBBIM K ucnonb3oBannio POII «moko3a, ''Cx». TTokasauo,
910 «(OoTOsACpHBI MeToa» obecrmeunBaeT mnomydeHne POII «['moko3a, IC» ¢ momHOH AaKTUBHOCTBIO, HEOOXOOUMOH s
nposeaenus [19T nuarnoctuxu. POIT «moko3a, 'C» k MOMeHTY ero ucnosb3oBanus obnagaet 100% pagiruoHyKIHIHON YUCTOTOIA.
POII «I'moko3a, ''C» TakuM crniocoGom monyuen Brepsbie. O6CYKIaeTCs BHIGOP ONTHMAILHON KOHCTPYKIMU BOJIOOXJIAKIAEMOTO
MHIIEHHOTO YCTPOHCTBA, 00ECTIEUNBAIOIIETO MAAAMINI (B CMBICIIE TEIUIOBBIX HArpy30K) PEXHUM OOIydeHHs KalCyJbl, 3all0THEHHOM
TabneTkamu rinoko3bl. Mcnons3ys nporpammy “SolidWorks FlowSimulation 20117, paccunTanbl KOJTHYECTBEHHBIE XapaKTEPHUCTHKH
CKOPOCTEH IOTOKOB BOJIBI, 0OTEKAIOIIMX KaIlCYITy ¢ TJIIOKO30H I KOHBEPTED.

KJIIOYEBBIE CJIOBA: wusoron ''C; wmsoron '$F; wmumens CoFs; LiF; HF; juHeliHbli  yCKOpPHTENb — 3IEKTPOHOB;
pamuodapmmpenapar «Imoko3a, 'Cy; BoL0OXIaK1a6MOE MUIIEHHOE yCTPOMCTBO, (HOTOSAEPHBII METO/I,

Hcnonbs3oBanue paguonykiunoB (PH) B menuuuHe umeer riryOOKHE HCTOPUYECKHME KOPHH: OT OTKPBITHS
XKoo Kiopu mszoroma 3°P (1934r.) 10 MIMPOKOTO NpPUMEHEHHMs Pas3iM4HBIX HM30TONOB Juist Jiedenus u [T —
JUArHOCTUKU CETOIHS.

Viprpakoporkoxkusymue (YKIK) wusoromsl, npumensiemble Ui MedeHHs paanodapmnpenaparos (POII),
BBOJMMBIX MAalMEHTY, MPEAOCTABIIOT JBa OCHOBHBIX IPEMMYINECTBA MO0 CPAaBHEHWIO C JAPYTMMH BHJIaMH
Pa/IMOM30TOIHON IHATHOCTHKH. BO-MEPBBIX, MEYEHNE HMEHHO STHMHU H30TONamu, BKIodas uzorton 'C, (B omdune ot
UCIIOJIB3YEMBIX B OQHO(GOTOHHON 3MHCCHOHHOM KOMIBIOTEPHOH ToMorpaduu m3orTomoB *°Tc mmm '2’I) He MeHSET
XuUMH4YecKHx cBoiictB P®II, cienoBarenbHO, OHM SBIAIOTCS (YHKIMOHANBGHBIMU AHAIOTAMH  E€CTECTBEHHBIX
METabOJINTOB, M pAaclpefeieHHEe B OpraHM3Me HaUISKalUM o0pa3oMm BbIOpaHHbIX P®II anexBaTHO OTpakaer
rapaMeTphl HCCIEAYEMOTr0 OMOXMMHYECKOTo Iponecca H/Wiu (yHKIMOHAIBHOIO COCTOSHUS OpraHu3Ma. Bo-BTOpbIX,
KOPOTKHI MEepHo/J| TOTypaciaia JaHHBIX H30TONOB MO3BOJISIET IPOBOJUTH MHOTOKPATHBIE HCCIIEAOBAHMS OJHOTO U TOTO
JKe TAIUeHTA, YTO SIBJIAETCS MPUHLIUIHNAIBHO BaKHBIM JJISI PELIEITOPHBIX UCCIICAOBaHUH.

XoTsi KOHEUHOW WeNbI0 HccieoBanuii nmo Hapaborke PH sBisiercss nonyuenune POII, MedeHBIX pasinuHbIMU
M30TONaMH, OOJBIIMHCTBO HCCIIEIOBATENILCKUX Pa0dOT B ATOM HAIpaBJICHWH, BBHIIOJIHEHHBIX B YKpauHe U B Poccum,
TIOCBSIIIIEHO KOJIMYECTBEHHOMY OIIPEEICHHUIO JOCTIKUMBIX ypoBHeH akTuBHOCTeH PH, HapabGaThIBaeMbIX B MHUILICHSX-
MaTpHLax, IPH Pa3INYHBIX YCIOBHUIX X HApaOOTKM B peakTOpax U Ha YCKOPUTEISIX 3apsDKeHHBIX dacThl [1-7].

W3 n3BecTHBIX MeTonoB mnomydeHnsi PH (peakTOpHOTO M ¢ HCMOJIB30BAHHEM ITYYKOB 3apsDKCHHBIX YacTHI) B
YKpauHe B MOCJIEAHUE JECATHICTUS HanOOJbIIee BHUMAHHUE ynessieTcss «(OTOsIepHOMY METOIy», 4TO, B HEPBYIO
ouepenb, 00ycioBieHo HammuueM u QyHknuonupoBanneM B HHI[ XDOTU HAHY yckopHTENbHBIX KOMIUIEKCOB IS
(GyHIaMEHTaNbHBIX HCCICIOBAHMNA M paJUallMOHHBIX TEXHOJOTMH Ha 0a3e JMHEHHBIX YCKOPUTENEHl 3JIEKTPOHOB ¢
pa3IMYHBIM TOTOJIKOM 10 3Hepruu [2,3,5,6]. OmHako, MONydYeHHbIE B 3THUX paboOTax MOaHHBIE IO ONPEACIICHHIO
ynenpHbIX akTHBHOCTeH PH, HapaOaTbiBaeMbIX B MUIIEHSX-MaTpPHLAX, SBISIOTCS JIUIIb IIEPBBIM 3TAallOM B JUIMHHOM,
CJIOKHOW M JIOPOTOCTOAIIEH LENOYKE MOIYYeHHUs] KOHEUHBIX NMPOLYKTOB — PDII, kOoTOpHIE B pe3ysbTrare UX MEYEHHUs
pa3IMYHBIMM W30TOINIAMH, CTAHOBSTCS TJIABHBIM Pa0O4YUM CPEICTBOM SIJIEPHOM MeEAWIMHBI, OOECIIEYMBAIOIINM Kak
JMarHOCTHKY, TaK M JieueHHe. TakuM o0pa3oM, B YIIOMSHYTHIX BBIIIE MCCIICIOBAHHSIX 3HAYNTEIBHBIX PE3YJIBTaTOB IO
noyueHuto POII, MedeHbIX pa3nn4yHBIMU H30TONIAMH, ITOJIyYE€HO He OBLIO.

Onuumu u3 Hanbosiee BOCTPEOOBAHHBIX B SIEPHOM MemuuuHe sBistorcs POII Ha ocHose mzotomnos **"Tc u '8F.
Hzoron *MTc¢ TpaauIMOHHO HApabaTHIBAETC PEAKTOPHBIM METOIOM - IyTeM OOIYYEHHs MMINEHEH W3 MOJMOIEHA B
HOTOKaX HENTPOHOB pEaKTOpa COINIACHO PEAaKIUM paJMalMOHHOTO 3axBata *Mo(n,y)Mo ¢ Iocmemyrommm
o6paszoBanueM u3oTomna **"Tc npu pacnaze sapa ’Mo: (*?Mo—*"Tc).
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OmHako HapsILy ¢ 3TOW OCHOBHOHM W IIHPOKO HCIOJIB3YEMOW BO BCEM MHPE METOAMKOM, TPYIIION aMepUKAHCKIX
UCCIeoBaTENeN MPEUIOKEH TEXHOIOTHYECKU 3aMKHYTBIN UK «(pOTOSAEPHOr0» METO/IA NOTy4eHus uzorona *"Tc ¢
UCIIOJIB30BAHNEM ITydKa DJIEKTPOHOB IMHEHHOTO YCKOPUTENS — OCHOBAaHHOTO Ha peakunu ““Mo(y,n)*Mo—""Tc [8].

B pa6ote [8] moapoOHO onucana Besl TEXHOJIOIHUYECKas [eoYKa HoIydeHus u3otona **™Tc¢ Ha IydKe 3JIeKTPOHOB,
BKJII0Yas MPOIecC TEPMUUECKOM cemapariiy, BIUIOTh 10 KOMMEPYECKOH IIeHbl TPOM3BOINMOrO H30TOMA, YTO B HEMAJIOMH
CTETeHHU MOJIKPEIMJIO HAllly YBEPEHHOCTh B 11€1€C000Pa3sHOCTH MCIOIB30BaHuUs (POTOSAAESPHOTO METO/1a ISl HapaOOTKU
u apyrux PH nns sspepuoit meaunusst [2,3,5,6,9,10].

[enpro HACTOSIIMX HCCIIEIOBAaHUN Ha IIEPBOM 3Tare ObUIO BBISICHEHHE BO3MOXHOCTEH MOIYyYSHHSI MaKCUMaIbHO
JIOCTHXKMMBIX ypOBHell aktuBHocTH wu3otonoB ''C u '8F B MuImeHAX-MaTpuuax Ha JIMHEWHBIX YCKOPHTENSAX
HUK «Ycxoputens» HHI[ XDTHU ¢ nenpio miaHupoBanus (B AadbHEHIIEM) pa3paboTOK MO CO3TaHUIO HA OCHOBE ITHX
M30TOMOB pagro(apMIIpenapaToB sl SACPHON METUINHBI.

B cBs3u ¢ Bo3pacraromumM nHTEpecoM K [I9T—anarnocTuke pa3nudHbIX 3a00J€BaHUN 11e1ec000pa3HO HE TOIBKO
M3YyYUTh BO3MOXKHOCTH HapaboTku YKIK—paanoHyKIHIOB Ha WMEIOMNXCA B YKpawHE JHHEHHBIX YCKOPHTEISIX
anektpoHoB (HHL] X®TW HAH VYxkpaunsl, r. XappkoB), HO ¥ NPEANPHUHATH IMOMBITKY ITOJXy4E€HHS TOTOBOTO K
UCTIONB30BaHnI0 panuodapMupenapata «mokosa, !Cy» Gonee COBEPIIEHHBIM CIIOCOOOM, YTO SBISETCS IIPEIMETOM
HACTOSILET0 HCCIEJOBAHUS.

HAPABOTKA U30TOIOB ''C U ¥F ®OTOSIAEPHBIM CTIOCOBOM

B KauecTBe albTEPHATHUBHI OOLIEU3BECTHOMY «IMKJIOTPOHHOMY METOy» HapaboTku msotona '8F s cosmanms
P®II «@propaesokcuritokosa, ¥F» B paMkax BBINIEU3IOKEHHOTO MOIX0/Ia C HCIIOJIB30BAHUEM «(OTOSAEPHOTO METOIA»
HaM¥ TIPOBEJIEHBl M3MEPEHHS BO3MOXKHBIX YPOBHeil Hapabotku u3ortona 'SF B okpykaromeidl BOAHOW cpeje npu
o0uryueHnn MumIeHe—Matpun u3 groporuacta C,F4 MOTOKOM TOPMO3HOTO M3IYYEHHS Ha Pa3iIHYHBIX YCKOPUTEIAX
3JIEKTPOHOB, B Pa3JMYHBIX SHEPreTHUeCKUX MHTepBanax [9]. Kpome Toro, Gbina u3mMepeHa akTMBHOCTH m3otona '°F B
MHUILIeHIX—MaTpulax: ¢ropuna nutus (MoHokpucrau) —LiF u ¢ropoBomopoaHoii (riaBukoBoi) kuciotsl - HF.
[IpuHIMOIATPHO BO3MOXKHOH M AOCTaTOYHO 3(D()EKTUBHOW UL STHX LeNel MHUIIEHBIO MOXET OBITh THIPO(TOPHIT
nutust (kpucraiel) - LiHF,, obpa3ytomuiics B pesynbrare peakiuu LiF+HF= LiHF,. [Tony4ennsie B pe3ynbrare 3TUX
HCCIIeIOBaHUM JITaHHBIE CBEJICHBI B Ta0I. 1.

Tabmuma 1.
Hapa6otka nzotonos 'C u '®F na yckopurensx HUK «Yckopurens» HHI] XDTU
Hcxonnoe Hapabar Yckopures, YaenbHas
BellEeCTBO, BIBaeMbIii G KoHeuHbIii (o0BeMHast)
ycJI0BHS 00/ 1y4eHus], MpuMeHenme
(popmyua) H30TOI S — IPOLYKT AKTHUBHOCTH p
DropomIacT JIY-10 Ilnenka 20 MM, 46,2 xbk/r
p 18 Eo=12,5 M3B; 1;=200 MxA CeipneBoit
CaF4 F . 2 . 5
j= 0,625 mxA/cm Bopnsiii skerpakt | 1,85 kbk/cm MIPOAYKT
IInenka 20 Mkm .
Ta 2,5 MM; Tosx =30 Mun
dropun nutus V=10
PHaL 18 Eo=12,5 M5B; 1p=200 MxA Dropun THTHA CrIpbeBoit
(moHo- F . ) 3,2 MBx/r
kpucta) LiF j= 0,625 MxA/cm (MOHOKpHCTAILT) IPOIYKT
P Ta 2,5 MM; Tosn =30 Mun
DTODOIIACT «3IOC» Ilnenka 20 MkM 1,05 MBk/r
CoF p . Eo=25 M5B; ;=450 MKA ChIpbeBoii
2 j= 0,25 mxA/cm?; Pb 10Mm Boaubiii skctpakr | 41 kbr/cm? HPOIYKT
IInenka 20 Mkm -
Toon =110 MuH
Dropomact JIY-40m IInenka 20 MkM 40 Mbx/r
CoF p I8E Eo=36 M>sB; Icp=6 MKA CrIpreBoit
- j= 3,5 MmxA/cm?; Ta 4 MM Bonnsrit skcrpakr | 1,42 MBr/cm? MPOAYKT
[Tnenka 20 MM -
Toon =30 MUH
dropun uTus JIY-40m
PHaL 18 Eo0=36,7 M3B; Iep=6 MKA dropun nuTHSA ChIpbeBoif
(MoHO- F . 0y 77 MBx/r
. j=4,3 MmxA/cm?; Ta 4 Mmm (MOHOKpHCTAILT) MPOIYKT
kpucrtami) LiF ”
To6x=70 MHUH
dTOpOoBOAOPOA- JIYV-40m DTOPOBOAOPOI-
Has (TUTaBUKO- I8E Eo=34 M>3B; Ip=6 MKA Hasl (ITaBUKOBast) 12.6 MBx/r ChrIpbeBoil
Bas) KUCIIOTA, j= 3,5 MmxA/cm?; Ta 4 MM kucinora, HF 40% ’ MPOIYKT
HF 40% To6:=30 MuH
dropoBopopoa- JIY-40m
Has (TI1aBUKO- 18 Eo=34 MbB; Ip=6 MxA ®roposozopos- ChIpbeBoif
F . 5. Has (m1aBukoBast) | 92 MBx/r
Bas) KHCJIOTA, j= 3.5 MmxA/cm?; Ta 4 MM nenora. HF 80% MPOIYKT
HF 80% To5:=109 MuH ’ ’
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Hcxonnoe Hapabat Yckopures, YaeabHas

BellecTBO, bIBaeMbIil 6 KoneuHbIii (o0bemHas1)

yCJIOBHS 00TyUeHH s,

(hopmy.ia) H30TOI THI KOHBEpTEpa HPOAYKT AKTHBHOCTH IIpumenenne
T'uapodropun N Tunpodropun He MeHee Chipberoii
TS (KpHC- F Bo3MoJKeH B KaueCTBE MHUIICHH JUTHS yIeIbHON HDOLVKT
tayusl) LiHF2 (xpucTauIB) aktuBHOCcTH LiF pony
oo TriTeH JIY-40m

1 Eo=36 M»3B; Ip= 6 MKA Ionuatunes, CrIpbeBoii
(CHz2)n, C . > 225 Mbxk/r
j= 3,5 MmxA/cm*; Ta 4 MM IUIACTHHA MPOLYKT
IUIaCTHHA
Toon =30 Mun
Bonaubrii
I'mroxo3a JIY-40m pactBop POIT
Tabnerku Eo=36 M»B; Iep= 6 MKA Tabnerku: «[moko3a, ''C»
«IIOKO3BI 1nc j= 3,5 MxA/cm? «[I0KO3BL 110 MBx/r , IOJ1aHa 3asBKa
MOHOTHIPAT» Konseptop Ta 4 mm; MOHOTHIPAT» Ha u300peTeHue
CsH1206 - H20 To6x =60 MuH [10] ot
10.08.2017

Kak moka3aim npoBeICHHBIC UCCIICTOBAHHUS:

- ga umeromuxcss B HHI[ X®TU MMHEHHBIX YCKOPHTENSAX JIEKTPOHOB MOIydYEHHE aKTHBHOCTeH m3oToma 'SF B
BOIHOM cpene (u3 MumeHe—marpur u3 groporacta C,F4), mocturaronmx BeanduH okosio 1 Ku, mpeamnonoxxuTeasHo
JOCTATOYHBIX Ui JanpHeimero co3manusi P®II, medenoro m3otomoMm 'SF, BO3MOXKHO TOJBKO NpU  YCIOBUH
ONTHMHU3AMH BCeX (PAKTOPOB, 00YCIaBIMBAIONMINX BEMMIMHY HapaboTku n3otona ‘°F. [aBHBIM cpemu >THX (paKTOPOB
SIBJISIETCSI BEJIMYMHA IJIOTHOCTH TOKA 3JIEKTPOHOB Ha MuiieHH. OOecriedeHre BBICOKMX 3HAYCHHUIl 3TOro mapamerpa u
€ro TpaKTHYEeCKas peayu3anys Mpu HapaOOTKE M30TOIOB IMPEICTABISNCT INIABHYIO HAYYHO—-TEXHHYECKYIO TPYIHOCTH
(G oTOsIIEPHOTO METO A HAPaOOTKU H30TOTIOB;

- Beixog u3ortona '|F B BoAHyw cpemy npu obiaydeHud MuineHel—marpuil u3 Qropormtacta CoFs B cambix
OJIATONPUATHBIX YCIOBUSAX (TI0 SHEPTUHU H CPEIHEMY TOKY ITydKa) cOCTaBisieT 3,6% OT BEIMYUHBI aKTHBHOCTH CaMOM
MaTpuirsl - 40 MBK/T [9], 4To sBJISIETCS B KOHCYHOM UTOTC BECbMa HHU3KHM ITOKa3aTelieM (HalpuMep, 0 CPaBHEHUIO C
nonei uzorona Mo/ *"Tc, u3BiekaeMoro u3 oOJy4EHHON MATPUIBI) M CTABUT TI0Jl COMHEHHE IENECO0OPa3HOCTh
TaKOH METOZOIOTHH HapabOTKH N30TOMIA 8F st manmpHEHIIero UCIoTb30BaHHS.

HecMmoTps Ha 0OHamEKUBAIOIIEE 3HAYCHHE YACTLHON aKTUBHOCTH m30Toma '°F B MMImeHsx-maTpumax ¢propuma
qutust -77 MBk/r m nmaBukoBoi kucnotel -46 MBi/r (mpu 40% xoHueHTparmu) u Oommskord k 100 MBr/r (mpn
koHnenTpamuu 80%) Bompoc ucnoib3oBanus uzorona '8F (B cocrase marpun LiF u HF) ms mpurotosnenus Ha ero
ocHoBe PO®II ocraercs oTkpriTeiM. Kak BuaHOo w3 Tabn. | B marpuue mommsytuieHa - (CHz)n ynenmsHas akTHBHOCTh
nzorona ''C JMOCTaTOYHO BBICOKA M cOCTaBiIsAeT 225 MBK/T, HO (Takke, KaKk W B CIydac MATpHIl M3 (Toporacra,
(Topuja JIUTHA M TUIABMKOBOM KHCIOTHI Ipu HapaboTke uzortona 'SF) useneuenue nenesoro uzorona ''C wu3 aroi
MaTpHLBI IPEJICTABISET COO0H TPy IHOPEAIN3yeMYyIO 3a/1a4y.

IPEAITOCBIJIKH U ITPEJJIOKEHMUSA 110 ITOJIYYEHUIO PAANO®APMIIPEITAPATA
«JIIOKO3A, ''C»

B cBeTe M3JI0KEHHOTO BhILIE, H0JIEE ONTHMMUCTUYECKON MPEJCTABIIAETCS CUTyallus ¢ HapaboTkoii nsotona ''C B
«IIEPCIEKTUBHBIX» MHIICHAX-MaTpuax. CUTyanust KapIWHAIBHO MEHSETCS, €CIM B KadeCTBE «ICPCIIEKTUBHOM»
MHIICHA-MaTPUIBl BBIOpPAaTh TOTOBYIO JICKAPCTBEHHYIO (opMmy, Hampumep, «lmoko3y» (TJIFOKO3bI MOHOTHIPAT) U
«TIOMETHTB» €€ n30TonoM ''C, ucronb3ys GOTosAEPHBIN METOI.

VMectHO oTMETHTB, uT0 B I[IDT-TOMOrpadguu ucmonb3yercss Heckonbko P®II, «MeueHbix» mzotomom '!C:
«Bytupat, ''C», «Metrmonum, 'C», «Xomun, !C» n mmpoko ucmnonssyemsii POII dropaesokcurmokosa, 8F. Onn
UCTIONIB3YIOTCS JUISl TUarHOCTUKU OHKOJIOTMYECKUX HOBOOOPa30BaHMM T'OJIOBHOTO MO3ra, IPEACTaTeIbHON JKeJe3bl, B
kapauonoruu u ap. Ceiliuac B Mupe u3BecTHO aBa Buaa POII rimokossl, Meuennoi uzoromamu ''C u BF: «1-''C-
roko3a» U « 2-¢rop ['*F]-2-ne3okcu-D-rimoko3a (propaesokcurmokosa, '*F)», T.e. D-T0k03a, B MOIIEKYJIE KOTOPO
OJIHA TMJIPOKCHJILHAS TPYTINa 3aMmenleHa Ha paauonykaug '8F [11,12]. B mupe, Kak NpaBwiio, MHUPOKO MCMONIB3YETCS
METOJ/IMKA, KOTJId PaJMOaKTUBHBIE «MeTKW» - u3oTonbl 'C u '8F cHavanma mony4aroT Ha IMKJIOTPOHAX, THIATENLHO
BBIIENSIOT UX, a 3aTEM CHHTE3UPYIOT ¢ MX nomouisto P®II. Hanpumep, uzoron ''C, ucmonb3yemslit juist cunTe3a
yKa3aHHBIX Bhime P®II, momydarorT IyTeM oOmydeHHs ra3o00pasHoro aszora '“N IIydkoM IIPOTOHOB IMKJIOTPOHA,
cornacHo peakmud “N (p, o) ''C. Cunres Bcex POII meuennbIx n3otonoM 'C, (BKIHO9as ITIIOKO3Y), IPOM3BOIUTCS IO
peakuusaM KapOOKCHIMPOBAHUS WM METHIMpOBaHWS. [Ipw 3TOM, HampuMep, HCHOIB3YeTCsl CIOCO0 MOITydeHHs
Gomemmx axtuBHOCTEH ''C B popme ''CO; mmm !'CH B rasosoii mumenn mukmorpona. Mzorom *F oGpasyercs B
pesynbTate obaydeHne IpoToHamu ¢ sHeprud 10-20 MaB Boabl, 060rameHHol cTabMIBHBIM H30TONOM Kucitopoaa 80,
cornmacHo peakiuu SO (p,np) 8F. Ilpm sTOM XxmMudeckoil (opmoit crabmmmsamun SF sBiasercs (ropua-aHuoH,
KOTOPBIi B MaJbHEHIIIEM 00BIYHO BKJIFOYACTCS B COOTBETCTBYIOIIHE HYKICO(MUILHBIC PEAKIMU, JAFOIIHUE BO3MOXKHOCTh
Hoy4aTh GTOPUPOBAHHEIE COEAUHEHMS, HAIPUMED, (PTOPAE30KCUTIIIOKO03Y, (F.
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®dTOpHpPOBaHHE TIIOKO3BI M30TOMOM '°F M «MedeHme» TOKO3bl m30TOomOM ''C [JOBOJBHO CIOXKHBIE H
JOPOTOCTOSINE TEXHOJIOTHYECKHE MPOLECCHl C HCIONB30BAaHHEM TOKCHYHBIX XUMpeareHToB. He ciyuwaiiHo, 3TH
npoueccsl cuHTe3upoBaHus POII 3amuineHbl MHOCTPAHHBIMHM TNATEHTAMH B BHAE 3allaTCHTOBAHHOW TEXHOJIOTUH
«qele)Iﬁ AOIAK» U IIUPOKO UCIOJIB3YETCA B MEAUMIIMHCKUX HEHTPAaxX BO BCEM MUPEC.

B oTnuume OT ONMUCAaHHBIX BBINIE HM3BECTHBIX cHocoOoB momyuenusi POIl myrém cuHTE3MpoBaHuS UX C
HCIIOIB30BAHUEM OTIEIBHO BbleNeHHbIX u3otonoB ''C u  '8F  mpemnaraemblii HamMm  croco® COCTOMT B
«1peobpasoBanum» cTabuIbHOro wm3otona '>C B Monekyie rmokossl B uzoron !'C. «IIpeobpaszoBanue» cTaGMILHOTO
uzorona '>C B MosieKyJie I0K03bI B u30tomn ''C ocyIecTBIseTcs myTeM, OOIydeHUs] CTaHAAPTHBIX TAOJIETOK IITIOKO3bI
My4KOM TaMMa-KBaHTOB JIMHEHHOTO YCKODHTENsS 3JIEKTPOHOB st oOpasosanmss wusotoma ''C B pesynbrare
¢orosnepnoii peakuun '>C (y,n) ''C ma saape '2C, ecTecTBEHHBIM 00pa30M BXOIAIIEM B COCTaB MOJIEKYJIBI MOHOTHIPATA
k036l — CsH 1206 © H,O. Baxno, 9T0 cTpyKTypHas hopMyia U OHOIOTHYECKas aKTUBHOCTh MOJIEKYIIBI TIFOKO3BI TIPH
9TOM HE MEHSIOTCS.

Ilpu stoM mnpouecc momyuenns pamuodapmmpenapara «[mokosa, '!C» CymiecTBeHHO ympomaercs, T.K.
HCKITIOYaeTCsl OYeHb CIIOKHAS U JOPOroCTOAIIas onepanus cuHTesnupoBanus PDII, MedeHoro 3aJaHHBIM H30TONOM (B
HameM cirydae uzoronom LC).

I[Ipemnaraempiii crioco6 nosydenus npemnapara «[mokosa, 'C» oTanyaercs 0T OOMIETIPUHATEHIX B MEPE CIIOCOGOB
HoJTy4eHHsl NpenapaTos, medeHHbX uzotonamu ''C u '8F, ynpouieHHOM Npolepypoll €ro mojyueHds U BBICOKOH
PalMOHYKIMHOM YHCTOTOH Npenapara, sSBIssCh, 110 CyTH, albTEPHATHBOM JPYTMM U3BECTHBIM CIIOCO0aM.

DKCIepUMEHTAIbHBIE UCCIIE0BaHus 10 nonydeHnto POII «'moko3a,''C» BHIIOIHEHB Ha TMHEHHOM YCKOPUTETIE
3JIEKTPOHOB IyTeM «MeueHHus» u30TonoMm ''C cTaHsapTHOMN JiekapCTBEHHON (POPMBI — IIIFOKO3bI MOHOTHApAT (Jajee
TJII0K032a), BBITyCKAaeMbIii OTEUECTBEHHOH (hapManeBTHYECKOW MPOMBIINIJICHHOCTBIO B BHJE TaOJIETOK ISl HIMPOKOTO
UCTIONb30BAHUS B MEIUIMHE W aueTosnoruu. [lpomecc «medenus» m3otonoM !'C TIIFOKO3BI COCTOMT B OGIydeHUH
aMITyJIbl, 3aIIOJTHEHHOW TaOJIeTKaMM TJIFOKO3bl IYYKOM T'aMMa-KBaHTOB Ha JIMHEHHOM YCKOPHTEJE SIICKTPOHOB C
SHEPIHUeH, TPEBHIIAONIEH Topor 06pasosanus uzortona ''C B pesynsrare hoTosmeproii peakuun >C (y,n) ''C na sape
12C, (maxonsrmeMcst B COCTaBE MOJIEKYJIBI TIFOKO3EI). DHEPreTUIECKU opor obpaszosanus uzorona ''C ma sape 2C -
18,72 M5B, nepunon nosypacnaga uzorona !C - 20,4 MEHYTEL

KOHCTPYKIIUS BOJJOOXJJTAKJIAEMOI'O MUIIIEHHOOI'O YCTPOMCTBO (BOMY) METO/IUKA
HAPABOTKHA U U3BMEPEHUS YJIEJbHOM AKTUBHOCTH U30TOIIA ''C B COCTABE I'TIOKO3bI
Hapa6oTka rioko3sl, MedeHHOM uzotonom ''C, mpounsBoaurcs Ha nuHeitHoMm yckoputene JIY 40m B cxeme
o0uryueHns, npecTaBiaeHHON Ha Puc.1

Puc.1 Cxema o0yueHns 1 KOHCTPYKIMS BOJOOXJIAXKIAeMOr0 MHUILIEHHOTO ycTpoiicTBa (BOMY)
1 — Kpeimmka kopmyca; 2 - Kopmyce; 3 - Kpelmka kamncynel ¢ ymioTHsSoUmEeW mpoknankoit; 4 - Kamcyma, 3amomHeHHas
TabJeTkaMu TIIOKO3bI; S5 — @ukcupyromee ycrpoiictBo; 6 — Konseprep (4 mmactunsl Ta); 7 — BxomHoe okHo; 8 - Hampasnenue

06J'Iy‘{eHI/I$I QJICKTpOHaAMH

Pexxum oOydenus Ha yckoputene JIY-40m:

e DHEprus 3JIEKTPOHOB 36 MaB;

. CpeaHUI TOK 6 MKA;

. BpeMst 00TydeHUs 60 MUHYT;

e  koHBepTep - Ta (4 uIacTHHEI, OOIIEH TONIIMHON 4 MM);

e  MWUIICHB - aMITyJIa W3 aJTFOMHUHUS, 3aTI0JTHEHHAsI TIIF0K030# (Maccoii 4 T.)
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OnumreM ycioBHs IEIEBOTO SKCIEPUMEHTA, IPOBEICHHOTO ISl ONPEIEICHHS BEJIMYMHBI YACIBHON aKTHBHOCTH
mszorona !!C B 06mydennoM 06pasiie TIIOKO36I Maccoi 4 T. [Iydok JJIEKTPOHOB - 8, BEIXOMAINIMI U3 YCKOPHTEINS, 9epe3
BXOJHOE OKHO -7 IIONAafaeT Ha TaHTAJOBBI KOHBEPTEpP (3JIEKTPOHOB B raMMa-KBaHThI) — 6. ['aMMa KBaHTBI B CBOIO
ouepe/ib 00Jy4aloT aMITyJTy M3 ajJlOMUHHSA - 4, 3aII0JTHEHHYIO TabJieTKaMu III0K03bl. KoHBepTep 1 amItyia ¢ TiIroK030M,
pasMellanTcs B aBTOHOMHOM MHIIEHHOM YyCTpoWcTBe -1,2 M OXJIaXXJaloTcsi MOTOKOM Boabl. [locie oOnydenust B
TedyeHne 60 MUHYT, aMmIyjia C TJIOKO30W M3BJIEKAETCSl U3 MHILIEHHOTO YCTPOWCTBA [UIsl OMpEAeNIeHUs] IOJHOMN
aktTuBHOCTH m3oToma ''C B oOpasue mIOKO3bl (MO M3MEPEHMIO Y/EIBHOM aKTMBHOCTH M H30TOIHOTO COCTaBa
oToOpaHHOW mpoObl) Ha ramma-cniekrpomerpuueckoM komiuiekce CANBERRA wu  nampHelimeit mporuenypsl
npurotosierust POII «'moko3a, ''C». OT60p MpoGhl HEGOMBIIOH MacChl 0OYCIOBIEH BHICOKUM 3HAYEHHEM TOJIHON
aKTHBHOCTH BCET0 00pa3Ia IIIFOKO3bI, YTO /IEJIAeT HEBO3MOXKHBIM M3MEPEHHMS MTOJTHOW aKTHBHOCTH BCETo 00pasiia u3-3a
Meperpy3ok ramma-criektpomerpa. ['amma-criekrpomerpudeckuii kommiekc CANBERRA BiirouaeT repMaHHCBBIN
HPGe — netektop ¢ sHepretmdeckuMm paspemcaneM (FWHM), pasHom 1,8 k0B mo mmmum 1332 xaB (°°Co).
AxtuBHOCT, m30oTOma ''C  ompenenanack IO XapakTEPHOH s  IO3MTPOH-OMUCCHOHHBIX  YKJK-m3oTomos
AHHUTUISAUOHHON ramma - ymaHud: 511 xoB. Ilonnas aktuBHOCTE M3oToma ''C, comepikaimerocs B 4 T' TJIIOKO3bI
(ompezensiiach IMyTeM YMHOKEHUS IIOJIy4YeHHON YACIbHOW aKTHBHOCTH MPOOBI Ha MOJHYIO Maccy o0pasia).

VYnenbHas aKkTHBHOCTb, OTOOpaHHOI mpoObl (mociie o0nydeHuss B TedeHue 60 MMHYT 00pasla TIJIFOKO3bI)
paccuMThIBAIaCh 110 HW3BECTHBIM (hOpMyllaM aKTHBallMMd pPaJUOHYKJIHAOB C YYETOM BceX (DAaKTOPOB: «8pemeHu
00NIyYeHUsY, «BPeMEHU USMEPEHUA), «USMEHeHUeM aKMUBHOCIU 3a 6peMs USMEPEHUN U 8PeMEHU «8bIOEPIHCKUY (Uau
«ocmuieanusy) coctaBmina 110 MBk/r. [lonHass akTUBHOCTB OOJy4E€HHOM TJIrOKO3bI Maccod 4 r cocraBmia 440 MbBk.
Kak Oyzer moka3aHo HWXe, OOJy4eHHBIH oOpaser TIIIOKO3bl, PaCTBOPEHHBIH B 3a/JlaHHOM O0bEME pacTBOPHUTEIS
(AMCTUIIMPOBAaHHOMN BOJIBI) OY/IET yKe TOTOBBIM K UCTONb30Banui0 POIT «moko3a, ''Cy» ¢ 00beMHOI aKTHBHOCTBIO B
MBx/mi1.

IIpn HEoOxommMocTH Macca oOpasla TIIOKO3BI MOXKET OBITH BBIOpaHa cymecTBeHHO Oombmredi (10-15T.),
CIIEIOBATENIbHO, W BEJIMYMHBI HOJIHOM HapabaTbiBaeMOW B 00pasle aKTHBHOCTH OyIyT B HECKOJBKO pa3 OOJbLIMMHU
(>1000 Mbk) mo cpaBHEHHIO C peallbHO MOJYYCHHBIMH B OIKCAHHOM O3KCIEPUMEHTE. DTO 00CTOSATENHCTBO MOYKHO
paccMaTpuBaTh KaK PE3EPBHYIO BO3MOJKHOCTh YBEIMYEHUS TIONHOW aktuBHOCTH P®II  «I'mokosa, 'Cx». U3
ONyOJIMKOBAaHHBIX JIAHHBIX 110 TIpuMeHeHuto P@IT ¢ropaesokcurmokosa, 'F M3BeCTHO, YTO BBOAMMAS MOJIHAS
akTUBHOCTL P®IT (ropaesokcurmokosa, '*F cocrasnser 122 MBk Ha 1m? miiomaay NOBEPXHOCTH TeNa, KOTOpas
OmpeAessIeTCs UCXOsI U3 pocTa U Beca obcienyeMoro, B cpenteM - 370-400 MBk st ucciieioBaHus BCEro Teia, s
UCCIeOBaHMs MO3ra M Muokapaa - 150-240 MBk. T.o. BennuuHbl momHOH akTuBHOCTH POIN «I'mrokosa, ''C»,
HapabaTbiBaeMol (HOTOSAEPHBIM CIIOCOOOM Ha yCKOPUTEINE AJICKTPOHOB, CPABHUMBI C BEIMYNHAMU TTOJIHOH aKTHBHOCTH
P®II propaesokcuriokosa, '°F, neoOxomumbivu s T1DT-auarnoctukw.

XoTsl TIpu TPOBENEHUH STHX HCCICIOBAHUHA HCIONB30BaJCA MYYOK AJIEKTPOHOB MOIIHOCTBHIO OKoio 0,5 kBT,
Cephe3HOE BHHMAHME YAEISIIOCH BHIOOPY TakoW KOHCTPYKIMH MHIIEHHOTO YCTpOMCTBa, KoTopas Obl oOecriedmsa
3¢ PEKTUBHOE OXJIAXKICHHE OCHOBHBIX 3JIEMEHTOB, ITOJIBEP)KEHHBIX MaKCHMAJIHOHN TETJIOBON Harpy3ke — KOHBEPTEp U
KaIcyJja, 3alloHeHHas 00JydaeMbIM HCXOAHBIM BELIECTBOM Ul HapaOOTKH LieneBoro uzoroma. Ilo 3Toil mpuuuHe
HCIOJB30BAJICS YIPOIIEHHBIH BapHaHT BOAOOXJIAXIAEMOTO MHUIIEHHOTo ycrpoiictBa (BOMY) ¢ «IpsMOTOYHBIM»

HaAIpaBJICHUEM OXJIAXKAAIOIUX ITIOTOKOB BOJBI.
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Puc.2. Pezynbrat pacuéra TpaeKTOpPHA M CKOPOCTEH OTOKOB
BoJbI B (BOMY)
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B cBsI31 ¢ HU3KOW TePMUYIECKON CTOMKOCTBIO 00IydaeMOi TIIFOKO3BI, HEOOXOIUMO OBLIO 00ECIIeYNTh AT (B
CMBICJIC TEIUIOBBIX HATPy30K) PEXHM OOJIy4eHHS KalCyibl raMMa KBaHTaMu/3J1eKkTpoHamu. [lns BbIOOpa Takoro
PEKHMa HCIIOJIB30BAIUCH PACUETHI CKOPOCTEH MTOTOKOB OXJIaXIaroliiei Bojbl coriacHo mporpamme «SolidWorks Flow
Simulation» [13]. Pe3ynbTatsl 3TOr0 pacyéra npuBeAeHsI Ha puc. 2.

Kak BHIHO W3 TpEICTAaBIEHHOH OIMIOPHI, B KOHCTPYKIHH, WU300paXEHHOW Ha PHC.2 BBIIOJHSETCS TIJIaBHOE
ycioBue: 3(pdexkTHBHOE OXJIaXIeHHE OCHOBHBIX KOMIIOHEHTOB — KOHBEpTEpa TOPMO3HOTO H3JIYyUYECHUsS] W KarllCyJIbI,
3aIll0JJHEHHOM TIIOK030H. TeM He MeHee, CKOPOCTH IOTOKOB OXJIAXJAIOIIMX KOHBEPTEp OBUIM CYIIECTBEHHO HIKE
CKOPOCTEH ITOTOKOB BOJBI, OXJXIAIOIIMX LEHTPAJIbHYI0 YacTh Kalcyibl. Tak Kak KOHBepTep ()yHKIHMOHAJILHO
WCTIBITHIBAET MaKCHMaJIbHbIE TEIUIOBBIC HAarpy3KH, TO IpH OOJyYEHHSX MaTpPHUI-MHIICHEH NpPU MOIIHOCTSX ITydYKa
aeKkTpoHoB, mpeBbimaromux 0,5 kBt konctpykimmn BOMY, nomkHBI mpemycMaTpuBaTh BapHaHTHI ¢ Oolee
3¢ (QEKTUBHBIM OXJIAXJICHUEM TaKOrO 3JEMEHTa, Kak KOoHBepTep. B Tabmume 2 mpuBeneHBI CKOPOCTH IOTOKOB B
pa3muuHbIX 9acTssx BOMY BEIOpaHHOW KOHCTPYKIIUH.

Tabmuma 2.
CKkopoCTh MOTOKA BOBI B PA3IMYHBIX YaCTIX BOAOOXJIAKIAEMOr0 MUIIIEHHOTO YCTPOHCTBA
DJeMEHT BOJOOXJIAXKAaEMOI0 MUIIIEHHOTO YCTPOHUCTBA CKOpOCTB MOTOKA, M/C
1. HuxHsist yacth (BXOHON MaTpyOoK) 2,110
2. KoHBepTep TOpMO3HOTO H3ITyUEHHS 0,302
3. Kancyna ¢ 06srygaeMbIM BEIIECTBOM 0,604
4. BepxHsis 9acTh (BBIXOJHOH MaTpyOoK) 1,811

Ocoboe BHUMaHUE TpU KOHCTpyupoBanud BOMY yaensiiock BEIOOPY MaTepHaIOB BCEX 00JydaeMbIX JIEMEHTOR:
kopriyca BOMY, kamcysibl ¥ (PUKCHPYIONIETO KarCysly YCTPOMCTBA C TOYKH 3PCHUS MHUHHUMH3AIUU HaBEICHHON
AKTUBHOCTH, JJIs1 00ecIIeueHns 0€30ITacHOCTH 00CTYKUBAOIIETO IEPCOHANa cortacHo TpeboBanusiM HPBY-97.

U3BecTHO, 9TO BONb(paM IMUPOKO MPUMEHSETCS B KaueCTBE KOHBEPTEpPa TOPMO3HOTO HM3IYUYCHHS, HO B CIydYae
OXJIQKJIEHUS BOJOM OH OKa3bIBAE€TCS HEMPHEMIIEMBIM MAaTe€pHaioM B CBS3M C €ro BBICOKOH «paguallMOHHOM
JETYYEeCThIO» M OOpa30BAHMEM BBHICOKOM HABEICHHOM AKTHBHOCTH ONTOKHMBYIIETO H30TOma 'S'W u mpyrmx
PaAMOAKTHBHBIX H30TOMOB BoNb(pama. [lpudyéM BBICOKAas HaBeIeHHAs AKTHBHOCTb COXPAHSETCS KaK B CaMOM
KOHBEpTEpe, TaK M B OXJKIAIOMICH BOJIE 32 CUET «BBIMBIBAHUS) COSAMHEHHUN BOJb(PpamMa BO BpeMsl €ro OOIydIeHUS U
HX TIOCHEAYIOMeH NUPKYJSIAU M0 BCEMY KOHTYpY oxnaxiaeHus. Cephé3Hoe BHHMAaHHE YACISUIOCH TAaKXKe BBIOOPY
MaTepHalia YIUIOTHSIOMIUX 3JIEMEHTOB, UMEIONIUX OTPAaHWYCHHYIO PaIHAlMOHHYIO0 CTOWKOCTD M TPEOYIOMIHNX 3aMEHBI
mocye ceanca obmydeHns. Heo6xoamumo Takke OTMETHTb, YTO UCTIOIB30BaHNE KOHCTPYKIIMOHHBIX aHTHUKOPPO3HOHHBIX
TMTAHOBBIX CIIABOB HEKENATENBHO 110 MPMYMHE BHICOKOH HABEIEHHOM aKTHBHOCTH M30Tomna *’Sc HapabaThIBarOIErocs
B KOHCTPYKIMSAX W3 TUTaHa cornacHo peakuuu **Ti (y,p) 4'Sc.

BaxHbIM 00CTOSTEIILCTBOM MPH OOJIYYCHHUH MHUIICHH SBJISETCS KOHTPOJb MapaMETPOB CHCTEMbI OXJIAXICHUS C
ITOMOIIIBI0 POTAMETPOB IUPOKOTO JUAMIA30HA PACX0/1a BOJIBI HEMIOCPEACTBEHHO B IPOIIECCe 00TyICHUS.

METOJAUKA MPUTOTOBJEHUS POIT «TJIFOKO3A, ''C»

Meromuka npurotosicaus POII «moko3a, ''C» cBoguTCcs K onepaTHBHOMY (MaKCUMAIBHO OBICTPOMY) IIOJTHOMY
PACTBOPEHUIO OCHOBHOM 4acTh OOJNYYEeHHOW Macchl TIIIOKO3bl, MeUeHHOH u3otonom ''C B 3apaHee MOATOTOBIEHHOM
o0beMe AWCTHUTMPOBAaHHOW BOIBI, B3ATOM U3 pacdeta TpeOyemoir (0ObeMHOH ¥ TIONHOH) aKTHUBHOCTH
paguodapmmpenapaTa Il BHYTPUBEHHOTO BBEIEHHS €ro HccieayeMoMy OnooObekTy win manueHty. IlosnHble u
00beMuble akTuBHOCTH P®II «[mroko3a, ''C» (rOTOBOr0 K HCHONB30BaHMIO), INOJYYEHHOTO IYTEM PacTBOPEHHS
00JryyeHHOTro 00pa3la IIIOKO3bl BeCOM 4 T' B pa3M4HBIX 00beMax pacTBOPHTEIS B Pa3iMYHbIE MOMEHTHI BPEMEHH t
NOCJIe «OKOHYaHUs 00JTyueHHsD PUBEICHBI B Ta0I. 3.

Tabmuna 3.
OO6BeMHBIE U MTONTHBIE AKTHBHOCTH FOTOBOTO K HCIONB30BaHKI0 PDIT «moko3a, 'Cx»

O6BeM O6bemHast O6bemHast Tlonnas O0beMHas [Tonnas O0beMHas [Tonnas
PACTBOPHTEINS | AKTUBHOCTh | aKTHBHOCTh | aKTUBHOCTH | aKTHBHOCTH | aKTUBHOCTH | aKTHBHOCTH | aKTHUBHOCTh
(H20), M pactBopa pacTBopa pactBopa pactBopa pacTBopa pacTBopa pacTBopa

MBx/mn Ha | Mbk/mMin va | MbBk Ha MBk/mn va | MbBk Ha MBk/mn ua | MbBk Ha
MOMEHT MOMEHT MOMEHT MOMEHT MOMEHT MOMEHT MOMEHT
t =0 Mmun t=20,4 mun | t=20,4 mua | t=30,6 mun | t=30,6 Mun | t=40,8 mua | t=40,8 Mun
4 110,0 55,0 220,0 38,8 155,0 27,5 110,0
5 88,0 44,0 220,0 31,0 155,0 22,0 110,0
6 73,3 36,6 220,0 25,9 155,0 18,3 110,0
7 62,8 31,4 220,0 22,2 155,0 15,7 110,0
8 55,0 27,5 220,0 19,4 155,0 13,7 110,0
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BakHOl XapakTEpHCTUKOH IIPEMIaracMoro METoAa MoloydeHus mpenapara «[mrokosa, ''C»  sBisercs
CPaBHHUTEILHO KOPOTKMH IIepHoj Toidypacmaga msotoma ''C, cocrapmsommii 20,4 Mun. B psge cioydaeB 310
00CTOSATENILCTBO SBJISETCS NMPEUMYIIECTBOM M TO3BOJISIET MPOBOAUTH perienTopHele, noBTopHele 19T nccnenoBanus
OfHOMY U TOMY e manuenty (B [I9T-Tomorpaduu ucnons3yercs takxe uzoron O [14] ¢ nepuonom moaypacnana
2,05 MUHYTBI, YTO TIO3BOJISIET MPOBOAUTE ITOBTOPHYIO AUATHOCTUKY Kaxkzable 15 MuH).

B namem cjlydga€ 9TOT (baKTOp MPEABABIIACT MOBBIHICHHBIC Tpe60BaHI/IH K OINICPAaTUBHOCTHU IMPOBEACHUSA BCCX
JEWCTBUH-TIPOLIEYD, BXOSIIMX B IEpEUCHb Ipoliecca MOyYeH s TOTOBOTo ITpenapara.

B oroii cBA3m 1enecooOpa3sHO MOAPOOHO TEPEYHCINUTh TOPANOK W JUIMTEIBHOCTh BCEX JAEHCTBUH,
COMPOBOKIAIOIMX Mporecc npurotosnenus POIT «[mokosa, 'C» (mocne «MedeHus» Tiroko3bl uzoromom ''C,
HauMHas C KMOMEHTA OKOHYAaHUs OOIyUCHU» HA YCKOPHUTEIIE):

TexHoJIOorHYecKii HHTEePBAJI Iepe]] 3aX0/I0M IIepcCoHalia B OyHKep 5 MuH
3axon B OyHKep, U3BJICUCHUE aMITyJIbl C OOIyYeHHOH TIFOKO30HM M3 MHUILIEHHOI'O yCTPOMCTBA, IOMEILCHUE 2 MuH
aMITyJibl B [IEPEHOCHOM 3aIlUTHBIN KOHTEHHED

TpaHCcIOPTUPOBKA KOHTEIHEpa K MECTy NPOBEICHHs W3MEPEHHH aKTUBHOCTH COAEPKUMOTO aMITyJIbl 3 MuH
Ipolecca pacTBOpeHUs 00pasiia MII0KO3bI (IIPOLeyPhl BHIIOIHAIOTCSA B OJHOM MECTe)

OT160p poOBI M3 aMITyJIbl, B3BEIIMBAHUE IPOOBI 2 MUH
W3MmepeHue akTUBHOCTH IPOObI Ha raMMa-CIEKTPOMETpE, ONpeleleHHe YAENbHOH M «ILIaHUpyeMOoi» 5 mun
00BEMHOI aKTHBHOCTH ITpenapara (Ipu JUIMTEIbHOCTH N3MEPEHNI Ha raMMa - CIIEKTPOMETpe SMUH.)

ITpouecc pacTBOpeHUs] OCHOBHOM MAaccChl TIFOKO3bI B paCTBOPHUTEIIE, 3aJIMBKA TOTOBOTO K MCITOIb30BAHHIO 3 MuH

npenapara BO (akoH C ykazaHMeM (Ha JTHKETKe (QiakoHa) OOBEMHOH AaKTHBHOCTH W BPEMEHH
«OKOHYaHUSI OOJTydEeHUS » Ha YCKOPUTEIIE MPOU3BOIUTCS MapALIENbHO € MPEIBIAYIIIM 3TAIIOM
CymmapHoe BpeMs 20 muH

Taxum 06pazom, mporecc npurotosienus POII «moko3a, 'C» (roTOBOro K HCIOIB30BaHHUI0), 3aHAMAET 20 MHH.
K ykazaHHOMy BpeMeHH ciexyeT A00aBHTh BpeMsi, HEOOXOOMMOE Uil TPAaHCIOPTUPOBKH IIpernapara K MECTy
pacnosnoxenus [I9T-romorpada (okoso 5-10 mun).

Orto ycnoBue BBIMONHAECTCA Ipu pacnonoxeHun 1IOT- tomorpada B memcamuactm Nel3 1. Xapbkosa,
pacnionoxxennoit BOmm3u HHIL[ X®TU, cnenosarenbHo, oOmiee Bpems, MNpoIIEANIee C «MOMEHTa OKOHYaHHMs
o0ryueHus» 10 MOMEHTa BBEJICHUsI Npernapara 0JIn3ko K Benuuune 30 MUH.

CornacHo JaHHBIM Tab. 3 naxke yepe3 30 MUH. MOJIHAs AKTHBHOCTH BOJHOTO pacTBopa «I Jmoko3sl, 'C» 06bemom
oT 5 1o 8 M Oyzet cocraBnATh 155 MbBk. OTa BenmnunHa HaXOANUTCS B AWAIA30HE MOIHBIX aKTHBHOCTEH, HEOOXOIUMBIX
it [I9T-nccnenoBanuii Mo3ra W MHOKapja. 3HAYMTENHFHO OOJBLIYIO IOJHYIO/00BEMHYIO aKTHBHOCTH MOKHO
MTOITyYUTh, UCIIONB3YSI AT 00MydeHus rroko3bl yekopurenb KYT-30 ¢ sueprueit 30 MaB u cpemaum Tokom 200 MKA
(mmerommiicst B HUK «Y cxoputens» HHI XOTU HAH Ykpaunsr). 3to mo3Boiser 6oee ueM B 30 pa3 o cpaBHEHHIO
¢ TmpoBeAcHHBIM d3kcriepuMeHTOM (200 MKA / 6 MkA =33,3) yBenmmuuth  (MONMHYIO/00BEMHYIO)  AKTUBHOCTH
HapabaTteiBacMoro mpemaparta «lmoko3a, !!C». Pacmanm napaGoTaHHONH akTMBHOCTH m3oToma ''C mpu  3ToM
«PacTATHBAETCS » HA IIATH NEPHOMOB mHoiypacmama msortoma ''C - (32=2%). DTO NONHOCTBIO CHHMET IIPOOIEMY
KECTKOTO BPEMEHHOTO PEKHMa IPUTOTOBICHUS M AOCTAaBKU IpenapaTa K «IIOTPEOHUTENto», T.K. MO3BOJIUT KO BCEM
TIEPEYNCIIEHHBIM BBILIE JEHCTBUSM IO MPUTOTOBICHUIO U TpaHcroptuposke POIT «Imokossl, ''C» (IMTENBHOCTBIO
okouo 30 muHyT) npubaButs 102 Munytel (20,4 MuH. X 5 = 102 MuH)

Jarusie Tabi. 3 nmpUBEIeHbl KK HArVSAHBIN TPUMEP U3MEHEHHS BO BpeMeHu aktuBHOCTH PDIT «[moko3a, 'Cy»
TIOJY4E€HHOT'O TPH OOJIy4EeHHH CPEIHUM TOKOM YCKOpHUTENs 6 MKA o0pasua IiitoKo3sl BecoM 4 . A BBIOOp HEOOIIbIION
BEJIMYMHBI Macchl 00JlydyaeMol TIOKO3bl - 4T. (11 OTpPaOOTKM TEXHOJOTMM H3MEPEHMs MOJHOW aKTHBHOCTH
o0yueHHOro 00pa3sla IIIIOKO3bl, a TaKKe NPHUroToBJIeHHs M3 Hero pactBopa POII «I'mokosa, 11C» ) aukroBancs
TpeOOBaHMAME 00ECTIEUCHUs PaANAIMOHHON 0e301macHOCTH. PeaqbHO MOTYT OBITh 3HAYMTENBHO YBEIWYEHBI KaK Macca
00ygaemoii Tioko3kI (10 10-15 1) Tak u cpenumii Tox yckoputens g0 200 MxA (B 30 pa3z). OTo Ooiee ueM Ha MOPSAOK
YBEIMYMBACT BCE NMPHBEICHHBIE B Ta01.3 JaHHBIC W TaKMM 00pa3oM IOATBEPXKIACT pealli3yeMOCTh TAKOTO BapHaHTa
HapaboTky 1 ucnons3osanms mist [19T muarnoctuku POIT «mroko3sa, 'Cx.

CrnemyeT OTMETUTh, YTO BBIOOP BENWYHMHBI MAacChl OOTydaeMOi TIIFOKO3bI M 00BEMa pacTBOPUTENS MO3BOJSET B
CKaThIf CPOK NMPUTOTOBUTH IIpenapar, FOTOBBIA K HCIIOJIB30BAaHMIO, C IIMPOKUM HMHTEPBAJIOM BEIUYMH YICIBHONH U
00bEMHOI1 aKTHBHOCTH.

K IOCTOMHCTBAaM IpeuIaraeMoro crocota nomydenus npenapara POIT «mokosa 'C» crnenyer, npexnue Beero,
OTHECTH TO, YTO «MEXaHW3M» BO3AEHCTBUS Ha XHBOW opraHusm POII (kak IIOKO3bI) aHAIOTHYEH Iperapary
(ropaesokcurmokosa, '*F. OTanume coOCTOMT JIMIIb B TOM, YTO POJIb PaJIMOAKTHBHOM «METKHM» BMECTO M30TOma 'SF
Boinonnser uzoron ''C. B ommuune or '8F B Monexyne (ropaesokcurimokosa, uzoron ''C He MEHAET GHOXUMHMYECKUX
cBoiictB POII, uTo mo3BossieT Ooree TOYHO N3yUaTh paclpeielieHUe Mperapara B OpraHu3Me.

PAJUOHYK/IUJHASA YUCTOTA
Ha puc. 3 moka3an raMMa-CIieKTp OCTaTOYHOW aKTHBHOCTH 00Opasiia o0rydeHHOH ritoko3bl. Kak BuaHO U3 puc.3,
HAa CIIEKTPE OTCYTCTBYIOT Kakue 00 MMOCTOPOHHNE TaMMa-JIHAN KpoMe THHAUH ¢ 3Heprueit 511 k3B, mpunaanexarmei
uzoromy 'C, uro noareepikaaer 100%-Hyto paanonykinuanyio ductoty POIT «[mokosa, 'Cx.
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Puc.3. N'amma-criekTp 00Iy4eHHON TIIOKO3bL.

Crtporo roBops, B MoJieKysie MoHoruapara rimokossl - CeH1206 + H2O doTosmepusM criocoboM u3 m3ortoma 00
MOKET TaKke HapabaTsiBaThes uzoTon O ¢ mepuoaom nomypacnana 2,05 MEHYTBI, KOTOPBIM MOJHOCTBIO PACIIafaeTCs
K MOMEHTY TOTOBHOCTH K HCIIONb30Banus npenapara «[mokosa, 'C» (30-40 mun).

ITo cymiecTBy, HANTMYNE KOPOTKOKHUBYIIErO M30TOMNA O He SBISIETCS «BPEIXHON» MPUMECHIO, T.K. OH UMEET TAKyIO
e aHHMTHJIALMOHHYIO raMMa-JInHUIO ¢ 3Heprueit 511 k3B kak y uzorona !'C,

CTEPUJIBHOCTD IIPEITAPATA

Jnst M3roToBJIEHMs IIpenapara HMCIONB3yeTcs CTepuibHas rotoBas (apmareBTHyeckas jeueOHas ¢opma —
TIIFOKO3BI MOHOTHJIPAT B BUAE TabieTok. Mcnonp30BaHre HMEHHO Takoil (JOpPMBI, 10 HAIlIEeMy MHEHHIO, TPEICTABIACTCS
Oornee MPENIIOYTUTENEHBIM [0 CPABHECHUIO C TOTOBBIMU BOIHBIMH PACTBOPaMH TIIFOKO3bI B aMITyJIaX IO CJIETYIOLIUM
MIPUYMHAM:
1. TOHWXEHHOI KOHILEHTPALUH TIIOKO3bI B BOJHBIX PACTBOPAX, YTO CYILECTBEHHO CHIDKACT yNEIbHYI0 aKTHBHOCTB
koHeuHoro POIT «'moko3a, 'Cy;
2. HCKIIOYCHUS] BO3MOXKHOCTH OOpa30BaHMsI pa3iMuHBIX CBOOOIHBIX paiukaioB Tuna OH, m ux mMoHHOro oOMeHa,
KOTOpPBI HMMEeT MeCTO B BOJHOI cpene (pacTBopa IIIIOKO3bI) I0OJ JACHCTBUEM OOJIYyYeHHS, YTO OCIOXKHSET
UCIIOJIb30BaHKE TAKOTO Mperapara;
3. TOIBEPKEHHOCTH Pa3pyLICHUIO aMITyJIbl C PACTBOPOM IIIIOKO3BI B MPOIEcCe 00Iy4YeHHs M3-3a OONBIINX TEIUIOBBIX
Harpy3oK (4To MoJITBEPKAECHO 3KCIIEPUMEHTAIBHO).
CrepunbHOCTE npenaparta «Imoko3a, ''C» obecneunBaercs 3a CYET UCTIONB30BAHMUSL:
1. W3HAYaNBbHO CTEPUIILHOMW JICKAPCTBEHHOW (POPMBI — IIIFOKO3bI MOHOTHIPAT, CTEPUIIBHOCTh KOTOPOH MOAKPEILISETCS

B TIpo1iecce o0IydeH s ee IyYKOM HOHU3UPYIOIIEro H3Ty4eHHs (raMMa-KBaHTOB U JJICKTPOHOB);
2. TpeABapHUTENbHO CTEPHIM30BAHHOTO PACTBOPUTENS (IUCTHIUIMPOBAHHOHN BOIBI);
CTEePUWJIBHOM €MKOCTH U1l PaCTBOPEHUSI OOIyUCHHOM IIIIOKO3HI;
4.  crepunbHOTO (IIAKOHA I CIIMBA B HETO pacTBOpa mpemapara «I mokosa, HC»;

w

3AKJIIOYEHHUE

1.  DKcIepMMEHTalbHO M3MEPEH YPOBEHb HapalboTKU m3oTona '°F B pasnmuuHbIX MuLIeHSX-Marpunax. Huskoe
3HaYeHHeE JONH aKTUBHOCTH u3oTona 'SF, mepexonsmeii u3 (TOpOIIACTa B OKPYIKAKOILYI0 BOIHYIO CPEy, CTABHT IO
COMHEHHE TaKOW METOJI €ro HapaOOTKHU IS IIPAKTHYSCKOTO UCTIONB30BaAHMS.

2. Hcnonb3ys (GoTOSIEPHBIA METOJ HapaOOTKH HM30TOIMOB IyTEM OOJIYYCHHUS TaMMa-KBaHTaMHU CTaHIAAPTHOMN
JIEKapCTBEHHOM (PopMBI «I TIOKO36I MOHOTHIPATY, BIEPBHIE TIOTy4eH paauodapmupenapar «moko3a, !'Cy, roToBsIi k
rcnoiabp3oBaHuio B [IDT-auarnocTrke U onrcaHa TEXHOIOTHUS €ro MOTYUCHHUS.

3.  CpaBHMTEIBHO KOPOTKHH HEpHOI moiypacnaga usotomna ''C HpembsBIsSeT MOBHILIECHHBIE TPEOOBAHHSA K
ONEPAaTUBHOCTU IPOBEACHUS BCEX NECHCTBUH-IIPOLENYDP, BXOASIIMX B IE€PEYEHb INpOlecca MOIYYEHHs] T'OTOBOTO
npenapara. Bee nedicTBusA-IporieAypbl OpoOOBaHBI HAMH Ha IPAKTHKE, YeM IOKa3aHa MPaKTHYecKasl pean3yeMoCTh
npemIaraeMoro Metoa noxydenus POII «moko3sa, 'Cx.

4.  Tlonyuenue POII «'moko3a, ''C» cymecTBeHHO 061IeryaeTcs U yAeleBIseTcs 0 CPAaBHEHHIO, HATPUMED, C
TEXHOJOrHel MoNydeHus Ipenapara (GTopAe30KCUIrIIoKo3a, 'SF, (momyyaeMoro ImyteM OOIydeHHs IOPOrOCTOSILErO
«MAaTEpUHCKOTO» U30TONA 180 IIyYKOM [IPOTOHOB LIMKJIOTPOHA C AAJIbHEHIIEN TEXHOIOTHYECKON LETIOYKON «I10/ICaIKI
uzorona '8F k MOseKyIie TIIFOKO3bI).
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5. bnaromaps OTHOCHTEIBHOH YIIPOINEHHOCTH croco0a moiydenus POII «'mrokosa, ''Cy», (T.K. HCKIIOYaeTCs
CIIOKHBIH M JOporocTosimuidi mpouecc cuHTte3a), 100%-HOH pamuoOHyKIMAHOW YHCTOTE, a TaKKe BO3MOXKHOCTHU
MosTydeHnss OOBEMHOM aKTHBHOCTH TIperapara, MOCTATOYHOM i mpoBeneHust auarHocTkd Ha IIOT Tomorpade,
OTHMCAHHBIA CIOCO0, BHITOAHO OTJIMYAET TAKYK TEXHOJOTHIO TMOJydeHus mpenapara «[mokosa, !!'C» oT u3BeCTHBIX
TEXHOJIOTHH MoTydeHus (apMIpenapaToB TIIFOK03bl, MedeHbIx uzotornamu 'C u '8F.

6. CoBpemeHnHble crneuuanusupoBanHble [1OT-IEHTPBl yKOMILJIEKTOBaHBl yCKOPUTEISIMH IIPOTOHOB -
LUKIOTpOHaMU. JIJIs TOJYYEeHHsl U MCIIOJIB30Banus onucanHoro Beime POIT «mokosa, ''Cy, HezamMeHMMOTO, B TOM
YHcile JUIsL PEeLeNTOPHBIX HccieoBaHuid, B ycioBusx [IDT-mentpa TpeOyercss MCTOYHMK BIIEKTPOHOB (JIMHEHHBINA
YCKOpUTEIb WIM MHUKPOTPOH ¢ 3Hepruei 35-40 M»sB). JlomosiHuTeNbHAss BO3MOXXHOCTh HAapaOOTKH Ha yCKOpHTENE
5IEKTPOHOB (DOTOSIEPHBIM CIOCOOOM TaKKE KOPOTKOXKHBYHIETo m3oToma O [14], kpaliHe HEOOXOOMMOIO IpH
WCCIIEIOBAaHUAX MEXaHU3MOB (DyHKIMOHHPOBAHMS TOJIOBHOTO MO3ra, SBISIETCS JOMOJIHWUTEIBHBIM apryMEHTOM B
0JIb3Y HE0OXOMMOCTH OcHAmeHNs [I9T-eHTPOB yCKOPUTEISIMU 3IEKTPOHOB.
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In this paper we determine the crystallization temperature of a melt of the Fe-B system depending on the boron content and. The
thermodynamic properties of the boron-bearing phases are studied. The investigation was performed for alloys with the boron content
of 2.0-4.2.0% (wt.), the rest is iron. The smelting of Fe-B system alloy was carried out in a furnace in alundum saggers in the argon
atmosphere. The cooling rate of as-cast alloys was 10 K/s. To ascertain the structural condition of alloys we used the microstructure
analysis, the differential thermal and the X-ray structural analyses. In the paper, based on experimental data for the Fe-B alloys, we
determined the crystallization temperatures of alloys under consideration, depending on the content of boron in the alloy. In addition,
we revealed that the y-Fe+Fe2B eutectic transformation occurs at the temperature of 1441 K and at the boron content of 3.8% (wt.).
To determine the thermodynamic functions of the phases we used the quasi-chemical method. With accounting for the contribution
of the first degree approximation of the high-temperature expansion for the thermodynamic potential we derived expressions for the
free energy of the melt of the binary Fe-B alloy, the boron-doped austenite and the Fe2B boride. The expressions obtained for the free
energy potential and the chemical potential of the melt of the binary Fe-B alloy, the austenite and the Fe;B boride enable to obtain the
Fe-B phase diagram liquidus boundaries. The calculations performed in this paper made it possible to obtain the numerical values of
the crystallization temperature of the alloy, depending on the boron content, and to determine the temperature of the y-Fe+Fe:B
cutectic transformation and the boron content, at which this transformation takes place in the alloy. Such an approach allows
describing most completely from the thermodynamic point of view the crystallization process and the eutectic transformation. The
results of the calculations obtained in this paper are in good agreement with the experimental data.

KEYWORDS: melt, overheating of alloy above the liquidus line, Fe-B system alloys, Fe2B iron boride

JOCJIKEHHSA JIHII JIIKBIAYCY HA TIATPAMI CTAHY Fe-B
H.IO. ®inonenko
M3 «quninponemposcora deparcasna meouuna akademis MO3 Yipainuy
49044, Yxpaina, m. Auinpo, eyn. Bonooumupa Bepnaocvkozo, 9

Y poboTi BCTaHOBICHO TEMIEpaTypy KpHcTami3aiii po3miaBy cuctemu Fe-B B 3amexHocTi Big BMICTYy OOpy Ta BHBUYCHO
TEpPMOJMHAMIYHI BIACTUBOCTI (a3, mo mictaTh 6op. JlocmikeHHs NpoBOAMIM HA CIUiaBax 3 BMicToM Gopy 2,0-4,2,0 % (mac.),
peurra — 3amizo. BumiaBky cruiaBiB cuctemu Fe-B mpoBoamnu B medi B alnyHZOBHX TUIVISIX B atMocdepi aproy. IlIBumkicts
OXOJIO/UKEHHS CIUIaBiB micis yutTa ckinagana 10 K/c. [lng BU3HAa4YeHHS CTPYKTYpPHOTO CTaHy CIUIaBiB BHKOPHUCTOBYBAIM
MIKPOCTPYKTYpHHH, pEHTT€HOCTPYKTYpHHIA Ta qudepeHIiifHnil TepMiuHuil aHamizu. Y poOoTi 3a pe3yabTaTaMi eKCIIEPUMEHTATBHUX
JIaHUX Jis cruiaBiB cucteMu Fe-B Oyio BH3HaueHO TemmepaTypH iX KpHCTali3alii B 3aJIe)KHOCTI Biff BMICTy Oopy B cruiaBi. Oxpim
I[,OT0, BU3HAYCHO, II0 eBTeKTHYHE nepeTBopenHs y-Fe+Fe:B BinOysaerscs npu temmneparypi 1441 K ta Bmicti 6opy 3,8 % (Mac.).
Jlnst BU3Ha4YeHHS TePMOJIMHAMIYHUX (YHKLiH (a3 BUKOPUCTOBYBABCS KBa3iXiMiUuHMII MeToJ. 3 ypaxXyBaHHSM BHECKY HaOJVDKCHHS
HEPIIOro CTyIEHs BUCOKOTEMIIEPATypHOro PO3BUHEHHS TEPMOJHHAMIYHOTO MOTEHIiaTy OyJI0 OTpUMaHO BUPAa3H JUIs BUIBHOT eHepril
po3mnaBy GinapHoro cruiaBy Fe-B, aycrenity, seroBanoro 6opom, ta Gopuay FeaB. Orpumani Bupasu [y BimbHOI eHeprii Ta
XIMIYHOTO MOTeHIiady po3iuiaBy OiHapHoro cruaBy Fe-B, ayctenity ta Gopuay Fe:B no3Bonnnu BH3HAYMTH PO3TaUlyBaHHS JiHIT
nikBixycy Ha miarpami crany Fe-B. IlpoBeneHi B naHiii po6OTi po3paxyHKH Jajiy 3MOTY OTPUMATH YHCJIOBI 3HAYCHHS TEMIIepaTypu
KpHUCTaNi3alii CIIaBy B 3aJ€KHOCTI BiJl BMICTY OOpYy, BU3HAUUTH TEMIEpaTypy €BTEKTHYHOTO mepeTBopeHHs Yy-Fe+Fe:B Ta Bmict
0opy B CIIIaBi, mpH SKOMY BinOyBaeThCs 1€ MEPETBOPEHHS. Bukopucranuii y manid poOOTI MiAxix poOHUTH MOXKIMBHM HaIaHHS
HaOIBII ITOBHOTO 3 TEPMOJMHAMIYHOI TOYKH 30py OIHCY HPOIECY KpHCTami3alii Ta eBTEeKTHYHOro mneperBopeHHsA. OTpumani
Ppe3yNbTaTH PO3PAaXyHKIB JOCUTH 10OPE y3TOMKYIOTECS 3 eKCIIEPIMEHTAIbHUMU JAaHUMU.

KJIIOUYOBI CJIOBA: po3mias, neperpis cluiaBy BHILE JIiHIT JIIKBixycy, cruiaBu cucremu Fe-B, 6opux 3aiiza FeaB

HCCIENOBAHUE JIUHUU JIUKBUJYCA HA TUATPAMME COCTOSIHUA Fe-B
H.IO. ®unonenxo
'Y «/{nenponemposgckas cocydapcmeennasn meduyunckas akademus MO3 Ykpaunvi»
49044, Yxpauna, 2. [Jnenp, yn. Braoumupa Bepuaockoeo, 9
B pabote ycraHOBIICHA TeMIlepaTypa KpHCTaJUIH3alUK paciuiaBa cucteMbl Fe-B B 3aBHCHMOCTH OT comepaHHs Oopa M U3y4eHbI
TepMOANHAMHYECKHe CBOHCTBa Oopconepkamux (a3. MccnenoBanus MpoBOAMINCE Ha CIUIaBax C cojepskanueM Oopa 2,0-4,2,0%
(mac.), ocrainbHOe — jKeje30. BhIIulaBKa CIUIAaBOB IPOBOJAWIACH B II€YM B QIYHAOBBIX THIJIIX B arMocdepe aproHa. CKopocTb
OXJIAXKIEHUS CIUIABOB mocie JuThs cocraBuna 10 K/c. i ompeneneHus CTPYKTYPHOIO COCTOSIHHMS CIUIABOB MCIIOJNB30BAlIM
MHUKPOCTPYKTYPHBIH, PEHTIeHOCTPYKTYpPHBIH M I QepeHInalbHbIi  TepMUYeCKuil aHaiu3el. B pabore mo pesynbratam
9KCTIEPUMEHTANIBHBIX JAHHBIX JUIs CIIIaBOB cUcTeMbl Fe-B OblH ycTaHOBIEHBI TEMIEPATYPhl UX KPUCTA/UIU3ALUH B 3aBUCHMOCTH OT
coepxkanus 6opa B craBe. Kpome 3Toro, OblIo yCcTaHOBIEHO, YTO 3BTEKTHUecKoe mpespamienue y-Fet+Fe:B mpoucxoaut npu
temneparype 1441 K u cogepxkanun 6opa 3,8 % (mac.). [ns ompenencHusl TepMOIHMHAMUYECKHX (QYHKIUH (a3 HCIONB30BaNCs
KBazuXuMuaecknii Meroa. C yd4eToM NPHOIIDKEHHUS NMEpBOi CTENEHH BBHICOKOTEMIIEPATypPHOTO PA3NIOXKEHUSI TePMOANHAMHIECKOTO
MOTEHIMANIA OBUTH IOJIy4YeHBI BEIPAXEHHs Ul CBOOOAHOI sHepruu paciuiaBa OuHapHoro cmasa Fe-B, aycrenura, serupoBanHoro

© Filonenko N.Yu., 2018
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6opoM, u 6opuzna Fe:B. TlonyuyeHHble BbIpaKeHUs LI CBOOOJHOM SHEPrHU M XUMHUYECKOTO NMOTEHIMANA Ul paciuiaBa OMHApHOTO
craBa Fe-B, aycrenura u 6opuna FeoB mo3Bonuim onpenenuTs pacnoioxeHne THHUH JUKBUAYyca Ha auarpamme coctosiHus Fe-B.
IIpoBeneHHsle B MaHHOW pabOTEe pacueThl MO3BONMIN MOTYyYUTh YHCICHHBIE 3HAUEHUS TEMIIEPATyphl KPUCTAIIM3AIMHU CIUIaBa B
3aBUCHMOCTH OT COJEpKaHUs 0Opa,oNpelennuTh TEeMIEepaTypy SBTEKTHUeCKoro mpespamenus y-Fe+FeoB u cogepikanme Gopa B
CIIaBe, MPHU KOTOPOM HPOUCXOAUT AaHHOE HpeBpaiieHue. Vcrmonp30BaHHbIA B JaHHON paboTe MOAXOA MO3BOJISET JaTh Hanboiee
II0JIHOE C TEPMOJUHAMUYECKON TOUYKH 3PEHHs OIMCAaHUE IPOLECCa KPUCTAIIM3ALUMN U O9BTEKTUYECKOro npeppaiieHus. IlomyueHnsie
pe3yIbTaThl paCUCTOB JOCTATOYHO XOPOIIO COIIACYIOTCS € IKCICPUMEHTAIbHBIMU JaHHBIMHU.

KJIIOUEBBIE CJIOBA: pacmiias, eperpes CIijiaBa BBILIE JIMHUAH JIMKBHUYCa, CIUIaBbI cucTeMsbl Fe-B, Oopun xenesa FeaB

CmnaBu cucremu Fe-B nmocmimKylOThCS KiJlbKa IECATHIITH, ajle Hapa3li HeMa €IWHOI ITyMKH IIoA0 (ha30BOTO
CKJIamy Ta TemIeparyp (a3oBHUX IepeTBOpeHb. Bimomo, mo B cucteMi Fe-B BinOyBaeThcs yTBOpEeHHS €BTEKTHKH Y-
FetFe,B, ane pi3ui aBTopy HaBOIITH Ha niarpami craHy cuctemMu Fe-B pi3Hi TemmepaTypu IbOTO NEPETBOPEHHS.
Hanpuknan, aBropu po0Oit [1-3] Bka3ytoTh, 110 €BTEKTUYHE MEPETBOPEHHs B CHCTEMI BiOYBa€ThCS MPH TeMIleparypi
1473 K Ta Bwmict Oopy ckimamgae 17,0 % (at.), aBTopu pobotu [4] 3a3Ha4YarOTh, [0 MEPETBOPEHHS BiAOYBA€THCS MpPHU
temneparypi 1468 K mpu Bwmicti 6opy 16,4 % (at.). Immy temneparypy 1452 K BkasyroTh aBTOpu podoTH [5], B
pobori [6] HaBOmsATH Temmeparypy mneperBopenns 1450 K, a B pob6orti [7] — 1447 K ta Bwmict 6opy 17,0 % (at.). B
poborTi [8] TemMneparypa eBTEeKTHUHOTO nepeTBopeHHs B3araii ckiana 1421 K. Takum unHOM, pi3HiI aBTOpH BKa3yrOTh
pi3Hy TeMmepatypy yTBOpeHHs eBTeKTHKH y-Fe+Fe,B. B miteparypi icHylOTh METOAM, IO J1O3BOJIIIOTH PO3paxyBaTh
TeMIIepaTypy JiHii JiKBigycy Juii OGiHApHHX CIUIaBIB Ta BUKOPHCTOBYIOTHCS IIPU MajoOMYy 32 YMCJIOBUM 3HAYECHHAM
BMIcCTi Jieryrounx eneMeHTiB [9-11]. CnnaBu cucremu Fe-B 3 BMmicrom 6opy 10 17 % (aT.) € NOEBTEKTHYHHMH, a 3
BMicToM Oopy B iHTepBami 17,0-31,8 % (ar.) — 3aeBrekTnuHUMH [1-2]. B MOEBTEKTHUHUX CIUIaBax MiKpOCTPYKTypa
mpencrtaBieHa y-Fe Ta eBtektmkoro y-FetFe;B, a B 3aeBTexTmunHmx — Oopmaom 3amiza Fe,B Ta eBTekTHKOIO
v-Fe+Fe,;B [1-2].

TakuM 4MHOM, METOIO AaHOi pOOOTH OyJI0 BU3HAYUTH TeMIIEpaTypHIi JaHi MO0 JIiHIT JIKBIAYCY B 3aJI€)KHOCTI Bil
BMicTy OOpy B CIUIaBi Ta TeMIIEpaTypy eBTEKTHYHOTO IEPETBOPEHHS B CIUIaBax cuctemu Fe-B.

MATEPIAJIM TA METOAUKA JOCJIAKEHDb

JlocimkeHHsT MPOBOIMIIM Ha 3pa3kax 3 BMicToM 6opy 2,0-4,2 % (Mac.), perira — 3ami30. i OTpUMaHHs CIUIABIB
cucreM Fe-B BHKOPHCTOBYBajM HIMXTY TAKOro CKIaay: 3aji30 KapOoHiIbHE (3 BMicToM 3aimiza 99,95 % (mac.)),
amopduuii 6op (3 BMicTom 60py 97,5 % (Mmac.)). Buruiagky 3pa3kiB mpoBOwIH B eyl TamaHa B alyHJOBHX TUTJISIX B
atMocepi aprony. IlIBuaxicte oxonomkeHHs cruiaiB ckmagana 10 K/c. nst Bu3HaueHHs ocoOimBocted (azoBux
nepeTBopeHb crutaBiB cucteM Fe-B npoBenu nudepenuiitnnii TepmivHuii aHani3 3pa3kiB Ha JepuBarorpadi.

Jlns BU3HAUeHHS XIMIYHOTO CKJIQJy CIUIaBy BHKOPUCTOBYBAIM XIMIYHMH Ta CHeKTpaibHHHA anamiz [12].
MikpoTBepaicTh pi3HUX (Aa30BUX CKIANOBHX BH3Hadanmd Ha MikpoTBeproMmipi IIMT-3. dazoBuii ckiam cruiaBiB
BH3HAYaJI METOJOM MIKPOPEHTT€HOCTIEKTPAIFHOTO aHamizy Ha Mikpockori JSM—-6490, a TakoX 3a IOIOMOTOIO
ontryHOro Mikpockory «Heodot-21». PentreHocTpykTypHuii anami3 3zmilicHroBaan Ha audpaxromerpi JPOH-3 B
MOHOXpoMaTu30BaHOMy Co, BUIIPOMIHIOBaHHI.

PE3YJIbTATH TA IX OBITOBOPEHHSA
MikpocTpyKTypa ITOEBTEeKTHYHHUX CIUIaBiB cucremu Fe-B mpencraBneHa geHaputamu 3ajiza Ta €BTEKTHKOIO
y+Fe;B, 1m0 miaTBep/KeHO ~pe3ysibTaraMH  PEHTTeHOCTPYKTypHOro asamizy (puc. la). 3a pesynbratamu
TU(EPEHIIIHHOr0 TEPMIYHOTO aHami3y Ui CiiaBy 3 BmicTom Oopy 11,6 % (aT.) yTBOpEHHS KpUCTAJiB Y-3aiii3a
BizOysock npu temneparypi 1541 K, a eBrextuku — 1535 K; npu Bmicti 6opy 13,4 % (aT.) yTBOpPEHHS KpHCTAJIB Y-
3aiiza BinOyBaersest pu 1529 K, eBrextukn — 1442 K. [lns cruiaBy 3 BmictoM 16,1 % (at.) BinnoBiaHi Temreparypu
ckiaamanu 1488 K ta 1441 K.
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B 3aeBrexTnuHux crmaBax cucremu Fe-B nepsunni 6opunu Fe,B posramosani B eBTektnili y-Fe+Fe,B (puc. 2a).

PesynpraT mudepeHniiiHoro TepMiYHOTO aHANI3y JO3BOJIWIM BU3HAUYUTH TeMIlepaTypu (a3oBUX NEpEeTBOPEHb B
3aJIeKHOCTI Bif BMicTy Oopy B cIuiaBi, a came: npu BMmicti Oopy 18,0 % (aT.) yTBOpEHHS NEpBHHHHX KpHCTAJiB
BizOynock npu Temneparypi 1498 K, a esrexktuku — 1442 K; npu Bmicti 18,7 % (at.) yTBOpeHHs IEpBUHHUX KPHCTAIIIB
BigOyBanochk npu 1533 K, a eBrextuxu — npu 1441 K, Bianosiguo (puc. 2, 6).

T=1508 K|

T=1442 K
T T=1498 K

0 —F—T -
0 10 20 30 40 50 60 70 80 90 100

Yac, xB

a 6
Puc. 2. Cnnas 3 BmicToM Gopy 18,0 % (art.)
a) MikpocTpykTtypa x500, 0) nudepeHuiitauil TepMidHUi aHATI3

TaxkuM 4nHOM, TEMIIEpaTypa eBTEKTUYHOTO [IEPETBOPEHHS 32 pe3ysbTaTaMy AU(EpeHLIHHOTO TEPMIYHOTO aHATI3Y
B JIOCII/DKYBaHUX cIlaBax ckiama 1441 K.
Crnig 3a3HauuTH, MO TeMIepaTypd (Ha3oBHX INEPETBOPEHb, OTPHMAaHI 3a pe3ylnbTaTaMu Au(epeHIiitHOTOo
TEPMIYHOTO aHaNi3y, 100pe KOPETIOIOTh 3 pe3yIbTaTaMy, HABSICHIMH aBTOpaMu [6-7].
Sk Bimomo, AN OTpUMAaHHS PIBHAHHS JiHIT JKBiXycy HeoOXiIHE BHKOHAaHHA yMOBH PIBHOCTI XIMIYHHX
TOTEHIiaNIiB j-r0 KOMIIOHEHTA B PiIKOMY Ta TBEPAOMY CTaHax u, =, [13].

Jlnist 3HAXOIDKEHHS JIHIT JIIKBIYCY JUIS €BTEKTHYHOTO NEPETBOPEHHS OYJI0O OTPUMAHO DPIBHSHHS BUIBHOT eHepril
JUIsl ayCcTeHiTy Ta piamHu (JiBa rinka giarpamu crany Fe-B), 6opuny Fe,B ta piannu cruaBy (mpasa rinka giarpamu
crany Fe-B), BianoBigHo.

Po3paxyHoK BiJIbHOY eHeprii aycTeHiTy 3 ypaXyBaHHSIM NEepPLIOro CTyNeHsl Ha0IMKeHHs] BHCOKOTEMIIEPaTypPHOT0
PO3BUHEHHS TEPMOIMHAMIYHOIO MOTEHIiaJy OiHaApHOrO CIIaBy

Js oTprMaHHS BiTBHOI eHeprii aycTeHiTy Oyio 3acTocoBaHO KBasiximiunmit meron [14]. Kpucraniyna pemritka
'K mae oxraempuyni Ta TerpaenpuuHi mopu. Ha enementapay xomipky I'LIK permitkm npunamae 4 atomu. AToMm
0opy, KA pO3TAIIOBAHUHA B OKTACAPHYHIM MOpi, OTOUEHM 6 CYCITHIMU aTOMaMH 3ajliza. ATOMH 3alli3a 3HAXOMIATHCS
Ha BixcTaHi a/2 Big atoMmy Oopy, € @ — mapameTp peUIiTKH y-3aiiza. TeTparoHaiapHa IOpa B ayCTEHITI Mae pajiyc
0,22 r, mo 3amanuii s 3aHypeHHs1 aToMy 0opy. Ha koxkeH aToMm eneMeHTapHO! KOMIpKY MPHIIAAa€e OJHA OKTaeApHUIHa
mycrota [15].

[Tpu pospaxyHky TepMmoanHaMidHUX (YHKLIH (a3 a1t BUCOKOTeMIepaTypHol obiyiacti OyJio BpaXxOBaHO BHECOK
MEPIIOTr0 CTYMEHS HaOJIKEHHS BHCOKOTEMIIEPATypHOTO PO3BHHEHHS TEPMOJMHAMIYHOTO MOTEHIialy OiHapHOTrO
CIUIaBY y BUIJIS/II HECKIHUEHHOTO psify 3a cryneHsmu 1/T [16].

Eneprisi B3aeMomil MiX €IeMEHTaMH Vp,, 3aJ1€KHTh BiJl TeMIepaTypH. TeMmepaTypHy 3aeKHICTh €Heprii

B3a€MOJIIT MiX eJIeMEHTaMU IIPeICTaBUMO K V., =a+bT +cTInT .

JaHi eneprii B3aemMozii Mi>k KOMIIOHEHTaMH B ¢a3i Oyio B3sT0 3 poOiT [5, 14-15].
TakuM YMHOM, 3aJISKHICTH BUILHOT €HEprii ayCTEHITY BiJ TEMIIEpAaTypH MA€ HACTYITHUN BUTJISIA:
6 V2 N2 NZ
F==Y Ny NgVip —kT(2N (IN2Ny, =)= Ny (In N, —1)) - —LLFe B (1)
P 2ZTR
ne Z — koopauHariiiae uncio (Z=12) [15].
VY Bupa3i st BUTbHOT eHeprii aycTeHiTy (1) BMicT 3aii3a no3HaueHo Nre. Toai BMIiCT O0py B ayCTEHHTI IOPIBHIOE
(1- Nre).

Takum uMHOM, BiJIBHY €Heprito aycTeHity (1) 3 ypaxyBaHHSM 3a3HaYCHUX MPHUITYLICHb MOJKHA BU3HAYUTH SIK

6 VN (1= Ng.)?
F == N 1= Ny Wy = KT Ny (0 Ny, =D = (1= Ny (1= Ny )~y — Pl U
i=1

2
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Busnraunmo xiMivHIH MOTeHITiaN 3ami3a B (hasi 3a BimoMoro Gopmymoro [16]:

u=-6(1-N. )(a+bT +cTInT)+ 6N (a+bT +cTInT)-

_(a+bT +cTInT)* Ny (1-N; )* N
ZRT

—kT(ln(l—NFe)+1N—F]\;—ln(1—NFe)+1]

Fe
(@+bT +cTln T)’N,.’(1-N,,)
ZRT '

3

Po3paxyHoKk BiJIbHOY eHeprii po3nJiaBy 3 ypaxyBaHHSIM NEPLIOro CTyNeHsl Ha0IMKeHHs] BHCOKOTEMIIEPaTypPHOT0
PO3BHHEHHS TePMOJIMHAMIYHOI0 NOTEHiaJy OiHapHOro ciIaBy
Jlns po3IuiaBy Ha eleMeHTapHy KOMIpKy Mpumagae B cepeqaboMy 11 atomis [14-16].
BinmpHy eHeprito po3IniaBy 3 3aCTOCYBaHHIM KBa3iXiMIYHOTO METOy BU3HAUAMO, 5K

11 Vi N2 N
F ==Y Ny NyVpy —kT(Np (In Ny, =1) = Ny (In Ny =1) = Ny (In Ny, 1)) - R )
i=1
Y Bupasi g ButbHOT eHeprii (1) BMicT 3ami3a mo3HaueHo Nr.. Toxi BMICT O0py B po3iuiaBi HopiBHIOE (1— Nre).
TakuM YUHOM, BUIbHY HEPIii0 ayCTEHITY 3 ypaXyBaHHIM 3a3HAYCHUX MPHUIYIICHb MOKHA BU3HAUMTH SIK
11 2
N..(1-N
F == Ney (= Ny Wiy ~KT (N (In Ny, 1) = (1= N JIn(1 = Ny )~ 1y) = Ve U= M) =
i=1 27ZTR
XiMIYHAH TOTEHITIAN 3aj1i3a B PO3ILIaBi:
u=—=11(1-Ng )(a+bT +cTInT)+11N (a+bT +cTInT)—
N +bT+cTInT)’ Ny (1- N, )*
k7] (1= N, )+ _inei=n, 41 |- cTInD) Ney(1=Nee)” |
1-Ng, ZRT
2
+(a+bT+chnT)2NFe (1-Ne) ©

ZRT

Po3paxyHok BinbHOI eHeprii 6opuay Fe:B 3 ypaxyBaHHAM nepuioro cryneHsi Ha0JIM:KeHHs
BHCOKOTEMIIEPATYPHOr0 PO3BHHEHHS TEPMOANHAMIYHOI0 MOTEeHNiaTy 6iHApHOrO CIJIABY
Posramysanns aromis Oopy B pewitui O0opuay Fe;B ymoBHO MoHa posminmutd Ha ABi migpewritku. Ilepina
TipemiTka — PO3TAlIyBaHHs aTOMiB 6OpY, SKi MarOTb BiCiM HaliOmmwK4Mx aToMiB 3amisa Ha Bigcrani 2,17 A. Jlpyry
MiAPEILiTKy YyMOBHO PO3ALIMIM Ha ABi. B mepuwiii aBa atomu posramosani Ha Bincrani 2,12 A, a B apyriii yotupu
aTomu — Ha BifcTadi 3,61 A oxgun Bix ogHOro. Sk Bigomo, paza Fe,B mictuts 32,5 % (ar.) 6opy [15].
BinsHy eneprito 6opuny Fe,B Moxna BusHauntu 3a popmynoro F' = E —kTInW | ne E — Buyrpimms enepris
¢asu Feo:B, W — rTepmoanHamiyHa BipOTiJHICTH PO3MILIEHHS aTOMIB y BY3Jax KPHCTAJIIUHOI pemitku Oopuuy,
k=1,38-102 /K — crana Bonbimana, 7 — aGCosiOTHA TEMIIEPATYPA.

B3aemoniro atomiB Fe-B Ta B-B MoxHa BpaXyBaTu HaCTyITHUM YHMHOM: Vg, — €HEprii B3aeMozil map aToMiB Ta

Vgg — I IIECTH aTOMiB OOpy, po3TalloBaHMX Ha BiacraHi 3,14 A JUis 4ucnoBUX 3HAYCHb €Heprii B3aeMomii map
aTOMIB BUKOPUCTOBYBAJIH Pe3yIbTaTH, HaBeleHI B poboTi [17].

8 6 2 A72 Ar2
Ve Nr N,
F= _ZNFeNBvFeB _ZNBNBVBB —kT(Ng(In N, =1) = Ny(In Ny — 1)) - —F2Fe 2 (7
i=1 i=1 2ZTR
ne Z — koopauHaliiiHe 4ucio, sike ans 6opuny popisnioe Z=12 [12], N = N, + Ny, Ny, — kigekicts aTomiB
2
3amiza, [Ny — KinbKicTs atoMiB Gopy, BinosigHo. CyMapHa KiIbKiCTh aTOMIB B CHIONYLI Z N, =1 . Tlosnaunmo micr
i=1
6opy B Oopumi (1— Nr). TemmneparypHy 3a/leKHICTh €Heprii B3aeMonii MDK €JIEeMEHTaMH INPEICTaBUMO SIK
Vg =a+bT +cTInT raVy,=a,+bT+cTInT.
BinsHy eHepriro it 60puay BU3HAUAMO SIK:

F ==8N, (1= N, )(@+bT +cTInT)—6(1— N, J*(a, + b, T +¢,TInT) - kT (N, In(N,, —1) -

(a+bT +cTInT)*N;, (1- N, )?
27ZRT '

~(1= Ny J(In(1= Ny )=1)) - ®)
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XiMiuHHA TOTEHI AN 3aii3a B OOpHAl Ma€e BUTIIS:

u==-8Ny (1= Ny )(a+bT +cTInT)+8N, (a+bT +cTInT)+12(1- N )(a+bT +cTInT)+

2 _ 2
+RT ln(l_NFe)-i_&_ln(l_NFe)—l _(a+bT +cTInT) Ny (1-Ng.) N
1- N, ZRT
(a+bT+cTln T)°N;.'(1- Ny.) | o
ZRT

Takum 4rHOM, IUTsI OTPUMAHHS JIiHIi JIKBIyCy Ui JOCBTEKTUYHUX Ta 3aCBTCKTHYHHX CIUIABIB OyNIW 3HaWICHI
po3B’si3ku piBHsHE (3) Ta (6), Ta (6) 1 (9) B uncenbHOMY BHIIIAI, BiAOBiHO. Pe3ynbraT HaBeneHo Ha puc. 3.

-=-=-Jlinig dikBiTyCcy po3paxyHKoBa

1650 ~< Tinis Tlild‘BiI!yf‘y [4]
A s__s s
i S Jlinig comimycy
" 1600 S ~
> 1550 \ A
Cd

g \ /
) %
2 1500 /s
:
=~ 1450 ‘

1400 T T T T 1

10 12 14 17 18 20 22 24
Bwmict Gopy, % (ar.)

Puc. 3. liarpama crany cucremu Fe-B

3riIHO OTPHMaHMX PE3YJIbTAaTIB TEMIEpaTypa eBTEKTHKH cTaHOBUTH 1452 K mpu Bmicti 6opy 16,8 % (aT.), mo
CHIBNQ/Ia€ 3 pe3yJibTaTaMu aBTOpPiB [5-6] Ta Jemio HWKYa MOPIBHAHO 3 JaHUMH IHIIMX aBTOpiB [1-4]. Po30ikHICTH
OTPUMAaHUX PE3YJbTAaTIB 3 pe3yibTaTaMH IHIIMX aBTOPIB MOXKHA MOSICHUTH BIUTMBOM JIETYIOYHX €JIEMEHTIB B IIMXTI
CILJIaBIB Ta MEPEOXO0JIOKYBaHICTIO (a3 [1-2].

BUCHOBKH
Brnepmie 3 3acrocyBaHHSIM KBa3iXiMiYHOrO METOLy Ta 3 YpaxyBaHHSIM II€pPUIOrO CTYIEHS HaOJIMKEeHHS
BHCOKOTEMIIEPAaTYPHOTO PO3BHHEHHS TEPMOJIUHAMIYHOTO ITOTEHIIaTy OIHAPHOTO CIJIaBy OTPUMAaHO BUPa3M ISl BUTBHOT
eHeprii po3miaBy OiHapHoro crutaBy Fe-B, aycrenity ta 6opuny Fe,B. [ToOynoBano niHii nikBigycy IpHu KpucTamizamii
JOCBTEKTUYHHX Ta 3aCBTEKTUYHMX CIUIaBiB cucteMu Fe-B. BusHaueHOo Temreparypy eBTEKTHYHOIO IIEPETBOPECHHS Ta
BMicT OOpy IIpH I[bOMY IIEPETBOPEHHI, SKi KOPENIOIOTH 3 Pe3yIbTaTaMH SKCIICPUMCEHTIB Ta JAHUMH 1HIIINX aBTOPIB.
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TWO BAND STRUCTURE OF POLESKIY AMBER PHOTOLUMINESCENCE
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The paper presents the results of an experimental study of Poleskiy amber luminescence excited by narrow band UV radiation (7 nm)
at the wavelength range of 310-410 nm with step of 10 nm. The purpose of the study was to determine the relation between an
excitation of two luminescence centers, which we found earlier as a result of the mathematical treatment of the spectra obtained
during a cycle of experiments on the photo- and X-ray luminescence of amber from the Poleskiy deposit. It was shown that for
various samples the spectra of light excited by UV irradiation had a wide band of luminescence with some differences both in shapes
and maximum positions. Increasing the exciting UV radiation wavelength, the monotonic displacement of the spectrum maximum
position (from 2.62 to 2.5 eV) and the decrease of the full width at half maximum (from 0.92 to 0.62 eV) were observed. To analyze
the spectra, we applied the mathematical treatment procedure that we successfully used earlier, namely fitting of experimental curves
with Gaussian functions. It was demonstrated that the shape of our spectra could be with high accuracy deconvoluted by two peaks
well described by Gaussian functions. The observed differences in shapes of the spectra can be explained by changes in the
amplitudes of the two peaks with centers at 2.5 and 2.95 eV. The photoluminescence experiments with excitation by a narrow band
UV radiation showed that light generation at wavelengths corresponding to these centers varied significantly by the change of
primary UV radiation wavelength. The most intense excitation of the 2.5 eV band (496 nm) corresponds to the UV radiation
wavelength of 384 nm (3.23 eV), and for the 2.95 eV band (420 nm) — 287.5 nm (4.32) eV. This led to the conclusion about an
independent nature of the excitation of these centers. Spectrum changes can be explained by the different excitation efficiency of
both centers.

KEY WORDS: amber, photoluminescence, spectrum, Gaussian approximation.

JBOCMYTOBA CTPYKTYPA ®OTOJIOMIHECHEHIIIT MOJICEKOIO BYPIITUHY
P. Cxkub6a, 1. Muciopa, O. Kananrap’su, B. ’Kypenko, C. Kononenko
Xaprxiecoxuti Hayionanonuii ynisepcumem im. B.H. Kapaszina
61022, Yxpaina, m. Xapxis, ni. Ceob6oou, 4

Y po06oTi HaBeOEHO PE3yNBTATH EKCHEPHUMEHTAIBHOTO JOCTIHKEHHs JIIOMIiHECHEHIIi MOMIChKOT0 OYPIITHHY, Ky Oyio 30yIKeHO
By3bKOIO cMyroro Y® BumpomiHioBaHHAM (7 HM) B fiama3oHi NoBXUH XBWib 310-410 aM 3 kpokoMm B 10 HM. Merolo maHHX
JOCIILKEHb OyJI0 BU3HAYECHHS 3B'SI3KIB MiXK 30y DKEHHSIM JABOX LIEHTPIB CBITIHHS, BCTAHOBIEHUX HAMH paHiIle MiJf 9ac MaTeMaTHIHOT
00pOOKH CIEKTPIB, OTPUMAHHX B XOJi IIUKIY eKCIIEPUMEHTIB 3 (JOTO- i PEHTI€HOJIIOMIHECIEHIIIT OypIITHHY 3 TIOJICEKOT0 POJOBHILA.
INokazaHo, 110 /I Pi3HUX 3pa3KiB CHEKTPHU CBITIHHS, BUKJIMKAHOTO Y@ ONpPOMiHEHHSM, MalOTh IIUPOKY CMYTY CBITIHHS 3 JESIKUMU
BIZIMIHHOCTSMH SIK 3a (OPMOIO, Tak i 3a IMOJOXKCHHSIM MakCHMyMy. Byjo BCTaHOBIEHO, 11O 3i 30iTBIICHHSIM JOBXHHU XBHII
30y/PKyBaJIbHOTO BHIIPOMIHEHHs BiJ0YBa€ThCs MOHOTOHHE 3MIIICHHS MOJIOXKEHHS MakcuMyMy crektpy (3 2,62 mo 2,5eB) i
3MEHIIECHHS Horo mupruHHU Ha MiBBUCOTI (3 0,92 10 0,62 ¢B). [N aHami3y CIEeKTPiB MH BUKOPHCTOBYBAJIH MPOLEAYPY MaTeMaTHYHOT
00poOKH, Ky B)KE YCIIIIHO 3aCTOCOBYBAJIM paHilIe, i sfka MoiArae B (iTyBaHHI €KCIEPUMEHTAIBHUX KpuBUX (QyHKIiaMu [aycca.
Byio npogemMoncTpoBaHo, 0 ()OPMY HAIIUX CIIEKTPIB 3 BUCOKOIO JOCTOBIPHICTIO MOXHA NPEACTABUTH Y BUIJISI CyMH JIBOX IIIKIB 3
nentpamu 2,5 ta 2,95 eB, ski omucyrors dynkuii ['ayca. BiqMiHHOCTI B )OpMi CIIEKTpiB MOKHA MOSICHUTH 3MIHAMH aMILTITy]] ABOX
3HalICHUX MiKiB 3 HeHTpaMu y 2,5 ta 2,95 eB. ExcriepumenTt 3 (oTOIIOMIHECIICHIIIT, 0 Oyya 30y/PKeHa BYy3bKOW cMyrown Yd
BUIIPOMIHIOBaHHS, MMOKa3alM, M0 ¢()EKTHUBHICTh T'eHepallii CBiTJa Ha IOBXKHHAX XBHIIb, SKI BIAMOBIAAIOTh IUM IICHTPaM, CYTTEBO
BIIPI3HSIOTHCS y pa3i 3MiHU JOBXUHM XBUIII nepBicHoro Y@ BunpominroBanus. Haiibiibi iHTeHCHBHOMY 30y KEHHIO cMyTH 2,5 eB
(496 um) Bianosinae nowxuna xeuii YO BunpomintoBannsa 384 um (3,23 eB), a gt emyru 2,95 eB (420 um) — 287,5 um (4,32 eB).
e mo3BOMMIIO 3pOOUTH BHCHOBOK TPO HE3AJICKHUH XapakTep 30yKEHHS IUX LEHTPiB. 3MiHM B CHEKTPAaX MOXKHA TTOSICHUTH Pi3HOIO
e(EeKTHBHICTIO 30yIKEHHSI 000X IICHTPIB.

KJIIOYOBI CJIOBA: GypiurtuH, (HOTONOMIHECISHITI], CTIEKTp, hiTyBaHHS QyHKIisMH ["ayca.

JABYIIOJIOCHAS CTPYKTYPA ®OTOJIOMUHECHEHIIUU ITOJTECCKOI'O SSHTAPS
P. Cxuba, . Mucrwpa, O. Kanarapesn, B. ZKypenko, C. Kononenko
Xapvrosckuil nayuonansuwitl ynusepcumem um. B. H. Kapazuna
61022, Yxpauna, 2. Xapvkos, ni. C60600vi, 4
B pabore mpuBeneHBI pe3yNbTAaThl KCIEPHIMEHTAIBHOTO HCCIECJOBAHUS JTIOMHHECIECHIINN IIOJIECCKOTO SHTaps, KOTOPYIO OBLIO
BO30YXIeHO y3Koi monocoit YO mamydenus (7 HM) B amamasoHe uMH BOMH 310—410 aM ¢ marom B 10 HM. Llenbro maHHBIX
HCCIeNOoBaHNM OBUIO ONpeeNieHHe CBsA3ell MexIy BO30YXKICHHEM IBYX IIEHTPOB CBEUCHUS, YCTAHOBIECHHBIX HAMH paHee IpHU
MaTeMaTHIecKoi 00paboTKe CIEKTPOB, MOTYyUSHHBIX B XOJI€ UK SKCIEPUMEHTOB MO (OTO- M PCHTTCHOIIOMUHECIICHIIUY STHTapsI
13 TI0JIECCKOTO MecToposkaeHws. [Toka3zaHo, 9To I pa3IMgHBIX 00pa3IOB CIIEKTPHI CBEUCHNS, BbI3BaHHbIE YD 00IyueHneM, HMEIOT
IIMPOKYIO IOJIOCY C HEKOTOPBIMH Pa3iHUMsAIMH, Kak 1Mo (opMe, TaKk M HO IOJIOKEHHI0 MaKCMMyMa. BbIIO ycTaHOBJIEHO, 4YTO ¢
yBEJIMYEHHEM JUIMHBI BOJIHBI BO30yxparomero Y® u3iydeHUs NPOMCXOJUT MOHOTOHHOE CMEICHHE ITOJIOKEHHS MaKCUMyMa
cunekrpa (¢ 2,62 mo 2,53B) m ymeHslieHue ero mmpuHbel Ha momyBbicote (¢ 0,92 nmo 0,62 3B). [lns aHanuza CHEKTPOB MbI
HCIIONB30BAIN yX€ YCIHENIHO TNPHUMEHSBIIYIOCS HaMU paHee NpOIedypy MaTeMaTHYeCcKylo 00paboTKy, 3aK/IIOYalollyloCs B
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(GUTHPOBAHUM SKCHEPUMEHTAIBHBIX KPHUBBIX (QyHKIMAMHU [aycca. Bbl1o mpoaeMOHCTpUpOBaHO, YTO (opMa HalIMX CIEKTPOB C
OOJIBIIOH IOCTOBEPHOCTHIO MOXKHO TIPEACTABUTh B BUJIE CYMMBI ABYX ITMKOB C LleHTpaMH 2,5 u 2,95 3B, onuckiBaeMbIX QyHKIHUIMA
I'aycca. HaGmomaemsle pasziauuust B (opMe CIHEKTPOB MOXKHO OOBSICHUTh M3MEHEHHAMH aMIUTUTY] HaWJAE€HHBIX ABYX IMHKOB C
meHTpaMu B 2,5 u 2,95 3B. DkcniepuMeHTH ¢ POTONIOMUHECIICHIINH, BO30YKICHHON Y3KO# mosiocoit Y@ u3mydeHus MoKa3aju, 4To
3¢ (eKTHBHOCTh TeHepanuy CBETa Ha JUIMHAX BOJH, COOTBETCTBYIOIINX 3THM HEHTPaM, CYMIECTBEHHO OTIMYAIOTCS MPU M3MEHEHNHT
JUTHBI BOJHBI epBuaHOr0 YO 00myuenus. Hanbonee MHTEHCHBHOMY BO30YKAEHHIO HOJIOCH 2,5 3B (496 HM) cooTBecTBYeT /UTHHA
BonHEl Y@ m3myuenns 384 um (3,23 5B), a s nomocst 2,95 3B (420 aM) — 287,5 HM (4,32 5B). D10 MO3BONMIIO CAENTATH BEIBOX O
HE3aBHCHMOM XapakTepe BO30YXJICHUSI STHX LEHTPOB. l3MEHEHHs B CIIEKTpax MOXKHO OOBSICHUTH pa3sHOH 3(dEeKTHBHOCTBHIO
B030YX/IEHUsI 000X LIEHTPOB.

KJIOUYEBBIE CJIOBA: sinTaps, GOTONOMUHECIICHINS, CIIEKTp, huTHpoBanue ¢pyHKunsamu ['aycca

BypmitTHH — 1ne MmMpOKO BiXOMHUII TPHUPOJHMH MONIMEp, SKUH NPOTATOM THUCSYOIITH BHKOPHUCTOBYBAaBCS
MEPEeBaXHO IS IOBENipHUX Tpukpac. Lleid mpupomHmii MaTepian yTBOPIOBABCS BHACTINOK CKaM'SHIHHS CMOJH, SKE
TpHUBa€ MUTBHOHHU POKIB 1 mepeadadae MOCTYIIOBE OKUCHEHHS Ta TONIMEPH3AIi0 OPTaHIYHUX CITONYK, OKCUTEHOBAHMX
BYIJIEBOJHIB. X0Ya MEBHOTO NMPOMIKKY Hacy JUIi I[bOTO TpOllecy HE BCTAHOBIECHO, OiNbIlIa YacTHHA OypIITHHY
3HAaXOIUTHCA B MeEXKaxX KPEWOOBHX 1 TPETHHHHUX ocanoBux mopin (mpubnmsHo 30-90 wminpioHiB pokiB). Cmonn
MIPEICTABISAIOTh COOOI0 CKJIAIHI CyMillli MOHO-, CECKBH-, - Ta TPH- TEPIICHOIJiB, IO MAIOTh CTPYKTYpHU Ha OCHOBI
3B’s3aHuX oxuHHUNb i3ompeHa CsHg [1]. BypmrTuH 3 maBHIX daciB BUKOPHUCTOBYBAaBCS HE TUIBKHM SK JOPOTOIIIHHE
KaMiHHS, aJie 1 K JIKyBaJIbHUH 3aci0 B (papMaleBTulll, sSIK HalicTapilia cKJIonoAioHa pe4oBHHa.

VY rtexmimi g0 1970-x pp. mel marepiajd TaKOX IIHPOKO 3aCTOCOBYBABCS B SIKOCTI OJHOIO 3 HaHKpamux
eJIEKTPUUHHX 13051TOpiB [2]. ChoroaHi HOro i30JMiiHI SKOCTI BUKOPHUCTOBYIOTHCS TINBKU Y CIIEIiajbHUX MPOEKTaXx,
HaNpHKIaa Y pa3i KOHCTPYIOBaHHI KOCMIYHHX arapariB, OCKUIBKH, Malo4d HaWOIIbIIMKA MUTOMUH omip, OypIITHH Mae
HEBEJIMKY TYCTHHY, IO € JyKe BaKJIMBUM JUIs AOCHDKeHb KocMocy [3, 4]. Kpim Toro umcienHi 3pa3ku OypluTHHY
HaJISKaTh JIO apXEOJIOTTYHMX apTedaKTiB i MarOTh ICTOPUYHY IIHHICTh, OCKUIBKH MOXYTh OYTH JKepenoM iHdopMarito
II0/10 KYJIBTYPHHUX aCIeKTiB Pi3HUX CYCHUIbCTB. Y 3B’SI3KY 3 IIMM JUIS aHaTi3y OypIITHHOBUX apTe]aKTiB 3aCTOCOBYIOTh
Pi3HI HepYyWHIBHI METO/IM aHANI3y, Cepe AKX 1 (POTOMOMIHECIICHTHI.

Bypmtua Mae yHiKanbHI (Qi3udHI Ta XiMI9HI BIACTUBOCTI, TaKi SK iHEPTHICTH JI0 MTUPOKOTO CHEKTPY POIYMHHUKIB
Ta HEOEe3MeYHMX PEYOBHH, BEIHKHN MUTOMHH omip Ta iH. llel exomoriYHo YuCTHH Martepial MICTHUTh YHIKaIbHI
OpraHiyHi pPEYOBMHHM, SKi AKTHBHO BHUKOPHCTOBYIOTH B MEIWIWHI Ta TMapdymepii, HampuKiIaa, SK CHPOBHHA IS
GYpPIITHHOBOTO JaKy Ta KHCIOTH [S5]. PomoBuma GypIITHHY MIMPOKO MOLIMPEHi 10 BCHOMY CBiTy. Moro BaacTmBocTi
MOXYTh 3HAYHO BapilOBAaTHCS B 3aJ€KHOCTI BiJl YMOB (popMyBaHHs (Takux sSK TeMIeparypa, THCK, BOJIOTICTh Ta
JIOMIIIIKK B CYMDKHHX IlIapax), i TOMy BOHH Jy’K€ BIAPI3HSIIOTHCS SIK JJIsl PI3HUX POJIOBHIIL, TaK 1 JUIsl PI3HUX LIMAaTKIB 3
OJIHOTO JIKepena [6].

®i3uK0-XiMiUHI BIACTUBOCTI OYypINITHHY A00pe BHUBYCHI. JleTambHHI OMUC XIMIYHHX CIIOJYK OYPIITHHY MOXKHA
3HalTH B [7—9]. Takox Jilerko 3HaiTH 1HPOPMAILIiF0O CTOCOBHO MEXaHIYHHUX BIACTUBOCTEH OyprutuHy (Hampukiag [1]).
AJe HOro ONTHYHUM BJIACTUBOCTSAM IPHIUIIOTH 3HAYHO MEHIIEe yBaru. HaiOurbIn mommpeHi METoan MOCIHIIKEHHS
ONITHYHMX BJIACTHBOCTEH OypIITHHY — L€ METOAM paMaHiBcbkoi Ta IY-cmekrpockomii, siKi TO3BOJIIOTH BU3HAYMTH
XIMIYHHH CKJIaJ 3pa3KiB 32 paxyHOK BHBYEHHS €JIEKTPOHHMX nepexoaiB y IU-mianasoni enepriil. [Y-cnexrpu narors
3MOTY BiApi3HATH TUTH cMoI [ 10], BCTAHOBUTH MPHHANEKHICTH A0 TOTO YH iHIIOTO pomoBuma [11], Ta, kpiMm Toro, Taki
CHEKTpabHI JaHi MOXYTh OyTH KOPHCHHMH IIiJf 9aC BHBUCHHS KOMaX, sIKi TpHWBaJ Wi yac 30epiraimcs BcepenuHi
OypmtrHOBOi Topoau [12] ta iH. Taki Ba)JIWBiI ONTHYHI BIACTHBOCTI, SIK MPOXOJPKEHHS CBITIIA Ta JIFOMiHECICHIIIA,
Oy HIIIe YaCTKOBO BUBYCHI EKCTIEPUMEHTAIIBHO.

Banriiiceknii OypIITHH HAWOINBII BUBUEHWH B AaHWU dac (amB., Hampukian [9]). Okpemi excrepUMeHTAIbHI
POOOTH TPUCBAYCHO AOCHIIHKEHHIM OypINTHHY 3 MeKCHKaHCBhKHX [13], mominikancekux [14], m'ssamapcpkux [15] Ta
nonbebkux [16] xomanmuH. Ha jxayip, MpakTUYHO BiACYTHI JaHi CTOCOBHO ONTHYHHUX BJIACTUBOCTEH YKPaiHCHKOTO
OypIITHHY, KpIM CHEKTpIB JIFOMiHECLEHIii, 1HJYKOBaHOI Ja3epHUM BHIIPOMIHIOBAaHHSIM Ha TPbOX DPI3HUX IOBXKHHAX
xBuIIb (400, 800 i 935 uM) a1t oHOTO 3paska [17].

TeopeTnyHO BIIACTMBOCTI OypIUTHHY Maibke He JaociiukeHo. Hackiabku BioMO, OJHA 3 PIAKICHUX CIIpoO
MOJICITFOBAHHS ONITUYHUX BJIACTUBOCTEH OypriTuHy Oyina 3pobiieHa B po6ori [18]. Lle BaxuBuii eTan B JOCIIIPKEHHSIIX
OypIITHHY, OJHAK 3AJIMINAETHCS CIIPHUM IPUITYLIEHHsS aBTOPIB IIOJ0 KPUCTAIIYHOI CTPYKTYPH 3pa3Ka, OCKUIBKH
mudpakroMeTpuuHUi aHaNi3 mMokaszaB Woro amopdHicte [19]. Chix Takoxk 3a3HauUnTH, IO BEJIMYMHA ONTHYHOTO
mpomyckaHHs [ 18] moMiTHO Bipi3HAETHCS BiJl JaHUX 1HIIUX JOCIITHUKIB [14].

Paninie Hamu OyJ10 IPOBEIECHO IIMKJI €KCIIEPUMEHTIB 3 (POTONIOMIHECIICHIIIT 1 PEHTTEHOIIOMIHECIIEHIIIT TTOTiCEKOTO
OypIITHHY UL OLTBIN HiIXK TECSATH 3pa3KiB 3 piBHEHCHKOTO (TIOMiCchKOT0) pomosuma [20-21]. OTpumani JaHi JO3BOIIITH
3poOUTH BUCHOBOK, IO iICHYIOTH JIBa JuKepena (eHTPH) JFOMIHECHIEHIIIT TOIiChKOTo OYPIITHHY .

Meroto nmaHoi poOoTi Oysi0 BH3HAUSHHS 3B’S3Ky MK 30y/DKEHHSAMH 000X IIEHTPIB, JJsl 4Oro Hamu OyJio
MPOBEJICHO EKCIIEPUMEHTH 3 BHUBUEHHS CIEKTPIB (OTONOMIHECHEHIT y pa3i 30yMKEeHHS BY3bKOK CMYTOIO
yabTpadioneToBoro caitia (7 HM) B Jiana3oHi 1oBxuH XBUIb Bin 310 10 410 HM.

EKCIIEPUMEHTAJIBHA YCTAHOBKA
JIroMiHEeCLIEHIIIIO MOJICEKOro OypmITHHY 30ymKyBaim Y® BUIPOMIHIOBAHHSM, SIKE€ BUIIPOMIHIOBAIOCS PTYTHOIO
nammoro J1JIC-30 (puc. 1), mo mae cyminpHHA criekTp. MoroxpomaTop I Ty M/IP-12 Bupi3aB 3 CyIiTBHOTO CIIEKTpa
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BY3bKY CMYTy BHIPOMIHIOBaHHS 3aBIIMPIIKM HE OLIBII HDK 7 HM, sike OyJo CIpsSMOBAaHO Ha IMOBEPXHIO 3pa3Ka.
JIroMiHEeCILIEHTHE CBITJIO KpPi3b CHCTEMY N3EPKANbHHX KOHIECHCOPIB MOTparusuio 4o MoHoxpomaropa I (tumy MJIP-1),
Ha BHXOJI SIKOTO HOro peecTpyBayid (OTOENEKTPOHHHM MoMHOXKyBaueM PEVY-106 3 nogaipuiuM IMiJCHICHHIM 1
HAKOTIMYCHHSM JIaHUX Ha KOMIT FOTepi.

TiomiHecueHTHe
cBitno

BUNPOMIHEHHA 4 .0‘
Puc. 1. Cxema ekcriepUMEHTAIbHOT YCTAaHOBKU

3pa3ku OypmTuHy 0yJI0 OTPHMMaHO IUITXOM abpa3uBHOI 0OPOOKH IIMATKIB HaTypanbHOTO OypIuTHHY. CrodaTky 31
ImIMaTKa HempaBWiIbHOI (hopMmu (OpMyBalnM IUIOCKOTApaienbHy IutacTuHa. Ilicms mporo moBepxHIO muTidyBamm,
MOCTYIIOBO 3MEHIIYIOUH PO3MIip 3epHa abpas3uBy.

EKCHEPUMEHTAJIBHI PE3YJBTATH TA OBI'OBOPEHHSI

OTpuMaHi CHEKTPH JIOMIHECHEHI] OypIITHHY MaXH BUTJLA IIHPOKOI CMYTH 3 JEIKHMH BiIMIHHOCTSMH 5K 3a
(GhopMOIO, TaK 1 3a MOJOKCHHSIM MaKCHMYyMIB I PI3HUX 3pa3kiB momiOHi 70 [20]. MarematnyHa oOpoOka, a came,
¢biTyBaHHs CIIEKTpiB cyMoOI0 ABoX (GyHKIiH ["ayca (rayciaHiB), JO3BOJIHMIO NOSCHUTH BIIMIHHOCTI B CIIEKTPaxX Pi3HHULECIO
aMILTITY ] IBOX IIKiB 3 eHTpamu Ourst 2,5 eB (496 um) Ta 2,95 eB (420 um).

B ekcnepumeHTi Oyino BHMIPSHO 8 CIEKTPIB JIFOMIHECICHIN MOJNICHKOTO OypIITHHY, Ky 30ymkyBamu Y®
BUIPOMIHIOBaHHSM Y Jiana3oHi JoBkuH XBWIb 310-410 HM i3 kpokoM B 10 HM. Ha puc. 2 mpezacraBieHO CHEKTpH
(oTomroMiHeCIICHIIT TSI TPHOX JTOBXHH XBHIIb 30y 0Kyrodoro Y ® BunpomintoBanHsaM (310, 340 Ta 380 um). Sk moxHa
mo0AYHTH, 3MEHIIICHHS TOBXAHU XBITI YD BHIIPOMIHIOBaHHS IPU3BOAUTS JIO IIOCIAOJICHHS IHTCHCUBHOCTI CIIEKTPIB Ta
3MIIICHHS MAKCUMYMY.

Jns morermieHHS TOPIBHSHHS CHEKTPiB, OTPUMAHHX B PI3HUX YMOBaX, OyJ0 3aCTOCOBAHO MPOIEIYPY
HOpPMYBAaHHS Ha iHTCHCHBHICTh B MAKCHMyMi (HOPMOBaHi crieKTpu JuB. Ha puc. 3). [Ipomenypa HOpMyBaHHS J03BOIMIIA
OUTBII HAasIBHO BCTAHOBWTH, SK MOHOTOHHE 3MIIICHHS IOJIOKEHHS MakcuMyMmy 3 2,62 mo 2,5 eB, Tak i 3MeHIIeHHS
mmpuHd Ha miBBucoti 3 0,92 nmo 0,62 eB. Takum umHOM, (opMmMa CIEKTPIiB 3aJeKHTh BiJ IOBXKUHH XBHIII
30y/PKyBaJbHOT'O BUIIPOMIHIOBAHHSI.

LoexwuHa xBuni 36y [KyBanbHOTO BUNPOMiHIOBaHHS DosxvHa xBuni 36yLKyBanbHOrO BUNPOMiHIOBaHHS
1— 310 Hm 310 Hm Saosaag 350 HM
2 — 340 Hm ----320Hm s 360 HMm
3—380HM 330 HMm v 370 HM
20+ . 1.0r
3 3
= T 08}
= =
‘@ 15 o
o a
8 & %%
m 10f 5
3 S 04t
I I
(0] (0]
E 5l =
= — 02}
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Puc. 2. Cnextpu QotomoMinecneHnii nomicekoro OypmruHy Puc. 3. HopmoBaHi criekTpu (OTONIOMIHECHEHIN MOJTiCEKOTO
JUISL PI3HUX JOBXXHH XBWJIb 30y/KYBaJbHOTO BHUIIPOMIHIOBAHHA  OypINTHHY

(W1 HAOYHOCTI MYHKTUPHOK JIIHIEK MOKa3aHO TOBEAIHKY

MaKCUMyMy)
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Sk Mu BKasyBaNH paHille, CTPyKTypa CHEKTpiB (POTOMOMIHECHEHII] [0Ope OMUCYETHCS CYMOIO IBOX (DYHKITiIH
layca 3 menTpamu 6ins 2,5 ta 2,95 eB [20], axi garoTe HalitMeHITYy HOXHOKY. MU 3aCTOCYBalIM aHAIOTIYHY IPOLEAypa
¢biTyBaHHS 1O HAIIMX CHEKTPiB (oToiroMmiHecreHnii 3 (iKcoBaHMMH 3HAYEHHAMH LEHTpiB 00ox mikiB. Ha puc. 4
OpEJCTaBICHI pe3yibTaTH (ITyBaHHS IS CHCKTPIB, IO BIAMOBINAIOTH JOBXHHAM XBWJIb 30YIKYBaJbHOI'O
BunpominioBanus 310, 340 ta 380 um. Sk MokHa GauuTH, (ITOBaHI 3aJISKHOCTI J0OPE ONKCYIOTh eKCIIEpHUMEHTANbHI
CIIEKTpH.

JlaBaiiTe mpoaHamizyeMo, sIKUM YHHOM JIOBXXMHA XBHJII 30y/KyBaJbHOTO BHIIPOMIHIOBAHHS BIIMBAaE Ha OOWIBI
CMyTH 3 neHTpaMu Ours 2,5 Ta 2,95 M. Pesynpratn dityBanHs Ha puc. 4 1o0pe AEMOHCTPYIOTh TEHICHIIIO 3MEHILICHHS
BITHOCHOI IHTEHCHBHOCTI Tmika 2,95 ¢B 3i 3MeHmIeHHsM eHeprii 30ymKkyBampHHX (GoToHiB. [Ipuyomy, y pasi
MiHIManbHOI eHeprii poToHIB 30ymKyBaIbHOTO Y@ BUIIPOMIHIOBAHHS CIIEKTp I00pE ONMUCYETHCS OJHHUM MikoM 2,5 eB
(puc. 4B). TakuM YHHOM 3MiHA JOBXHHU XBWII 30YKyBaJbHOTO BHIIPOMIHIOBAHHS IMO-Pi3HOMY BIUIMBaE Ha
IHTEHCUBHOCTI 000X JTFOMiHECIIEHTHAX cMYT. Lle Moke CBimumTH, 1m0 30yIKCHHS X CMYT BiIOYBA€THCS HE3AICKHO
OJIHA BiJ OJHOI.

AmHami3z Habopy HAmIMX EKCIEPHUMEHTAIBHUX CIIEKTPIiB J03BOJIMB BCTAHOBHTH, IO HAHOIIBII iHTEHCHBHOMY
30ymKeHHI0 cMyTH 2,5 eB (496 um) BiamoBimzae mosxkuHa xBuiai Y@ BunpomintoBanus 384 um (3,23 eB), a it cmyrn
2,95 eB (420 um) Hali0iIbII iHTEHCHBHE 30y DKeHHS BUKIMKae YD BunpominioBanns 287,5 um (4,32 eB).

TakuM YUHOM IOBEICHO, IO JTFOMIHECIICHTHI LICHTPH Y OYPLITHHI 30YKYIOThCS HE3aJICXKHO OIMH B OJHOTO.

—— EkcnepumeHTanbHi AaHi
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Puc. 4. Cnexrpu ¢oromomineceHIii OypmTHHy, sKi Oyiau mpodiToBaHO rayciaHamu 3 IeHTpamu O 2,5 Ta 2,95 HM s pi3HUX
JIOBXUH XBHJIb 30y 1KyBaJIbHOTO BUNIPOMiHIOBaHHS: a — 310 HM, 6 — 340 HM, B— 380 HM.

BUCHOBKHU
ExcniepuMeHTaNBHO JOCIIIKEHO CIEKTPU (DOTONFOMIHECIICHIIIT MOMIChKOro OypIITHHY, sika Oyia 30ymkeHa YD
BUIPOMIHIOBaHHSM 3 JIOBXXHHaMHU XBUIIb 310—410 HM. 30U1bIIEHHS TOBXKUHY XBHII1 30y PKYBaIbHOTO BUITPOMIHIOBAHHS



97
Two Band Structure of Poleskiy Amber Photoluminescence EEJP 42018

MPU3BOJUTE 1O MOHOTOHHOTO 3MIIIEHHS IIOJIOKEHHS MaKCHMyMy CIIEKTpY JIoMiHecmeHmii 3 2,62 no 2.5eB i
3MEHILICHHS Horo mupuHu Ha niBBucoTi 3 0,92 no 0,62 eB. [IpoBenena maremariyHa 0OpoOKa JO3BOJIMIIA PO3IUIUTH
BHECOK y CYMapHHH CIIEKTp BiI ABOX IIEHTPIB CBITIHHA 3 MakcuMmyMmamu Outst 2,5 eB (496 um) ta 2,95 eB (420 um).
EdextuBHicTh 30y/PKEHHS IMX LEHTPIB CYTTEBO PI3HUTHCA 31 3MIHOIO JOBXXKWHM XBHWIII OIIPOMIHEHHS, SIKa MPU3BOJUTH
no emicii cpimia. lle mo3Boisie 3poOMTH BHCHOBOK IPO HE3aleXHE 30yIHKEHHS IUX CMYTr, a 3MIHM CIIEKTpIiB
(oTorOMiHECIIEHIIT TTOSICHIOIOTHCS PI3HUIICIO B €()eKTHBHOCTI 30YPKEHHS 000X LIEHTPIB.
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Ionic bombardment of the surfaces modified with the use of vacuum-arc technologies is a basic physical process for such
modifications. Experiments were produced on plant of type "Bulat". In-process on nitriding of surfaces massive steel details (item of
25XIM® and 40X) was investigated features of using of bombardment particles with different energy content. As bombarding
particles ions of titan and molybdenum was use. This stage of ionic bombardment is related to cleaning of surface and heating of it to
the necessary temperature. On the step of nitriding bombardment was carried out by the ions of nitrogen, generated in a two-stage
discharge. For diagnostics of changes on the surface of standards and in the distance from it deep into metal, used X-ray fluorescence
mass-analysis and produced measuring of hardness by means of device of Nanoindentor G200. The comparative measuring of
relative concentrations of elements is executed in composition a surface became after bombardments different ions (7i or Mo), and
also the profiles of bedding of the implanted nitrogen and modified hardness in a metal are got. Features are educed in the results of
nitriding of steel surface by the use of different sorts of ions. The photos of the transversal microsections got by means of optical
metallography microscope of MMO 1600 showed differences in structural characteristics of the nearsurface layers by using the
bombardments ions of titan and molybdenum. These differences are related to the high temperature in layers during bombardment
the ions of molybdenum. The purpose of this work is conduction comparative experiments on the treatment of steel surfaces with
accelerated ions of various metals with the subsequent analysis of the influence of such effects on the nitriding processes on these
surfaces.

KEYWORDS: ionic bombardment, steel, nitriding, ions of titan and molybdenum.

BILJIMB IOHHOT'O BOMBAPYBAHHS HA ITPOIIECH A3OTYBAHHS ITPH KOMIIIEKCHIN MOJTA®IKAILIIT
IMOBEPXHI CTAJIL
B.A. Binoyc!, 10.0. 3agninposcbkniil, I.C. Jomniu!, M.C. Jlomino!, T.I. Bep3?
nemumym gizuxu meepoozo mina, mamepianoznaecmea i mexmonoziti HHI] XTI
61108, Xapxis, éyn. Akademiyna, 1
2AT «T; ypboamomy, 61037, Xapxis, Mockoscvkuii npocnekm, 199

lonne 6ombapayBaHHS TOBEPXOHD, SKi MOAU(IKYIOTECS 3 BUKOPHCTAHHSIM BAaKyyMHO-IYTOBHX TEXHOJIOTiH, € OCHOBHUM (i3HIHUM
IIpoLecoM st TakuX Moau¢ikaniii. ExcriepuMenTn npoBoauimcs Ha ycraHoBi Tamy "bynar. ¥ po6oTi no a30TyBaHHIO HOBEPXOHb
MaCHUBHHX CTalleBHX aeTaied (ct. 25XIM® i 40X) nocnimkeHi 0coONMBOCTI BUKOPHCTAHHS B SKOCTI O0MOapayl0unX 4acTOK iOHIB
THTaHy 1 MoniOaeHy, o MaloTh pi3Huil eneproBwmict. Lleit eran ionHOro GomGapayBaHHS MOB'SI3aHUM 3 OYMIICHHSIM MOBEPXHI i
HarpiBoM ii 10 HeoOxigHoi Temmeparypu. Ha erami a3oryBaHHs OoMOapayBaHHs 3iCHIOBANIN iOHAMH a30Ty, II0 TCHEPYIOTHCS B
JBOCTyMiHYaTOMY po3psiai. st AiarHOCTHKY 3MiH Ha MOBEPXHI 3pa3KiB i Ha BifcTaHi BiJ Hel yrinb MeTaiy, BHKOPUCTAIN PEHTTCHO-
(iryopectieHTHHI Mac-aHami3 1 poOWIM BUMIpH TBepHOCTi 3a momomoror mpwiagy Nanoindentor G200. BukonaHi mopiBHSUIBHI
BHMIipHY BITHOCHHMX KOHIIEHTpaLill eJeMEHTIB y CKJIaJi MOBEpXHi cTali micisi 6oMmOapayBans pizHIMHU ioHaMu (77 abo Mo), a Takox
oTpuMaHi mpodimi 3ajsAraHHs 3ariauOIeHOro B METal a30Ty i MoAM(iKoBaHOI TBepaocTi. BusBieHi ocoOnMMBOCTI B pe3yiabTaTax
a30TyBaHHS CTAJIEBOI IOBEPXHI IPH BUKOPHCTAHHI Pi3HUX cOpTiB ioHIB. PoTorpadii nonepeynux nuridis, OTpEMaHUX 3a JOMOMOT OO
ONTHYHOrO MeTajorpagiunoro Mikpockomy MMO 1600, mpoaeMOHCTpyBadM BiAMIHHOCTI B CTPYKTYpHHX XapaKT€pPUCTHUKax
NIPUIIOBEPXHEBUX INApiB npH OomOapiyBaHHSAX ioHaMH THTaHy i MomiOgeny. Lli BigMiHHOCTI TOB'S3aHi 3 IiJBHIIEHOIO
TEMIepaTyporo B Iiapax npu OoMOapayBaHHi ioHaMu MOiOaeHy. MeToto 1tiel poOOTH € IPOBEICHHS TOPIBHIBHUX CKCIICPUMEHTIB
1o 00poOLIi cTaneBruX MOBEPXOHb NPUCKOPCHUMH 10HAMH Pi3HHX METaiB 3 MOJAJIbIINM aHAI30M [TisIHHS TaKHX BIUIHBIB Ha MPOLECH
a30TyBaHHS LIUX TOBEPXOHb.

KJIFOYOBI CJIOBA: ionHe 6oM0apayBaHHsI, CTalb, a30TYBaHHS, 10HH THTaHY 1 MOJIIOACHY.

BJHUSTHUE NMOHHON BOMBAPJINPOBKH HA ITPOIIECCHI A3OTHPOBAHUS ITPY KOMILIEKCHOM
MOANPUKAIIMU NOBEPXHOCTHU CTAJIA
B.A. Benoyc!, 10.A. 3agnenposckuii!, U.C. lomuna!, H.C. Jlomuno!, T.U. Ben3?
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Honnas OoMOapAupoBKa IMOBEPXHOCTEH, MOAMPHUIUPYEMBIX C HCIHONB30BAaHUEM BaKyyMHO-IYTOBBIX TEXHOJIOTHH, SBISETCS
OCHOBHBIM (DPM3MUECKHM MPOLECCOM Ui TaKuX MoAu(UKaruidi. DKCIepUMEHTH MPOU3BOAWINCH Ha ycTaHOBKe THma «bymar». B
paboTe 1O a30THPOBAHMIO IMOBEPXHOCTEH MACCHUBHBIX CTaNbHBIX aeTanedt (cr. 25XIM® un 40X) uccienoBaHbl OCOOCHHOCTH
HCTIOJIb30BaHUS B KauecTBE OOMOApAUPYIOIINX YaCTHIl HOHOB TUTaHA ¥ MOJHO/ICHA, 00JIQIAI0INX PA3IINYHBIM SHEPTOCOACPIKAHUEM.
DTOT dTan MOHHOW GOMOAPIMPOBKY CBS3aH C OYMCTKOM IMOBEPXHOCTH M HarpeBoM e€ 1o HeoOXxoauMmoi TemmepaTypsl. Ha stame
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a30THPOBAaHU OOMOAPIUPOBKY OCYILECTBISUIM HOHAMH a30Ta, TEHEPHPOBAHHBIMU B ABYXCTYNEHYAaTOM paspsaze. s AMarHOCTUKH
HW3MEHEHUH, MPOHCXOANIMX Ha MOBEPXHOCTH OOpa3lloB M HAa PAaCCTOSHMU OT Heé BIUIyOb MeTajla, MCHOJIB30BAM PEHTTEHO-
(iTyopecleHTHBII Macc-aHalu3 M MPOU3BOIMIN M3MEpPEeHus: TBEPAOCTH C¢ momolnsio mpudopa Nanoindentor G200. BrrmonneHb
CPaBHHTENbHBIE U3MEPEHHSI OTHOCHTEIBHBIX KOHIIGHTPAI[MH 3JIEMEHTOB B COCTaBe MOBEPXHOCTH CTalHM Iocie OoMOapaupoBOK
pasnmuabiME noHamu (77 nnmm Mo), a Takke TOMy4eHbI MPO(MIIN 3aleranns BHEAPEHHOTO B METAIT a30Ta U MOAU(UINPOBAaHHON
TBEPIOCTH. BEIABIEHB 0COOEHHOCTH B pe3yJIbTaTax a30THPOBAHHS CTAIBHOHW IOBEPXHOCTH IPH HCHOJIB30BAaHHU PAa3HBIX COPTOB
noHoB. PoTorpadun monepeuHsIX NUIH(OB, MONYYSHHBIX C MOMOINBI0 ONTHYECKOTO MeTamiorpadudeckoro Mukpockoma MMO
1600, MpoJeMOHCTPUPOBAIN OTJIMYMUS B CTPYKTYPHBIX XapaKTePUCTUKAX MPHUITOBEPXHOCTHBIX CIOEB NMpH OOMOAapIMpOBKaxX MOHAMH
TUTaHa M MOJHOJEHA. DTH OTJIIMYHMS CBSI3aHBI C MOBBINIEHHOW TEMIIEpaTypoil B CIIOSX NMpH OGoMOapAMpOBKE MOHAMH MONMOIEHA.
Lenpto HacTosimielt pabGOTHI SBNISAETCS MPOBEACHHE CPABHUTEIBHBIX AKCHEPHMEHTOB IO 00pabOTKE CTalbHBIX IMOBEPXHOCTEH
YCKOPEHHBIMH HOHAMH Pa3HBIX METAJUIOB C MOCIEAYIONIMM aHAIW30M BIMSHHS TaKMX BO3JEHCTBHH Ha MPOLECCH a30THPOBAHUS
9TUX NOBEPXHOCTEH.

KJIFOYEBBIE CJIOBA: nonnas 6oM0apaAnpoBKa, CTallb, a30THPOBaHUE, HOHBI TUTAHA H MOJIHOIEHA.

B BakyyMHO-ZyroBBIX TEXHOJOTHAX MOJU(UKAIIMY TOBEPXHOCTH J€Talle MAIlMH U MHCTPYMEHTA, TPUMEHAEMbIX
JUISL YIYYIICHUS Pa3lIMuHbIX (HU3WYECKMX M CIY)KEOHBIX XapaKTEepUCTUK, TPAJAWUIMOHHO HCIOIB3YEeTCs CTausd,
CBsI3aHHAs C WCIIOJIb30BaHMEM HOHHOW OomOapaupoBkM oOpabaThiBacMbIX M3nenuid. Ha aTol cramum B yclOBHSX
ocratounoro Bakyyma (P~10~Topp) ¥ NpHKIagbIBAHMA K METAUIMYECKON IIOBEPXHOCTH OTPHIATEILHOrO ITOTEHIHANIA
(V~1 kB), e¢ 60MOapaAUpPYIOT YCKOPEHHBIMHA HOHAMH, SIBIISIOIIMMHUCS TPOAYKTaMHU 3PO3UH PacXOoAyeMbIX Katonos. [Ipu
3TOM, B KQU€CTBE MaTE€pHaJIa STUX KaTOIOB MOTYT OBITh MCIIOIb30BAHBI PA3IMYHbIE METaUTbl. OOBIYHO MPUMEHSIOT T€
K€ MaTepHabl, KOTOpbIE YYaCTBYIOT M Ha MOCIEIYIOMINX CTaAUsIX MOAU(MUKAINY, HAIIPUMED, B OCAXKICHUH 3alIUTHBIX
MOKPBITUA HAa OCHOBE COCOMHEHMH 3THX METaUIOB C PAa3IMYHBIMH DPAa004YMMH Ta3aMu (HUTPUAAMH, OKCHAAMH,
kapObugamu u T.1.). Llems Takoit OomMOapIUpOBKM IMOBEPXHOCTH HMOHAMH METayla COCTOUT B OYHCTKE €€ OT
HEXKeJaTeNbHBIX 3arpsA3HEHUI U B pa30rpeBe MOBEPXHOCTH JI0 HEOOXOJMMOW TeMIeparypsl. B TeXHONIOTHsIX BaKyyMHO-
IyroBoil o0paboTku o0a 3TH 3¢dekTa 00ecneynBalOT BBHICOKYIO CTENEHb AAr€3HH OCaXKIAEMBIX MOKPBITHI K
3alUIAeMOl TOBEPXHOCTH MeTajla.

IMpn ocaxaeHMM HM3HOCOCTOMKUX MOKPBITHH Ha W3JENHsl, MPEACTaBIIONINEe COOOH Mapbl TPEHHUs, C LENbI0
CHIKeHUs 3¢ PeKTa NPWINIIAHUS TOBEPXHOCTEH, OOBIYHO MCIONB3YIOT PA3JIMYHbIE COCTAaBbl YIPOUYHSIOMINX TOKPBHITHH.
Tak, HarpuMmep, NMpHU YNPOYHEHUM JAETaliedl Takod maphl, BXOJAIIMX B COCTaB OJIOKa mapopacipenesieHus TYpOUHBI
K-325 nponzBonctBa AT «Typboarom», ObIIIM UCTIONB30BAHBI MOKPBITHS M3 HUTPHIOB THTaHA U MoiubzaeHa [1]. Otn
TIOKPBITHS OCAKAAINCH Ha MPEABAPUTENBHO YNPOYHEHHYIO OCHOBY Metaiuta (ctamu 25XIM® nmm 40X) no riyoun
~150 MKM, 9TO JOCTHTAIOCh HA CTaJUH MOHHOTO a30THpOBaHMs. Takas KOMOMHMpOBaHHAs 00pabOTKa MOBEPXHOCTH
nerayneil (a30THpoBaHME + OCAXICHHE MOKPBITHH) NMPOBOAMIACH B YCIOBHSIX E€IHHOTO TEXHOJOTMYECKOTO Ipolecca
noHHOW Momu¢ukamym [2]. C moMompo Takod o0pabOTKH CymeCcTBEHHO (B pasbl) MOBBHIIIEHA H3HOCOCTOHKOCTH
Jertaeil, BXOIAIIUX B COCTaB Mapbl TPEHUS.

Llenplo Hacrosmeld pabOTHI ABISETCS NPOBEICHHE CPAaBHHUTEIBHBIX SKCIIEPUMEHTOB IO 00pabOTKe CTalIbHBIX
MIOBEPXHOCTEH YCKOPEHHBIMI MOHAMHU Pa3HbIX METAJUIOB C MOCJIEAYIOIMM aHAIN30M BJIUSHUS TaKUX BO3JEHCTBUI Ha
IPOIIECCHl A30TUPOBAHUS 3TUX ITOBEPXHOCTEH.

PE3YJIbTATBI DKCIIEPUMEHTOB U UX OBCY X XJIEHUNE

B mpomecce pa3paOOTKM TEXHOJIOTMH BaKyyMHO-IYIOBOH KOMIUIEKCHOH 00pabOTKM JieTanedl Hamu
WCIIOJIB30BAJIMCh KaToAsl M3 MoiuOaeHa W TuTaHa. [Ipu 3ToM HOHHas OOMOapIMpOBKAa MOBEPXHOCTH MOTJIA
OCYIIECTBIISIThCS KaK MOHAMH STHX METaJUIOB KaXKJOTO B OTIENBHOCTH, TaK M IpPU COBMECTHOH padore Ti- u Mo-
karozoB. Temneparypy Harpesa oOpa3LioB KOHTPOJIMPOBAIN C IOMOIIBIO MH(ppaKkpacHOro mupomerpa tuma MX-4 ¢
BBIBOJIOM H3JIyYCHHUS 4epe3 OKHO M3 repmanus. HaOmomaembple Ha MOBEPXHOCTH OOPa3lOB OTJIMYUS B PE3yJbTaTax
TakuX OOMOapAMPOBOK HAIVISAHO HpeacTaBieHbl Ha puc.l. Kak BUAHO M3 3TOro pucyHkKa, MOBEPXHOCTH MCXOMHOTO
obpasma (ero pasmepst 20x10x6MM) UMEET ClIe[bl HEKAYECTBCHHOW MOJIMPOBKH, KOTOPBIC MOCIIC OOJIYYCHUS HOHAMU
METAJUIOB, HUBCIUPYIOTCS, MPHUYEM IpU OOMOapIUpOBKE HOHAMH MOJIMOJICHA DPO3HUS MOBEPXHOCTH IMPOUCXOIUT
ropasJo UHTEHCUBHEE, YeM IpH 00MOapJUpOBKE HOHAMH THUTaHA. Takke SPO3HMOHHBIE TIPOLECCHI 3aBUCST U OT COCTaBa
pacrbuIsieMod cTaimi. DTO BHAHO M3 CPaBHEHMS PE3yJIbTATOB 0 PACIBUICHUIO IOBEPXHOCTH OOpa3loB JBYX MapoK
craneit - 25XIM® n 40X. J1o3b1 06IydeHHs, HCIIOIb3YEMbIE B 9TOM SKCIIEPUMEHTE, OJJHHAKOBEL.

PacnipiurensHast criocoOHOCT HOHOB Mo BbIIIe, YeM MOHOB 77 Kak 3a c4ET nx Oojpliell KHHETUYECKOH SHEPTHU
(E, =58,9 5B mpotus 149 »B[3]), mpuodpeTaeMoii pu BBUIETE W3 KaTOAHOTO MSATHA, TaK M BBUAY OOJBIIEH BEIHMIUHEI
cpenHero 3apsima 3tux WOHOB (z=3,1 mpotuB 2,1[3]). IlocmemHee oOCTOsATENBCTBO coriacHo Qopmyne E;=zel
MIPUBOJUT K IOBBIIICHUIO SHEPTHH HOHOB E; B 1e0acBCKOM c€JI0€ BONMM3M PAaCHbUIIEMOM MOBEPXHOCTH, K KOTOPOH MO
TEXHOJIOTHUH MPWIOXKEH OTpUIaTelNbHbIN noTeHnman V. (B nHamem cioydae V= 1,2 kB). BombapaupoBka monamu Mo
MPUBOANT Takke K Oosee ObIcTpoMy HabOpy 00pas3oM TeMIlepaTypsl MO CPaBHEHHIO ¢ OOMOapIUpOBKOW HOHAMH
TUTaHa. 33/IaHHbIH Tpesien paboueil TeMIiepaTypsl BO H30ekaHie BO3MOKHOTO MeperpeBa MoBEpXHOCTH 00eceyrBaIcs
UCIIONIb30BAaHUEM HMOHHOW OOMOapIMpOBKH B HWMITYJbCHOM pEXKHME, KOTJa BO BpeMs Iay3bl IMPOUCXOIMIO
BBIPABHUBAHHUE TEMIIEPATYPhl MKy OBEPXHOCTBIO U CEP/ILIEBUHOI 00pasia.

B pacnbuiieMoM MOHaMH ITOBEPXHOCTHOM CJIO€ IPOUCXOJHT SIBICHHE, M3BECTHOE KaK MOHHOE IepeMEIINBaHuUE,
IIPY KOTOPOM 4acTh 60MOapANPYIOIINX HOHOB OKa3bIBACTCS 3aMYPOBaHHON B 3TOM CIIOE.
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Puc.1 IToBepxHOCTH 00pa3noB mocie 6SombapanpoBku noHamu 7i (2 u 3) u nonamu Mo (4 u 5) (marepuain: cramu 25XIM® (2 u 4) n
40X (3 u 5)). UcxonHast MOBEPXHOCTH CTAIH — 1.

Ha puc. 2 npencraBiieHbl pe3yIbTaThl HCCIICOBAHUS MACCOBOIO COCTaBa MOBEPXHOCTH 00pa3ioB CT. 25XIMO.
OTH M3MepEeHHs BHIIIOJIHEHBI C TIOMOILBIO PEHTICHO-(IIyOPECIEHTHOI0 MUKPOaHAIN3a Ha CKAaHUPYIOIEM AJIEKTPOHHOM
Mukpockone (SEM) JSM 7001F n OTHOCSTCS TOJNBKO K COPTaM HMOHOB, yYacTBYIOUIMX B MOHHON OoMOapaupoBKe.
Heo6x0auMo 0TMETUTB, YTO UCXO/IHASI CTajlb HE COJCP)KUT THTaHa, HO coaepxuT Mo B npenenax 0,25 ar.%. Kak BunHO
W3 3TOTO PHCYHKA, COJepKaHMEe MOJIMOJeHa B cTanmu mocie e¢ OoMOapAMpOBKM HOHaMu Mo TPaKTHYECKH HE
WM3MEHMIIOCH, HO ITpU 00MOapIupoBKe HOHaMH 77 Ha TOBEPXHOCTH 00pasiia OTMEYEHO 3aMETHOE KOJIMYECTBO THTaHA (710
0,8 ar.%). B pabote [4] mokazaHo, 4T0 GOMOapAMPOBKA MOBEPXHOCTH CTAIFHOTO 00pa3ia HoHaMH i IPUBOJIUT TAKXKE
K 3aJICYMBAHUIO CYIIECTBYIOIIUX HA 3TOW MOBEPXHOCTH MUKPOJE(PEKTOB IMyTEM 00pa30BaHUs TOHKOH (~1MKM) IIIEHKH

TUTaHA M K YJIy4YIIEHHIO HEKOTOPHIX MEXaHMUYECKHX XapaKTEpPUCTHK 00pas3la, B YaCTHOCTH, KOHCTPYKIIMOHHON
MIPOYHOCTH.
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O6paboTka NOBEPXHOCTN MOHAMMU
Puc.2. Pe3ybraTel H3MEpEHHUs] OTHOCHTEIBHOTO COACPKAHKS TUTaHA U MOJIMOCHA B IIOBEPXHOCTHOM CJIOE CTalH,
MOJBEprHyTOH OoMOapanpoBke noHamu 7i u Mo

Kak yxe ykasplBaJioch BbIlEe, NpH OOMOApIMpOBKE HOHAMH MeTajlla, MOCNe JOCTH)KEHHS Ha o0Opasuax
TEMIIepaTypbl, HEOOXOIUMOM ISl MPOBEACHUS CTaJHM MOHHOTO a30THPOBAHMS JAHHOW MapK CTajH, B BaKyyMHOU
KaMepe 3aKuTajcs IByXCTYIICHUATHI BaKyyMHO-IIyTOBOH pa3psa B atMocdepe padouero rasza a3ota [5-6]. [Tapamerpsl
a30THPOBaHMs ClEAyIoIMe: Hanpshkenne — 600 B, TIOTHOCTH MOHHOTO TOKa Ha o6pasusl — g0 10 mAd/cm?, Bpems
azoTupoBaHUs — 10 40 MUH.

Ilocne mnpoBeneHus craauM a30THPOBAHHMSA C TIOMOINBIO MHKPO3OHAOBOH JMAarHOCTHKH HCCIIEI0BAIOCH
coJiep)KaHue a30Ta B MPOA30THPOBAHHBIX 00pa3Iax CO CTOPOHBI MX IOBEPXHOCTH, W 10 CEUCHHIO NPHUTOTOBJIECHHBIX
nonepedHbIX nuTgoB. Takue pe3ynbTaThl MOJTy4eHbI Kak Ipu OOMOapAUpOBKE MOBEPXHOCTH 00pa3lioB HOHAMU Ti, Tak
1 Mo. Pe3ynbTaThl 3THX U3MEPEHUH TpEICTaBIeHBI Ha prc.3 U puc.4.

Ha puc.4 Takke mNpuBeNeHBI PE3yNbTAThl IOIIATOBOTO H3MEPEHUs] TBEPAOCTH, BBHIOJHEHHBIE C MOMOIIBIO
npudopa Nanoindentor G200 npu Harpy3kax 50 mN u ri1yOune ungentiuposanus 500 nm.
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Puc. 3. OTHOCHTEINIBHOE COZICPIKaHHE a30Ta, H3MEPEHHOE C Puc. 4. PacnpezesieHie OTHOCUTEIILHOTO COJIEPIKaHUS a30Ta
TIOBEPXHOCTH 00pa3oB MpH OOMOAPINPOBKE Pa3THIHBIMU 1 TBEPIOCTH N0 TITyOHWHE OT MOBEPXHOCTH 0Opasia
HOHaMH

Kak cnenyer u3 puc. 4, ot copra nonos (7i win Mo), 6oMOapaIupyIOInX MMOBEPXHOCTh HA CTaIUK €€ pa3orpena,
3aBUCST KaK paclpeseeHus coJiep kaHusl BHEIPEHHOTO B 00pasell a30Ta, Tak ¥ TBEPIOCTH CIIOsI, MOJU(DUIIMPOBAHHOTO
B pe3yJibTare 3Toro BHenpeHus. HekoTopele pa3innyus B aOCOJIIOTHBIX 3HAYEHHUSX KOHIIEHTPALUI a30Ta, TOJyYeHHBIX C
moBepxHOCTH (prc.3) U Ha HUIHQe BOIM3M MOBEPXHOCTH (pHUC.4), CBSI3aHBI C 0COOCHHOCTHIO METO/IHK, PUMEHSICMBIX B
9THX UW3MEpeHusX. Pe3ynpTarhl, IpeicTaBICHHbIE HAa pUC.3, TOJY4YEHBI NPH CKaHHUPOBAHMU ITOBEPXHOCTH
PEHTI€HOBCKUM Iy4KoM 1o wionraau 100x100 MxM, a MccinenoBaHus 1o ceueHuto numda (puc. 4) MpoBeJeHbI My4YKOM,
JaMeTp KOTOPOTO TOpsIKa HECKONBKMX MKM. [103TOMy YIOMSHYTBIE pa3inyus B KOHIIGHTPAIMAX MOTYT OBITh
0OBSICHEHBI NPHUCYTCTBHEM KalleIbHOM COCTaBIIIOMEl OOMOapaupyIoero IMoToKa, MOMaJalomel B Iojie 3peHHs
my4ka. [Tpn u3MepeHusIX 1o IOy MPUCYTCTBHE HA TIOBEPXHOCTH 00pasna Kareiab MeTajla IPUBOIUT K CHIDKCHHIO
3HAaYCHUH OTHOCHUTEIHHOTO COAep KaHus a30Ta. Takoil a(dexT OoJee BEIpakeH B cirydae O00MOapIpOBKH MMOBEPXHOCTH
oOpasua noHamu 7i, Hexenn Mo, TIOCKOJIBKY KalelbHAas COCTAaBIAIOIAs 3PO3MM TUTAHOBOTO KaTOAA IPEBBIIIACT
COOTBETCTBYIOIIYIO BETHYHMHY JUISI KaTola M3 MOIMOIeHa [6].

XO0Z KpUBBIX Ha pHC. 4, IEMOHCTPUPYIOIINX [IOBEICHUE OTHOCUTEILHOTO COAEPKAaHUs BHEAPEHHOTO a30Ta ny(h),
XapaKTEPU3YeTCs HAIMYMEM yYacTKOB PE3KOr0 Craja g0 3HaueHui ~8% Kk riyoune 7 =25 MkM, mpuuéM Takod UX craj
OT TIOBEPXHOCTH 00pa3la He 3aBUCHUT OT copTa OoMOapAupyromux HoHOB. [1iis ciydast 00MOapIMpOBKH MOHAMU THTaHA
B AManazoHe TiayonH 25MkM <A< 200 MKM MMEET MECTO IUIaBHBIH BBIXOJ 3aBUCUMOCTH Myn(h) K HYJIEBBIM 3HAUECHHSIM
KoHUeHTpauuu. [Ipu 3ToM noBexeHne KpuBOH TBEpAOCTH H(h) MOIM(PHUIMPOBAHHOIO CIIOS B IEJIOM MOBTOPSET XOJ
KpuBOii ny(h). B cnydae 6omOapanpoBky noHaMK Mo B yKa3aHHOM JHaria3oHe ITyOuH HaOJo1aeTcsi HEMOHOTOHHOCTh
crnana 3aBucuMocteit ny(h) u H(h) ¢ XOpoIIo BEIpaXKEHHBIM yYaCTKOM IIIATO B Tuamna3oHe 25MkM <A< 100MKM.

Jns oOpsicHeHNs HAOMIOIaeMBIX Ha pUC. 4 pa3MUInil B XapaKTepe IMOBEICHIS 3aBICUMOCTEH KOHIIEHTpAIHi a30Ta
10 TIyOWHE OT TOBEPXHOCTH OOpasla HCIIONIb30BaHbl (hoTorpaduy MOMEpEedHBIX HUTH(GOB 00pa3sloB B HCXOIHOM
COCTOSIHUM W TPOIICAMINX CTaJWI0 HAarpeBa C IOMOIIbI0 HOHHOM OOMOapAMpOBKH pa3HBIMH COPTAMH HOHOB C

uem

7

Puc.5 ®ororpaduu nrdos 06pasnos cranu 25X/ M@ B HCXOAHOM COCTOsTHUH (/) U TOCTIe POBEICHHON HOHHOM
6ombaparpoBku noHamu 77 (2) u Mo (3) u ctanuu a30TUPOBAHUSL.

Ha ¢otorpadum monepednoro mumda crany, HAXOMAMIEHCS B MCXOTHOM COCTOSHUM (/), BHIHA OJHOPOIHAS
MEJIKO3EpHHUCTAsE CTPYKTYpa C pa3MBITBIMU TpaHHIaMu 3epeH. OHa npeacTaBisieT coboi (eppuTo-NepauTHYI0 CMECh,
YTO COOTBETCTBYET OTOXOKEHHOMY COCTOSIHHUIO CTanu. Benencrsue Toro, uro 6oM0OapanpoBka odpasia OCyIeCTBISETCS
noHamu Ti wnmu Mo, UMEIONMMH pa3IMyHOE 3HEProcoaepkaHue, (GOpPMHUPOBAHHE CTPYKTYPHBIX XapaKTEPHCTUK B
TIOBEPXHOCTHBIX CIIOSIX NMPOMCXOANT MO BO3AEHCTBHEM Pa3IMYHBIX TeMIepatyp. B pesynbrare mpoBeneHus mpoiecca
a30TUpOBaHMs Ha riiyOuHax no 4 <120 MKM MHUKpOCTpyKTypa ciio€B (Ha numdax (2) u (3)) cTaHOBHTCSI TOCTATOYHO
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HeomHOponHo#. Ilpm sTOM B ciiyuae OOMOapAMpPYIOMIMX WOHOB Mo Ha TOBEPXHOCTH a30THPOBAHHOTO cios (3)
BBISIBJICHBI KpynHbIe (10 30MKkM) 3€pHa (eppuTa, UTO CBSI3aHO C HAPEBOM MOBEPXHOCTH 00pasiia Ao 6osiee BHICOKOM
TEMIIepaTyphl 0 CpaBHEHHUIO ¢ boMOapanpoBkoii nonamu 7i. Ha rmyOunax />120 MKM HCXOAHAS CTPYKTypa CTaIH HE
MpeTepreBaeT U3MEHEHU.

Pasznuune B MOAMMHUIIMPOBAHHBIX CTPYKTYpax MOBEPXHOCTH 00Opa3IOB, MPOIICANINX CTAJUI0 a30THPOBAHMUS,
MOJET OOBSICHHTh M HAOJIOaeMble Ha PHUC. 4 OTIWYMSA B MPO(UISLX PAaCHpPOCTPAHEHHUs a30Ta BIIIyOb MeTauia JJis
000uX BapHaHTOB OOMOAapAMPOBKH — HKCIIOHEHIMAIbHAS 3aBUCUMOCTD 11l 77 1 Oojee CIoXHasi, HEMOHOTOHHAsI, IS
Mo. B camoM Jiene, CTpyKTypa a30THPYEMOW CTalld ¢ KPYITHOpa3MepHBIMU 3EpHAMU, PAacIIPOCTpaHEHHAs Ha OOJIBIIYIO
IIIyOMHY OT ITOBEPXHOCTH, M C Pa3BUTHIMU I'PAHUIIAMH 3EPEH IMpEAroiaracT HaJlmurie JOTOJIHUTENFHOTO KaHata, KpoMe
KaHana 00bEMHON Tepmoauddy3un, It MPOABMIKEHHS a30Ta BJOJIb ATUX TPAHHUIL.

Hcnonp3oBaHre HMOHOB MOJMOAEHA Ui OYMUCTKM M HarpeBa MOIU(PHUIMPYEMOH ITOBEPXHOCTH IIO3BOJISET
COKPATHUTbh BPeMsI ATUX IPOIECCOB 10 CPABHEHMIO ¢ OOMOapAMpPOBKOH HMoHaMH THTaHa. OJHAKO MPU 3TOM BO3MOXKEH
HE)XEJIATEIIbHBIN TEePErpeB MOBEPXHOCTH MACCHBHOM JeTany Ha Oosblryro riayouny. Ilpu paboTe ¢ Takumu AeTansiMu
PCKOMEHJOBAaHO TIPUMECHEHHE OOMOApAMPOBKM B HWMITyJbCHOM pEXHME, KOT/da BO BpPEMs IAy3bl MPOHCXOIUT
BBIPAaBHUBAHHE TEMIIEPATYPbI MEXIY MOBEPXHOCTHIO M CEPALICBIHON 00pasia.
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TexHoyornss KOMOMHUPOBAHHOTO YIPOYHEHHUs! (MOKPBHITHE + a30THPOBAHHE OCHOBBI) PabdOYMX MOBEPXHOCTEU
Jerayeil ycTpoicTB oTpaboTaHa Ui cllydas HOJHOMACIITa0HBIX Y3JIOB NMapoBoil TypOMHEL [lokazaHo, 4To Ha cTagun
A30TUPOBaHMS MTPOPUIM PacpOCTPaHEHUsI a30Ta BIIIyOb METajlla ¥, COOTBETCTBEHHO, MO (DUIIMPOBAHHOW TBEPAOCTH
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It is well-known that II-VI compounds occupy a very relevant place in the whole context of semiconductors. In particular, II-VI
semiconductor and isolating or quasi-isolating oxides play an important role. Among these materials, we can mention zinc oxide and
cadmium oxide. These oxides, which are transparent (at least in the visible range), are suitable for a number of optoelectronics
applications. In this respect, let us consider solar cells; indeed, the above oxides serve as antireflection coatings for these cells.
Cadmium oxide, doped or undoped, despite it is hazardous to manipulate, is certainly very interesting for the aforementioned
optoelectronics applications. On the other hand, many aspects of this oxide may be regarded from the experimental and theoretical
standpoints. In relation to the experimental side, several techniques are currently used to produce cadmium oxide. Among these
experimental methods, one can mention metal evaporation, sputtering over a glass substrate, and laser deposition. Perhaps, laser
deposition is more advanced and promising than the other techniques. In addition, the fact that laser is involved in this type of
deposition gives rise to that the main aspects of the physics and chemistry of cadmium oxide are, say, enhanced. Really, the physics
and chemistry of cadmium oxide constitute a significant issue. In order to examine accurately the principal physical mechanisms
underlying the formation of cadmium oxide by laser deposition, an in-depth theoretical nonlinear study upon the above formation is

presented in this article. As a matter of fact, taking into account that the molecules (Cd, , O, , CdO ) in the chemical reaction which

gives CdO are diatomic, the Morse potential is assumed to act upon the inter-nuclear axis of the molecules which, consequently,
behave as quantum anharmonic (nonlinear) oscillators. In fact, associated with the corresponding chemical reaction, inelastic
collision between a cadmium molecule and an oxygen one is considered to give rise to two molecules of cadmium oxide. We analyze
carefully this collision from the quantum-mechanical point of view (we recall that the molecules in question behave as quantum
anharmonic oscillators). From this molecular collision, energy loss is produced due to the laser action. The energy loss is calculated
and, from this result, we deduce a mathematical condition to be obeyed for the size of anharmonicity by using a suitable parameter.
KEYWORDS: cadmium oxide, laser deposition, Morse potential, nonlinear study, energy loss

HEJITHIAHAN TAHAMIYHAN AHAJII3 ®OPMYBAHHS OKCHUIY KAJIMIIO ITIPA JIASEPHOMY OCAI)KEHHI
M.A. GRADO-CAFFARO, M. GRADO-CAFFARO
C/Julio Palacios 11, 9-B, 28029- Madrid (Spain)
Hobpe Bimomo, mo cmomyku II-VI 3aiiMaioTh Idyke BaKIMBE MicIle B KOHTEKCTI HaIliBOPOBITHHKIB. 30KpeMa, BaKIHBY POJb
Bixirparots 11-VI HaniBnpoBiTHUKOBI Ta 130JsILiHHI a00 KBa3iizomroroui okuciu. Cepen IUX MaTepialiB MOJKHA 3TalaTh OKCUJ IUHKY
Ta okcun kKaaMito. Lli okcmam, ki € mpozopumu (MpUHAWMHI B BHAMMOMY Jiama3oHi), MIAXOIATH IUIA PSAAY AOAATKIB Ui
ONTOCTCKTPOHIKK. Y I[bOMY BIJHOIICHHI IaBalTe pPO3IJSIHEMO COHSYHI OaTapei; MiHCHO, OMUCaHI BHUINE OKCHIM CIyXKaTh
AHTUBIAOUBAIOYUM TOKPHUTTAM Uil nuX Oarapeit. Okcu KaaMiro, JIeTOBaHWN a00 HeJIeroBaHHM, HE3BAXKAIOYM Ha HEOE3MCYHICTh
BUKOPUCTaHHS, 0€3yMOBHO, Jy)Ke LIKaBU{ /IS BUILE3TaJaHUX 3aCTOCYBAHb y ONTOEJICKTPOHILi. 3 iHIIOro OGOKy, Oarato acrekTiB
BUKOPUCTaHHS ILBOTO OKCHIY MOKHA pO3IJIIaTH 3 EKCIEepUMEHTAIBHUX Ta TEOPeTHYHHX To4oK 3opy. Illo crocyerbes
eKCHEePUMEHTAIBHOI CTOPOHH, B JAHUH 4Yac BHUKOPUCTOBYETHCS MAEKiIbKAa METOAIB OTpUMaHHS okcuay kaamito. Cepex uux
SKCIIePUMEHTAIbHUX METO/IB MOXKHA 3TaJIlaTH BUIIAPOBYBAHHS METANiB, PO3MUIICHHS O CKIISHIN MiAKIaALi Ta Ja3epHe OCaHKCHHSI.
MoxuBo, J1a3epHe OCaKEHHS € HAMOUIBII MPOCYHYTHM i IEPCIIEKTUBHUM, HiX 1HII Metoau. KpiM Toro, Toit dakr, mo mazep Oepe
y4acTb y JaHOMY BHJi OCaJKEHHS, OPOIKYE, CKaKiMO, TOCHIICHHS OCHOBHHUX acIieKTiB (i3WKM Ta XiMmil okcumy kaamito. [liiicHo,
¢i3uka Ta XiMis OKCHIY KaJMIiI0 CTaHOBIITH 3HauHy NpoOmemy. sl TOYHOTO BHBYEHHS OCHOBHUX (I3MYHMX MEXaHI3MiB, IO
JIeKaTh B OCHOBI YTBOPEHHS OKCHIY KaJMIIO JJa3epHUM OCA/UKEHHSM, B JaHIH CTaTTi HaBeJCHO MOIINOIEHEe TEOPETHYHE HelliHiiHHe
JOCIIDKeHHS Ha BuIesragane dopmysarss. ITo cyrti, 6epyqn 1o yBaru e, mo moxekym (Cd, , O, , CdO ) B ximiuHiit peaxi, 1mo

nmae CdO, € 1BoaTOMHUMH, TiepeadadaeThCs, Mo MoTeHIiaa Mop3e i€ Ha MiKAAEpHY BiCh MOJIEKYI, fKi, SIK HACIIIOK, BEeOyTh cebde
SIK KBaHTOBI aHTapMOHIYHI (HENiHilHI) ocmiasiTopr. DaKTHYHO HETPYXKHI 3ITKHEHHS MOJICKYJH KaJMil0 3 KUCHEM Yy BiAMOBiTHIN
XIMIYHIA peakIii, yTBOPIOIOTH JBI MOJIEKYJIM OKCHIy KaaMilo. MU aHali3yeMo Ii¢ 3iTKHEHHS 3 KBaHTOBO-MEXAHIYHOI TOUKU 30py
(Haragyemo, IO PO3TIISTHYTI MOJEKYJIH BeIyTh ceOe sIK KBAaHTOBI aHTapMOHIYHI OCIIJITOPH). Y IEOMY MOJEKYJISIPHOMY 3iTKHEHHI
BTpaTa €Heprii BUHMKA€E 3aBASKHU Aii jazepa. Po3paxoByloun eHEpreTH4Hi BTPATH 3 BUKOPHCTAHHSM BiANOBIJHOTO MapameTpy MH
BHUBOJIIMO MaTeMaTHYHI YMOBH, SIKi BiIIOBIZal0Th CTYIICHIO HENIHIHHOCTI.

KJIFOUYOBI CJIOBA: okcun kaaMmito, Ja3epHe 0capKeHHs, oTeHuian Mop3e, HelliHiliHe T0CTiIKeHHs, eHepreTUYHI BTpaTH

HEJUHEWHBI TMHAMHWYECKUN AHAJIN3 ®OPMUPOBAHUS OKCUJA KAJIMMUS I[TPU JIABEPHOM
OCAXJIEHUU
*M.A. GRADO-CAFFARO, M. GRADO-CAFFARO
C/Julio Palacios 11, 9-B, 28029- Madrid (Spain)
Xopomio u3BecTHO, 4To coeauHeHus 11-VI 3aHUMalOT 0YeHb BaXKHOE MECTO BO BCEM KOHTEKCTE ITOJYIIPOBOAHUKOB. B wacTHOCTH,
BaXHYIO POJIb UTPAIOT MOJYIPOBOJIHUKOBEIC W HM3OJUPYONINE WIH KBazuu3onupyromue okcuabl 1I-VI. Cpenn 3T MaTepuaios
MOJKHO YIOMSIHYTh OKCHJI IIMHKA U OKCHJ KaJMUsl. DTH OKCHUJBI, KOTOPBIE SBISIOTCS MPO3pavyHbIMU (110 KpaiiHe#l Mepe, B BUAUMOM
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JHMara3oHe), MOAXOAAT Ul psifa NPHUMCEHEHHH ONTORJICKTPOHHMKH. B 3TOM OTHOLICHHH PAcCMOTPHM COJIHEYHBIC 3JIEMCHTHI,
JleficTBUTENBHO, BBIICYKa3aHHBIC OKCHJBI CIY)KaT B KAaueCTBE aHTHOTPAXKAIOMIMUX MOKPBITHH Ui 3THX KieTok. OKcua Kammus,
JIETHPOBAHHBIN WM HEJIETHPOBAHHBIN, HECMOTPS Ha TO, YTO OH ONACEH /ISl MaHHITYJIUPOBaHMUs, 0€3yCIIOBHO, OY€Hb HHTEPECEH IS
BBIIICYTOMSIHY TBIX MPUMEHEHHI ONTOIEKTPOHUKH. C APYyroil CTOPOHBI, MHOTHE aCIHEKThl 3TOr0 OKCHAA MOXKHO PacCMaTPHBATH C
SKCIIEPUMEHTAIIbHOM M TEOPEeTHMYECKOM TOueK 3peHusi. B OTHOIIEHUHM S3KCIEPUMEHTANIbHON CTOPOHBI B HACTOALIEE BpeMs
HCIIONIB3YETCSI HECKOJIBKO METOJIOB IIONy4eHHsT OKcuaa kaamusi. Cpelu 3TUX IKCIEPHUMEHTAIBHBIX METOJOB MOXKHO YIIOMSIHYTH
HCIAPEHNE METAJUIOB, PACIbUICHHE HA CTEKIITHHBIN CyOCTpar W Jla3epHOe ocaxeHHe. BO3MOXKHO, JIa3epHOE OCAXKICHUE SIBIISICTCS
GoJice COBEPIICHHBIM W IIEPCIEKTHBHBIM, Ye€M Ipyrue MeToasl. Kpome Toro, Tor (akr, 4To Jiazep y4acTBYET B ITOM THIIE
OCAKJIEHHSI, IPUBOJIUT K TOMY, YTO OCHOBHBIE ACTIEKThI (PU3UKK M XMMHUM OKCHA KaIMUs, CKAKEM, YCUIIUBAIOTCA. J[eHCTBUTENBHO,
¢u3MKa ¥ XMMHS OKCHIQ KaJMHUsI COCTAaBJSAIOT 3HAYUTENbHYIO mpobiemy. Jlis TOYHOrO H3y4YCHHs] OCHOBHBIX (H3HYECKHX
MEXaHU3MOB, JIEKAIIUX B OCHOBE O0pa30BaHMs OKCHOA KaJMHs IyTEM JIa3epHOTO OCAXKICHHUS, B ITOW CTaThe MPEACTABICHO
yriIyGIICHHOE TEOPETHIECKOe HEIMHEHOE HCCIIe[OBAaHNE BhILIEyKa3aHHOTO 00pa3oBanus. Ha camom ferne, IpHHUMAsT BO BHUMAHHE,
uro monekyist (Cd,,0,,CdO ) B xumnueckoit peakuuu, kotopast naer CdO, SBISIOTCS JBYXaTOMHBIMH, NPEIIONATACTCS, YTO
moTeHIMal Mopca JCUCTBYeT Ha MEXBIICPHYIO OChb MOJICKYJ, KOTOpBIC, CICIOBAaTENbHO, BEAyT CeOs Kak KBaHTOBBIC
aHTapMOHUYECKHE (HEeIMHEHHbIX) ocumIITopoB. Ha camom nenme, CBA3aHHBIM C COOTBETCTBYIOIIEH XMMHMYECKOM peakLuei,
HEYIPYroe CTOJKHOBEHHE MEXIy MOJIEKYJIOH KaAMUs U KUCIOPOJHBIM, KaK IOJArarT, IPHUBOIUT K 0Opa30BaHUIO IBYX MOJEKYJ
oKkcpa KaaMmus. MBI TINATENbHO AHAIM3HUPYEM O3TO CTOJKHOBEHHE C KBAaHTOBOMEXAHHYECKOH TOYKM 3peHUs] (HAOMHHUM, YTO
paccMaTpuBaeMble MOJICKYNIBI BeOyT Ce0si Kak KBAaHTOBBIC AHTAPMOHHUYECKHE OCHHJUIITOPBI). M3 3TOro MOJEKYJSIPHOTO
CTOJIKHOBCHUSI TIOTEPH DHEPIUM BO3ZHHUKAIOT WM3-3a JCHCTBHS Ja3epa. PacCUMTBIBas SHEPrETUUECKHUE MOTEPU C HCIOIb30BAHHEM
COOTBETCTBYIOIIETO MTAPaMETPa, MBI BHIBOJUM MAaTEMATHYECKHE YCIOBHS, KOTOPBIE COOTBETCTBYIOT CTENICHU HEIMHEHHOCTH.
KJIFOUEBBIE CJIOBA: okcuj kaaMus, JiazepHoe ocaxienue, Mop3e NoTeHIal, HelIMHeHHbIC UCCIIE0BaHUS, TOTEPH SHEPTUU

It is well-known that the Morse-potential model is certainly significant. As a matter of fact, anharmonic
(nonlinear) vibrational behaviour of diatomic molecules can be modelled by the Morse-potential model. Nevertheless,
to be diatomic is not a necessary condition to satisfy the Morse approach. Indeed, by the so-called united-atom model
approximation (see, for example, ref.[1], the vibrational motion of some polyatomic molecules can be also modelled by
the Morse approach. In the present article, diatomic molecules will be treated. In fact, under laser action (which
produces anharmonicity represented here by the Morse model), we will regard a cadmium molecule colliding with an
oxygen one so, by the involved chemical reaction, two molecules of cadmium oxide appear. In this context, we will
consider the formation of CdO by laser deposition. In particular, we refer to pulsed-laser deposition [2,3]. By means of
this experimental technique, crystalline thin films of high quality can be obtained [2,3]. However, these films can be
also obtained by using other methods [4-8]. In the following, we will develop a theoretical-analytical formulation to
study the formation of cadmium oxide by laser deposition. In this study, as we have said before, we will tackle the
corresponding chemical reaction as a collision process between a cadmium molecule and an oxygen one to produce two
molecules of cadmium oxide. These four molecules will be treated as quantum anharmonic oscillators after the Morse
model. The energy lost from the above collision process will be examined as due to the laser action. This examination
will be done by taking into account that the laser frequency is much larger than the fundamental frequency of the
anharmonic Morse oscillator.

The aim of the present study is elucidating theoretically, for the first time, the main physical mechanisms
underlying the formation of cadmium oxide by laser deposition. As we have said before, the chemical reaction relative
to produce CdO will be treated as a molecular inelastic collision process involving quantum anharmonic (nonlinear)
oscillators from the Morse-potential model. Due to that the spacing between adjacent levels of the quantized molecular
energy is non-uniform, then there is energy lost due to the involved laser field as we will see later. This fact will be
studied carefully. On the other hand, we wish to emphasize that the above non-uniformity arises from the anharmonicity
of the lasing molecules in question.

THEORETICAL FORMULATION
First, let us assume a diatomic molecule under a one-dimensional Morse potential so that the potential energy is:

2
V(x)= D{l —exp[- a(x - x, )] (M)
where X is cartesian coordinate in the direction of the inter-nuclear axis of the molecule, D denotes potential-energy

depth, X, is the equilibrium position of the molecule, and & stands for a parameter related to the width of the

potential.
The energy of the molecule is quantized. This energy consists of the energy eigenvalues of the corresponding non-
relativistic, time-independent, Schrédinger equation with formula (1) as follows:

E, =ho n+l l—h—w n+l , )
2 4D 2

where @ designates the fundamental angular frequency of the associated anharmonic oscillator (the above molecule)
and N =0,1,2,... is the corresponding vibrational quantum number.
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On the other side, the formation of cadmium oxide occurs as:
Cd,+0, - 2CdO. 3)

The molecules of reaction (3) are diatomic. We wish to consider the vibrational behaviour of these (lasing)
molecules under the potential energy of eq.(1), which represents the laser action. The molecules in question behave as
quantum anharmonic oscillators, that is, quantum nonlinear oscillators. By virtue of reaction (3), the Cd, and O,

molecules collide inelastically. Before the collision, we suppose that the two molecules are in state |n> After they
collide, two CdO molecules appear so that one of them goes to state |n + 1> and the other molecule goes to state
|n — 1> (notice that, of course, 7 = 1). Consequently, under all the above conditions, we have:

2En _En+1 - En—l = W’ (4)

where W is lost kinetic energy arising from the laser action. Notice that W = 0 in the absence of laser (harmonic
case; elastic collision).
By combining formulas (2) and (4), it follows:

W’
2D
The laser energy is the corresponding photon energy #€2, which equals . On the other hand, one has that

W =

®)

€2 >> @. Then, under these conditions and taking into account eq.(5), one gets:
haw>>2D. 6)
By defining the well-known anharmonic coefficient, namely, € = ha)/ (4D), from relation (6) we have that
£>> 1/ 2 which involves very strong laser fields.

RESULTS AND DISCUSSION

For the first time, we have found formulae (4), (5) and (6) as main results of our formulation, which is really
unprecedented and consistent with experimental observations [2,3]. The fact that pulsed-laser deposition of cadmium
oxide implies that the laser action originates anharmonicity is, certainly, a relevant issue. In effect, in the absence of a
given laser field, harmonic (that is, linear) behaviour takes place. By contrast, in the presence of a laser field,
anharmonic (that is, nonlinear) behaviour occurs. This is our case, in which the laser in question is strong enough (see
expression (6)). On the other hand, we have shown clearly the relationship between the laser field and the Morse-
potential model. In addition, we may claim that our methodology may be extrapolated to a wide enough variety of
situations related to molecular collisions, which are primarily included in the context of quantum interactions (let us
consider eq.(4)).

CONCLUSION
Significant transparent (at least in the visible range) II-VI semiconductors as, for instance, cadmium oxide and
zinc oxide, exhibit attractive electronic and optical properties that should be investigated theoretically by means of
mathematically powerful methods instead of computer simulations. In particular, cadmium oxide (undoped and heavily
doped) presents very interesting features which can be modelled by employing accurate theoretical-analytical
techniques. The present article is an example of this. Other examples related indirectly to our formulation at least from a
strict mathematical-physics standpoint should be refs. [9-11].
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In recent years, institution has increased imposition of electromagnetic radiation in many applications. This radiation react with the
human tissue and may lead to harmful and injurious effects on human health. However a finite difference thermal model of lossy
medium as (spinal cord of human body) has been developed to calculate temperature rises generated in the spinal cord by radiation
from cellular telephones with different frequencies. The natural metabolic heat production and the power density absorbed from the
electromagnetic field have been evaluated. The specific absorption rate (SAR) was derived from a finite difference time domain model
(FDTD) of the spinal cord. This is a numerical analysis is technique used for modeling computational electrodynamics. Aside from the
specific absorption rate, through the exposure of radiation is an extremely important parameter while assessing the effects on spinal
cord tissue. The heat distribution was calculated using the bioheat equation coupled with Maxwell's equation. A one dimensional finite
difference time domain method has been used, some simulations for electromagnetic wave through the spinal cord tissue is made using
software program. Also for the simulation, the dielectric properties supposed medium are directly taken by numerical program. Results
show that electromagnetic fields penetrate the life tissues and attenuate fast to reach zero at large time steps. Specific absorption rate
show maximum at the first boundary of tissue and becomes less value by using high frequency. The absorbent power and specific
absorption rate show maximum at the interface of tissue, and the technique developed may be used to estimate temperature rises
associated with specific absorption rate (SARs) for different types of radiation. Also, the results note that low-frequency waves have
significantly affected the biological tissue.

KEY WORDS: global system mobile radiation, FDTD, spinal human body tissue, SAR

KOMITIOTEPHE MOJEJIIOBAHHS SAR TA TEIIJIOBOT'O PO3NOALTY B CEPEJOBHUIIAX 3 BTPATAMU HA
GSM YACTOTAX
Khitam Y. Elwasife
Dizuunuil paxynomem, Hayrxosuii konedxc, Ienamcokuil ynisepcumem, I'aza, Ilanecmuncoka mepumopis

B ocraHHI poKH yCTaHOBH IOCHJIMIIY BUKOPHCTAaHHS €JIEKTPOMArHiTHOrO BUIIPOMIHIOBaHH: y 0araTbox oOyacTsx 3actocyBanHs. Le
BUIIPOMIHIOBAHHS pearye 3 JI0ACHKOI0 TKAHMHOO i MOXKe NPU3BECTH JI0 IIKi/UIMBOTO Ta 3ryOHOr0 BILIMBY HA 3/10pOB'S MroauHu. Tak
OyJi0 po3pOo0JICHO TEIUIOBY MOJENb CEepelOBHINA 3 BTpaTaMu (CIHHHOIO MO3KY JIIOACBKOTO TiNa) AJsl PO3PaxXyHKY MiIBHIICHHS
TEMIEpaTypH, 10 BUHUKAE y CIMHHOMY MO3KY, Yepe3 BHUIIPOMIHIOBAHHS BiJ CTUIFHHKOBUX TenedoHiB pi3HOI dacToTH. OmiHEHO
MIPUPOIHE BUHUKHEHHS TEIIa Bil METa00Ii3My Ta MIIJIbHICTH €JIEKTPOSHEPTi, IIPH MOTIMHAHHI €HEPTii eIEKTPOMAarHiTHOTO moJist. byio
OTPUMaHO MMUTOMUI KOe(il[ieHT MOTJIMHAHHS eIeKTpoMarHiTHOI eHeprii (SAR) MeTomom kiHIeBoi pi3HuLi y yacoBiit oomacti (FDTD)
CIIMHHOTO MO3Ky. lle TexHika YHCeNIbHOro aHali3y, IO BUKOPUCTOBYETHCS UL KOMII IOTEPHOTO MOJICIIOBAHHS €JICKTPOJUHAMIKH.
[Turoma mBHAKICTH MOTJIMHAHHS , IPY OIIPOMIHEHHI € Ha/I3BUYaiHO BaXKJIMBUM ITApaMeTPOM IPH OLIHIII BIUTUBY HAa TKAHUHU CITHHHOTO
MO3Ky. Po3nozin Terna po3paxoByBaBcs 3a IONMOMOTOI0 0i0€HEpPreTHYHOro PiBHSHHS, ITOE€AHAHOTO 3 piBHAHHAM Makcsema. Byio
BHUKOPHCTAHO OJHOMIPHHI METOJ KIHIIEBHX Pi3HUIIb Y YaCOBOMY JIOMEHi, MOICJIIOBaHHS IPOXOKEHHS €JIeKTPOMArHiTHOT XBHJII uepe3
TKaHUHY CIIMHHOTO MO3KYy $IK€ BHKOHAHO 32 JJOTIOMOTOI0 KOMIT'IOTEpHOI mporpamu. Tako Ui MOJENIOBAHHS JieleKTPUYHI
BJIACTHBOCTI HMOBIPHOTO cepeoBHUIlia Oe3MocepeIHbO BBOJMINCS Yy HporpaMy. Pe3yabTaTi nokasyroTh, 10 eIeKTPOMArHiTHI 1oJs
NPOHUKAIOTH B KUBI TKAHWHH 1 IIBUAKO OCIAOIIOIOTHCS, 1 IOCATAIOTh HYJIS UL BEJIMKHUX iHTepBanax. I[IuToMa BeJIMYMHA HOTJIMHAHHS
MOKa3y€e MaKCHMyM Ha IMepIIiif MexXi TKAHMHM 1 JocArac MEHIIOrO 3HA4YeHHs 3 MiJBHIICHHSIM YacTOTH. BennuuHa MOTNMHAHHS Ta
IIITOMA YacTOTa MOTJIMHAHHS MOKa3yI0Th MaKCHMyM Ha MeXI TKaHWHH, TOX PO3poOJIeHa METOAMKA MOXe OyTH BHKOPHCTAaHA JUIS
OLIIHKH ITiJBUIIEHHS TEMIIepaTypH, MOB'SI3aHOI 3 MUTOMOIO NIBUAKICTIO TormuHaHHA (SAR) 1uist pi3HUX THIIB BUnpoMmiHioBaHHS. Kpim
TOTO, BiZI3HAYUMO, I1J0 HU3bKOYACTOTHI XBWJIi ICTOTHO BIUTMBAIOTh Ha OiOJNOTIUHY TKAaHUHY.

KJIFOYOBI CJIOBA: rio6ansHa cuctemMa MoOiIbHOTO BUTpoMiHtoBaHHs, FDTD, crimHHMIA MO30K JroauHu, SAR

The increasing use of mobile communication devices and base station, especially mobile phones by people, has been
discussed in many research that is on whether there is a larger radio frequency energy absorption in the human heads. the
temperature rises induced in the eye and lens by near-field exposure to radiation from communication handsets, using the
finite difference time domain method and classical bioheat equation have been studied [1]. A mathematical simulation
model of the head has been constructed [2]. Finite-difference time-domain method of the specific absorption rate have
been calculated on this model. Using antenna which mounted either at the center or corner of the top face of the box.
Choosing the frequencies as 900 MHz and 1800 MHz. Three irradiation geometries were considered, a vertical handset
in front of the eye and vertical and horizontal orientations at the side of the ear. Also the effect of a hand handset was
considered. The results of the simulation model was also presented for a half-wavelength dipole. The specific absorption
rate (SAR) in scaled human head models is also evaluated by study a differences between SAR in the heads of adults and
children and for assessment of compliance with the international safety guidelines, while using a mobile phone. The
finite-difference time-domain calculated has been used for calculating SAR values for models of both children and adults,

© Elwasife K.Y., 2018
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at 900 and 1800 MHz [3]. Another study was found that the analyses suggest of the SAR difference between adults and
children is more likely caused by the general differences in the head anatomy and geometry of the individuals rather than
age [4]. It clears that the external shape of the head and the distribution of different tissues within the head play a
significant role in the radio frequency energy absorption.

The aim of paper is to evaluate the thermal effect of electromagnetic mobile phone radiations on spinal cord and
specific absorption rate in life tissue.

THEORY AND MODEL

The spatial domain of the boundary value problem may be complicated in general, and the direct analytical solution
of the problem is usually impossible. As a result, spatial and temporal discretization is employed for the approximate
numerical solution of the problem. To this end, several approximate solution techniques have been developed so far, the
most important ones being the Finite difference time domain Method (FDTD). At first to find the effects of a certain
exposure to radiation in the human spinal cord, we determine the dielectric properties of human spinal cord at global
system mobile frequency as 900 MHz and 1.8 GHz as in Table below, The dielectric properties of a life tissue are different
according changing frequency [5,6].

Table
Dielectric properties of spinal cord tissue at 900MHz and 1.8 GHz
Frequency P P Specific Blood Electrical Relative Thermal Wavelength w
. heat Specific | Conductivity o conductivity b
[Hz] (blood) | (spinal capacity heat permittivity [m]
cord) capacity [S/m] k [W/m/k]
Co
Cb
900MHz | 1050 1075 3630 3770 0.57369 32.531 0.513 0.057543 4.36x10*
1800MHz 1050 1075 3630 3770 0.8429 30.867 0.513 0.029708 4.36x10*

A one dimensional finite difference time domain method is used to solve bioheat transient and Maxwell's equations,
the partial differential equations to yield the following difference equations [5]

| O,At At

n+l B 2¢) ﬂ—l AZ¢ 1 1
E 2 (k)y=—"LE, *(k)-—2—[H(k+-) - H (k-] M

1+ P4 1+ A 2 2

2¢, 2¢,
Similarly the magnetic field becomes
n+ n—1 At ,7 n
<H/<k>—H/<k)=Aw £ (k= V3)~EX(k+ V). @
r3

And the bioheat equation solved as
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where M = @, p,c , o, is the mass flow rate of blood flow per unit volume (blood perfusion), thermal conductivity p,

and heat capacity c are assumed to be constants. E and H are electric and magnetic field respectively.
The parameters which we used in the software program to fine the heat diffusion in spinal tissue by simulation
FDTD method are illustrated in the equations below:

Lszm—1 ‘ E;‘
p=——"
vpe
Eve E Lo Hyvu b c
(I ’ 0’ 9, = - > P ° 05 Pr=— c=—"
LH, H, LE, yof c,
L2
and @ = D
%
RESULTS AND DISCUSSION

FDTD method has been used for many applications including calculating SARs and induced currents in the human
body etc. The electrical properties of various biological tissues, permittivity and conductivity are very important by SAR
calculating. Permittivity and conductivity depend on frequency. Various parameters by SAR calculating with EMF from
mobile phone are operational frequency and antenna power, mutual positions of the device and head design of the device
and size of human head. In this work the comparison between heat distribution with different frequencies in human spinal
cord and specific absorption rate also, have been evaluated. In Figure 1 it appear that at electric field in free space, the
heat is very high compare with low electric field. Figure 2, heat distribution plotted against space coordinates for different
magnetic field, but in this case the high value of heat distribution was obvious at low magnetic field.

heat variation in space
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Fig. 1. Heat distribution plotted against space coordinates for different electric field
where cb= 3770, cp= 3630, wb=0.00436,k = 0.513, p(spinal cord) = 1030, Eo= 2,3, pp= 1050, L = 0.002,
density of spinal cord is 1075 kg/m, frequency = 1.8GHz
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Fig. 2. Heat distribution plotted against space coordinates for different magnetic field
where c» = 3770, cp = 3630, b = 0.00436, k = 0.513, p(spinal cord) = 1030, Eo = 2(v/m) pp=1050, L = 0.002,
density of spinal cord is 1075kg/m
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heat variation in space
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Fig. 3. The heat distribution plotted against space coordinates for different thickness
where cv= 3770, cp= 3630, wvr=0.00436, k=0.513, p(spinal cord) = 1030, Eo=2(v/m), pp = 1050, Ho = 1,
density of spinal cord is 1075 kg/m

In Figure 3, the heat distribution plotted against space coordinates for different thickness and frequency is 100MHz,
its note that at high thickness the heat is high but at low thickness there is no effect.

heat variation in space
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Fig. 4. The heat distribution plotted against space coordinates for different temperature
where c» = 3770, cp = 3630, wb = 0.00436, k = 0.513, p(spinal cord) = 1030, Eo = 2(v/m), L=0.002, pp =1050, Ho = 1,
density of spinal cord is 1075kg/m
Figure 4 illustrates the effect of three different values of transient temperature. It is shown that the heat distribution
increases with increasing of temperature.
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Fig. 5. Heat distribution plotted against space coordinates for different electric field
where cb= 3770, cp= 3630, ob= 0.00436, k=0.513, p(spinal cord) = 1030, Eo= 2,3,4, pp=1050, L = 0.002, density of spinal cord
is 1075 kg/m, permittivity = 32.531, frequency = 900 MHz
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Also the heat is increasing for increasing the electric field in a high space step as shown in Figure 5. Furthermore, it
shown that the heat distribution decreasing with increasing the magnetic field as in Figure 6 which that the heat
distribution plotted against space coordinates for different magnetic field. The specific absorption rate change according
the time steps as we noticed in Figure 7, the maximum first peak is at point 100 W/kg after 300 time steps and frequency
900MHyz, it is obvious that the amplitude of specific absorption rate is different according the wave time travel through
the spinal cord human tissue.

heat variation in space
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Fig. 6. Heat distribution plotted against space coordinates for different magnetic field H=1, H=4, H=5
where cv= 3770, cp= 3630, wvr=0.00436, k=0.513, p(spinal cord) = 1030, Eo= 2(v/m), pp=1050, L=0.002
density of spinal cord is 1075 kg/m, frequency=900 MHz
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Fig. 7. Specific absorption rate distribution in spinal cord plotted vs time steps, frequency=900MHz

CONCLUSION
The temperature distributions for different thermal properties of tissue have been illustrated using numerical method
as finite time domain method. Heat distribution plotted against space coordinates for different magnetic and electric fields,

The applications of this work have necessary in many parts of science as cancer and therapy using microwave devices
such as the thermocouple.
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Adana Tanpmuna |

K 100-netnemy robunero HAH Ykpannsr & 90-rogosuriae ocHoBanuss HHI «XDOTN»

...B Xapvkoee ObLia co30ana MOWHas WKOIA COBPEMEHHOU MeoPemuieckol QUu3UKU. .
Axanemuk b. E. Tlaton, npesunent HAH Ykpaunsi

WHCTUTYT TEOPETUYECKOMN ®U3UKW UMEHMU A. U. AXUE3EPA
Hcrtokn.
IlepBas B CCCP nonbiTKka

B kanyH 90-romoBIIMHBEI OCHOBaHMS HalMOHaIbHOTO HAYYHOTO LEHTpa «XapbKOBCKHH (DPU3UKO-TEXHUYECKHN
nHCTHTYT» HAH YKpanHbl yMECTHO BCIOMHHTD O€CTIpeleICeHTHRIC HCTOKA VHCTHTYTa TEOPETHIEeCKOM (PH3NKH NMEHU
A. U. Axnesepa B KOHTEKCTE YHHKAIBHOTO JIOJTOJIETHS €r0 HAYYHBIX IIKOJI U IIMPOKOTO MEXTyHapOJHOTO MPU3HAHUSL.

Y4THBO TaKk)ke HAIIOMHHUTH U 00BbEeKTHBHBIE MogpooHoCcTH niepBoif B CCCP monbiTkn mo opranusanuu MHCTHTYTA
Teoperndeckoit Gpmuku Axkagemun Hayk CCCP.

«Yxe B Hagase 30-X TOIOB CTaBWIJICA BOIIPOC O mepeesne Akamemun HayK u3 JleHmnrpama B MockBy, ruae
MIPAKTHYECKH HE OBUIO (PM3NIECKUX HHCTUTYTOB, TO MOKHO YTBEPXKIaTh, 4To cyapba @MU [Dusnuko-mareMaTndecKui
uHcTUTYT Akanemun Hayk CCCP. — Ilpum. A. T.] 6bU1a peapenieHa.

BeposTHo, B cBs3M C 3TOM cutyanueit bponmreitn, ['amos u Jlangay pemmau nornpoOoBaTh OpraHU30BaTh Ha Oaze
Odmsnueckoro otaena ®MU Hucmumym meopemuueckotl pusuxu...

['amOB urpan BecbMa aKTUBHYIO POJIb B 33lyMaHHOM IIPe0Opa30BaHMH, IIOATOTABINBAs TIOJIOKEHNUE 00 UHCTHUTYTE,
pa3pabaTbiBast 1 000CHOBBIBAsI TEMATUKY €0 OYAYIIMX HCCIIEIOBAHUMA. . .

Konkpernsie mpeanoxeHus no peopranuzannd ®PMM Hauanuch C JOKJIAJHOW 3alHMCKH O HEOOXOAWMOCTH
paszieneHus MaTeMaTHIecKoi 1 (pru3ndeckoit ero yacTei.

ITpn »TOM wuCcnenoBaHusi B (U3MYECKOM YacTH MPEAINOJarajoch BECTH INPEUMYIIECTBEHHO TEOPETHUYECKHE.
OcCHOBY HX JI0JKHa ObUTA COCTABUTH (DM3MKA aTOMHOTO A7pa, T. €. TO, YeM TaK MHTEHCHBHO 3aHUMAJICS] HA TIPOTSDKEHUN
6onee 3 ner I'eopruit AHTOHOBHY.

K paccMoTtpennto 3Toro npemiokeHus ObIT0 MPUBICUYSHO PYKOBOACTBO AKaIeMHH, e€ TaKk Ha3bIBaeMble [ pyTimmbr —
MaTeMaTu4ecKkas, acTpOHOMHUECKas, (u3ndeckass M TEXHWYECKas. DBbIIM OpraHU30BaHbl U COOTBETCTBYIOLIME
KOMMCCHH. ..

OcobeHHo pe3ko mpoTuB 3Tux mianoB Beictynuin A. @. Modde u . C. PoxnectBenckuii. He Obl1 0100peH u
“Ilnan MucTuTyTa Teopernueckor ¢uzuku AH CCCP”, cocraBneHHbIl oqHUM ['aMOBBIM. YKakeM IpUBE/ICHHBIC B
3TOM IJIaHE TEMBI:

1). Teopust cTpoeHHs aTOMHOIO fAnpa (paAMOaKTHUBHOCTb, sfepHas 3Heprus); 2). Teopus cTpoeHHs aTOMOB U
MOJIEKYJ ~ (MOJIEKYJISIpHBIE — ITy4KH, XUMH4eckue peakiuun); 3). Teopus TBEpmoro Tena  (MarHETH3M,
AIEKTPOIPOBOTHOCTh, (hoToddhdekr); 4). Teoperudeckas actpodmusmka (CTpOeHHE BHYTPESHHOCTH 3BE3J, BOIPOCHI
KOCMOJIOTHH) ...

OT 3TOr0 TIIaHa HE OYEHB CYIIECTBEHHO OTIINYANICS U OoJiee NeTalbHbIH 1aH OU3ndecKoro HHCTUTYTa AKaIeMHUN
HayK, TOXE€ COCTaBJEHHbIH ['aMOBBIM M MpeAcCTaBiIeHHBIH B cepenuHe ampens 1932 r. Ha OT3BIB akaJgeMHKaM
A. ®@. Modode u H. H. Ceménony.

Wx MHeHne OBIIO Pe3KO OTPUIATEeIHHBIM; OHH HAa3BAIU IUIaH aOCOJIFOTHO HETPHEMIIEMBIM, a HACI0 000c0o0IeHMs
TEOPETHIECKO (PU3UKH OT MOIITHBIX LIEHTPOB SKCIEPUMEHTANBHBIX HccinenoBanuii (T. e. o ®TU u 'OU) — BpenHOH. . .

Kak u ciienoBano 0xuiaTh, U3 COOOpaKEHHUH JIENIOBBIX, JAIEKUX OT aMOUIMK CO CTOPOHBI CTApIIEro MOKOJICHHS
¢usmkoB, crpykrypa @MU k ocenun 1932 r. ObuIa nepecMOTpeHa C MPHIEIOM Ha CO3JaHUE B HEAAJIEKOM Oyyliem
JIBYX CaMOCTOSITEJIbHBIX WHCTHUTYTOB — MaTeMaTH4YecKoro, 3a KOTOpbIM coxpaHuiock ums B. A. CreknoBa, u
®dusnyeckoro, craBmero Bckope MOcKoBckuM Pusnueckum mHcturyrom umenu I1. H. Jledenesa AH CCCP. Ero
TIEPBBIM JTUPEKTOPOM, Kak m3BecTHO, Obu1 C. M. BaBunoB — npeacraBurens mkounsl I1. H. JlebeneBa. O6a uncruryta
CYILIECTBYIOT U HBIHe» [1, ¢.861-862].

JIpyrux TOKyMEHTAIbHBIX IEPBOUCTOUYHHUKOB, K COXKaIEHHIO, OOHAPYKUTh HE YIAJIOCh.

HexoTopyto sicHOCTh BHOCSAT BocrioMuHanust J{mutpus JmurpreBnua MBaHeHKO, HEMOCPEICTBEHHOTO CBHIETEIS
Tex coObITHiL. Janee ¢ ero CIioB:

«Bcmomunaas 1930-1931 ropmpl, HAIIOMHAM KOPOTKO O TPAKTHYECKH TOIHKO KOCBEHHO H3BECTHOM B HCTOPHU
Hay4YHOW JINTEPATYPHI SMH30/€, CBI3aHHOM C NPOCKTOM PEOPIraHM3aLNK COBETCKOH (DM3UKH (CTIepBa TEOPETUIECKON ),
BBIABUHYTHIM ['aMoBBIM U JlaHzay.

1 HOGuteitHblit OuepK MOArOTOBIIEH [0 MaTepHanaM TOKTOPCKOM JuccepTariy (HaydHbIH KypaTop — akaaeMuk Bukrop I'puropbesmd
BapbsixTap)
© Tanshina A.,2018
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B Bume peaxoro s Hamiel JEHWHTPAACKOM TPYMIBI TeOPeTUKOB cirydasi, Jxonuu [[lamoBa. — [Mpum. A. T.] u
Hay [Jlanmay. — Ilpum. A.T.] oka3zannce OJHOBPEMEHHO B 3arpaHWYHON KOMaHOMPOBKE B BemmkoOpuranum B
1930r. ...

I'amoB yxe Bomiesn B bonbiryto Hayky cBoeil Teopueil anbda-pacnana, panHue pabortsl Jlanmay Taxke Obun
OLICHEHBI, U OHHM PEIIWIH, YTO BCErO ATOT0 JIOCTATOYHO, YTOOBI MOCUUTATH CE0S CaMbIMH TJIABHBIMH COBETCKHMH
TEOPETHKaMH, CChUIAsICh Ha HEKOTOPOEe OyITO OBl YK€ YCTaHOBJICHHOE B TOM CMBICIIE MHPOBOE MHEHHE.

COOTBETCTBYIOIIME MX BBICKAa3bIBaHUS 1O Bo3BpamieHun B JleHumHrpan (tuma: ok BooOIIE HE TEOPETHK, a
MaTeMarnieckas MammHa; y ®peHkens MHOro chlpbix pador; Tamm, VBaHEHKO BBINONHWIM KaKHEe-TO MEJIOYH — 32
pyOex oM Jie U3BECTHBI TOJBKO NocTkeHus ['amoBa-Jlangay, MannensiTaM — TOJIBKO paguodU3MK U T. 1.; 3TO ObLIH,
HaIlOMHUM, eIle NOSAEPHBIE TOJBI); BCE 3TO, KOHEYHO, BBI3BIBANO CMEX, HO K IIOCIEIYIOUIMM IIaraM HpHILIOCh
OTHECTHCH CEPHE3HO.

HacroifunBas aruraums, npoBoausmiasics Jlanaay, o ckopeiimem Beioope ['amoBa B Axanemuio Hayk, koHe4HO,
UMeTa BIIOJHE pPasyMHOE OCHOBaHHME, M lamoB Obul B Mapre 1932T. mM30paH wWIEHOM-KOPPECHOHACHTOM!
(omaOBpemenHo ¢ B. A. ®okom, craB koimeroit S. U. ®penkens, Ho emé no BxoxaeHus B Axagemuto U. E. Tamma u
10. A. KpyTtkoga).

C npyro#t cTOpoHbI, MPOEKT co3fanusl B JIGHWHTpajie 1eHTPaJIbHOro akajgeMudeckoro MHCTUTyTa TeopeTHIecKon
¢m3uku Bo rnaBe ¢ ['amoBbiM m Jlanpgay 0e3 mpuBICUEHHS OPYTHMX PYKOBOJSIIMX TEOPETUKOB OBbLI, KOHEYHO,
MPaBWIBHO OIEHEH KaK pealbHbIM Mmar K ‘“3axBaTy BJIAacTH’ M BBI3BIBAJ pPE3KHE BO3paxkeHHs (TeM Oojee, 4TO y
@penkens co MHOH M JIpyTUMH KOJUIEraMH OBUIM yXK€ NPOEKTHI, HalpaBicHHbIE Ha COAECHCTBHE OOJBIIOMY “pPBIBKY”
TeopeTnyeckoil ¢usnkn). MHorouncienHsle oocyxaeHus ¢ A. @. Modde, MOBTOpHO ¢ HENpeMeHHBIM CeKpeTapéM
AH CCCP BoarunsiM, B pykoBosinmx opranax (LUK maprun, BCHX n npyrux mHCTaHIUSX), B YACTHOCTH IIPH MOHMX
CTEIMaTIbHBIX Toe3kax B MockBy; yroBopsl B. A. ®oka coriacuTecs Ha IUPEKTOPCTBO B HOBOM HMHCTHUTYTE, C
IIpeAcTaBIeHNEM PYKOBOACTBa oTaenamu ['amoBy, Jlannay, MiBaHeHKO ¢ AMOapIyMsSTHOM H T. J. — BCE 9TH IOIIBITKH HE
MPUBETN K cOrjiacuio, u B KoHue KOHIOB S. U. ®penkens co muoro yroBopmim A. @. Modde BeicTynmuTh Ha
pemaromieM 3aceqaHuu Akagemun Hayk ¢ MpeutokeHWeM CUMTaTh B HACTOAIIEE BPEMs OPTaHHU3ALMIO OTACIHHOTO
Oonpmoro Teopernueckoro MHCTUTYTa HerenecooOpa3HeIM. JTO MpeiokeHue Oputo mpuHATO Akamemuedt Hayk u
JIOBOJIbHO MYYHTENbHAsl JIOMes HaKoHell 3akoH4Yuiack. [yt coBeTckoi (M3UKHM, KOHEYHO, HW3JHUINHE OOJbIIast
KOHIIEHTPAIHs TEOPETUKOB B JIeHHHTpajie Obli1a HEHOPMAaJIbHOM.

Tak Wi WHAYe, yKazaHHbIE OOCTOATENLCTBA, OYEBHMIHO, YKPENWIM TeHICHIMH ['aMoBa yexaTh 3a pyOexil,
HECMOTps Ha ero u3dpanue B cocraB Akagemnu Hayk.

" U3 «JInunoro nena F'amosa Teoprus AHTOHOBHMYA, KaHMAATA B uieHbl-Koppecrionnentsl AH CCCPy»: «...IToctymun B 1922 1. Ha
¢bmuueckoe otnenenue dusmara JII'Y. Okonunn B 1925 r. AcnupanT no kadeape teopernueckoi ¢usuku... Havan 3aHuMaThCs
TeOopuel CTpOeHUs aTOMa U HOBOM KBAaHTOBOM MEXaHUKH.

Jlerom 1928 1. OBUT KOMaHAMPOBaH A HaydHOU padoTHl B ['epmanuro, rae pabotan B MHCTUTYTE TeopeTHdecKkod (Gu3mku
I'éTTUHreHCKOTO YHUBEPCUTETA, IOCTPOMI TEOPHIO PAJAMOAKTUBHOTO paciiajia aTOMHOTO spa.

3umoit 1928/29 rr. pabortan corynacHo mnpuriameHuo npogeccopa H. Bopa B Mucturyre Teopermueckoil ¢u3ukn
Konenrarenckoro ynusepcurera. Becroir 1929 r. npuexan B CCCP, rae npoObUI JIMIIE IO OCEHH, TaK KaK COIJIACHO MOTyYeHHOM
MHOI0O PokgermiepoBckoil cTuneHmuu s I1omkeH Obul B ceHTsiope 1929 r. npuOeite B KeMOpumk it paboThl B Jiydmield B MUpe
n1abopaToOpHH 110 UCCIIEAOBAHUIO paaroakTUBHOCTH, KaBenauickoi saboparopuu y nmpodeccopa Pesepdopra.

3a Bpems npeObiBaHusA B KeMOpHIDKe 51 3aHUMAJICA BOIIPOCAMH O XapakTepe KPUBOW MacCOBBIX NE(EKTOB Alep U BOIPOCAMHU
SHEpreTHYecKoro OanaHca MPH HCKYyCCTBEHHOM paciueruieHun siapa. Ilocnmegnmit rong paGoTel 3a rpaHuMIEd s MpOBEN ONATH B
Wucturyre mnpodeccopa bopa B Komernrarene, 3aHUMasch Teopueil TaMMa-M3JIyueHHs B CBS3H C TaK Ha3bIBaGMBIMHU
JUTMHHOTIPOOEKHBIMH M KOPOTKOTPOOEKHBIMH 0-4aCTHLIAMH HEKOTOPBIX paauo-akTUBHBIX BemecTB. Bepaysmuck B CCCP oceHbio
C. I., sl HAMEPEH BECTH CBOU JaJbHEHIINE HMCCIEIOBAHUS 0 TEOPHU CTPOEHHs aTOMHOro sapa B I'ocymapcTBeHHOM PanmeBom
uHCTHTYTE B JIeHUHTpase.
I'. T'amoB, Jlenunrpan, 28 centsops 1931 r.» [2, ¢.200-201].

" U3 pocromunanmii . Tamopa: «...Eciu paHbIle B TOIBI HOCIEPEBONIONMOHHON PEKOHCTPYKIUH MPABHTENBCTBO CTPEMUIOCH
BOCCTaHOBHTH CBSI3H C HAYKOHU “3a TpPaHUIECH ¥ TOPAUIOCH TEMH PYCCKHMHU YYEHBIMHU, KOTOPBIX MPUTTIAIIATN HA HAyYHBIE (YOPYMBI B
3ananuyro EBpomy n AMepuKy, TO Tenepb pycckasi HayKa CTajla OJHAM U3 Opyuii 60pBObI ¢ KAMUTATHCTUHIECKUM MUPOM. ..

51 Bcerma 4YyBCTBOBaJ HEXENIAaHWE IOKHAAATh POJMMHY, M ITIOKa MHE pa3pellayii BBIE3KATh 3a COBETCKHE TpaHUNBl U
MOJJICP)KUBATh KOHTAKTBL C MHpPOBOIl HayKoOH, s Bceraa BO3Bpallaics JOMOH. BeposTHO, s He CMOT INPHHITH TEOPUIO
HACXABIICHCS] BPaOXACOHOCTH MEXKAY “TIPOJNICTAPCKON” M “KAMUTAIMCTHYCCKOI” HAYKOif; ..M s HE XOTeJN ObITh COCIaHHBIM B
KOHIIEHTPAMOHHBIHN Jarepb B CHOMPH U3-3a MOMX B3IJII0B...»[2, c.81, 101-102].

W3 marepuanoB memopuanbHoi ctateul 4. J]. Yepnun. Lamos 6 Amepuxe: 1934-1968 (K 90-nemuro _co OnA poocoeHus
L A. I'amosa) // Yenexu gusuyeckux Hayk. — 1994. — T.164. - Ne8. — C. 867-878:

«...B crommunsnii Yausepcurer [xopmxa Bammurrona, rae ['amoB mpodeccopcTBoBan Oonee qBaanary JieT, ¢ oceHn 1934
roga 1o 1956 roma, oH momam B KOHEYHOM CUYETE IO TOHW INPO3aWdecKOd NpHYMHE, YTO TeopeTHdYecKas (H3MKa MIeIIeBlIe
9KCTIEPUMEHTAILHOH.

TormamHui Mpe3uIeHT 3TOr0 yHUBEepcUuTeTa MapBHH XOTell, 4TOOBI B YHHBEPCHUTETE Pa3BUBaach HOBeWIas (pH3nKa; HO Kak
OOBSCHWII €My aBTOPUTETHBIH (u3nk-skcrnepumentatop Mepn ToioB u3 Mucturyra Kapuerm B Bammurrone, obopymoBaHue
xopoiueil ¢uszndeckoi nadbopatopun morpedyeT yke Ha MEpBHIX Mopax HUKak He MeHblie 100 Teicsy mommapoB. M 3T0 TOdBKO
Hayajo, 3a KOTOPBIM JOJDKHBI IOCIENOBaTh KyjAa Ooliee cephE3HbIE PACXOMbI, €CIH TMOAXOIUTh K JIEMy OCHOBAaTeNbHO. A BOT
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[Tocne mpoBana MOMBITKH CBOeoOpa3HOro “3axBara BiacTH JlaHmay mepeexad B XapbKOB, 3aHSB IIOCIE MOETO
Bo3BpamieHus B JleHmHTpamg MecTto 3aBemyromero teoperudeckuM otaenom OTU u 3aBepyromero kadempoit
TeopeTHdecKoi Gu3uKN B MeXaHNKO-MaIllInHOCTPOUTEIbHOM HHCTHTYTE. B Xaprkose, B mepuox 1933 — nagano 1937 1.
Jlanmay Hayas yCIEIIHO CO3/1aBaTh IEIYIO KOy (PU3UKOB-TCOPETUKOBY [2, ¢.272-274].

Be3ycnoBHO, omuchIBaeMble BBINIE YCHIHMA OKa3alMCh HE HANpacHbl, MO0 BIOCIEACTBUU MPEIOINpENeSUIn
3ambicen VBana BacunbeBuya OOperMoBa — co3aTh yxke B XapbKoBe, Ha 0a3e BHOBb OPraHM3yeMOro YKpPaHHCKOTO
(U3MKO-TEXHUUECKOTr0 HHCTUTYTA, LlenTp Teopernyeckoit ¢pusuku CCCP.

«...Bcé smo npespawano Xapvkoe ¢ cmonuyy meopemuueckoi uzuku...»

Ecnu y MeHs ecTb cepbe3Has 3aciyra nepej CTpaHoi,

KOTOpas MPUHOCHIIA M OyAeT MPUHOCHUTH ILUIOBI — TO 3Ta 3aciIyTa OJHa!

9TO TO, YTO S KyJIBTUBUPOBAJ TEOPETHUECKYIO GU3UKY B XapbkoBe u TeM caMbiM B CCCP...
Axademux U. B. Obpeumos,

Ooupexmop-opeanuzamop YOTHU

«OO0Ha u3 camuix 8aAXCHBLIX 6ewiell 8 OP2AHU3AUUU PUIUKU — IMO OP2AHUIAUUA MeOPEeMUUECKOll PU3UKUy, —
UMEHHO Tak Obuia onpenenieHa VBanom BacmibeBrmuem OOpeMMOBBIM CTpaTerusi pasBUTHsS YKpauHCKOro (usnko-
TEXHUYECKOr0 MHCTUTYTA [3, ¢.282].

B aTOoM ke €MKOM BBICKA3bIBAaHMU OTPaKCHA W YHHUKaIbHas OCOOCHHOCTH CTaHOBICHHUS OJHOTO M3 CTapeHIInx
Hay4HO-MCCIIEA0BATENbCKUX THIAHTOB YKpPaWHbI — YKpauHCKOro (usnko-texHndyeckoro nHcruryra (YOTH, HoiHe —
HarmonansHbIi HAyIHBINA TEHTP «XapBKOBCKUHA (PU3UKO-TEXHUICCKUN HHCTUTYTY ).

HyxHO mpu3HaTh, 9TO MMEHHO A3TOT (h)aKT BO MHOTOM MPEHONPENSIANT W NAIbHEHINTUA HaydHBIA ycIieX, U
JOJITOJICTHE MHCTUTYTA.

Vxe B Havyane 30-X roJOB MPOMIIOrO CTONETHS MM PU3NKO-TEXHUYECKOTO MEPBEeHIa YKPaWHBI CTAJl0 IIHPOKO
M3BECTHO MHPOBOI HAy9YHOH OOIIECTBEHHOCTH. Y (PTHHIBI CMOTIIM 32 HEBEPOSTHO KOPOTKHH MEpHOJ BEIATH Ha
IepeoBble HaydHBIE IO3WIMH B HEMaJOW CTemeHH Ojaromaps TOMy, 4YTO ObUIa cepbe3Has OpHCHTAINs Ha
(dbyHIaMEeHTaIbHBIC UCCIICIOBAHNS.

Ilepseiii qupexkrop YOTHU He npeyBennyuBal, KOria MHOTO JIET CIIyCTSI — HA TOP>)KECTBEHHOM 3aCEAaHUU Y YEHOT O
COBETa, MOCBAMIEHHOM 40-TIETHIO CO3/IaHUsI HHCTUTYTA, — C 0CO00# TOpJ0CTHIO MOTUEPKHYI:

«Ecnu y MeHsi ecmb cepbesHas 3aciyea neped Cmpanou, KOmopas NpuHocuna u Oyoem npuHocums nioosvl — mo
ama 3aciyea 00HA: 3Mo MO, YMOo s KYIbMUsuposan meopemudeckyro gpusuxy 6 Xapvrose u mem camvim ¢ CCCP, kak
MONILKO NOIYYUT MAKYIO 803MONCHOCMb, U MO OCMABUILO C1e0 8 CHPAHE...

Buino coenano mak, umo 6 Xapvkoge y HAC 6ce 8pems 20CMUIU NPpUe3dHCUe yueHvle, MaK Ymo NOAYYAICs YEeHMp
meopemu4ecKoll MblCu...

Hauunaa c eecnvt 1930 200a, xoeda mul yoce 8vexanu 8 ceoé 30aHue, K Ham npuesdxcanu. 3 paza (3 eooda)
II. A. M. /lupak u3 Kemopuosrca, 200 paboman meopemux Ilodonvckuit uz Illpuncmona (CILLA). /[sasxcovl npuesscan
I1. C. Dpengpecm u3 Jleiioena (na 3umHnue kaHuxynvl)... /leasxcowvt npuesscan Ilnauex...

ea paza npuesocan Baiickongp. Ooun pasz npuesocan Haiiepnc.

Bcé amo npespawiano Xapvkoe 6 cmoauyy meopemuieckoi usuxu...

Baoicno 6viio mo, umo meopemuxu npuessicanru He Kax, 20Cmu, HA HECKOAbKO OHell, a OIUMENbHO pabomanu 6
meyenue HeCKOIbKUX Heoeb...

B 1934 200y na mpu nedenu npuesscan Hunoc Bop u kascowiil 0env 0o 0beda pabomarn ¢ meopemuxkamu.

Omoezo nueoe 6 CCCP ne bvinoy [4, c.23-24].

U st0 He OpaBama. CTOMT HAMOMHHTH, YTO IOCEHICHHE MMEHUTHIMHU 3apyOekHbiMH yaéHbIMEH YDTU mo tem
BpeMEHaM OBLIO OTHIOAbh HETPUBHAIBHEIM cOOBITHEM. IHOCTpaHHEIE cpecTBa MacCOBON WH(POPMALIUU COOOIIAIH, 9TO
B [IEPBOM B MHpPE COIMATHCTHYECKOM TOCYIapCTBE MApUT OE3BICXOMHBIN Xaoc W pa3pyxa. Jla m MHOTHE W3 3araHbIX

pa3BHUBaTh (PU3MUECKYIO TEOPUIO MOXKHO C TOpa3ao 0ojiee CKPOMHBIMH CPEACTBAMH: TEOPETHKY TpeOyeTcsl KapaHaail, Oymara, Hy H
emé, KOHEYHO, PACXOAbl Ha yyacTHe B KOH(EPEHIHAX, YTO Hen30eKHO B JIT0OOM ciiydae. MapBHH CHPOCHI, KTO MOT ObI IOTHATH
¢pusuxy B Bamunrrone, 10 muposoro yposusi. U TeioB cka3zan: “I'amos”...

J1Ba cBOMX COOCTBEHHBIX yCIOBHs TOcTaBmi i ['aMoB. Bo-1epBbIX, OH I0/KEH UMETh BO3MOXKHOCTD IIPOBOAUTH B BammHrrone
©KErofHble KOH(EPEHIMH 10 TEOPETUUECKOH (H3MKe C ydacTHeM Belylux (U3MKOB MHpa — 1o mnpumepy KomeHrareHckux
KoH(epeHIHii, ycTpanBaBIIuXCst bopom. Bo-BTOPBIX, OH HACTOSIII HA TOM, YTOObI PUIJIACUTH B BalIMHITOH M0 cCBOeMY BbIGOPY
elllé 0JHOT'0 TeOPEeTHKA, “umobbl ObL10 ¢ KeM nO2080puUmMy 0 meopdusuxe”...

TeopeTnkom, K0TOpPOro B3siJ1 Ha cBOI0 Kadeapy 'amMoB (M mpUTOM TOXKE IPOPECCOPOM C TEM Ke, UTO U Y HETr0, OKIATOM B 6
TBICSIY I0JUTapoB B rof) ObL1 Dasapa Tesuep, Torna aBagnaTHUINECTHIIETHHI JIGKTOP IO XMMHM Ha BPEMEHHOH IOJDKHOCTH B
VYuusepcutere Jlonnona... Onu nozHakomuinucs y bopa B Konenrarese. ..

“Tesutep Bbicoko ueHu Lxopaxa 'amoBa, cBoero kosuiery no YHuBepcutery Jxopmka BammHrrona, KoTopslii aj HaYa 0
TeopernyeckuM padoram B Coennnénnbix lITaTax, npiuBeannM B KOHSYHOM HTOTE K CaMOMY OOJIbIIIOMY B3pbIBY,
OCYILECTBIEHHOMY KOTIa-JIn00 10 BOJIC YENIOBEKa ... ».
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JUIUIOMAaTHYECKUX KOPIYCOB B OTBET Ha MpochOy BhIAaTh BU3y id Bbhe3na B CCCP orBewany, 4To Takas CTpaHa UM
HEHU3BECTHA.

He cnenyet Take 3a0bIBaTh ¥ TOT UCTOPUYECKHUH (KT, YTO 10 PEBOJIOINHY 3HAUUTEIbHAS YAaCTh HACEICHNUS Obla
6esrpamoTHa. K TOMY ke 1mociie peBOJIIOIIMOHHON CMEHBI CTaPOro OOIIECTBEHHOTO CTPOSI HOBBIM MPOIIEN JIHIIb NEPBBII
necsaTok sieT. [ToaToMy-To ocTpyro Hy»1y B KBaJM(UIIMPOBAHHBIX KaJpax CYIIECTBEHHO OIIyIIajH MOYTH BCE BHOBb
OpraHH3yeMble Hay4YHbIC YUPEKICHUS.

Bot novemy co3gaHue MHCTHTYTa B TOT IEPEIOMHBIA HCTOPUYECKUH MEpHO/ ObUIO BecbMa HelleTKuM jenoM. U
SIBHO He 3psi nepBbIi mupexTop Y @TU takke npaBIvBo onmcall peaiy TeOPEeTHIEeCKON PU3NKHU TeX JIET:

«Bce... nonazanu, umo usuku-meopemuxu — 3mo eviuuciumenu, a ne moicaumenu. /s A. @. Hogge®™ ovLio
XapaxmepHo gvipadcenue: “Hado nocuumams”’. Imum, cOOCMBEHHO 2060Psl, U 02PAHULUBANCS MEOPEMUUECKUL AHAU3
npobaem. K gpuzuxam-meopemuxam oasice kpynnetiwum, Aopam @edoposuy OmHOCULCA CHUCXOOUMETbHO.

Kouneuno, Hogpgpe cam 6vin mviciumenem 6 pusuke u NOHUMAL, 4MO HACMOAWUL HAMYPATUCH OO0AXHCEH Oblmb
MbICIUmMENEeM, HO OH KaK-mo He NPU3HA8an, Ymo QusuKu-meopemuKu — 5mo npogheccus, u npogheccus o4enb HyHCHA»
[5, c.45].

HemanoBaxken u cnenyroumii Hroanc: Man BacunseBrmu O6penmoB, Oymydu eme 10 XapbKoBa 3aMECTHTENEM
nupektopa JIeHMHTpaacKoro (pU3MKO-TEXHMYECKOT0 MHCTUTYTA, YXKE yCIesl MOBUAATh Beaylne (GU3MYeCcKUe LESHTPHI
MHpa M MHOro€ y3HaTh M3 TepBbIX ycT. OTTOoro u Opocaercssi B Ila3a €ro SIBHO NPHHIMITUAJbHAS TO3ULHUS I10
CEePbE3HOMY «KYIbMUSUPOSanuio meopemuieckoli usuxu 8 Xapvxose u mem camovim 6 CCCPy.

Hamee co cioB U. B. O6penmoBa: «llocre moezo okonHuamensrho2o nepeezda ¢ Xapvros, 2 anpens 1930 ., mou
konmaxkmul ¢ A. @. Hogpge snauumenvho coxpamunucy. COKpamuauch OHU 4ACMUYHO U U3-3a Mo20, umo Abpawm
Dedoposuy He 60 6cém 0000pan nanpasnenue pabom Xapvkosckozo uncmumyma. C 00HOU cmoponuvl, 8 Xapvkoge
umena mecmo “eunepmpogus meopemuueckou puzuxu’”’.

Hauanocs ¢ mozo, umo 6 utone 1929 2. npu YOTH 6vina opzanuzosana 1-1 u eOuncmeennas 6 naweil cmpamne
KoHgepenyua no meopemuueckoil pusuke’, Ha KOMOPYIO cbexauucb 6ce 06e3 UCKIIOUeHUs QuU3UKU-MeopemuKu
Cogemcroeo Corosa: om I pommepa u I amosa 0o @Ppenxens u Tamma.

Ilo30Hee Ha 0060abHO Oonieue CPOKU Npuesdxcanu mMuozue Quauxu-meopemuku. Ipu paza uncmumym nocewan
II. A. M. /lupak, yenviii 200 paboman y nac Ioodonvckuii, npuexaswuii uz CILA, Ilnauex ovin 0sa pasa, Baiickong) —
osa paza, I. A. 'amoe ¢ 1932 2. aicun 6 Xapwvkose, ¢ 1934 2. na mpu nedenu npuesacan H. Bop.

B 1932 2. ¢ Xapvkoe okonuamensho nepeexan JI. /I. Jlanoay» [5, c.53].

«Pabomut Jlanoay u e2o yuenukoe
coenanu ¢ me 200bl
Xapvkoe yenmpom meopemuueckoit puzuxu ¢ CCCP»

Jlannay GbL1 GONBIIMM MAaTPUOTOM M CUHTAT

OJIHOM M3 BKHEHIIMX CBOMX 3a/1a4 BCAYECKHU COJIEHCTBOBATh
nmoabpeMy (PU3UUECKOTO 00pa30BaHUS B CTPAHE.

Axademux A. U. Axuezep

vV A. . Hodde (1880-1960) — ¢usnk-sxcrnepumentarop, akagemuk (1920). C 1918 mo 1950 r. — mupekrop JIeHHHIrpajicKOro
(U3UKO-TEXHUYECKOTr0 HHCTUTYTA. B 1927-1929 u 1942-1945 r. — Bune-npesuneHT Beecoro3Hoit AkageMun HayK.

V Hcropuyeckue mapamieny.

ITo mndopmanun xypHana «Yenexu gusuueckux nayky» (T.14. — Bem.4. — 1934 1.), «1-22 Mas c. r. B XapbKOBe COCTOSIIACh
Bcecoro3Hast KOHQEpEHIMsI 110 TEOpeTHYeCKOW (H3nKe, CO3BaHHAs YKPAWHCKUM (H3MKO-TEXHHYECKUM HWHCTHTYTOM. Ha
KOH(epeHIIN MPUCYTCTBOBAIM TeopeTHku Mocksbl, JleHnHrpana, XapbkoBa M APYTUX IOPOJOB; KPOME TOTO, OBLIO MHOXKECTBO
MHOCTPAHHBIX YYECHBIX, U3 KOTOPBIX Ha IIEPBOM MecTe He0OX01MMO ynoMsHyTb npodeccopa Huibea bopa (Jlanus)...».

U3 Bocnomunanuii akagemuka A. M. Axuesepa: «B mae 1934 roma B XapbkoBe coctosnack BcecorozHast koH(pepeHIUs 1o
Teoperuueckor ¢u3uke. Ha koHbepeHIMIo mpuexann KpynHeWmme (U3HKH-TCOpeTHKH, B ToM uncie u Humsc Bop. Ha meit
npucytcTBoBasd B. A. ®ok, f. U. Openkens, U. E. Tamm u apyrue ydeHsie.

Kongepenmnus Obira opranm3oBaHa B XapbKoBe, YTOOBI MONYEPKHYTh 3HA4YEHHE HEIABHO OpraHm3oBaHHOTO Pu3nko-
TEeXHUYECKOTO MHCTUTYTA U IPU3HAHHYIO BO BceM MHUpe poib Jlannay B TeopeTHaeckoi Gpusnke.

JI. J1. JlJanmay Torma mHoro oomaincst ¢ H. Bopom, cBouM yunTenem, mposBIsSBIIMM OOJBLIOH HMHTEpeC K ero paboraMm B
TE4YEeHUE BCeH CBOEH JKU3HMU.

Ha kon¢epeHnimu npucyTcTBOBaiI Mojioaoi Gusnk-teopetuk u3 Benrpun JI. Tucca, KoTopoMy Tak MOHpaBUiIach 0OCTaHOBKA B
YO®THU, uto oH peummma octathesi B XapbkoBe. OH ObII MPUHAT B TeopeTHueckuid ornen JlaHmay, m Hac crajgo yXe BOCEMb —
E. M. JIupmmn, A. C. Kommaneen, A. U. Axuesep, U. 5. [lomepanuyk, JI. M. Ilaturopckuii, M. A. Kopen, JI. Tucca u acnmpant
b. Ilogonsckoro B. M. Konosanos...

B YOTU cpasaurensHO nonro padortan u3BecTHBIN ¢u3nuk-teopetuk I'. [Tnauex, npuexasmmii u3 Konenrarena. lIm Bmecte ¢
Jlannay ObLia BEINTOJHEHA BaXKHAst paboTa O pacCesHUHU CBETa MOJIEKyJIaMH XKUAKOCTH WK raza. OHa ObuIa oy OIIMKOBaHA B )KypHAIIE
“Physikalische Zeitschrift der Sowjet Union”...

Uro kacaercst [Imaueka, To oH BriocneacTBuy, padoras B CIIIA, omy0nnkoBal o4eHb BaXKHYIO pabOTy O pacCessHUM HEHTPOHOB, B
KOTOPOM JOBOJIBHO JIECTHO OTO3BaJIcs 0 Hamux ¢ [Tomepanuykom paboTax MO paccesHHIO HEWTPOHOB B KpHcTayulaxX. Tucca Takke
Bolexan u3 CCCP B 1937 rony u B nansHeiimem pabdoran B CILIA» [6, ¢.75-76].
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B 1932 r. mo mpemnoxxenuto VMana BacumseBnua OOperMoBa Ha IMOCT PYKOBOAMTENS OTHENa TEOPETHUECKOU
¢uzukn YOTHU Obu1 nmpuriaiieH MoJIo[od TalaHTIuBbIN yueHblit Jle [laBunoBuy Jlannay.

Bcero mmms veckonbko et — ¢ 1932 mo 1937 rr. — Jle JlaBumoBUY pyKOBOIHMII OTACIIOM TEOPETHUECKON (DH3UKN
Y®TU. Ho uMeHHO B 3TOT MEpUOJ U ObLT 3aJI0’KEH KpaeyroJibHbIi KaMeHb B OCHOBAHHE XapbKOBCKOM HAYYHOM IIKOJIBI
TEOPEeTHYECKOH (PU3UKH, CTABILEH BIOCIEACTBUN IIUPOKO N3BECTHOW KakK B Halllel CTpaHe, Tak U 3a PyOeKoM.

[MpeacTaBnsieTcsi yMECTHBIM NMPOLMTUPOBATh BOCIIOMUHAHKs Alexcanzpa Vnbpnua Axuesepa, OHOTO U3 TEPBBIX
XapbKOBCKUX yueHHKoB Jlannay: «B aBrycre 1932 r. B YOTU nepeexan JI. [I.Jlannay. Emy 6bu10 B 3T0 Bpems 24 roxa,
HO OH OBII y)k€ M3BECTEH BO BCEM MHpE KaK BBHIJAIOUIMNCS (PU3HNK-TEOPETUK. DTOMY COIEHCTBOBAJIO TO, YTO B 1929-
1931 rr. oH HaxoAwiICs B 3arpaHUYHON HAay4YHOH KOMaHAMPOBKE M yYacTBOBaJ B pabOTe CEMHHApPOB 3HAMEHUTHIX
¢msukoB M. bopna, B. I'eiizenbepra, B. [Taymu, I1. lupaka u, Hakonen, camoro Hubca bopa. O6mienue ero ¢ atTuMu
KPYIMHEHIINMH Y4YeHBIMH OBUIO OYeHb AaKTHBHBIM, U MM IPHIUIOCH CKOPO YOEAWThCA B CHIIE €ro HEeoOblYaiHOTro
tasanta. OH OeceroBai Jake ¢ BETMKUM DHHINTEHHOM M IBITAJICS TIEPEBECTH €T0 B «KBAHTOBO-MEXaHHUYECKYIO BEPYY,
YTO, BIpoUYeM, eMy He ynanock. OcobeHHO Bbicoko orenmi Jlannay Humbe Bop, KOTOpEIA, HaunHas C 3TOTO BPEMEHH U
JI0 TIoCcNeTHUX JHeH JlaHnay, OTHOCHII €ro K YHCITy CBOMX JIYYIINX YUEHHKOB, a Jlannay cuuran bopa cBouMm ydnTenem.
Mmoro no3xe WBan BacunseBna O6penmoB B Oecene co MHOU roopwi, uro B JIOTU Jlanmay HenOOIEHWBANH, U
ToJdbKO OH, OOperMOB, 3Has, HACKOJIBKO TaJdaHTIUB JlaHmay, NpPEAJIOKWI €My JOJDKHOCTh 3aBEIyIOIIEero
Teoperndeckum otnenoM YDTU u nonHyo cBoOOIy ACHCTBUI B CMBICIIE MTOATOTOBKH KaJAPOB MOJIOABIX TEOPETHKOB U
HAay4YHOU TEMaTHKH.

ocae mepeesna Jlanaay B XappkoB Y®OTHU cran ogHMM U3 JyYIIHX MHUPOBBIX LEHTPOB (PU3HYECKOM
HayKkm» [7, c.46].

CrouT mUpUHATE BO BHHMaHWe TOT (AKT, 4YTO OJHA M3 CaMbIX CEpbE3HEHIIMX npobieM Tex JieT —
KaracTpoduyeckas HeXBaTKa KBATM(QHUIMPOBAHHBIX HAayYHBIX KaapoB. B mopeBomonoHHOW YKpamHe He ObUIO HHU
OJTHOTO HAYYHO-MCCJIEJOBATEIbCKOTO YUPEXKICHUS (Gu3ndeckoro nmpoduis u, Kak oOpa3HO 3aMeTHi akajeMuk Jle
AHnipeeBrY APIIMMOBHY, «8CeX U3BECTNHLIX PUIUKOB MO20 PEMEHU MOICHO ObLIO Ycaoums Ha 0OHOM OusaHe, a Cymma
cpeocms, pacxo008aBWIUXCA 8 Hawlell cmpane Ha @usudeckue Ucciedo8anus, Oblia 60 MHO20 pa3 MeHbuie, 4em
PAcxo0bl Ha cooepicanie KoHIouleH 080pY08020 8e00MCMBAy.

He crnenyer cOpaceiBaTh CO CUETOB M CIIEAYIOLIMH HUCTOPHYECKUI HIOAHC: MEPBOE B MUPE COLMAINCTUYECKOE
rOCYAapCTBO, B3SB KypC Ha MHAYCTPHAIN3AIMIO, IOCTABWIIO TIepe]] cO00 rpaHIMO3HEHIIYIO TI0 TEM BpeMeHaM 3ajady
— JIOTHATh W TIEpETHATh BeIylINe KalUTATUCTUUECKHE CTpaHbl. BechbMma ceph€3HO Oblia pa3BEpHyTa MpoNaraHauCTCKast
KaMIaHUs [0 TIOATOTOBKE HAIIMOHAIBHBIX BEICOKOKBATN(HUIIMPOBAHHBIX KaJIPOB.

W Hamo oraaTte [OMKHOE HE3aypsiAHOMY OJHTy3uasMy pykoBogutens Teopotaena YDTU. HmenHo oH,
JIOOPOBOJIFHO B3SIB Ha ce0sl MHUIIMATUBY, BIICPBBIC Pa3padaThIBACT «npocpammbl ‘‘meopemuueckoco MuHumyma’ —
OCHOBHbIX 3HAHUI NO MeopemuiecKoll QusuKe, HeOOX0OUMBIX 0I5 PUIUKOB-IKCNEPUMEHMAMOPO8 U OMOETbHO 05 meX,
KMo xomes nocesimumy cebst npogheccUuoHanbHoll UCCie008amenbckol pabome no meopemuieckol Qusuxey.

W oTHIONs HE HANpacHO MMEHHO 3TOT (akT OyJeT crenuanbHO MomuEpkHyT akagemukom I1. JI. Kanuueit B ero
MeMopuansHo#t cratbe o JI. 1. Jlanmay [Biographical memoirs of fellows of Royal society. — Vol. 15. — November
1969]:

«Pabomot Jlanoay u ezo yuenukos coenanu é me 200bi Xapvkoe yenmpom meopemuueckoit ¢pusuxu ¢ CCCP.
Kenanue nepedamu ceou suanus Opyeum, 8 0COOEHHOCMU CEOUM YUEHUKAM, ewé & Xapbkoge 3apoouno y Jlanoay uoeio
CO30aHUs Kypca meopemuyeckoll Qusuku, KOMopuvlli menepb CMal WUPOKO U3BECHLIM MHO2OMOMHBIM MPYOOM
Jlanoay u Jlugpwuya. Hanucamo maxoii kypc ooun Jlanoay ne moe; necmomps na mo, umo Jlanoay ovin npexpacHvim
O0OKIAOUUKOM, eMy MI0XO YOasanoCh U3iaeams HayuHwvle pabomuvl 6 nucomeHHoM ude. Cpedu Moa00bix Qu3uUKos 6
Xapvrose 6 me 2006l Ovitu 06a bpama — Eecenutsi Muxaiinosuw” u Hnvs Muxatinoeuy Jluguwuyer. Oba eecoma
00apéHuble HauuHarwue Y4éHvle ¢ WUPOKUM oxeamom meopemuyeckou gusuxu. Cmapwui, Eecenuii Muxaiinosuu,
ewé u obradaem UCKMIOYUMENbHOU CHOCOOHOCMbIO UMEPATYPHO20 U3NO0JCEHU HAYYHOU mamemamury. Kusmo
nokasana, umo Jlugwuy u Jlanoay uckmouumenbHo Xopouio OOROMHAMU Opye Opyea 6 pabome no CO30anuro Kypca
meopemuueckoli usUKU...

Kypc meopemuueckoii ¢puzuku nauan cozoasamoca ¢ Xapvkoge ¢ 1935 200y u ciyycun nocobuem ons coavu
9K3AMEHO8 NO Meopemuieckou Qusuxe, KOmopbvie cnepéa coagaluch no KOHCHeKmam AeKyuti, npouyumanusix Jlanoay
HAYYHBIM COMPYOHUKAM XaAPbKOBCKO20 husmexa.

B umcie nepBbix, KTO cliayl TeopeTHYeckuii MUHUMYM, Obul A. . Axuesep. MHOro JIeT CIyCTsl, BCIIOMHHAsI T€
roiel, Anexcanap Mnbuu ¢ mpucyieit eMy CKpyImysie3HOCThIO paccKasal clieAyloniee:

Y Tlo Bocnomunanusim akagemuka E. M. JIndimuna, «MMeHHO 371eCh, B XapbKOBe, OH BIIEPBBIC CTall pa3pabaThiBaTh MPOrPaMMbI
“TEeOpEeTHYECKOT0 MHHUMYMa’’ — OCHOBHBIX 3HAaHHUH 110 TEOPETHYECKOH (HU3HKe, HEOOXOIUMBIX I (PU3NKOB-IKCIIEPHMEHTATOPOB U

OTZENBHO JUI TeX, KTO XOTEJ IOCBATHTH ce0si MpodeccHoHanbHON HCCIeOBaTeNIbCKOM paboTe mo Teoperuueckod ¢usuke. He
OrpaHUYMBAsICh Pa3pabOTKON OAHMX JIMIIb IPOrPaMM, OH YHMTAJ JICKIMH 110 TeopeTHYecKkoi dusuke 1t cotpyaHuko YOTH, a Ha
(du3Mexe — I CTyICHTOB. Y BIICUCHHBIH WISsIMU IEPECTPOHKH MpenoaaBanus (GU3NKK B [IEJIOM, OH IIPHHSI 3aBeZoBaHIe Kadeapoil
o6meit pusuku B XI'Y...

3nech ke, B XapbKoBe, MOSBMIACH HAES M HAYAJIOCh OCYLIECTBICHHE MPOrPAMMBI COCTaBICHMS IOJHOIO Kypca TEOPETHYECKOH
¢u3uky U Kypca odmeit pusuku» [7, c.12].
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«TeopMuHuUMyM 6KIIOUAT 6 CeOS KNACCULECKYIO MEXAHUKY, OCHOBbI CIAMUCMUYECKOU QU3UKU U MEPMOOUHAMUKY,
MEXAHUKY CHIOWIHbIX Cpeo, CHeYUANbHYI0 Meopulo OMHOCUMENbHOCIU U KIACCUYECKYIO  INeKMPOOUHAMUKY,
INEKMPOOUHAMUKY CHIOWIHBIX CPeO, 00WYI0 Meopuio OMHOCUMENbHOCU U 2PAGUMAYUIO, HEPENIMUBUCIICKYIO
K6AHMOBYI0 MEXAHUKY, PeNAMUEUCHICKYIO KEAHMOGYI0 MEXAHUKY, K6AHMOGYI0 CIAmMucmuKy u kunemuxy. Kpome smozo,
HeobXo0uMo OblLI0  3HAMb  MaAMmeMamudeckuli  anaus, ouggepenyuanviuvie ypagHeHus U Meopuio  QyHKYuil
KOMNJIEKCHO20 NepeMeHHO20.

IIpocpammel meopMuHUMYMA O4eHb MuamenbHo paspadbamvieanuce camum Jlanwoay ¢ mem, umobvl HU 6 KoeM
cryuae He nepezpyscams ux IUMHUMU OEMAAMU U He 3ampyOHAmMb coauy sKk3amenos. Omoupanoce, Oeicmeumenso,
camoe sadicHoe. Tak sice obcmosno oeno u ¢ mamemamuxou. Jlanoay ne mpebo6an 3Hanuli O0KA3AMENbCME PANUYHIX
monxux meopem. Hyscno 6uL10 6blcmpo 8bluucisims UuHmMezpaisl, peuams 0CHOGHble Oupdepenyuanvrvle ypasHeHus,
noNb308aMbCs meopuell YYHKYUl KOMIIEKCHO20 NePeMEHHOZO.

o gusuueckum pazderam Hado o6vLro coamsv Jlanoay 0cemsb IK3AMEHO8 U, OMOEIbHO, IKIAMEH NO MameMamuxe.
Tonvko nocie coauu MmeopMuUHUMYMAa MOJIOOOU Yel08eK 8KIoUaIcs 8 epynny Jlanoay u moz daxce obpawiamscs K Hemy
Ha “mot”.

Coaswemy meopmunumym Jlanoay npedocmasisan memy HAYYHOU pabomsi, KOMOPYIO HYHCHO ObLIO 8bINOIHUMb
camocmoamenvuo, 6e3 nomowu Jlanoay. 3axonuennas paboma oObIUHO ABNANACH BNOCAEOCBUU OUCCEPMAYUOHHO.

B Xapuvkose nepsvimu cOaguiumu meopMuHUMYM U CHAGUIUMYU NOIMOMY e20 Yuenukamu, oviiu A. C. Komnaneey u
E. M. Jlughwuy. Tpemovum 6vi1 asmop smux cmpox, wemeepmoim — U. A. [lomepanuyx u namoim — Jlacno Tucca. Beezo
¢ 1934 no 1961 200 npowinu uepes smu ucnoimanus 43 uenosexa» [8, ¢.89-90].

O MHOTOM TOBOPHT M Jpyras npumera yQTuHCKo# smoxu Jlanmay — ero crarbs-oT4€T n3 creHrasetsl Y OTU
«Hmnynvey:

«Teopepynna (umoeu 3a 2 keapman 35 2.)

... Yeunennvimu memnamu geoémcs nucanue kuudcex (Hopma —I12000 neuammuvlx 3HAKO8 HA nNuuLyujee pwiio).
Tuwymca:

1. Cmamucmuka — Jlughwiuy — cpox okonyanusa 1 Hoabps.

2. Mexanuxa — [lamueopckuti — 1 0exabps.

3. Aopo — Axuezep — I ausaps.

...Opeanusosan xougeiiep NpaKmMuKanmos, AsMOMAmMu4ecky omoupaowuli 200HbIL Mamepua, NPoNnyCmusuil 3a
ucmexuwiuil nepuod 12 oyw, ¢ 1 cenmsabps donxcuvi npoxooums 20 uenosex, a ¢ gespani 36 2o0a — 40 uenosexy
[8, c.63].

U emé oauH NpUHIMITHATIBHEIA (aKT, KOTOPBIH ObLI crienuaibHo Mo guépkHyT B. 5. ®penkenem:

«Yxe B 1935 1., T. €. 3a 4 ¢ nUIIHUM roja 1o BbIxoja B cBeT “Mexanuku” Jlannay u Ilsturopckoro, B XapbKkoBe
l'ocynapcTBeHHBIM Hay4HO-TEXHUYECKHM H3/aTEIbCTBOM YKpaWHbI ObUTH BBIMYIIEHB! “3adauu no meopemuueckoii
duzuxe. 4. 1. Mexanuxa” npodh. JI. /lanoay, oou. E. Tupwuya u npog. JI. Pozenkesuua — Tak NpeCTABICHBI 3TH
TP aBTOpa Ha 0OJIO’KKE KHUTU U €€ THUTYJIHHOM JIUCTE.

B mpenucioBnn k cOOpHUKY (TIOMEUEHHOM: “‘Vkpaunckutl gusuxo-mexnHuueckuti uncmumym, Xapvkos, dexabpb
1934 2.”’) aBTOpHI U3TAraloT Kpeao, KOTOpoe, KaK MBI TeNeph 3HaeM, OBUIO MO3/IHEE MOJI0KEHO B OCHOBY ITOCTPOSHHS
Kypca TeOpeTHIECKOH (HPU3HKH.

I'oBopst 0 moxbope 3aad, aBTOPHI YKa3bIBAIOT, YTO OH IPOBEICH “6paspes ¢ YCMAHOBUSWUMUCA MPAOUYUAMU
uznoocenuss  meopemuveckou  Qusuxyu. OObluHO  NONOMNCEHUA NOCHeOHell  U3NA2alomcAs 8  mom  eude U
nocie0o8amenbHOCmuU, 8 KAKOM OHU NOABUNUCH HA CEEM.

B pezynvmame amozo mepsemcs c6:3b MeAHCOY pAIUYHLIMU OMOENAMU, OMCYMCMBYEN CUCTNEMA 8 U3NOHCEHUU,
Ymo upe3sbINAliHO 3aMpyOHAEM 061A0eHIe anNapamom Mmeopemuyeckol QUIUKU.

Ilpu smom usyuaiowemy coodwaromcs 6ce803MOJICHbIE apXxaudeckue, O0ABHO Gvluiedwiue U3 YnompeoneHus
Memoobl, KOMopble OKA3bIBAIOMCA BHOCACOCMBUU HEHYICHBIMU, 4 6 MO JHce 8PeMsl Yeabll psa0 NPOCMmblX U YOOOHbIX
Memo008 ocmaemcsi 00CHOSIHUEM MeoPemuK08-npopeccuonanos.

B 3a0auax no mexanuxe 3a ucxoOuyro mouxy esamul ypasHenus Jlacpamsica, npuuém O0ILWUHCMEO 3a0aY
paccmampueaemcsi ¢ MOYKU 3PEHUs. NPUMEHEHUs. IMUX YPAGHEHUL U UX CEOUCME K PA3IUYHbIM YACHHBIM CAYYAaAM~»
[6, c.83-84].

HecmoTpst Ha orpoMHyt0 3aHATOCTh, JIeB JlaBuaoBuy JlaHmay Takke PyKOBOJHII HAYYHBIM CEMHUHApOM, B paboTte
KOTOPOT'0 Y4aCTBOBAJIHM HE TOJIKO TEOPETHKH, HO U SKCIIEPUMEHTATOPHI.

Jlep [laBuJOBMY cuMTajd Hay4yHble CEMHHApbl HEOOXOJMMBIM W BaXKHBIM 3JIEMEHTOM HAYYHOTO BOCIIUTAHHS
cotpyaunkoB Y®TU. Kak npaBuio, Ha 3THX CEMUHapax Jesair 0030pHbIEe JOKIAIbI 110 TeKyIeld HayqHOIl ITepruojrKe,
a TaKXKe JIOKJI/IBIBAIA 00 OPUTHHAIBHBIX PE3YJIbTaTaX CBOMX MCCIICIOBaHUH. BOT HECKOIBKO (aKTOB, IIOUEPITHYTHIX U3
BOCITOMHUHAHUH yYaCTHUKOB CEMUHApOB TEX JIET.

Jlacno Tucca: “B momeHT Moero mpuesna rpymmna Jlaamay cocrostia u3 Kommaneiina, E. M. Jlupmmmna (OKenn),
[Isruropckoro u Anekcannpa Mmenaa Axuesepa (LLyper). Kommaeen ObiT epBBIM B CITUCKE CTyAeHTOB JlaHmay, oH
yexaJl BCKOpe II0CJIe MOETo MpHe3/a, Ho mo3xe B MockBe BHOBB npucoenunmics k Jlannay. Mcaak [Tomepanuyk (Uyk)
— HOBOC IIONIOJHEHWE TPYIIBI, NMPHOBUI BCKOpE IOCHe MeHs, a I[ISTWropckuii MOKMHYJ TPyMIy W3-3a JWYHBIX U
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MONMUTHYECKNX pasHornmacuid ¢ Jlammay. I'pymma Oputa HACTpO€HA OYEHBb JAPYKETOOHO... MBI BCe BOCXHINAIHACH
Jlanpay...

Yepes npusmy Oosee ueMm 60 JieT MHE KaXeTcsl, sl CMOT ObI BBIpa3uTh B Oojiee 0OBEKTUBHON (opMe, 4TO Ke JIeNao
ero TakiuM ocooeHHbIM. [Ipex/ie Bcero 3To, KOHEUHO, OBIJIO CBS3aHO C KYPHAIBHBIM CEMHHAPOM 110 ueTBepram. Jlangay
PETYJIAPHO MPOCMAaTPUBAJ HOBBIE IMOCTYIUICHHS B OMOJIMOTEKE, YIOTHOH KOMHATE C 3allOJHEHHBIMU CTEIJIaXKaMu, I/ie
Hay ormeuan 3-4 cratby, 4TOOBI pacnpeienTh UX MEXIY WICHAMHU IPYMIbl, Ja0bl KOKIYI0 HENEN0 MPeJCTaBUTh Ha
BceoOmiee 0003peHHe M BBICKAa3aTh CBOE aBTOPUTETHOE CY)KICHHE. Ero MOJHHEHOCHOE NMOHMMAaHHE CYTH KaXIOH
cTaThl OBUIO (heHOMEHAIBHBIM. $1 TIOMHIO, YTO MOWM IIepBBIM 3ajaHueM Obuia craths Jlapca Oncarepa 1o
anekTponuraM. Beibop aBropa 3aciyxuBaeT BHHUMaHHA. Jlo cBoell cratbu mo mozpenu Wzmara B 1944 1., KoTOpas
c/ienana ero BCeMHUPHO M3BECTHBIM MaTeMaTH4ecKuM (u3nkoM, OHcarep CUMTAJICS XMMHKOM M OBUT Majlo M3BECTEH
cpenn ¢u3ukoB 3amanga. Ero crarteu mo HeoOpaTMMOIl TepMOAMHAMHKE MPHBICKIN BceoOlllee BHUMAHHE TOJBKO B
1940-x. B To ke Bpems 3TH cTaThi OBUIM BKIJIIOYEHBI B TEOPMHUHUMYM yke B Hadane 1930-x. Jlay momuepkuBan cBoe
BocxuiieHne OHcarepoMm TOrAa, Korja TOT €Ile HE MOJIyqms BceoOmiero npu3HaHus. sl Hac 3TO ero MHEHHE OBLIO
OKOHYATEIbHBIM.

Crnenmyromeii Oojiee Ba)KHOH SIBJSUIACh €ro CIIOCOOHOCTP MTHOBEHHO OTBEYATh Ha JIFOOOH BONPOC, KOTOPBIA BBI
nepes HUM MOCTaBHIIM; HauMHAasi OOBIYHO NMPOBOAWTH BBIKJIAJKH HAa OOpaTHOW CTOPOHE KOHBEPTA, OH MPOAOIDKAN X,
THI0Ka He Mojydai oTBeT. M oH HCIIBIThIBAN BeNnyaiilee HaclaXAeHHEe BCAKUM pa3, KOTaa eMy IPUXOAMUIOCH IpUOeraTh
K 9TOH cBOeH YHHUKaIIbHOH criocoOHOCTHY [8, ¢.313].

Anexcandp Axuezep: «Pa3z B Hezmenmo NMPOMCXOAWIO OOLIEMHCTUTYTCKoe coOpanue. OiHY HENEN0 — COBET, a
crenyoonylo — pedepatuBHoe coOpanue. Ha coBere MOKIaAbIBaUCh OPUTHMHAJbHBIE DPAaOOTHI, BBITIOJIHEHHBIE
COTpYJIHHKaMH MHCTUTYTA, a Ha pedepaTHBHOM COOpaHUU — KypHaJIbHbIE cTaThi. Jlanaay Oiucran u Ha coBeTax, M Ha
pedeparHbix cobpanusx. Ero BeicTymiieHust 1 3aMedaHus Bcerja ObUIM KPUTHYECKUMH U KacaJuCh CaMOW CYIIHOCTH
npeaMeTa. Y IMBUTENBHO OBLIO, KaK OH NPEKPacHO BCE MOHMMaJl. Y JUBHTEILHO TEM OoJee, YTO caM OH IOYTH HHYETO
HE YUTAJ, HO TOJBKO KaXXJ0€ YTPO MPUXOAWT B OMOINOTEKY ¢ OOJIBIION TETpabio M BIMCHIBAJ B HEE Ha3BaHUA PadoT,
KOTOpBIE HAZ0 OBLIO ITPOYUTATH U paccKa3aTh eMy.

OTH paboTHl TOKJIAIBIBAINCH €r0 YUCHUKAMH, a TaKkKe M MPHUEIKUMH TEOPETUKAMH Ha ero cemuHape. [loHnman
Jlangay MIHOBEHHO BCE M OTIHMYAll IPaBHIbHBIE PaOOTHI OT TaK Ha3bIBAEMBIX IMaTajJorudeckux. Pabora cemmuHapa
roMorajga €My HMETb MHOXKECTBO TE€M JUIA CaMOCTOSATENBbHBIX HCciefoBaHWHA. M XOTS MHE BIOCIIEACTBHU
MIOCYACTINBHUIIOCH y3HATh MHOTUX TEOPETUKOB, 51 HE BCTPEUall PaBHBIX €My 110 YHHBEPCAJIbHOCTH, CHJIE MHTEIIEKTa U
KpUTUITU3MY» [8, c.44].

B 1937 r. Jlangay ObLI BBIHY)KIEH IEpeeXxaTh Ha MOCTOSHHOE MECTO JKHTEIbCTBA B MOCKBY, /i€ MPOIOIKUIT
CBOIO HAYYHYIO JEATEIbHOCTh B HCTUTYTE Qu3ndecKkux mpodieM, pykoBoaureneM kotoporo obut [1étp JleonnnoBuy
Kanumna.

IIpuunssl, noaronknysmue JI. JI. Jlanmay k mepee3qy, HbIHE NPEACTAaBIAETCS BO3MOXKHBIM OCBETUThH IIO
opunuanbHOMy TIEPBOMCTOYHHMKY — JIOKJIAQIHOM 3ammcke TorjamHero jupekropa Y®TU  akanemuka
A. W. JlefinyHckoro, agatupoBanHoit 1937 rogom [9, c.51]:

3am. [Ipeacenarens Cosnapkoma CCCP T. Mexunayk
I'my6okoyBaskaemsblii Banepuii iBanoBuY!

Hackonpko MHe m3BecTHO, BEI emie nponomkaere uaTepecoBathest Kamuueit u ero UactutyToMm. [losTomy s mo3Bossito cebe
obparutbes kK Bam co cinenyronmm genom. Y Hac B MHCTHTYTE paboTaeT MOJIONOH M OYeHb TANAaHTINBHIN (usnk-Teoperuk JI. 1.
Jlarnay, KOTOpBIi celidac BeleT meperoBopsl o mepexoxe B Mucturytr Kamuupl. OH sBiseTcs, HECOMHEHHO, OJHUM W3 BEIYIINX
YUYEHBIX B 3TOH obmactu. ITo cBoeMy macmTaby »ToT 4enoBek kpynHee Kammipl. K coxkanennio, ero moauTHIECKyIo (PU3MOHOMHUIO
HeNb3sl HA3BaTh BIOJIHE COBETCKOH. OH OTHOCHUTCS K COBETCKOIl OOIIECTBEHHOCTH C BHYTPEHHUM (a WHOTAA W HAPy>KHBIM)
npeHeOpexenreM. MBI ero crapaeMcsi BOCITUTBIBATh, TaK Kak 3TO YeJIOBeK He Oe3Han&KHbIi. [Ipolecc BOCIUTaHMsI HHOTIA SBIISETCS
JIOBOJILHO OOJIE3HEHHBIM ISl BOCHUTyeMoro. HepaBHO MblI €ro HOABEPINIM HEKOTOPBIM BOCIUTATENBHBIM yaapaM. DTO MpPUHECIIO
HECOMHEHHYIO MONIb3y, YTO OH CaM JOJDKEH OblI MpPU3HATh, OAHAKO OH, KOHEYHO, HE IMPOYb OCBOOOAUTHCS OT IOCTOSHHOTO
JaBJIEHHS, TT0J] KOTOPBIM OH HAaXOJMTCA, M TIEpeiTH B MONOXKeHue, rie oH ¢ Kanuiel craHyT Npu3HAHHBIMU BOXKASIMHE OIPe/IeICHHOM
TPYIIBI yYEHBIX...

IIpn SBHBIX aHTHOOIIECTBEHHBIX HACTpoeHUsX JlaHgay, mpu ero GONBIIOM yMe, SHEPIHH U HWHTEpece K OpraHM3allHOHHON
pabote, oH B komOmHammu ¢ Kammmed craHeT, HECOMHEHHO, IIEHTPOM PEaKI[MOHHOI TpyNIBl HAallUX YYEHBIX, KOTOPBIX, K
COXAJICHUIO, €I11¢ OYEHb MHOTO.

ITosToMy s permms oOpaTUThCS K BaM ¢ 3THM IUCBMOM B HaJieXze, YTO BBl mpuMmere Mepbl K TOMY, YTOOBI HE CIIyYHIIOCH
COEJIMHEHHNE ITUX JIBYX JIOJIEH. .

Taroke BecbMa OTKPOBEHHBI U HH)OPMATHBHEI MeMyapHble BocomuHaHus A. V. Axuesepa: «OmHaXIBI IEPBOTO
ampens (He MOMHIO Kakoro rojia, HO B NEpBbIE TOJbI pabOTHl MHCTUTYTAa) Ha JOCKE OOBSBICHUH HMOSBHIICS MPUKa3 110
WHCTUTYTY, 3aBEPEHHBIN IEYaThlo, B KOTOPOM KJIAcCH(HIMPOBAINCH HAy4YHbIE PAOOTHUKM HHCTHTYTa, BKJIIOYAs U
Hay4HBIX PYKOBOJIUTENEH, M yKa3blBalach YCTaHAaBIMBAaeMas MM 3apIulaTa B 3aBHCHUMOCTH OT UX TAJIAaHTOB. YTPOM,
KOTJIa BCE MPOWIN MPHKa3, BO3HUK CKaHAaANl, U OOMKEeHHbIE MOOSKaIN K TupekTopy. Ho okasanock, 4To OH HUYETO HE
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3HaJI 00 3TOM NpHKa3e, XOTA MPUKa3 ObUI CKPEIUIEH €To MOANMHChI0. CKOPO BBISICHWIOCH, YTO NMPHUKA3 3TOT JIMIOBBINY,
u npugyman ero Jlannay, a MaIIMHUCTKY KaHLEJISIPUH, KOTOPBIE OYEHb XOPOIIO OTHOCHINCH K JlaHIay, MOMOITH eMy
oTIevaraTh NpUKa3 u oOHapozoBaTh. Hemp3s ckas3arh, 4ToOBI 3TO mpmbaBmio mo0BH K JlaHmay y BceX HaydHBIX
pykoBoauTenei...» [8, c.46-47]. N nanee: «B XapbkoBe B MexaHHKO-MalIMHOCTPOUTEIFHOM MHCTUTYTE OBLIT OTKPBIT
¢u3nKo-MexaHnyeckui  (axkyJbTeT,  MOJOOHBIM  JICHUHIPaACKOMY  (HU3MKO-TEXHHUYECKOMY  (haKyJbTeTy
IMomutexHuueckoro uHCTUTYTa. JlekaHoM HOBoOro ¢akyibrera cran U. B. O6peumon. Ha stom dakynerere Jlanmay
pykoBoami kKadenpoit Teopernueckoi Gpuszuky, a ¢ 1935 roga oH cran 3aBeayromuM Kadeapol AKCIIepUMEHTAIbHON
(3K B XapbKOBCKOM YHHUBEPCHUTETE. ..

Jlangay ObuT OONBIIMM MATPUOTOM M CUUTAT OJHOM N3 BaKHEHIIMX CBOMX 3a/ad BCAYECKU COJIEHCTBOBATH
nmogpeMy (U3MYEcKOTo 00pa3oBaHUs B cTpaHe. JlJist 3TOro OH XOTelN 3apydYHThCs MOIAEPKKOW B BEpXax M MOMPOCHII
aymuennuu y H. W. Byxapuna, OsiBmiero B To Bpems wieHoM [lomut6ropo LK BKII(0). byxapun mpunsn Jlannay.
Jlanmay Obu1 ouapoBaH byxapuHbIM n naxe omyOnmkoBan B «M3eecmusx» ot 23 HosOps 1935 roma crartbio
«byporcyasua u cogpemennas guzuxay». CaMo Ha3BaHUE MOKa3bIBaio, 4ro Jlanmay ObLT mpepaH naeanaM COLHUAIN3MA,
BBICOKO OIICHWBAJ HAy4HBIE 3aciIyrnm Mapkca W WCHBITHIBAJ, mogo0HO DHHIITEHHY, Oonbpmioe yBaxkeHue K JIeHuWHy.
Henapom B Komenrarene Jlanmay cumTaincs eciii HE MONHOCTBIO «KPAaCHBIM», TO, BO BCSIKOM CIydae, «PO3OBBIM).
Tpwxasl oH mocenian KoneHraren u Kaxaplid pa3 BO3BpAILAICS HA POIAUHY. ..

PedopmupoBanne npenopaBanus GU3HKU 3aTParuBajo MHTEPECHl psiga MpencTaBUTeNel cTapoil mpodeccypsl. ..
IIpotuB Jlannay HaKalIMBaIUCh OOMIBI U aMOMIIUH, KOTOpBIE XAl CBOETO BBIXOJA. JTO BpeMs HACTYIHJIO IOCIE
3nozeiickoro youiictea C. M. KupoBa, cekperapsi JIEHHHTPaJICKOro oOKOMa, KOrJa Hadaiach 310Xa CTaMHCKOTO
Teppopa.

B mapte 1937 roga Jlannmay ObL1 yBOJIEH U3 YHHUBEpcUTeTa. MOTHBBI YBOJIBHEHUS B IPUKA3€ HE yKa3aHbI, HO, KaK
BITOCJIEZICTBUM OBLIO BBIACHEHO, NMPUYMHON YBOJIGHEHHS ObUIa SKOOBI MMEBILNAsh MECTO IpONaraHaa HIealu3Ma co
cTopoHs! Jlannay.

ScHo, uTo B ero agpec ObUIM JOHOCHI M HaBeThl. B 3HaK mpotecta LllyOHMKOB M coTpyAHUKH TeopoTena Jlannay,
paboTaBIINe B yHUBEPCHUTETE, IO 3asBICHNE 00 YBOIBHEHNH. JTO OBUIO KBaTH(UIIMPOBAHO Kak 3a0acToOBKa, M BCA
rpymmna Oputa BeI3BaHa B KueB k Hapkomy BeIciiero oopazosanus B. I1. 3aTtonckomy. U3 Gecensl ¢ 3aTOHCKUM JIETKO
MOXHO OBIJIO TOHATH coAepkaHWe moHocoB Ha Jlanmay. becema 3akoHYmiach TPEIVIOKEHHEM HapKoMa
«3a0acTOBIIMKaM» BEpHYTbCS Ha CBOM paboume MecTa M IpopoibkaTh padory. Tem He meHee, camoro Jlanmay Ha
paboTe He BOCCTaHOBHIIH.

Mexny tem, B YOTU nmns Jlanmay Toke Hauyana co3laBaThCsl HeOnarompusTHas oOCTaHOBKa. PyKOBOACTBO
HHCTUTYTa CTaJI0 MPEANOYNTATh BHIAAOMUMCS paboTaM JlaHmay BTOPOCOPTHBIC pabOThI, UMEIOIIHE OYATO OBl BaXKHOE
NPUKIIAIHOE U Jake 000POHHOE 3HAYCHUE.

Jlanpay pemmn yexatb B MockBy Ha paboty k II. JI. Kamuue, mist kotoporo npasutensctBo CCCP cosnaino
HOBBIH MEPBOKJIACCHBIN MHCTUTYT... Octanbes Jlannay B XapbkoBe, OH HaBepHsKa paszenui 061 yuacts LllyOH1nKOBa 1
JPYTHX CBOMX TOBapHIlel u ObuT ObI paccTpeisiH. B MockBe BojHa Teppopa gokaruiach 10 Jlannay nuis uepes rof, u
OCTaJICs OH JKHB TOJBKO Omaromapst Karmume» [8, ¢.90-92].
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IIpogecopy Kykiiny Bosionumupy Muxaitnosnuy — 70 pokis

Hapopauscs B M. UepniBui 25 Bepecus 1948 p. llkinsHi poku mpoBiB y 3axianiit Ykpaini ta B [Tosbii, 3aKkiHuyBaB
HaBYaHHS B M. XapKiB Yy BCECBITHbOBIIOMIH 27-i (i3MKO-MaTeMaTW4Hid IIKOJi. 3aKiHYMB 3 BIJ3HAKOI (Hi3UKO-
TeXHIUYHUN (aKynbTeT XapKiBCHKOTO JiepkaBHOTro yHiBepcutery. 3 1972 poky mo 1988 p. — HayKkoBHii cHIBpOOITHUK
nporo ¢axynprery. [IpamoBaB y sSKOCTI BUKJIaJadya Ha Kadenpax 3araibHOl Ta NPUKIAAHOI (I3MKH, TEOPETHYHOT
siepHoi ¢i3uky, (i3uku masMu. ByB BiNIOBiNAJIbHUM BHKOHABIIEM HAayKOBO-AOCIIIHHX POOIT, 10 BHKOHYBAIHChH
cunimbHo 3 IPE ta IKI (Mocksa), X®PTI (XapkiB) Ta iHIIMMH HayKOBHMH LEHTpaMH. bpaB ydacTh y MiATOTOBII
cremianictiB 3 Apkupy, Himewunnu ta Bonrapii. 3a meit yac 3axuctuB kaHamaarchky (1977 p.) Ta IOKTOPCBKY
(1987 p.) mucepTamii 3 Teopii HEMHIHHUX XBUIHOBUX MPOIECIB Y IIa3MOBONOAIOHNX CepPEeIOBHINAX Ta 3 CICKTPOHIKH.
OmnyOnikyBaB 3 HayKoBUM KepiBHHKOM mpod. Kinnpatenkom A.M. Bimomy wmoHorpadito «OCHOBH IIa3MOBOT
esrekTpoHikm». 3 1988 poky mpamtoBaB npodecopoM Ha Kadeapi marepianiB peakTopoOydayBaHHs, ¢ OyB KEPIBHUKOM
HU3KH OIOJDKETHUX HAyKOBO-JOCHITHUX TEM 3 MUTaHb CTPYKTYPOYTBOPEHHS Ta pafialifHUX MOIMIKOIKEHB. 3 I[HOTO
Yyacy TeMaThKa HayKoBUX JHociikeHb B. M. KykimiHa Ta CTBOpEHMX HHUM HAyKOBHX TpyI IIOLIMPWIIACh TaKOX Ha
¢isuKy TBepHOTo TiNa, TIAPOMUHAMIKY Ta (Di3WKy IPOIECiB y aKTUBHUX CepelOBHINAX. BaXIMBHAM METOAOM
JIOCIIIKEeHB cTae (hi3nvHe MOJeNtoBaHHs 3 BUKopucTanHsM IT cucteM Ta TexHomnorii. 30kpeMa, BIIPOBaHKEHHS HOBOTO
IT iHCTpyMEHTapito MO3BOJIMIIO JOCTITUTH Iy HU3KY (I3MYHUX SIBHIL 1 BHABUTH JI€BI MEXaHI3MM IUX SBUI 32
JOTIOMOT010 e()eKTUBHUX NIarHOCTHYHUX METOXIB aHaJi3y 3100yTHX YHCIOBHX PO3B’s3KiB. Llelf HampsiMOK HayKOBHX
JOCII/KEHb — KOMIT' IOTEpHY (i3MKy — aKTHBHO MiATPUMYIOTH akanemivyHi iHcturytn, MOH VYkpainu Ta Oararto
Bigomux yueHux. Tomy He nuBHO, o B. M. Kykiin ctaB ogHUM i3 iHIIIaTOpiB opraHizamii GpakyabTeTy KOMIT IOTepHUX
HayK.

30kpema, BiH i3 KOJeraMu IIPEeJCTaBUB MEXaHI3M HarpiBaHHS 10HIB IpH HapaMeTPUYHOI HECTIMKOCTI
JCHTMIOPIBCBKOI XBWJII B IUIa3Mi. HWM BHSBICHO MNPHUPONY 3HAYHHX OCIWIIAIIN KoedilieHTa BiIOUTTS
€JIEKTPOMATHITHOI XBHUJII BiJl MOBEPXHI IUIa3MH, TOKAa3aHO MOIOHICTh MPOIECiB HAJABUIIPOMIHIOBAHHS Ta JUCHIIATHBHOT
HECTIMKOCTI KOPOTKOTO ITy4dKa 3apspKeHUX dYacTHHOK. CQopMynpoBaHO MeXaHi3M YTBOPEHHS CaMOMOIiOHUX
MPOCTOPOBUX CTPYKTYp Ta MEXaHi3M BHHHKHECHHS XBHIb 3 aHOMAJBHOI aMILTITYIOK B MOXIYJIALIHHO HECTIHKHX
CepelloBHUINaX, CTPYKTYpHO-(a30Bi mepexoan Ta ePeKT TiJpOJUHAMIYHOIO IUHAMO B MPOCTOPOBHX CTPYKTypax
koHBekmil. ChopMynpOBaHO 3B’S30K MK CHOHTAHHUMH Ta BHUMYIICHHMH NpOIECaMH, 3HAHIEHO HOBHH HOpIir
BUHHKHEHHS BHMYILCHOTO BHIIPOMIHIOBAaHHS Ta YMOBH MEPIOAMYHMX IyJbCaliii BHIIPOMiIHIOBAaHHS KBaHTOBOTO
Jokepena. [IpencraBineHo yHiBepcalbHy CHCTEMY HENIHIHHHUX PIBHSHb, IO OIUCYE TypOyJIEHTHO-XBIILOBY B3a€MOIO,
CYTTEBO YTOYHEHO MeXaHi3M edekTy Mecbayepa. ExcriepMeHTaIbHO BUSBIICHO MOSIBY PO3MOMITICHUX CaMOIIOMIIOHUX
HAHOCTPYKTYp Ha MOBEpxHi rpadiTy, BKa3aHO Ha SIBHIIC CAMONPO(IIIOBAHHSA Ta aHOMAaJbHE HAJBHUIIPOMIHIOBAHHS
€JIEKTPOHHHX 3TYCTKIB, II0 PYXarOThCS B IUIA3Mi, y3aralbHEHO TEOpito HOTyXHoro reHeparopa CBY niamazony —
riporpona. OcHOBHI pe3ynbTatu nociipkeHs B. M. Kykiina npencrasneni B Monorpadii «Bubpani riiaBu (TeopeTnyHa
¢izuka)», sSKy HemoaaBHO Oyio omyOiikoBaHO BHIaBHUITBOM KapasiHcekoro yHiBepcutery. BiH € mneprmm
3aBiJyBaueéM CTBOPEHOI HUM KadelpH IMITYYHOTO IHTEJEKTy Ta IPOrpaMHOro 3a0e3nedeHHs, 3aBJaHHSAMH SIKOI €
aKTMBHE BHKOPUCTAaHHS iH(QOpMamiiHUX TEXHOJIOTIH y mporenypax (I3WYHOrO MOJENIOBAHHS Ta YHCIOBHX
excriepumenTax. [lig kepiBaunTBoM B. M. Kykiina Ha kadenapi po3poOneHo cucTeMy KypeiB i3 BUBUEHHS IITYYHOTO
IHTETIEKTY.

CriBpOoOITHHIITBO B Pi3HUX PETiOHANBHUX MPOEKTaX Ta ABAANATHPIYHA BUKIAJAbKa MisTIbHICTE HA €KOHOMIYHHAX
(axyspTeTax YHIBEPCHUTETIB Jajia 3MOry 3i0paTi Matepian [uisi MyOJikamii HHM3KM KHUT 3 MaKpOEKOHOMIKH,
MEHEKMEHTY Ta 3 mpoOieM Komepiianizamii TexHonorid. HaitOinem Bigomumu € Monorpadii «Ilapamokcu
yKpaiHchkux pedopm» y cniBaBropctsi 3 6patom C. M. KykiiHuM, Jie pO3rIIsIHYTO Mepexifl HApoAHOTO TOCoaapcTBa
VYkpaiHu BiJ COIIAJTICTUYHOI O KamiTaJiCTU4HOI ()OPMH EKOHOMIYHMX BiIHOCHH, Ta «[HpopMmaliliHa eKOHOMiKa»
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cuimeHO 3 mpod. JI. M. IsiamMm. 3 iximiatuBu mpod. Tapamosa I. €. Bomomumupy Muxaitnosuay B 1999 poui Oymo
3aIlPOIOHOBAHO MYOJIIKyBaTH MaTepiaiy COLIaIbHO-€KOHOMIYHOrO Ta (iiocoChbKOro HampsIMKIB Yy BHIaBHHUIITBI
XapKiBCHKOTO YHIBEPCHTETY. 3 TOTO Yacy BiH HaJpYyKyBaB B yHiBepcHTETChKOMY XypHaii Universitates Oinst 1BOX
necsaTkiB craredd Ta orysigiB. 2008 poky moOaymB CBIT 30ipHHUK €Ce 3 COIIATbHO-CKOHOMIYHOT TeMaTuku «O Moib3e
pasMmbinuieHui», Ta 2013 poky — 30ipHHK ece «Pa30y)KeHHBIH MUp» 3 aHAIi3y Cy4acHOro iH(opMaIiiiHoro eramy
PO3BUTKY TuTaHeTapHO! nuBimizaiii. 2017 poky Buiiliuia 30ipka ece COIiajdbHO- MOJITHYHOI cripsiMoBaHOCTI «KamHu
MIPETKHOBEHUS POCIHCHKOIO Ta YKPaiHCHKOIO MOBAaMH.

BpaB y4acth y poOOTi JBOX HayKOBO-METOIMYHHMX KoMicii MiHicTepcTBa OCBITH Ta Hayku (paja 3a (axoBum
HaIpsIMKOM <«JIOCHI/DKEHHS 3 MpobieM npupoannuux Hayk») Ta HAH VYkpainu (HaykoBa pamga 3 mpobnem «diznka
TUTa3MH Ta IUTa3MOBa €JIEKTPOHiKa»), OyB y ckiani bropo koopauHamiiHoi paan YKpaiHCEKOTo (hi3HMYHOTO TOBapHCTBA
MePIINX JEKUTBKOX CKIMKaHb. HeomHopa3oBo OyB WICHOM OPTKOMITETIB MIKHAPOJHUX HAYKOBHX KOH(EPEHIIIH,
OTpHUMaB JIeKUIbKa MDKHApOJAHMX TPaHTIB, 30KpeMa, IpalioBaB B YHiBepcuTerax Xaipu ta ['amOypra. Bin €
pemaKTOpoM BOX BHITYCKiB 30ipHMKIB HayKOBHX Mpallb XapKiBCHKOTO yHiBepcHTETy Ta Akamemii Hayk «IIpoOiemMsr
TeopeTndeckoit Gpu3uku. Hayansie Tpyasr». YaHi Ta mocnigoBHUKH B. M. KykiiHa 3 ycmixoM 3aXHCTHIIN TOKTOPCHKIi Ta
KaHJUIATCHKI TUCepTarii.

3a OaraTopiyHy HAyKOBY IisUIbHICTH Ta pOOOTY 3 MiATOTOBKM BHCOKOKBaTi(hiKOBaHHMX CIeLianicTiB mpodecopa
B. M. Kyknina naropomxeno Ilouecuumu rpamoramu MOH Ta HamionaneHol akamemii Hayk Ykpainu, Bimsnakoro
HAH VYkpainu ta megamto imeni B. H. Kapasina.

YucneHHI KOJIeTH, IIaHyBaJbHUKU DI3HOIUIAHOBUX TaslaHTIB Bomomumupa MuxaiigoBuua, a TakoX Y4HI Ta
MOCJIZIOBHUKH B YHIBEPCUTETI Ta 032 HOT0 MeKaMy OYiKyIOTh BiJl HBOTO HOBUX OPUTIHAJIBHUX TBOPYHMX 3BEPIICHb Y
PI3HOMaHITHOMY SICKpPaBOMY CBITI HOro HayKOBUX IHTEpeciB, 3MUyTh HOMY MILHOTO 3J0pOB’s, OOrpYHTOBaHOTO
palioOHANBHOTO ONTHUMI3MY, 3/AIHCHEHHS YHWCICHHHX HEHMMOBIPHHMX HAIOJICHOBHMX IUIaHIB 1 TPOEKTIB 1 31i0HMX
acIipaHTiB i IOKTOPaHTIB.

B. C. Baxipos, M. O. Azapenxos, M. @. Illynvea, I. O. ipka, 1. €. I'apxywa, B. O. Kampuu, B. IO. /[mumpienko,
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