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Theoretical study of im portant bulk properties of nuclei far from stability such us the nuclear skin and its co rrelation
with the density dependence of the symmetry energy in uniform matter is reviewed. The formation of neutron skin and
its evolution with an increase of the neutron number is in vestigated on the basis of a self-consistent deformed mean-
field Hartree-Fock method using density-dependent Skyrme force sand pairing correlations in BCS approach. We study
isotopic chains of Ni, Kr, and Sn nuclei and consider all the experimentally observed isotopes from neutron-deficien to
neutron-rich ones. Various definition of the neutron skin thickness based on the differences between neutron and proton
radii as well as on comparison of the tail soft he neutron and proton density distributions have been tested. The effects
of deformation on the neutron skins in even-even deformed nuclei are discussed on the example of Kr isotopes. The
symmetry energy, the neutron pressure and the asymmetric compressibility of spherical Ni, Sn, and Pb and deformed Kr
and Sm neutron-rich even-even nuclei are calculated within the coherent density fluctuation model using the symmetry
energy as a function of density within the Brueckner energy-density functional. The correlation between the thickness
of the neutron sk in and the characteristics related with the density de pendence of the nuclear symmetry energy is
investigated for isotopic chains of these nuclei. The mass dependence of the nuclear symmetry energy and the neutron
skin thickness are also studied together with the role of the neutron-proton asymmetry. The studied correlations reveal a
smoother behavior in the case of spherical nuclei than for deformed ones. We also note that the neutron skin thickness
obtained for **Pb with SLy4 force is found to be in a good agreement with the recent data. In addition, we analyse the
existence of peculiarities of the studied quantities in Ni and Sn isotopic chains that are not present in the Pb chain.
KEYWORDS: exotic nuclei, neutron skin thickness, symmetry energy, deformed Hartree-Fock+BCS method, energy-
density functional

INTRODUCTION

The detailed study of the properties of unstable nuclei has been at the fore front of nuclear physics research for the
past few years. Th e ultimate goal of such studies is to d evelop models and interaction potentials by uncovering novel
manifestations o f nuclear structure when moving away from the valley of stability, among which nuclear haloes and
skins, new regions of nuclear deformation, the disappearance of shell closures or the appearance of new magic numbers
may be cited. The most straightforward way to assess the presence of such phenomena is to follow nuclear properties
along extended isotopic chains analyzing contrasted behaviors between stable and unstable species.

The determination of ch arge radii and extraction of nu clear matter radii are crucial fo r studying the evolution of
neutron and p roton skins al ong i sotopic ¢ hains. T o get information o n t he ne utron skin t hickness o ne needs data
obtained with probes having different sensitivities to the prot on and neutron distributions. The methods for extracting
the neut ron s kin t hickness mostly i nclude expe riments on ha dron s cattering [ 1,2], ant iprotonic at oms [3] , pari ty
violating el ectron scattering [4,5,6], a swel | as gi ant dipole resonance method [ 7] and spin-dipole resonance method
[8,9].

On the theoretical side, calculations of nuclear charge and matter radii of exotic nuclei are usually performed in the
framework o f mean-field approaches, namely the Hartree-Fock (HF) method or the Hartree-Fock-Bogoliubov (HFB)
method including pairing correlations (e.g., Ref. [10]). Recently, the self-consist ent relativistic mean-fiel (RMF) model
has been widely applied to studies of both stable and unstable nuclei (e.g., Ref. [11]). Many calculations show that the
RMF model can reproduce with a good precision a number of ground-state nuclear properties including the charge radii
[12]. The charge rms radii were successfully described in Ref.[10], where the generator coordinate method (GCM) on
top of Gogny HFB calculations was explored.

© Antonov A.N., Gaidarov M.K., Sarriguren P, Moya de Guerra E, 2014
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Theoretical identification of the skin structure in neutron-rich weakly bound nuclei, however, is still a matter of
discussion. In Ref. [13] a definition of the neutron skin and its appearance were presented in terms of spherical HF
calculations. The proposed criteria which deal with proton and neutron densities allowed one to predict neutron skins in
nuclei far from the 3 stability line. The Helm model [14, 15] has been applied in Ref. [16] to analyze neutron and proton
skins, as well as halos, of even-even Ni, Sn, and Pb isotopes in terms of form factors.

Recently, the interest in the symmetry energy has been stirred up by novel astrophysical observations and by the
availability of exotic beams in accelerators that provide additional information to the standard nuclear asymmetry studies
based on stable nuclei. Particularly important in the different areas, and similarly uncertain, is the density dependence of
the symmetry energy in uniform matter. The neutron skin thickness, generally defined as the difference between neutron
and proton rms radii in the atomic nucleus, is closely correlated with this dependence. Moreover, it has been shown
that the neutron skin thickness in heavy nuclei, like 208pp calculated in mean-field models with either nonrelativistic
or relativistic effective nuclear interactions, displays a linear correlation with the slope of the neutron equation of state
(EOS) obtained with the same interactions at a neutron density p ~ 0.10 fm~3 [17, 18].

The ground states of atomic nuclei are characterized by different equilibrium configurations related to corresponding
geometrical shapes. The study of the latter, as well as the transition regions between them, has been a subject of a large
number of theoretical and experimental studies (for a review, see, for example, Ref. [19] and references therein). The
position of the neutron drip line is closely related to the neutron excess and the deformation in nuclei. In fact, the latter
increases the surface area, thus leading to a larger surface symmetry energy in a neutron-rich nucleus with a deformed
shape. Conversely, the precise determination of the surface symmetry energy is important to describe the deformability
of neutron-rich systems and also to validate theoretical extrapolations. Therefore, it is worth to explore how the nuclear
symmetry energy changes in the presence of deformation and correlates with the neutron skin thickness within a given
isotopic chain.

Nowadays, the experimental information about the symmetry energy is fairly limited. The need to have information
about this quantity in finite nuclei, even theoretically obtained, is a major issue because it allows one to constrain the
bulk and surface properties of the nuclear energy-density functionals quite effectively. The symmetry energy of finite
nuclei at saturation density is often extracted by fitting ground state masses with various versions of the liquid-drop mass
formula within liquid-drop models [20, 21, 22]. It has been also studied in the random phase approximation based on
the Hartree-Fock (HF) approach [23] or effective relativistic Lagrangians with density-dependent meson-nucleon vertex
functions [24], energy density functionals of Skyrme force [25, 26] as well as relativistic nucleon-nucleon interaction
[27, 28].

In the present review (as well as in Refs. [29, 30, 31]), the properties of a wide range of medium and heavy exotic
nuclei are described using the self-consistent deformed mean-field Hartree-Fock method with density dependent Skyrme
interactions [32, 33] and pairing correlations. Pairing between like nucleons has been included by solving the BCS
equations at each iteration either with a fixed pairing gap parameter (determined from the odd-even experimental mass
differences) or with a fixed pairing strength parameter. In our calculations the following Skyrme force parametrizations
are used: SLy4 [34], SGII [35], Sk3 [36], and LNS [37]. These are among the most extensively used Skyrme forces and
are considered as standard references.

The main aim of this study is twofold. First, to clarify theoretically the emergence of the neutron and proton skins
in neutron-rich and neutron-deficient isotopes, respectively, by testing different definitions for the skin thickness in the
framework of the deformed Skyrme HF+BCS model. We choose isotopes of some medium and heavy nuclei such as Ni
(A=48-78), Kr (A=70-100), and Sn (A=100-136) because many of these sets, which lie in the nuclear chart between the
proton and neutron drip lines can be formed as radioactive ions to perform scattering experiments. Alternatively to one of
the criteria for the neutron skin proposed in Ref. [13] we consider another one which treats proton and neutron densities in
a similar way. The calculated charge rms radii are compared with the laser or muonic atoms spectroscopy measurements
of isotope shifts performed on Sn [38, 39, 40, 41], Ni [42, 43], and Kr [44] isotopes. Our theoretically calculated neutron
skin thicknesses are compared with the available experimental data extracted from methods mentioned above for even-
even Sn isotopes with masses from 112 to 124. We also study whether the emergence of a skin is influenced by the
nuclear shape, an issue that has not been sufficiently studied so far. The question of the skin formation in nuclei having a
non-spherical shape is discussed in detail on the example of Kr isotopes, assuming axial symmetry.

Second, in addition to various linear relations between several quantities in bulk matter and for a given nucleus that
have been observed and tested within different theoretical methods (e.g. nonrelativistic calculations with different Skyrme
parameter sets and relativistic models), we establish a correlation between the skin thickness and some nuclear matter
properties in finite nuclei, such as the symmetry energy s, the symmetry pressure pg (proportional to the slope of the
bulk symmetry energy), and the asymmetric compressibility AK, clarifying to what extent this correlation is appropriate
for a given isotopic chain. The symmetry energy is studied on the basis of the Brueckner energy-density functional for
nuclear matter [45, 46] and using the coherent density fluctuation model (CDFM) (e.g., Refs. [47, 48, 49]). The CDFM
has been successfully applied to different tasks: to calculate nuclear properties of the ground and first monopole states,
in scaling analyses and others. In addition to some spherical medium and heavy Ni (A=74-84) and Sn (A=124-152)
isotopes (considered also in Refs. [29, 50]), we present results for a chain of Pb (A=202-214) isotopes being inspired by
the significant interest (in both experiment [51, 52, 53] and theory [54, 55, 56, 57]) to study, in particular, the neutron
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distribution of 2*Pb and its rms radius. An investigation of the same possible relation is carried out for chains of deformed
neutron-rich even-even Kr (A=82-96) (including, as well, the case of some extreme neutron-rich nuclei up to >°Kr) and
Sm (A=140-156) isotopes. At the end we give some numerical arguments in proof of the existence of some peculiarities
in the properties of Ni and Sn isotopic chains that are not present in the Pb chain.

DEFORMED SKYRME HF+BCS FORMALISM

Assuming time reversal, the single-particle Hartree-Fock solutions for axially symmetric deformed nuclei are
characterized by the eigenvalue ; of the third component of the total angular momentum on the symmetry axis and
by the parity ;. The state i can be written as

@ (1‘3”67(1) = %4:(q) [cbl.*(r,z)eiAﬁoer(G)—&-CIDi(r,Z)eiA*(px(G)] , (1)

where ¥,,(q), %+ (o) are isospin and spin functions, A* = Q;£1/2 > 0. r,z, ¢ are the cylindrical coordinates of R.
The wave functions ®; are expanded into the eigenfunctions, ¢, of an axially symmetric deformed harmonic-
oscillator potential in cylindrical coordinates. We use 12 major shells in this expansion,

Cpi (R767q> ZXKIt(Q)ZCfxq)(X (ﬁ76) ) (2)
with @ = {n,,n;,A,X} and
- A eiAe
0 (R.0) =¥ ()i d) 30 3

in terms of Hermite and Laguerre polynomials

an(@ \/ \/>2" 7, ﬁ]/2 i /2H (5) 4
%A,(r)=,/ﬁmﬁn“ze’”“%(n), (5)

with
B. = (ma,/m)'* By =(moL/h)"/?,
E=:5 . n=rpt. (©)
The spin-independent proton and neutron densities are given by
p(R)=p(rz) =Y 2vipi(rn2), (7
i

in terms of the occupation probabilities v% resulting from the BCS equations and the single-particle densities p;. The
multipole decomposition of the density can be written as [32]

Zpl )Py (cos0) = po(R) 4+ p2(R) Po(cosB) + ..., 3)
with multipole components A
24 +1 .
pa(R) = 5| P;L(cosG)p(Rcose,Rsme)d(cos9), )
and normalization given by
/p )dR = X 47t/R2dRp0(R) =X, (10)

with X = Z, N for protons and neutrons, respectively.
The mean square radii for protons and neutrons are defined as

R? dR
<rpy>= IR ppn(R)dR E )q : (11)
J Ppn(R)dR
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and correspondingly, the root-mean square (rms) radii for protons and neutrons are given by
Fom =<1, >"% . (12)
The mean square radius of the charge distribution in a nucleus can be expressed as
2 __ 2 2 2 2 2
<rgy >=<1y >+ <71y >p +(N/Z) <rgy >n+rem + 750 5 (13)

where < rg > is the mean square radius of the point proton distribution in the nucleus (11), < rgh >p and < rgh >, are
the mean square charge radii of the charge distributions in a proton and a neutron, respectively. I%M is a small correction
due to the center of mass motion, which is evaluated assuming harmonic-oscillator wave functions. The last term r%o is
a tiny spin-orbit contribution to the charge density. Correspondingly, we define the charge rms radius

re=<rd>"*. (14)

NEUTRON SKINS IN EXOTIC NUCLEI

To study the neutron skin thickness we will use first the difference between the neutron and proton rms radii to
characterize the different spatial extensions of neutron and proton densities. A more effective tool to analyze skins [16],
however, is the Helm model [14, 15]. This is a model that allows one to extract in a simple way from the form factor
the two main characteristics of the density, a diffraction radius and a surface thickness. In this model one describes the
density by convoluting a hard sphere (hs) density having diffraction radius R; with a gaussian of variance o,

PHelm (73R4, 0) = pus(r:R4) * pg(r;0), (15)
where X
s(rRy) = ——=0O(R;— 1), 16
Pn (r d) 4”R,31 ( d r) (16)
and s,
pc(r;0) = (2ma?)3/2e777/207) (17)

The corresponding Helm form factor is
3 . —62¢2)2
Fueim(9) = Fas(¢:Ra)FG(q;0) = quh(qu)e . (18)

Now, the most prominent feature of the density distribution, namely its extension, can be related to the first zero in
the form factor, this is the diffraction radius
R; =4.49341/q,, (19)

where ¢ is the first zero of the form factor. The nuclear surface width o can be related to the height of the second
maximum of the form factor located at gmax:

2 2 In 3j1(‘1made)

o~ = .
qrznax RdeaxF(CImaX)

(20)

Taking into account that the second moment of a convoluted distribution is given by the sum of the second moments
of the two single distributions, one gets the Helm rms radius

RHclm _

rms

(R3+502). (21)

| W

Taking out the factor 1/3/5, that relates the rms radii to the radii of the equivalent uniform hard spheres, we define

Rus =+/5/3 <> >/? (22)

Rieim = /5/3REa™ = | /R2 + 502. (23)

From these definitions we construct the following neutron-proton radius differences that will be used:

and

ARy =R4(n) —Ry(p), (24)
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FIGURE 1. Left panel: Charge rms radii r. of tin isotopes. The SLy4 result is compared with the results from RMF calculations
[11], HFB [10] and GCM [10]. Experimental data are from [38, 39, 40, 41]; Right panel: Theoretical (with different Skyrme forces)
and experimental isotope shifts 8(r2) of tin isotopes relative to '20Sn.

ARy = R (1) — Ris(p) = \/5/3 [< 212« 2SI (25)

ARyelm = RHelm(”) — RHelm (P) . (26)

Beginning with Sn isotopes for which more data and calculations are available, we show on the right panel of Fig. 1
our results for the squared charge radii differences in Sn isotopes obtained from three different Skyrme forces, SLy4,
SGII and Sk3. We compare them to experiment, taking the radius of '>Sn as the reference [41]. On the left panel we
compare our SLy4 results for the charge radii with the other theoretical approaches mentioned above. The general purpose
of Fig. 1 is firstly to show that different Skyrme forces do not differ much in their predictions of the charge rms radii
and secondly, to show that our results with SLy4 are comparable to other theoretical predictions including approaches
that go beyond the mean-field approximation, as well as relativistic approaches. We conclude that our method reproduces
the experimental data with a similar accuracy to other microscopic calculations that, as explained above, may be more
sophisticated but may also be more time consuming. This agreement provides a good starting point to make predictions
for other quantities such as neutron-proton radii differences, where the experimental information is scarce and it is not as
accurate as in the case of charge radii.

In Fig. 2 we plot the differences between the rms of neutrons and protons Ar,,,, = r, — r,,. On the left panel we show
our results for Sn isotopes and compare them to RMF results and to experimental data. As we can see the experimental
data are located between the predictions of both theoretical approaches and in general, there is agreement with experiment
within the error bars. On the right panels we see the predictions for Ar,), in the cases of Ni and Kr isotopes, where there
are no data. As it can be seen, the RMF results for the difference Ar,, systematically overestimate the Skyrme HF results.
The reason for this is related to the difference in the nuclear symmetry energy and, consequently, to the different neutron
EOS which has been extensively studied in recent years [25, 26, 58, 59].

Figure 3 shows the neutron (solid) and proton (dashed) densities po(R) (8) in the 190:120:1368p jsotopes. From left to
right we see the evolution of these densities with the increase of the number of neutrons. In the case of 100§y (N=Z=50) we
see that the two densities are practically the same except for Coulomb effects that make the protons to be more extended
and, therefore, this has to be compensated with a small depression in the interior. The effect of adding more and more
neutrons is to populate and extend the neutron densities. This makes also the proton distribution to follow the neutron
one, increasing its spatial extension. The cost of this radius enlargement in the case of protons is a depression in the
nuclear interior to preserve the normalization to the constant number of protons Z = 50. Then, it can be seen graphically
the emergence of a region at the surface where the protons have practically disappeared while the neutrons still survive.
We will quantify later this region in terms of the neutron skin thickness definitions.

The thickness of a neutron skin in nuclei may be defined in different ways. One of these possibilities is to define
it as the difference between the root mean square radius of neutrons and that of protons, as we have plotted in Fig. 2.
Similarly, it can be defined as the difference between the neutron and proton radii of the equivalent uniform spheres
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FIGURE 2. Difference between neutron and proton rms radii Ary,, of Sn, Ni, and Kr isotopes calculated with SLy4 force. The RMF
calculation results are from Ref. [11]. The experimental data for Sn isotopes measured in (p, p) reaction (open stars) [1, 2], antiproton
atoms (full stars) [3], giant dipole resonance method (full circles) [7] and spin dipole resonance method (full and open squares) [8, 9]
are also shown.
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FIGURE 3. HF+BCS proton and neutron densities pg(R) of 1%°Sn, 129Sn, and '30Sn calculated with SLy4 force.

[Eq. (25)]. Alternatively, it can be defined as the difference between the neutron and proton diffraction radii (24) or Helm
radii (26).

On the other hand, the skin thickness can be also defined in terms of some criteria that the neutron and proton
densities must fulfill. In Ref. [13] the neutron skin thickness is defined as the difference between two radii, Ry and R»,
where R; is the radius at which the ratio of the neutron density to the proton density is equal to some given value (4 in
[13]) and R; is the radius at which the neutron density becomes smaller than some percentage of the density at the center
of the nucleus (1 % in [13]). When this difference, AR = Ry — Ry, is larger than some established value (in [13] this value
is 1 fm, which is comparable to the range of the nuclear force), a neutron skin with skin thickness AR is said to occur.
We have also considered the case where the first criterion for the inner radius R; of the neutron skin is changed. We use
instead of the above criterion for Rj, the radius at which the proton density becomes smaller than 1% of the latter at the
center, which is similar to the criterion used to define the outer radius R;, but in this case for proton density instead of the
neutron density. When we use the conditions in Ref. [13], we call it criterion (a). When we use the alternative condition
for Ry, we call it criterion (b).
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FIGURE 4. Neutron skin thicknesses for Ni isotopes. Left panel: ARy [Eq. (24)], ARy [Eq. (25)], and ARyem [Eq. (26)]; Right
panel: corresponding to criterion (a) (solid line) and criterion (b) (dotted line). A formation of proton skin thickness with the criterion
(b) is also shown.

We show in Fig. 4 the results obtained for the neutron skin thickness in Ni isotopes according to the different
definitions discussed above. The left panel contains the results for definitions involving directly the difference between
neutron and proton radii [Eqs. (24)-(26)]. The skin thickness predicted by the difference of the diffraction radii is in
general smaller than the thickness predicted by the other two more involved options that are very similar in this range of
masses. The right panel contains the neutron skin thickness defined according to the criteria on the density distributions
(a) (solid line) and (b) (dashed line). They only differ in the way in which the starting radius of the skin R; is chosen. One
can see that we obtain larger neutron skin thicknesses when using criterion (b) in the lighter isotopes, but this is reversed
for heavier isotopes and we get larger thickness when using criterion (a).

We also consider the most neutron-deficient region of Ni isotopes in a search for the formation of a proton skin.
Reversing the definitions of R; and R and applying the criterion (b) with protons and neutrons interchanged, the obtained
results are shown in the inset of the right panel in Fig. 4. We find no proton skin when applying criterion (a). One can see
that a small skin starts developing in these isotopes but we cannot push it further because “®Ni is already at the proton
drip line. The results are then not conclusive enough to assess the existence of a proton skin in these isotopes.

When the nucleus is deformed, the thickness of the neutron skin might depend on the direction. It is an interesting
and natural question to ask whether the deformed densities give rise to a different skin size in the different directions. It
is also interesting to know whether the emergence of the skin may be influenced by the nuclear shape. We first study the
intrinsic density distributions p(ﬁ) in various selected directions. For that purpose we show in Figs. 5 and 6 the densities
of 8Kr for oblate and prolate shapes, respectively. We can see the spatial distributions for neutrons (solid) and protons
(dotted) in three different directions: z-direction (r = 0), r-direction (z = 0), and r = z direction. We can observe that
the profiles of the densities as well as the spatial extensions change with the direction. Clearly, the densities are more
extended in the z-direction in the case of prolate shapes. The opposite is true in the case of oblate shapes. The case r = z
gives always intermediate densities. We have added in the three directions a couple of full dots, indicating the radii R;
and R; that defines the skin thickness according to the above mentioned criterion (a).

It is also worth looking at the points in the (#,z) plane that define the ellipses where the criteria for R; and R; are
met. Figure 7 shows these points for protons (thin lines) and neutrons (thick lines) and for the two shapes, prolate (solid)
and oblate (dashed). We can see that the size of the skin changes little with the directions perpendicular to the surface,
but shows a tendency to increase on the shorter axis. It is interesting to note that the skin size of the spherical component
po(R) is an intermediate value. The overall skin thickness is also similar in the oblate and prolate equilibrium shapes.
From this example we may conclude that the skin thickness does not depend much on the oblate or prolate character of
the deformation.
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FIGURE 5. Neutron (solid line) and proton (dotted line) density distributions p(ﬁ) in different directions for oblate shape of “8Kr.
The full dots shown on the (r,z) plane correspond to radii R; and R; according to criterion (a).

FIGURE 6. Same as in Fig. 5, but for prolate shape of “8Kr.

SYMMETRY ENERGY AND SURFACE PROPERTIES OF NEUTRON-RICH EXOTIC
NUCLEI

The symmetry energy S(p) is related to the Taylor series expansion of the energy per particle for nuclear matter
(NM) in terms of the isospin asymmetry 6 = (p, — pp)/p
E(p,8) = E(p,0) +5(p)8> + O(8*) +--- |

where p = p,, + p, is the baryon density with p, and p, denoting the neutron and proton densities, respectively (see, e.g.
[58, 60]). Odd powers of § are forbidden by the isospin symmetry and the terms proportional to §* and higher orders are

27

found to be negligible.
Near the saturation density pg the energy of isospin-symmetric matter, E(p,0), and the symmetry energy, S(p), can

be expanded as
K
E(p.0)=Eo+——(p—po)*+---, (28)
18p;
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FIGURE 7. Radii R and R, according to criterion (a) for neutrons (thick lines) and protons (thin lines) in 98Kr nucleus (shown in
rz plane) corresponding to its oblate (solid lines) and prolate (dashed lines) shape.

and
1 9%E(p,d) Po AK
S(P) =5 551 | =@t 3(P—po)+o5(p—po)+ . (29)
208 |y YT 1897
The parameter a4 is the symmetry energy at equilibrium (p = pg). The pressure plg M
s
P =pi 5 (30)
P lp=p,
and the curvature AKVM
NM , 9°S
p P=Po

of the nuclear symmetry energy at pg govern its density dependence and thus provide important information on the
properties of the nuclear symmetry energy at both high and low densities. The widely used "slope" parameter L’Y is
related to the pressure pf)v M [Eq. (30)] by
3 pNM
LN — 220 (32)
Po
The CDFM was suggested and developed in Refs. [47, 48, 49]. The model is related to the delta-function limit
of the generator coordinate method [48, 49, 61]. In the model the one-body density matrix (OBDM) p(r,r’) is written

as a coherent superposition of the OBDM’s for spherical "pieces" of nuclear matter p,(r,r') (so-called "fluctons") with
density p,(r) = po(x)®(x — |r|) with pg(x) = 34/ (47x>):

plrr') = [ a7 () Ppu(r.x) (33)
0
v e @le—r) [ fretr]
N (k@I =T]) (et
px(r7r)_3p0( ) (kp(x)|r—r’|) ®( ) ) (34)

The generator coordinate x is the radius of a sphere containing Fermi gas of all A nucleons uniformly distributed in it. In
Eq. (34) jj is the first-order spherical Bessel function and

3 2 1/3
ke (x) = (gpo(x)) =2 (35)

with

1/3
a= (QZA) ~ 1.524'/3 (36)
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is the Fermi momentum of such a formation.
In the CDFM the Wigner distribution function which corresponds to the OBDM from Eq. (33) is:

W(rk) = | " dx].F () PW(r ), 37)

where

W(r,k) = O(x— |r))O(kr (x) — |K|). (38)

4
(2m)?
Correspondingly to W(r,k) from Eq. (37), the density p(r) in the CDFM is expressed by means of the same weight
function |.7 (x)|*:

pir) = [akw(e) = [~ a7 () 0t Ir) (39)

normalized to the mass number:

/p(r)dr =A. (40)

If one takes the delta-function approximation to the Hill-Wheeler integral equation in the generator coordinate
method one gets a differential equation for the weight function % (x) [48, 49, 61]. Instead of solving this differential
equation we adopt a convenient approach to the weight function | (x)|*> proposed in Refs. [47, 48, 49]. In the case of
monotonically decreasing local densities (i.e. for dp(r)/dr < 0), the latter can be obtained by means of a known density
distribution p(r) for a given nucleus:

1 d
PP = - 2 (1)
po(x) dr |,._,
The normalization of the weight function is:
/ dx|.Z (x)]* =1. (42)
0

Considering the pieces of nuclear matter with density py(x) one can use for the matrix element V (x) of the nuclear
Hamiltonian the corresponding nuclear matter energy from the method of Brueckner et al. [45, 46]. In this energy-density
method the expression for V (x) reads

V(x) = AV()(X) + Ve —Veo, (43)
where
Volx) = 37.53[(148)%3+ (1 8)331p3" (x) + b1po(x) + bapy” (x) + bapg* (x)
+ 82[bapo(x) +bspy () +bepy (1)) (44)

with by = —741.28, by = 1179.89, by = —467.54, by = 148.26, bs = 372.84, and bg = —769.57. Vy(x) in Eq. (43)
corresponds to the energy per nucleon in nuclear matter (in MeV) with the account for the neutron-proton asymmetry. V¢
is the Coulomb energy of protons in a "flucton" and V¢ is the Coulomb exchange energy. Thus, in the Brueckner EOS
[Eq. (44)], the potential symmetry energy turns out to be proportional to §2. Only in the kinetic energy the dependence
on § is more complicated. Substituting Vp(x) in Eq. (29) and taking the second derivative, the symmetry energy S™ (x)
of the nuclear matter with density po(x) (the coefficient a4 in Eq. (29)) can be obtained:

SV (x) = 41795 (x) + bapo(x) + bspy * (x) +bepy  (x). (45)

The corresponding analytical expressions for the pressure pONM (x) and asymmetric compressibility AK™ (x) of such a
system in the Brueckner theory have the form:

4 5
Ph™ (x) = 27.80(x) 4 bapg (x) + 5bspg* (¥) + Sbspy  (v) (46)

and
AR (x) = —83.4p0" (x) + 4bspg > (x) + 10bepy (x). @7

Under some approximation in the CDFM the symmetry energy, the slope and the curvature for finite nuclei are
obtained as infinite superpositions of the corresponding quantities of nuclear matter (with a given density po(x)) weighted
by means of the function |.% (x)|*:

5= / " x| Z ()P (), (48)
0

po= /0 " x| F ()2 M (), 49)
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FIGURE 8. HF+BCS neutron skin thicknesses AR for Ni isotopes as a function of the symmetry energy s (a), pressure pg (b), and
asymmetric compressibility AK (c) calculated with SLy4, SGII, Sk3, and LNS forces.

AK = /O " x| 7 (x) PARMM (x). (50)

The symmetry energy, the pressure and the asymmetric compressibility are calculated within the CDFM according
to Egs. (48)-(50) by using the weight functions (41) calculated from the self-consistent HF+BCS densities [33] with
different Skyrme force parametrizations.

The main emphasis of our study is to inspect the correlation of the neutron skin thickness AR = Ar,, = r, —rp of
nuclei in a given isotopic chain with the s, pg and AK parameters extracted from the density dependence of the symmetry
energy around the saturation density. We show first in Fig. 8 the results for Ni isotopes. It is seen from Fig. 8(a) that there
exists an approximate linear correlation between AR and s for the even-even Ni isotopes with A=74-84. We observe a
smooth growth of the symmetry energy till the double-magic nucleus 78Ni (N=50) and then a linear decrease of s while
the neutron skin thickness of the isotopes increases. This behavior is valid for all Skyrme parametrizations used in the
calculations, in particular, the average slope of AR for various forces is almost the same. The LNS force yields larger
values of s comparing to the other three Skyrme interactions. In this case the small deviation can be attributed to the fact
that the LNS force has not been fitted to finite nuclei and therefore, one cannot expect a good quantitative description at
the same level as purely phenomenological Skyrme forces. As a consequence, the neutron skin thickness calculated with
LNS force has a larger size with respect to the other three forces whose results for AR are comparable with each other.

The analysis of the correlation between the neutron skin thickness and some macroscopic nuclear matter properties
in finite nuclei is continued by showing the results for a chain of Sn isotopes. This is done in Fig. 9, where the results
obtained with SLy4, SGII, Sk3, and LNS Skyrme forces are presented for isotopes with A=124-152. Similarly to the case
of Ni isotopes with transition at specific shell closure, we observe a smooth growth of the symmetry energy till the double-
magic nucleus '32Sn (N=82) and then an almost linear decrease of s while the neutron skin thickness of the isotopes
increases. In Ref. [29] we have studied a formation of a neutron skin in tin isotopes with smaller A where very poor
experimental information is available. For instance, a large uncertainty is shown to exist experimentally in the neutron
skin thickness of '2#Sn, i.e., its value varies from 0.1 to 0.3 fm depending on the experimental method. Our theoretical
prediction AR=0.17 fm for this nucleus is found to be within the above experimental band. A similar approximate linear
correlation between AR and pg for Sn isotopes is also shown in Fig. 9(b). The asymmetric compressibility AK given in
Fig. 9(c) is less correlated than pg with AR within the Sn isotopic chains.

An illustration of a possible correlation of the neutron-skin thickness AR with the s and py parameters extracted
from the density dependence of the symmetry energy around the saturation density for the Kr isotopic chain is given in
Fig. 10. It can be seen from Fig. 10 that there exists an approximate linear correlation between AR and s for the even-even
Kr isotopes with A=82-96. Similarly to the behavior of AR vs s dependence for the cases of Ni and Sn isotopes shown
in Figs. 8 and 9, respectively, we observe a smooth growth of the symmetry energy up to the semi-magic nucleus 3°Kr
(N=50) and then a linear decrease of s while the neutron-skin thickness of the isotopes increases. This linear tendency
expressed for Kr isotopes with A > 86 is similar for the cases of both oblate and prolate deformed shapes. We note that
all Skyrme parametrizations used in the calculations reveal similar behavior; in particular, the average slope of AR for
various forces is almost the same. In addition, one can see from Fig. 10 a stronger deviation between the results for oblate
and prolate shape of Kr isotopes in the case of SGII parametrization when displaying the correlation between AR and s.
This is valid also for the correlation between AR and p(, where more distinguishable results for both types of deformation
are present. The neutron skin thickness AR for Kr isotopes correlates with pg almost linearly, as in the symmetry-energy
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FIGURE 9. Same as in Fig. 8, but for Sn isotopes.

case, with an inflexion point transition at the semi-magic 3°Kr nucleus. In addition, one can see also from Fig. 10 that
the calculated values for po are smaller in the case of LNS and SLy4 forces than for the other two Skyrme parameter
sets. In general, we would like to note that the behavior of deformed Kr isotopes shown in Fig. 10 is comparable with the
one found for the spherical Ni and Sn isotopes having a magic proton number. The small differences just indicate that
stability patterns are less regular within isotopic chains with a non-magic proton number.

As a general discussion of the results shown in Figures 8, 9, and 10 we would like to note that the growth of the
symmetry energy with the increase of the mass number for a given isotopic chain up to the double-magic nuclei followed
by its decrease is related to the fact that, in particular, for a stiff symmetry energy, it is favorable to push the excess
neutrons to the surface where the symmetry energy is small. In other words, the strong correlation of the neutron-skin
thickness of heavy nuclei with the density dependence of the symmetry energy is a result of the dynamical competition
between the surface tension and the difference between the symmetry energy at the center and surface of the nucleus.

The theoretical neutron skin thickness AR of Pb nuclei (A=202-214) against the parameters of interest, s, pg, and
AK, is illustrated in Fig. 11. All predicted correlations manifest an almost linear dependence and no pronounced kink at
208Ph is observed. Similarly to all isotopes presented in this study, the LNS force produces larger symmetry energies s
than the other three forces also for Pb nuclei with values exceeding 30 MeV. Another peculiarity of the results obtained
with LNS is the almost constant AK observed in Fig. 11a.

Further attention deserves the value of the neutron skin thickness in 2°8Pb, whose determination has motivated recent
experiments. The model-independent measurement of parity-violating asymmetry (which is sensitive to the neutron
distribution) in the elastic scattering of polarized electrons from 2°Pb at JLAB within the PREX Collaboration [51, 52]
has provided the first electroweak observation of AR=0.33f8:ig fm in 29Pb. Obviously, future precise measurements

are needed to reduce the quoted uncertainties of AR. The distorted wave electron scattering calculations for 208pp [55]
extracted a result for the neutron skin thickness which agrees with that reported in the experimental paper [52]. The
value of AR for 28Pb (0.1452 fm) deduced from the present HF+BCS calculations with SLy4 force agrees with the
recent experimentally extracted skin thickness (0. 156f8:8§? fm) using its correlation with the dipole polarizability [53].
However, this experimental value was derived by means of covariance analysis based on one Skyrme functional (SV-min).
In this respect, a systematic study with a variety of EDFs as well as experimental tests in other nuclei would be important
because the correlation between polarizability, neutron skin thickness, and symmetry energy is model-dependent (see,
for example, Fig. 1 of Ref. [57]). In addition, our theoretically obtained value of AR for 2*Pb agrees well with the value
0.18 +0.027 fm from Ref. [62]. It is lower than the one obtained in Refs. [25] and [28] with the same Skyrme force, but
is in agreement with the values calculated with self-consistent densities of several nuclear mean-field models (see Table
Iin Ref. [63]). The py and AK values for 208pp are in a good agreement with those from Ref. [25].

Following the analysis within the CDFM approach [30], we give (e.g., in Ref. [31]) more detailed study of the
weight function |.% (x)|? (that is related to the density and thus, to the structural peculiarities) to understand the kinks
observed in the relationships between AR and s, as well as AR and pg. The latter were shown to exist [30] in double-magic
nuclei in the cases of Ni (at Ni) and Sn (at 132Sn) isotopic chains. As one can see in Fig. 10 of the present work, they
exist also in the considered cases of Kr (at 8Kr) isotopes. In contrast, such a kink does not exist in the case of Pb isotopic
chain (at 28Pb, particularly). Here we would like only to analyze the quantity

Asy = Sa+2 — SA (51)
SA
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FIGURE 10. HF+BCS neutron skin thicknesses AR for Kr isotopes as a function of the symmetry energy s and the pressure pg
calculated with SLy4, SGII, Sk3, and LNS forces and for oblate and prolate shapes. The results for oblate and prolate shape for
A = 82,84 isotopes are indistinguishable.

that is a direct measure of the relative deviation of the symmetry energy with respect to the double-magic nuclei taking
them as reference nuclei in each of the chains, where the kinks are expected. The values of As; and As_ are listed in
Table 1, where the two numbers for each isotopic chain correspond to the range of integration Ax that contains the peak
of |.7 (x)|? [31]. One can see first from this Table that the absolute values of As and As_ for Pb isotopes are comparable
with each other, which is not the case for the two other isotopic chains. Second, and very important is that the As,. value
turns out to be negative and As_ value to be positive for Pb isotopes at the range of integration Ax, and this is the main
difference regarding to the corresponding values (both are negative) in the Ni and Sn chains.

These differences can be attributed to the profiles of the density distributions, particularly in the surface region.
Their monopole components po(R) (coming from the density multipole expansion) are given in Fig. 12, where curves
for five Ni, Sn, Pb isotopes around double-magic 78Ni, 132Sn, and 2%8Pb nuclei are presented in panels (a), (b), and (c),
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FIGURE 11. HF+BCS neutron skin thicknesses AR for Pb isotopes as a function of the symmetry energy s (a), pressure pg (b), and
asymmetric compressibility AK (c) calculated with SLy4, SGII, Sk3, and LNS force.

TABLE 1. Relative deviation values of the symmetry en-
ergy As+ and As_ [Eq. (51)] for the range of integration Ax
in Eq. (48) and for Ni, Sn, and Pb isotopes.

Ni Sn Pb
Asy -0.0137 -0.0070 -0.0035
As_ -0.0072 -0.0049 0.0038

respectively. One can see from Fig. 12 the same trend in the tails of the three isotopic chains, which are ordered according
to the mass number A, being higher for heavier isotopes to produce larger radii. On the other hand the behavior in the top
part of the surface region, shown in the inset of the panels, is different. In the case of Ni and Sn isotopes in panels (a) and
(b), one observes that the double-magic nuclei have the largest density with all the neighboring isotopes lying below. In
the case of Pb isotopes in panel (c), the density increases from heavier to lighter isotopes with the double-magic nucleus in
between. In Pb isotopes, this ordering is opposite in the tail. As a result of this, the slope of the density in Pb isotopes, and
therefore | (x) |2, decreases with the number of neutrons continuously and no kink is present in the symmetry energy.
On the other hand, in the case of Ni and Sn isotopes, the slope of the density is larger for the double-magic isotopes
generating a kink in the symmetry energy.

SUMMARY

In the present work we review results of our studies on some important properties of neutron-rich exotic nuclei
mainly related with the nuclear surface and characterized by a skin emergence and quantities coming from the density
dependence of the nuclear symmetry energy.

For a first time the various definitions which have been previously proposed to determine the neutron skin thickness,
involving both matter radii and tails of nuclear densities, have been compared within a deformed Skyrme HF+BCS model.
Three Skyrme parametrizations have been involved in the calculations: SGII, Sk3 and SLy4. Most of the results shown
in the paper are obtained with SLy4 force, but the other Skyrme interactions produce similar results. We found that all
definitions of the neutron skin predict to a different extent the existence of a skin in nuclei far from the stability line.
Particularly, a pronounced neutron skin can be attributed to heavier isotopes of the three chains considered, namely with
A > 132 for Sn, A > 74 for Ni, and A > 96 for Kr isotopes. We also found that for a given isotopic chain the increase of
the skin with the neutron number in the neutron-rich nuclei exhibits a rather constant slope, which is different depending
on the definition of nuclear skin. More significant neutron skin is obtained when analyzing its formation by means of
definition from Ref. [13] (called criterion (a)) or using an alternative one (called criterion (b)). In this case we get an
absolute size of the skin larger than 0.4 fm and almost reaching 1 fm for the heaviest isotopes (in the case of criterion
(a)). At the same time, the neutron skin determined by the difference between neutron and proton radii using diffraction
parameters defined in the Helm model shows a more smooth gradual increase with the neutron excess and it is in size of
around 0.3-0.4 fm.
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FIGURE 12. HF+BCS total densities in the surface region for five Ni (A=74-82) isotopes (a), five Sn (A=128-136) isotopes (b), and
five Pb (A=204-212) isotopes (c) around double-magic 73Ni, 1328n, and 298Pb nuclei, respectively, calculated with SLy4 force.

|
2

0

We also show on the example of the neutron-deficient Ni isotopes the possibility to find a proton skin in a similar
way to the neutron skin. Although the analysis, which was performed in our paper for this case, uses an alternative
criterion to that applied in [13], it indicates a situation close to proton skin formation in Ni isotopes very close to the
proton drip line. However, the search for the existence of proton skin could be explored in the most proton-rich nuclei
approaching the proton drip lines of lighter nuclei, where Z > N.

In the present work the effects of deformation on the skin formation are studied in Kr isotopes which are well
deformed nuclei. Taking as an example **Kr and '%°Kr isotopes, we found that the profiles of the proton and neutron
densities, as well as the spatial extensions change with the direction in both oblate and prolate shapes. At the same time,
the neutron skin thickness remains almost equal along the different directions perpendicular to the surface. We found out
a very weak dependence of the neutron skin formation on the character of deformation.

A theoretical approach to the nuclear many-body problem combining the deformed HF+BCS method with Skyrme-
type density-dependent effective interactions and the CDFM has been used to study nuclear properties of finite nuclei.
For this purpose, we examined three chains of spherical neutron-rich Ni, Sn, and Pb isotopes and two chains of deformed
neutron-rich Kr and Sm isotopes, most of them being far from the stability line and representing an interest for future
measurements with radioactive exotic beams. In addition to the three Skyrme parametrizations already discussed and
used one more LNS Skyrme force has been involved in the calculations.

For a first time, we have demonstrated the capability of CDFM to be applied as an alternative way to make a
transition from the properties of nuclear matter to the properties of finite nuclei investigating the nuclear symmetry
energy s, the neutron pressure po and the asymmetric compressibility AK in finite nuclei. This has been carried out on
the base of the Brueckner energy-density functional for infinite nuclear matter. One of the advantages of the CDFM is the
possibility to obtain transparent relations for the intrinsic EOS quantities analytically by means of a convenient approach
to the weight function.

We have found that there exists an approximate linear correlation between the neutron skin thickness of even-even
nuclei from the Ni (A=74-84), Sn (A=124-152), and Pb (A=202-214) isotopic chains and their nuclear symmetry energies.
Comparing with the spherical case, we note that the linear correlation observed in the Kr (A=82-96) and Sm (A=140-156)
isotopes is not smooth enough due to their different equilibrium shapes, as well as to the transition regions between
them. As known, the latter are difficult to be interpreted as they exhibit a complicated interplay of competing degrees
of freedom. For all classes of the considered nuclei except for the Pb isotopes an inflection point transition at specific
shell closure, in particular at double-magic ®Ni and '32Sn nuclei and semi-magic 8Kr and '**Sm ones, appears for these
correlations. The increase of the symmetry energy with the increase of A for a given isotopic chain until the double-magic
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nuclei followed by its decrease confirms the physical interpretation given in Ref. [64], where this fact is shown to be a
result from the moving of the extra neutrons to the surface thus increasing the surface tension but reducing the symmetry
energy. In general, the neutron-rich skin of a heavy nucleus emerges from a dynamic competition between the surface
tension and the difference between the symmetry energy at the saturation density and at a lower surface density [64].

We have analyzed in detail the existence of kinks on the example of the Ni and Sn isotopic chains and the lack
of such a kink for the Pb isotopic chain. From the studies in Refs. [30, 31] and the present analysis the kinks displayed
by the Ni and Sn can be understood as consequences of particular differences in the structure of these nuclei and the
resulting densities and weight functions.

Concluding, we would like to note that the used microscopic theoretical methods are capable to predict the nuclear
skin in exotic nuclei, as well as important quantities in finite nuclei and their relation to surface properties of these
nuclei. The capability of the present methods can be further demonstrated by taking into consideration Skyrme-type and
relativistic nuclear energy-density functionals. More definite conclusions on the emergence of nuclear skin can be drawn
on the basis of studies of proton and neutron form factors and the related densities. Theoretical predictions for these
quantities were given, e.g., in our work [50] that serve as a ground for upcoming experiments using colliding electrons
with exotic nuclei in storage rings (see, e.g., Ref. [65]).
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Energetic characteristics of a surface wave at a plane plasma-plasma interface in an external magnetic field are studied. The
dependencies of energy flow density and energy density on wave vector for different magnitudes of external magnetic field are
analyzed. The sign of the Poynting vector in each plasma region is investigated. It is shown that the total energy flux of the surface
wave is directed along the wave vector. The velocity of energy propagation is found. The equivalence between energy velocity and
group velocity of the wave is demonstrated. The results obtained in the paper may be useful for analysis of transmission of
electromagnetic waves through two-layer plasma structures in a magnetic field.

KEY WORDS: surface waves, Voigt geometry, Poynting vector, energy velocity, energy density

EHEPTETHYHI XAPAKTEPUCTUKH MOBEPXHEBOI EJJEKTPOMATHITHOI XBUJIT
HA MEXI IOALTY IIVIASMA-IIVIASMA B MAT'HITHOMY ITOJII
C.B. IBko, L.Bb. [lenncenxo, M.O. A3apeHkoB
Xaprxiscvkuil nayionanenutl ynieepcumem imeni B.H. Kapasina
61022, Xapxis, Vkpaina

BHUBYAIOTBCSl CHEPTETHYHI XapaKTEePUCTUKU IIOBEPXHEBOI XBHJI Ha IUIACKIH MEXi IU1a3Ma-ruia3Ma B 30BHIIIHEOMY MarHiTHOMY IIOJIi.
AHaI3yI0ThCS 3AICKHOCTI TYCTHHH MOTOKY €HEpril Ta IyCTHHH €Heprii Bill XBUJIEBOrO BEKTOpA IS Pi3HUX 3HAYCHb 30BHILIHBOTO
MartitHoro nois. JlocmimkyeTbest 3HaK BekTopa [loifHTiHTa B KOXHIHM 1m1a3MoBiit obacti. ITokasyeTbes, 0 TTOBHUM IOTIK eHepril
MOBEPXHEBOi XBWJI CIPSMOBAHUH B3I0BX XBHUJICBOTO BEKTOpA. 3HAWAEHO WIBUIKICTH MOIIMpeHHs eHepril. IIpoaeMOHCTpOBaHO
PIBHICTb Mi)K €HEPreTHYHOIO Ta PYIOBOIO IIBHIKICTIO XBHII. Pe3ynbraTy, mo Oyiu OTpHMaHi B CTaTTi, MOXYTh OYTH BUKOPHCTaHi
IUTSL aHAJIi3Y MPOXOXKESHHS eIeKTPOMATHITHOI XBHJII KPi3b ABOLIAPOBY LUIA3MOBY CTPYKTYPY B MarHiTHOMY ITOJIi.

KJIFOYOBI CJIOBA: nosepxHesi xBuii, reomerpist Poiirra, Bexrop IloiHTiHra, eHEpreTHYHa MIBUAKICTh, 'YCTHHA €HEpril

SHEPTETUYECKHE XAPAKTEPUCTHUKHA MOBEPXHOCTHOM JIEKTPOMATHHATHOMN BOJIHBI
HA I'PAHMIIE IJIABMA-IIVIASMA B MA'HUTHOM I10JIE
C.B. UBko, U.b. /lenncenxo, H.A. A3apenkon
Xapvkrosckuil nayuonanvusiti ynusepcumem umenu B.H. Kapasuna
61022, Xapwvkos, YVkpauna

W3yuatoTcst sHEpreTHUECKne XapakTepUCTUKU TOBEPXHOCTHON BOJIHBI Ha IUIOCKON TPpaHMIlE MIa3Ma-1ia3Ma BO BHEITHEM MarHUTHOM
none. AHaNU3UPYIOTCS 3aBUCUMOCTH IUIOTHOCTH IOTOKA SHEPIMU M TIJIOTHOCTH SHEPTHM OT BOJHOBOTO BEKTOPA Ul Pa3HBIX
3HA4YEeHHUH BHELIHEr0 MarHUTHOTO noiis. Miccnenyercs 3Hak Bekropa [loifHTHHTa B KaXknoil mnasMeHHoi# obiactu. [lokaseiBaeres, yTo
MOJHBIM IOTOK 3HEPruM NOBEPXHOCTHOM BOJHBI HAIpaBlIeH BJOJb BOJHOBOrO BekTopa. HalineHa ckopocTh pacmpocTpaHeHHs
sHeprud. IIporeMoOHCTPUPOBAaHO PABEHCTBO MEXKYy YHEPreTUYECKOM U IpyNIOBOI CKOPOCTHIO BOJIHBL Pe3ynbTaTel, IONy4eHHBIE B
CTaThe, MOTYT OBITH HCHOJIB30BAaHBI IS aHAIN3a IPOXOKACHUS JIEKTPOMArHUTHOI BOJHBI Yepe3 ABYXCIOWHYIO IUIA3MEHHYIO
CTPYKTYpYy B MarHUTHOM IIOJI€.
KJIFOYEBBIE CJIOBA: nosepxHOcTHbIC BOJIHBL, reomerpus Doiirra, Bexrop IloiiHTHHra, SHEpreTUdecKas CKOpoCTh, IIOTHOCTh
SHEPTUU

Propagation of electromagnetic waves in plasma has been extensively studied in various contexts for many
years [1-3]. Researchers are still interested in the interaction of the electromagnetic radiation with overdense plasma.
Transmission and absorption of electromagnetic waves that propagate through layered plasma structures, in particular,
are studied due to practical applications. The supersonic aircrafts are surrounded by the layer of dense plasma, created
by the heat from the compression of the atmosphere. The plasma layer is not transparent to radio waves that causes
radio communications blackout. Different solutions [4,5] are proposed to this problem. Effective absorption of
electromagnetic energy is important in plasma generation and heating. Enhanced absorption was observed in plasmas
with steep electron density profiles. The increased absorption was explained by surface wave excitation [6,7]. Another
way to increase absorption of the incident wave is to place subwavelength diffraction grating in front of plasma [8].

The effect of the transmission assisted by the surface waves occurs also in plasma-like media such as metals in
optical range. It was shown both experimentally and theoretically, that three-layer structure composed of metal
sandwiched between two layers of dielectric is absolutely transparent for inpigefarized electromagnetic wave
with certain wave vector and frequency [9]. Lately it was noticed that similar effect can be achieved by adding only one
layer of dielectric [10]. One more way to achieve transparency for metallic film is to perforate it with a periodic array of
subwavelength-sized holes [11]. Perforation is needed to transform incident propagating wave into non-propagating that
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couples with surface mode at vacuum-metal interface. Resonant nature of a transparency in that type of structures can
be used to build various kinds of tunable filters and spatial and spectral multiplexors [12,13].

The conditions of total transparency for two- and three-layer structures were studied in [14]. For two-layer
structure it was found that the condition for total transparency coincides with dispersion relation for surface waves at
the interface separating layers. The method of finding resonant conditions for multilayer structures with arbitrary
number of layers was proposed in [15]. The role of dissipation effects in transmission through the structure composed of
two layers of warm plasma was studied in [16].

Propagation of energy in case of total transmission was also considered. It was demonstrated that finite energy flux
in direction perpendicular to the interface is possible if width of the layers is finite and there is a finite phase shift
between the amplitudes of the growing and decaying part of the evanescent wave [14,16]. In [17] tunneling time and
velocity of electromagnetic wave propagating through the barrier was studied. It was compared two velocities of wave
propagation: energy velocity and group delay velocity that are equal only in case of total transmission.

In our work [18] we studied the influence of external magnetic field on transparenqypofarized
electromagnetic wave through two-layer plasma structure. We found condition for absolute transparency and showed
that it coincides with dispersion relation for surface waves only if layers are sufficiently thick. Later [19] we
investigated the influence of inhomogeneity of one of the layers on wave transmission.

In this paper we study energetic properties of the electromagnetic wave propagating in a two-layer structure in
external magnetic field. We consider infinitely thick layers because resonance condition in this case has simple form.
The normal component of the time-averaged energy flux turns to zero but we still can obtain information about the
tangential component that gives us approximation for the case of layers of finite thickness. We derive and analyze
expressions for group velocity, time-averaged Poynting vector and energy density. The special focus is given to the
direction of energy propagation.

MAIN EQUATIONS

Consider an electromagnetic surface wave (SW) propagating at a plane interface between two semi-infinite plasma
regions. It is assumed that plasma in each region is uniform, cold, collisionless and consists of electrons and ions. The
wave frequency is assumed to be larger than the ion plasma frequepcytherefore, the effect of ions on the wave
may be neglected. The less dense plasma with electron plasma frequygnegcupies the regiom < 0, while the
more dense plasma with electron plasma frequengy> w,,) is located ak > 0. The plasma system is immersed in
an external magnetic fieH, directed along-axis parallel to the plasma-plasma interface.

We assume the surface wave propagatgsdinection along the interface perpendicularly to the magnetic field.
The wave is assumed to pepolarized, and it is characterized by the wave veE;aﬂirected alongy-axis. The SW

amplitude decays from the boundaxy= 0. The electromagnetic field of the surface wave has the following
components

E= (Ex(x),Ey(x), O)exp(ikyy - iwt),
H= (0,0, Hz(x))exp(ikyy — iwt).
The amplitudeB,, £, ,H, can be found from the following expressions [3]

E.(x) = (e, + 9 5) &)
x(x) - ko(gz _ gz) yg z + g dx 4
E,(x) = : k,gH aH; 2
/@ =~ ot e ) @
d%H,
W + KZHZ =0, ©)

wherex = [k; — eyk? is the decay constant ag = w/c. We introduce the Voigt dielectric permittivity = € —

g°/e, wheree and g are the components of the dielectric tensgfor cold magnetoactive plasma neglecting ion
motion and particle collisions:
1 a)§
E=ey=€p=1-——,
11 22 0.)2 _ wg
o .}
= -6, = i€y =————,
g 12 21 (1)(0)2 _ wg)
wherew, > 0 is the electron cyclotron frequency. It is assumed that the component ofdefizothe regionx < 0is
positive, while the componert, for the regionx > 0 is negative. Here, indexes 1 and 2 correspond to the less and
more dense plasma regions, respectively.

The flux of energy carried by the electromagnetic wave is described by the Poynting vector
c
S=1- [EH].
The Poynting vector of p-polarized surface wave has two componesi{sands,,.The time-averaged flux ir-
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direction is zerdS, ) = 0. Thus, there is only one non-zero time-averaged component of the energy flux density

c
(s,) = —gRe[ExH;].
Using the expression fdi,and the expressions for wave field components (1) — (3), one gets the time-averaged

energy flux density in the first and second plasma regions, correspondingly

¢ (kyg+ K191 ) 4
<5y1> - 87Tk0< 512 _ glz |HZO| exp(Zle);
(5)

c kysz — K30,

(5312) = 87Tk0 ( 822 _ g% |HZO|2eXp(_2K2x)'
where|H,,| is the amplitude of magnetic field of the surface wave at the interface. The energy flux density per unit area
of the interface can be obtained by integrating Eqs.(4) - (5) alamxgs:

0 So (k&1 + K19 (6)
Soi = S, Ydx = 2 2L 191
y1 f_w<yl)x K1< e —g?
teo So (k&5 — K 7
5y2=f (Syz)dx=—0< y; 292>’ (7)
0 K & —9;

where we introduce the unit of energy flux densigy= c|H,,|?/16mk,. The total energy flux density carried by the
surface wave is a sum of energy fluxes in each media:

91 92 1 1
§=5,,+S,,=S5 - +k ( + ) . 8
yro e ° (512 -9i &€-9; Y \Ky8y1  KaEyn > ®)
We can simplify this equation by making use of the SW dispersion equation. The dispersion equation derived by
matching tangential electric and magnetic fields of the wave at the interface is:

kygi + &1kq B kyg, — &k, _0 (9
2 _ 2 2 _ 2 :
&~ 01 €& 9z
Equation (9) can be rewritten in the following form
91 9> 1 ( K1 = Kz )
- = — —+—. 10
812 _gf 822 _gg ky Ey1  Ey2 (10)

Combining Eq.(10) with Eq.(8), after some algebraic manipulations one gets the expression for SW time-averaged
energy flux density per unit area
k2,1 1 1
S‘S"E(ZH_Z)' (11)
Sincek; > 0 andk, > 0, the sign of total energy flux densftys determined by the sign of wave veadtgr Thus,
the wave energy propagates in the same direction as the wave phase.
The energy flux density (11)can be expressed through the derivative of the dispersion equation with respect to
wave vectolk,,.
Using Egs. (6) and (7), the total energy flux density per unit area can be presented in the different form:

2 ~ -
E. 1E 1E
S=—| y0| w —Aizl+—,\—§2, (12)
lém ki By, K E,
where|E,o| = |E,(0)| is the tangential component of the wave electric field at the interface.
A kyey +Kx191 o _ ky&s — K292 _ kygi + K18 B = kyg, — K26, (13)
Toe-gt Y g-g 0 -t T d-43
Note that
. kolE; (O
- ol Ei( )l’ (14)
|H20|

wherek; (0) is thei-th component of electric field at the interface= 0.
Now, the dispersion equation (9) can be presented in the form

1
D=———=0. (15)
Eyl Eyz

Taking derivative fronD onk,, one obtains

oD 1 k 1 k 1E, 1E,
Py o s Rl Rl s Rl il Bl Gty =y ¢
ok, Ey1(31 - 91) Ky EyZ(SZ - 95) K K1 E Ky E

y1 y2
That is exactly up to a sign the expression in parentheses in Eq. (12). Finally, one can write
2
|E, o]~ oD
o= 1=y = 16
16m ok, (10)

The time-averaged energy density in media with time dispersion can be found from the formula [20]
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16m \dw 17T dw J J

Taking into account the form of the tensor of dielectric permittivity and the wave field components, it follows
from Eq. (17) that for the waves considered here

w =i(@(|E 2+ |E,|") + 20999 pe s |H |2)
16m\dw * % Y ow ¥ 2 )
where
dwe wh(w* + wf)
0 T (wE-wd)?’
owg 20w wh
o (w2 —w2)?

Using Eq. (14), the expressions for time-averaged energy densities per unit area for the first and second plasma
areas can be presented in the following form

W, owe; , . " owg; . -

Wy =5 (kg F (B + B) -2 ExlEyl), (18)
W, we, , ., . wg, ~ -

Wy = 5t (kg + L (B + By) -2 Eszy2>, (19)

respectively. Herdl, = |H,,|%/16mk,.
The total energy density of a surface walé £ W, + W,) can be expressed through the frequency derivative of
dispersion relation. Unfortunately, the expression for frequency derivatarothe presence of an external magnetic

field is very complicated. Therefore, we consider here only the case of large values of the wawé ylextdr, /ey,
|ky| > k,. For largek, andk, > 0, k,, = k,, and expressions (13) can be simplified:

P LY s __p _ Ikl
By =E, =—"—, Eyp=-E,=—2"—.
* - &~ 0 2 2 &t 9>
Substituting the expressions for normalized field components into Egs. (18) and (19), one obtains
|Hyol? np (we  Odwg,
=——| ki + 2E2 ( - ) , 20
T 32mie, k2 ° HREEAN ow (20)
|Hyol? ny (WE Odwg,
=——| ké+2E2 ( ) . 21
27 32mi, k2 \ 0 52\ %6 T e (21)

Since|k, | » ko andxk, , = k,, it follows from Egs. (20) and (21) that

W _|Ey0|2 d (wgl_gl).
1 )

16w dw iy |
_ |EyO|2 d &t 9>
"2 =en %(“’ Ik, )

In this case, dispersion relation (15) can be presented in the following form
&—01 & 192

D= + =0.
kel IRyl
From the expressions faér, W, andW,, it follows that

2

|Eyo|” @ (22)
W—W1+W2— 167‘[ %(wD).
Sinced, (wD) = wd,,D, dividing (16) by (22), one obtains the expression for velocity of SW energy propagation
ap
S ok, Ow

V== =2 =2 oy (23)

Wk,

ow
Thus, the SW energy propagates with the group velogjtyFor arbitrary values dt,,, this result can be obtained
numerically ifH, # 0 and analytically when the external magnetic field is abd&nt( 0).

ANALYSIS
Now, study the dependence of SW energetic characteristics (the energy flux density, the energy density and the
energy propagation velocity) on the wave veépand the external magnetic field. We specify frequency ranges where
the surface waves may exist. In the presence of magnetic field, the surface waves propagating in positive direction, i.e.
with k, > 0, and the waves propagating in negative direction<(®0) have different dispersion. Thus, we have to
consider these two cases separately. We narrow down our study to the surface waves with frequencies larger than
electron cyclotron frequencw(> w,), that givesg, > 0 andg, > 0. Moreover, it is assumed thgt > 0 ande, < 0.
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Waves propagating in positive direction
Let us start with thewsface waves propagating positive direction. In our previous wor18], we found that the
lower frequency limit for the waves is determinec equationk; = 0 if wf; < wy,, andk, = 0 if v}, > w;,. Here,

Wi = %( /wg + 4wy, + wc), Wy, = %( /wg + 4wy, — wc) are the frequencies at whice,; =0 and g,, =0

correspondingly. First, consider the case v wyf; < wy,, that imposes the following condition on the magnitude
external magnetic field arlasma densitie
Wwhy — why
W, < :
’2((»12,2 + why)
In this case, e upper frequency limw;,; is determined by the following equatior8[1
g1— & =921 &

The frequency corresponding to the low frequency liw, satisfies the followinccondition wif; < w,. By
comparing the boundaries of the SW existence dol[w,, w;,s] With wy; and wy,, we obtained thawy; < w, <
winr < wy,. In the SW existence domee; > 0 becausewy; < wy, [see Fig.1(a)], thu the both terms in the
numerator of Eq.(6dre positive. And sinc|e,| > |g,| [see Fig. 1 (b)], the denominator is also positive. As a resul
energy flux in the first plasma layer is directed alk,,(S; > 0), while the energy flux inhe second lay is directed in
opposite direction, < 0), becauses, < 0 and |&;| > |g,| (see Fig.L Meantime, the total energy flux is direci
alongk,, (Eq. (11)) and, thereforgs; | > |S,].

If the wave frequency is close wi;(k; — 0), the energy flux density anehergy densityin the low density
plasma regiomre essentially larger than th in the dense plasma region (see Egs. (20), and (21). In this case,

EV 52
el . .
1,
N
wy _---"77 Y wy
L 7 o 1 B
-
+
a} b) WV
Fig.1. (a)Typical dependencesaénds, on thewave frequency. (b) Typical dependences?éndg? on the wave frequency.
~ kysl PN kygl
Exi =2, =7
& — 91 & — Y1
and from Egs. (12) and (18he obtain
k
S~8 ~ 8§ —; (24)
Ey1kq
W, k2 dwe, dwg,
W~ W, ~ k2 y ( 2 4 g2) 2 ) . 25
1 2k0K1< 0+(€12—912)2 EP (ef +91) 9 191 (25)
At the lower frequency boundanS — o and W — « [see EqQs. (24) and (25) and Fig.2], but the en
propogation velocity
-1
S 2c w [0e 20e;, 29,0
S 24— (2 950 0 (26)
Wl /ng ng 6(1) El 6(1) 51 6(1)

is finite [see Fig. 2(c)].
Taking derivative ot,, with respect tw
dw  dw dw g oo
we can write Eq. (26) in the following fo

-1
w 63V1>
Voy = C Ey1 +t——— . (27)
en ( Vi 2 ) dw
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Taking into account that.,, = v,,, one could get Eq. (27) by differentiating the dispersion equation, hav
this limiting case the form
w
D=k,——,/ = 0.
YT . Ey1

Using this expression f@, one obtains the derivativ:
oD oD 1 w O&yy
a;—Laz—‘z@%HGT;BJ>
Then, from Eq. (23) and thexpressior for derivatives oD, one obtains Eq. (27).
At the upper boundaryf the frequency domain that is determined by equ
91— & =92t &,
the wave vector is largéc{ > k), and, therefor k; = K, ~ |ky|. Thus, the energy flow densities in the first

second plasma regions are
_ _So ~ 50 - _
_Sl o S, P _andSl _ S,. o
Hence, thetotal energy flow densitand energy propagation velocigye vanishing at the upper bounc (see
Figs. 2 (a) and 2 (c)At the boundary, thenergy densities in both plasma regions egeal and are going to infini

proportionally tok, (it follows from the expressions flW; andW, presented after Eq. (21) )

W, = WOky dw(ey — g1) (12)
! ko(e1 — g1)? dw '
Wok,, dw(e, + g,) (23)

Ve dw
In Fig.2, energetic characteristics of the wave for different values of magnetic field are shown. One can
with the increase of magnetic field the energy flux density decreases, while the energy density ilAs a result, the
velocity of energy propagatiaecreases with growth of external magnetic f

Waves propagating in negative direction
Consider surface waves propagating in negative direction. The frequency domain for these waves is bc
the hybrid frequenciesoy; < w < wy,. We determia the direction of energy flow in each plasma region. Let us
from the energy flow in the first regi S;. We divide aforementioned interval in two pe wy; < w < wj; and
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w > wi;. For the first partZ < g2, thus the denominator of Eq.(6) is negative, and the terms in the numerator have
opposite signs, becausg > 0 andk, < 0. Therefore, to determine the sign of the expression we need to compare
these terms by magnitude. From inequaliti¢s< g? ande; > 0, it follows that the Voigt dielectric permittivity is

negative: gy, = (62 — g?)/e; <0, and thusk; = /k§ — &y k§ > |k, |. Taking into account thake;| < |g;|, one

comes to the conclusion thit, e | < |k, g4/, i.e. the numerator of Eq.(6) is positive and the expression as whole is
negative. For the frequencies larger thanw;;, the following inequalities hold true; > 0, &2 > g2, g, > 0,
meaning thak, < |k, | and|k,&;| > |k;9,|, thus the numerator of Eq. (6) is positive but the denominator is negative.
As a result, the sign of Eq. (6) is also negative in the frequency range considered. Therdfpre, @ahe energy flow
in the first plasma region is directed along the wave ves{ox (0).

Determine direction of the Poynting vector in the second plasma region. @incav < wy,, the dielectric
permittivity &, is negative ang, > 0, and fork,, < 0 we havek, e, > 0, meaning that the terms in the numerator of
Eq. (7) have different signs. Depending on the magnitude of wave ¥gctitie difference, e, — k, g, can be positive

or negative. The difference is zero if
9,
ky = kSO = _—ko.
The differencek, &, — k, g,is negative folk, | < |ks,|, and it is positive ifk, | > |k
Substitutingk,, = kg, into dispersion equation, we find the corresponding zero frequency

1
w2y = 5(0)1211 + \/w,‘_‘,l + 4w2(wp, — a)zz,l)> > w?.
Note that the total energy flow density is always directed along the wave vector (see Eqg.(11)). Near the lower

frequency limit o = wy,), whereg; — 0 and consequently; — oo, the expression for total energy flow density may
be simplified (see Eq.(11)):

kyic,’
As aresult, atv = wy, the total energy flow density is finite [see the region of small wave vectors in Fig. 3 (a)].

Meanwhile, the total energy density goes to infinity (see Fig. 3(b)). This conclusion follows from Eq. (18) if one takes
Ky = !

S =

W=W, =

Wor, [ €2+ g? dwe; 26,91 0wy,
2ky \(7 —gD)? 0w (e — g})? ow
Taking into account that at low frequencies= kg, /+/¢; (becauses; — 0), one concludes that
W, OJdwe
- 291Ve 0w
Since the total energy density is finite atd— oo, one obtains that the energy propagation velocity goes to zero
at the low frequency limit [Fig. 3(c)].
At the upper frequency limit determined by equation
g1+ € =92~ &,
the energy flows in the first and the second plasma regions are equal on absolute magnitude but have different
directions:

So So

, S, = :
&1t g ? 92— &
Thus, the total energy flux goes to zero kgr> kg (see Fig. 3(a)). Ik, — o, the total energy density goes to
infinity:

~

Sl'v

W, = Woky,  dw(e; + g1) _ Woky,  dw(e; — g2)
1 ko(ey + 91)? Jdw T k(e — 92)? ow .
Note that the expressions faf, andW, are similar to Egs. (28) and (29), describing the energy densities when the
waves propagate in positive direction.
With the growth of magnetic field the energy flux density decreases by magnitude and the energy also decreases
(see Fig.3). For higher values of magnetic field the maximum of group velocity decreases and shifts to the larger
magnitudes of the wave vector.
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CONCLUSIONS

We have studied thenergetic characteristics of the surface \s propagating alonthe plane plasma-plasma
interface immersed in aexternal magnetic fieldThe expressions for timeveraged energflow density and time
averaged energy density of the wairegach plasmregion have been obtained. We havalyzei the dependency of
these characteristics on thave vectomagnitude and directidior different values of magnetic fiel

The direction of Poynting vectdras bee investigated. For the waves with positikg, the energy fluxes in the
first and the second plasma regions are always opposite ition. Meanwhile, forthe waves with negative wa
number,the energy flux in the second plasma recgmay be directed alonthe flux in the first regio, as well as in
opposite direction. Thevave vector ancorresponding wave frequency for the case wherflux in the second regic
is absent have been found. Thus, darertain range of wave vectotthe fluxes in both plasma rons are in same
direction, what is imossible in the absence an external magnetic field. Meantintbe total tim-averaged energy
flux of the wavess always directed along the wave vec

The expression for theelocity of waveenergy propagation has been obtained.nNaAleshowed that the velocity
of SW energy propagation is equatie group velocity of the wax We havestudied the dependencygroup velocity
on thewave vector and magnitude of external magnetic ' It has been found that ttf#W energy flux and energy
velocity are vanishing when the wave vector is la

At the lower frequency limitthe energy propagation velocity depends on directibmvave vectorIf the wave
vectoris directed in negative direction, group velocity goes to zero, while for positikg it reaches a finite value.
With an increase of thexternal magnetic fielthe maximum of thgroup velocity decreas:
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COMPARATIVE KINETICS OF IONS FOR DIFFERENT MODES OF PARAMETRIC
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Nonlinear regimes of one-dimensional parametric instabilities of long-wave plasma waves are considered for the cases when the
average plasma field energy density is less (Zakharov’s model) or greater (Silin’s model) than the plasma thermal energy. The
evolution of ion energy distribution is studied.After saturation of the instability, the ion kinetic energy density normalized to the
initial field energy density is found to be of the order of the ratio of linear growth rate to the plasma frequency, for the case when the
initial field energy far exceeds the plasma thermal energy. In this case, the ion energy distributionis differentfrom the Maxwellian. In
the opposite case of hot plasma, the ions acquire a part of initial field energy, which is approximately equal to the half of ratio of
initial Langmuir field energy to the plasma thermal energy. At this, the ion kinetic energy distribution is close to the Maxwellian, and
it is reasonably to speak about ion temperature. The crossing of ion trajectories in the surrounding of density cavities is a reason of
instability quenching in both cases.

KEYWORDS: parametric instability of plasma waves, plasma, Zakharov’s model, Silin’s model, ion heating

HOPIBHAJIBHA KIHETUKA IOHIB ¥ PI3BHUX PEXXKUMAX HAPAMETPHUYHOI HECTIMKOCTI IHTEHCUBHUX
JIEHI'MIOPOBCKHUX XBWJIb VY IIJIA3MI
0.B. Kipiuok, B.M. Kykin, O.B. IIpuiimax
Xapkiscokuti nayionanvnutl ynigepcumem imeni B.H. Kapa3zina
M. Ce0600u, 4, Xapxie 61022, Vkpaina

AmnanizyeTbesi po3BUTOK 1D mapamMeTpHdHUX HECTiHKOCTeH JOBrOXBIJIBOBHX JICHTMIOPOBCKHX XBH/Ib y BHIIQJKaX, KOJIH CEPEmHs
eHepris moisi MeHiie (Monens 3axapoBa) i Oinmbine (Mozaenp CuiliHa) 3a TEIUIOBY eHeprito ruiazmu. OOTrOBOPIOETHCSA XapakTep
criekTpy ioHiB 3a eHeprisimu. [loka3zaHo, 110 eHepris iOHIB HPH HACHYCHHI HECTIMKOCTeW BHSBISETHCS MOPSAKY BiJHOLICHHS
JHIHHOTO IHKpEeMEHTa J0 YacTOTH Yy BHUIAJKYy, KOJHM [OYAaTKOBA CHEPTisl IOJsl MOMITHO MEPEBUIIYE TEIUIOBY CHEPTii0 IIIa3MH.
Po3noxin ioHIB 3a eHeprisiMU BiAPI3HAETHCS BiJ MaKCBEIUIIBCHKOrO. B yMoBax raps4oi mia3sMu i0HaM HepenaeThCst YacTKa €Heprii,
piBHA [TOJIOBMHI BiTHOIIECHHSA MOYAaTKOBOI €HEPTii MOJIA 0 TEIUIOBOI eHeprii miasMu. [Ipu npoMy, Tak K PO3NOALT 10HIB OIU3BKU 110
HOPMaJIbHOTO, MOYKHa TOBOPHTH TIPO TeMIiepaTypy ioHiB. [lepeTrH TpaekTopiil i0HIB MOOIH3Y KaBEpH IMUIBHOCTI € MPUIHHOO 3pUBY
HECTIMKOCTI B 000X BHIIAIKAX.
KJIFOYOBI CJIOBA :napaMeTpuyHa HECTIHKICTh JCHIMIOPIBCKHX XBIJIb, TUIa3Ma, MOJICTb 3axapoBa, Mojiesis CuiliHa, HarpiB i0HIB

CPABHUTEJIbHASI KHHETUKA HOHOB B PA3JIMYHBIX PEXKUMAX MTAPAMETPHYECKOM
HEYCTOMYABOCTHU UHTEHCUBHBIX JIEHTMIOPOBCKUX BOJIH B IJIA3ME
A.B. Kupuuok, B.M. Kykaun, A.B. IIpuiimak
Xapvrosckuti nayuonanvhvlll yHisepcumem umenu B.H. Kapasuna
IIn. Ceoboow, 4, Xapvros 61022, Vrpauna

Anammsupyercst pazsutue 1D mapameTpuuecknX HEYCTOWYMBOCTEH JUIMHHOBOJHOBBIX JIEHTMIOPOBCKHMX BOJIH B CIIydasX, KOTJa
CpemHssl DHEprHsl IOl MeHbIne (Monenb 3axapoBa) u Oonbrre (Moxmens CwminHA) TEIIOBOI SHepruu ImrasMmbel. OOCykmaeTcst
XapakTep CIEeKTpa MOHOB IO 3HeprusM. IlokazaHo, UTO 3HEPrHs MOHOB NPU HACHIILCHUM HEyCTOMYMBOCTEHl OKa3blBaeTCs MOpsIKa
OTHOILECHUS JTMHEHHOro MHKpEMEeHTa K 4acToTe B Cllydae, KOTJa HayajbHas SHEPrys I0JIs 3aMETHO IPEBBIIAET TEIUIOBYIO SHEPTUIO
wia3Mel. PacnpeneneHne HOHOB 1O SHEPTUSAM OTJIMYAETCAd OT MAaKCBEJUIOBCKOTO. B ycloBusX ropsueil miasmbl HOHaM IeperaeTcs
JI0NIl 3HEPTUH, PaBHAs TOJOBHHE OTHOIICHWs Ha4albHOM SHEpPrHM TONS K TEIIOBOM 3HepruM IasMel. IIpu 3ToM, Tak Kak
pacmpesenenie HOHOB OIM3K0 K HOPMaJIbHOMY, MOXXHO TOBOPHTH O TeMIlepaType HOHOB. [lepeceuenne TpaeKTopuii HOHOB BOIHM3H
KaBepH IUIOTHOCTH SIBIISIETCSI IPHYMHON CPbIBa HEYCTOWINBOCTH B O0OUX CITydasX.

KJIIOUYEBBIE CJIOBA :napamerpudeckasl HEyCTOHUMBOCTD JISHTMIOPOBCKHX BOJH, ITa3Ma, MOAeNs 3axapoBa, Moaens CuinHa,
HarpeB HOHOB

The interest in parametric instability of intensive Langmuir waves, which can be easily excited in the plasma by
various sources [1-9], was stipulated, in particular, by the new possibilities in heating of electrons and ions in plasma.
The correct methods for description of parametric instability of long-wave plasma waves were developed in the
pioneering works of V.P. Silin [10] and V.E. Zakharov [11]. The theoretical concepts of [10] were confirmed by the
early numerical experiments on the one-dimensional modelling of parametric decay of plasma oscillations [12] (see also
[13, 14] and review [15]).However, the greatest interest has been expressed by experimenters in the mechanism of
dissipation of wave energy discovered by V.E. Zakharov. The analytical studies, laboratory-based experiments and
numerical simulations performed at an early stage of studying these phenomena have confirmed [16-18] the fact that in
some cases during the instability development a significant part of the pump field energy transfers into the energy of
short-wave Langmuir oscillations attended with bursts of fast particles [16-27].
©Kirichok A.V,, Kuklin V.M., Pryjmak A.V., 2014
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In this paper, we compare the models of Silin and Zakharov by the example of one-dimensional description. The
choice of one-dimensional approach, as was noted by J. Dawson [28], «...often keeps the main features of the
processes, but simplifies their description and leads to a fuller understanding of what the important phenomena are». Of
particular interest is the ion heating, so we use in this work the super-particle (or finite-sized particle) description for
ions because the account of inertial effects can be significant just at the nonlinear stage of the process [29].

It was observed in [29, 30] that simulation with using of the so-called hybrid model (incorporating one of the
Zakharov equations for the high-frequency waves and using particles description for simulation of ion dynamics)
demonstrates that fluctuations of ion density are rather significant and accelerate the development of parametric
instability. The non-resonant interaction between super-particles-ions and high-frequency plasma oscillations, along
with the trapping of ions into the potential wells, formed by these oscillations, leads to instability of the density cavities
resulting from the modulation instability.

In paper [30], the hybrid model was compared with Zakharov’s hydrodynamic model. Due to higher level of ion
density fluctuation, the number of cavities in the hybrid model appears to be significantly greater than in the Zaharov
model and their depth is less. Integral characteristics of both models are essentially identical. Note that both the
hydrodynamic description within framework of the Zaharov model [30] and description based on the kinetic equations
[31], in which there is no non-resonant interactions such as “particle— finite amplitude wave”, don’t consider the
trapping of particles by the wave. As a sequence, the resulting cavities remain stable until the moment when the high
frequency plasma field is “burned out” due to the Landau damping — the process that can be better described with using
the method of finite-sized particles, as was reasonably pointed out in [30].

Below, we discuss the integral characteristics of the modulation instability developing in cold and hot non-
isothermal plasma within framework of hybrid models.

THE MODELS OF PARAMETRIC INSTABILITY
The Silin hybrid model
When the intensity of external electric field is much greater than the specific thermal energy of plasma electrons

W = E, " /4zx >>n,T,, it is reasonable to explore the approach presented by V.P. Silin [32] .

Let consider a one-dimensional plasma system, where an intense plasma wave with the wavelength 4, and
frequency @, is excited by an external source. This intense wave will be referred to as the pumping wave. Since the
parametric instability results in the growth of oscillations with rather small wavelength A << 4, the pumping wave can
be considered as spatially uniform within the region of interaction:

l . . . .
E= —E(\ E, | exp(ioyt +ig)—| E, | exp(—io,t —z¢)) R (1
where| E, |and ¢ are the slowly varying wave amplitude and phase correspondingly, @, is external wave frequency,
n, and 7, are the density and temperature of plasma electrons. Charged particles of plasma oscillate under the action of

the electric field and their velocities can be written as u,, =—e, |E0 | / m, - @, cos ¢ =—a,a-cos¢ , where a=e, |E0 | /ma is

the oscillation amplitude.
The equations, governing the nonlinear dynamics of the parametric instability of intensive plasma wave, were

derived in [33]. The equations for high-frequency plasma field spectrum modes E =ZnEn (t)-exp(ink,x) (plasma

electrons are considered as fluid and described by hydrodynamic equations) have a form
2

OE, @, -y 4w v, o . ,
n_j 2 E ——" J(a)explig)—i——>v. -\ E J(a, )e’+E -J(a =0. 2
6t 20)0 n kon 1( n) p( ¢) zeno ; i,n—m |: -m 2( nfm) m 0( nfm):| ( )

Here o, = Ja4re’n, /m, is the background electron plasma frequency, e andm, are the mass and the magnitude of
the charge of an electron, M is the mass of an ion, E, =| E, |-exp(iy, ) is a slowly varying complex amplitude of the
electric field of electron plasma oscillations, which wave number is k, =nk,, k, =2z/L , where L is a characteristic
dimension of the plasma system, v, = zn v, ,(t)-exp(ink,x) is the ion charge density, a, =a-n,n,m are integers which

are not equal to zero and 1.

The motion equations for ion super-particles can be written as follows

d’x, e <=
L=—>» E -exp(ink,x.), 3
dtz M ; n p( 0 x) ( )
and the ion density can be determined from
zlky
ni,n = Vi,n /e = nO ! 2_0 J‘ eXp[_l‘nkO : xs (XSO > t)] : dxs() . (4)

—lky
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The slowly varying electric field strength E , acting on the ions, is equal

— 4riv,

E =- . '"[l Ji(a, )+ J (a, )}+ J(a)E, -e”—E -e’]-
oh
: (%)
ink, I _ikyJ,(a i ;
- 16 J (a )z EI‘I m *”l ( ) Z( m)[ n—m m 2 ¢ + E)’ﬂ IIE*)’H 2 ¢ ].
The equation for uniform component of the electrlc field £, = |E0| -exp(i¢@) can be written as
OE,
=— Vi w| E5 Ty (a))- e +E, J (a,) ]
o 2en0 el [ -l () ( m)] ©
Note, that the values with subscripts of different signs are independent. In Eqs.(2)-(6), we used the formula [34]
exp(ia-sin®) = z J,,(a)-exp(im®D), (7)

m=—0

where J,, (x) is the Bessel function.
The normalized frequency shift A = (@), —®,”)/ 26w, reaches the value of (m,/2M)"*J;**(a,) for a mode with

the maximal growth rate of parametric instability 0 [32]
. 1/3
i (m,
o/, Z%(ﬁj J P (a,). (®)

The Zakharov hybrid model
As shown in [33], Egs. (2)-(6) are in agree with equations, obtained in [35] after following

substitutions: (&, —@,*)/ 2w, = (@), —@," +k*;n’v;,)/ 20, and E, ——iE,, E, — iE, under condition a, <<1, when
Ja)~a,l2, J(a)=1, J(a)~a /8

OE @, —w, +knv;,
- | — : - = En_l& ninE0+zninmem :0' (9)
6t 2(00 2”0 ’ m#0 '
The slowly varying electric field amplitude in this case takes the form
= ik, .
E=—""EE+EE +Y E _E. | (10)
4m0) m#0,n

that enables description of ions using the super-particle method with use of Eqs.(3)-(4). The pump wave amplitude E,
is governed by equation

%o _ n, =0. 11
ot 2n0 ; b (in
The growth rate of parametric instability in this case is [35]
VIEL m Lo,
24zn, T, M \2nT M~

The growth rates (8) and (12) are defined as usually from the dynamics of small field perturbations
E(t)=E(0)exp(o-t) at the initial (linear) stage of the parametric instability.

(12)

NUMERICAL SIMULATION. PROBLEM FORMULATION
The purpose of this paper is to clarify the characteristics of the dynamics of modulation instability both for the
cases of non-isothermal hot and cold plasma by using of the hybrid models.
Below, we have used the following initial conditions and parameters unless otherwise specified in the text. The
number of super-particles, simulating the dynamics of ions is 0<s <S5 =20000, the number of spectrum modes is

~N<n<N, N=5/100=200,a,(0) = ek,E,(0)/ m,@’, =0.06,d& /dr| _,=v, | _,=0, & =kyx,, r=0-t Note that

e pe
the linear growth rates for the Silin and Zakharov models are essentially different (see Eq. (8) and (12)). So the time
scales for these two models are different too.The initial amplitude of HF field is determined from

e | _,=e,=(05+g)-10", where ge [0;1] is a random value, the initial phases of spectral modesy, | _, are also

randomly distributed in the interval 0+27z ,A=1,m, /M =10". The ions are supposed to be uniformly distributed
over the interval —1/2<&<1/2.

The program, which implements a mathematical model of the problem under consideration, was developed with
the use of JCUDA technology. JCUDA technology provides interface between CUDA (Compute Unified Device
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Architecture) and Java application. CUDA is a parallel computing platform and programming model created by
NVIDIA. CUDA enables scientists to utilize the extreme computational power available on modern GPUs.

NUMERICAL SIMULATION. RESULTS
As shown in Fig. 1, the pump wave amplitude decreases with development of the parametric instability. Denote
the time, when the total kinetic energy of ions reaches a maximum, asz, . Fig. 2 demonstrates the spectrum of HF
plasma oscillations at the moment 7, calculated for both models. Correspondingly, Fig. 3 presents the spatial spectrum
of ion density at this moment.

E
E a
0,06 — 0,06 -
0,05+ 0,05 -
0,04 o 0,04 4
0,03 0,03
0024 0024
0,014 0,01
0,00 0,004
U . g g J T T T T T T T T T T T T T T 1
0.0 05 1.0 1.5 20 25 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
T T
a) b)

Fig.1. Evolution of pump wave amplitude
a) Zakharov model, b) Silin model
E
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Fig. 2. The spectrum of HF plasma oscillations at the moment 7,
a) Zakharov model, b) Silin model
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1 Sl

0,00
-200

a) b)
Fig. 3. The spatial spectrum of ion density at the moment 7,
a) Zakharov model, b) Silin model
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The total kinetic energy of the ions, located on the length of the pump wave, can be expressed as the sum of
squared dimensionless velocities / = Z(dgs /alr)2 (evolution dynamics of this value is shown in Fig. 4) and the

number of super-particles S as

27| 1 2 A5 Mn, 2
2 oM ((dx, Jdi)') | = ———2"21
. [2% ((as./ ))} %Sk (13)

where ((dx, / dt)*) is the ensemble average. The ratio of the ion kinetic energy to the initial energy of intense long-
wavelength Langmuir wave scan be written as

E, 2 2
ﬂ=2ﬂ(lnoM<(dxx/dt)2>) 27| Ey [ =27 [2 £5_2’ (14)
Wy k,\2 k, 4nm a,’S m o,

is the density of the ion kinetic energy, W, = E, ' /4x is the initial energy density of long-wavelength

where E

kin
Langmuir waves.

2(dé, fdry 2 (dé, fdr)

s

0,025 2
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Fig.4. Evolution of the quadratic sum Z(d ¢, / dt )2

a) Zakharov model, b) Silin model

The ratio of time scales for these two models is of the order of (m, / M)"*(W /n,T,)"*. Considering this, it was

found that the kinetic energy of ions to be of the same order in both models. The ratio of ion kinetic energy to the initial
energy of long-wave oscillations occurs equal to E,, /W, ~J/w,, for Silin’s model and E,, /W, =0.5-W, /n,T, for

Zakharov’s model. This means that in the Silin model, the ions derive a portion of field energy of the order of 6/,

(Fig. 4b). This effect was predicted in [19] and confirmed in [29]. A portion of transferred energy in Zakharov’s model
is of the order of W, /n,T, (Fig. 4a).

A normal relation between half-width of the Maxwellian velocity distribution function and thermal velocity is
v=1.18v,. It can be shown that the root-mean-square value of ion velocity at the moment when the instability is

saturated is equal /<v’>=./I. /S (in relative units) (see Fig. 5). If this value is of the order of 0.85-V, i..
I, /S =0.85-v , then we can suppose that ion velocity distribution function is close to the Maxwellian and one can

say about ion temperature. If\/I. /S >0.85-V, than the distribution function has a non-Maxwellian “tail” of fast
particles. It is easy to verify that the ion velocity distribution function in hot plasma (the Zakharov model) is close to the
Maxwellian and ion temperature is well defined an can be estimated as T, ~ W, / n’T, . For the case of cold plasma the

ion velocity distribution function contains a significant part of fast particles as was observed in experiments [36].
Actually, the ratio of ion kinetic energy to the initial energy of the plasma wave field (14) is

E,,
ﬂz0.27-1~(ﬁj~52/a};. (15)
A m

For the case of hot electrons (the Zakharov model), where m, /M =2000", &/ @, =3.5-10", 1 ~4.584 one
can obtain E,, /W, ~3-107. For the case of cold plasma (the Silin model), where m, / M =20007", 6 / w,, =0.034,

1~0.08, this ratio is equal E,, /W, ~5-107.

kin
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Fig. 5. The evolution of normalized mean-square velocity of ions (top) and ion velocity distribution function (bottom) at the
moment 7,

a) Zakharov model, b) Silin model

We can adjust parameters of the normal distribution in such a way as to minimize the number of particles outside
of this distribution. The ratio of total kinetic energy of these “non-Maxwellian” particles to the total kinetic energy of
ions is of the order of 0.14 for the case of hot plasma (the Zakharov model) and of the order of 0.58 for the case of hot
plasma (the Silin model). Thus, theionkineticenergydistributionforthehotplasmaisclosetoMaxwellianand the total kinetic
energy of fast ions is comparable with the total kinetic energy of the normally distributed ions. The origin of fast
particles is stipulated not only by the destruction of cavities due to absorption of short wave RF field (nucleation), but
also by the earlier process of exclusion of ions from cavities by RF field.

CONCLUSIONS

The hybrid models describe the nonlinear stage of the parametric instability in plasma more accurately than the
models based on hydro dynamic or kinetic description due to considering the effects of ions trapping and trajectories
crossing resulting from large inertia of the heavy particles.

The instability in the Zakharov model develops faster that in the Silin model, since all unstable modes of the
spectrum have approximately the same growth rate (see Eq. (12)). In the Silinmodel, the maximum growth rate
displaces to the short wavelength domain with the development of the instability.

In hot plasma a fraction of the field energy, which is transferred to the ions, is proportional to the ratio of the field
energy density to the plasma thermal energy density ¥, /n,T, . In cold plasma, a fraction of the field energy, which is

or that the same, is proportional to (m, /M ).

transferred to the ions, is of the order of §/w,, ,

The kinetic energy distribution of ions for the Zakharov model is close to the Maxwellian, and we can estimate the
ion temperature T, ~ W, / n.T, . The kinetic energy distribution of ions for the Silin model is significantly different from
Maxwellian and contains a large fraction of fast particles.

Let us note in conclusion, that the dynamics of parametric instability for Silin’s and Zakharov’s models are similar
in appearance first of all due to the similarity of the input equations. Note also, that the number of particles S = 20000,
used for one-dimensional simulation, corresponds to the number of particles near 10> —10" for three-dimensional case,
that is in agree with the condition of most of the experiments.

The authors thank Prof. Karas’ V.I. for helpful comments.
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The basic mechanisms of impurity ions migration in the liquid and solid metals under the influence of direct electric current have
been stated. The estimations for the ultimate distribution of impurity elements in metals at application of direct current have been
presented. It has been shown that the separation of interstitial impurities (oxygen, nitrogen, hydrogen and carbon) is achieved most
effectively in solid metals during electrotransport. Particular attention was focused on the process of refining metals by zone
recrystallization under electrostatic field. It was established experimentally that the impurity flow arising owing to electrotransport
prevails over the flow due to the effect of zone recrystallization, and effective distribution coefficients of impurity elements may
decrease, increase, or change sign, depending on the direction of the field. A new method for deep refining of refractory metals by
zone melting under electric field was proposed. Prospects to use electrotransport for the refinement of metals have been discussed.
KEYWORDS: clectrotransport, basic laws, refining of metals, zone melting under electric field

EJIEKTPOIIEPEHOC SIK CIIOCIb PA®IHYBAHHSA METAJIIB
I'.Il. KoBTyH
Hayionanvnuii naykosuil yenmp « XapKieécvokuil Qizuxo-mexHiunuLl iHCImumymy»
6yn. Axaoemiuna 1, 61108 Xapxis, Yrpaina
Xapxiecvruii Hayionanvruil ynieepcumem im. B.H. Kapasina, gizuxo-mexuivnuii paxyiomem

np. Kypuamosa, 31, Xapxie, 61108, Ykpaina
BuknaneHo OCHOBHI MeXaHi3MH Mirpallii JOMIIIKOBUX i1OHIB B TBEPIUX 1 PiAKUX METajax Mij BIUIMBOM MOCTIHHOTO €IEKTPUYHOTO
cTpyMy. HaBeZeHO OLHKM A7 TPaHUYHOTO PO3MOALTYy NOMILIKOBHX €JIEMEHTIB y MeTanaXx MOpH MPONMyCKaHHI MOCTIHHOTO
eJlekTpuuHoro crpymy. IlokaszaHo, o B TBepIMX MeTajaxX y MpPOLECi €NeKTPOIepeHoCy HalOimbpIl e(eKTHBHO IOCITaeThCs
PO3IiIEeHHs TOMIIIOK MIPOHUKHEHHS (KHCHIO, a30TY, BOJHIO 1 Byriewio). Oco0nuBy yBary NpuAIICHO mporecy padiHyBaHHS METaliB
30HHOIO IMEPEKPHUCTATI3AI€I0 B MOCTIHHOMY €IeKTPUYHOMY I0Ji. EKcriepuMeHTalbHO BCTAHOBJIEHO, IO JOMILIKOBHI MOTIK, IO
BUHMKA€ BHACHINOK EJIEKTPOIEPEHOCy, MepeBakac Haj MOTOKOM 3a PaxyHOK edekTy 30HHOI mepekpucranmizamii, a edexTuBHI
KOe(II[ieHTH PO3NOALTY INOMIINIKOBHX E€JIIEMEHTIB MOXKYTh 3MEHIIYBAaTHCS, 301IbLIyBaTHCS a00 MIHATH 3HaK B 3QJICKHOCTI Bif
HalnpsMKy I0JIsl. 3alpONOHOBAHO HOBHHU cIoci® rimOoKoro padiHyBaHHS TYroIUIaBKHX METAJIiB 30HHOI IIABKOIO B €JIEKTPUIHOMY
noii. OGroBOpeHo NMepCreKTHBY BUKOPUCTAHHS IEKTPOIepeHocy s padiHyBaHHS METAiB.
KJIFOYOBI CJIOBA: enexrponepeHoc, OCHOBHI 3aKOHOMIPHOCTI, padiHyBaHHs METaliB, 30HHA IUIaBKa B €JICKTPUYHOMY MOJI

SJIEKTPOIHEPEHOC KAK CITIOCOB I''IYBOKOI'O PAOUHUPOBAHUS METAJIJIOB
I'.Il. KoBTyH
Hayuonanvruvlii Hayuubvlil yermp «XapbKoecKuil (pusuKo-mexHuiecKutl UHCmMumymy»
yn. Akademuueckas 1, 61108 Xaporos, Ykpauna
Xaporosckuil hayuonanvhuiil ynusepcumem um. B.H. Kapasuna, ¢puzuxo-mexnuueckuii gpaxynomem
np. Kypuamosa, 31, Xapvros, 61108, Yxkpauna
W3n0’keHbl OCHOBHBIE MEXaHW3MBl MHUTPAlMU NPHUMECHBIX HMOHOB B TBEPJBIX M KUAKAX METajulax I10J[ BIMSHHEM IOCTOSHHOTO
NIEKTPUIECKOro ToKa. [IpuBeIeHbI OLIEHKH IS IPEISIBHOTO PacIIpe/IeNICHUs TPUMECHBIX JIEMEHTOB B METaJUIax MPH MPOITYCKAHUH
MOCTOSIHHOTO 3JIEKTPUYECKOro Toka. IToka3aHo, YTO B TBEpPABIX METa/UIax B IpoLecce IEKTporepeHoca Hambosee 3PdHeKTHBHO
JIOCTHTAeTCs pa3/ielieHhe mpuMecedl BHeApeHus (KHCIopoaa, a3oTa, BoAopoaa u yriepoaa). Ocoboe BHUMAaHUE YAEIEHO MPOILEcCy
paduHEPOBAaHHUS METAIIOB 30HHOH MEPEKPUCTAIIN3AINEH B MOCTOSIHHOM DJIEKTPUUECKOM TI0JIe. DKCIEPHMEHTAIbHO YCTAaHOBICHO,
YTO NPHUMECHBIH MOTOK, BO3HHMKAIONIWK BCIEJCTBHE JIIEKTPONEpeHoca, NpeodiagaeT Hag MOTOKOM 3a cdeT 3ddexTa 30HHOM
MePEKPUCTALIN3AMN U 3()(PEeKTUBHBIE KO3(Q(OUIUESHTHl paclpeeneHus IPUMECHBIX JJIEMEHTOB B 3aBHCHMOCTH OT HaIlpaBJICHUS
TIOJISI MOTYT YMEHBIIAThCsl, YBEITMIMBATHCS HIIM MEHATH 3HaK. [IpeioxkeH HOBBIH cocob riay0oKoro padMHUPOBAHMS TYTOIUIABKHX
METAUIOB 30HHOW IUIABKOH B 3yieKTpuuyeckoM moiye. OOCYXIEHbl IEpCHeKTHBBl HCIIOIb30BAHUS OJEKTPOIepeHoca IS
padUHUPOBAHUS METAILIOB.
KJIOUEBBIE CJIOBA: »snekTpornepeHoc, OCHOBHbIE 3aKOHOMEPHOCTH, pauHHpOBaHHE METaIOB, 30HHAs IUIaBKa B
INEKTPUIECKOM T0JIE

An electrotransport takes a certain place among various methods of deep refining metals. By the concept of
electrotransport (electrodiffusion, electrical migration) it is meant the range of phenomena associated with the direction
of movement of the solution components in solid or liquid metals under the action of direct electric current (DC). When
electric field applying, ones of the solution components are moved toward the anode, the others - to the cathode. Power
efficiency of the electrotransport is low and to achieve significant degree of metals purification it is required large
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current densities and significant times. The electrotransport is used mainly for high purity metal production in small
amounts and especially in the cases where other purification methods are not effective. However, as a method of metals
deep cleaning, the electrotransport has its advantages: the method is relatively simple in the equipment design, you can
use small amounts of source metal for the refining process, and, very importantly, the method makes it possible to
achieve very deep cleaning of metal. Electrotransport is most prevalent method mainly to remove impurities of oxygen,
nitrogen, hydrogen, carbon from almost all the rare earth metals (Y, La, Ce, Tb, Lu, Nd, etc.) and from a large
refractory group (W, Mo, Ta, Nb, V, Hf, Zr, etc. ) in a solid state. Removal of these impurities by other methods is
difficult. Recent studies have shown that the degree of separation of impurity elements during zone recrystallization of
metals increases significantly if it is carried out under an electric field and it opens up new opportunities for deep
purification of metals. In spite of the advances on deep cleaning of many metals involving electric field, it should be
noted that as a method of refining metals the electrotransport has been developed still insufficiently in the scientific and
technological terms.

The aim of this paper is describing the main achievements in the field of deep cleaning of metals using
electrotransport and the determination of its opportunities for future use.

THE MAIN LAWS OF REFINING METALS BY ELECTROTRANSPORT
Theoretical postulates of refining metals under electric field effect were considered in a number of books and
articles, both in the solid and liquid phases [1-12].
Application of direct electric current to metal sample leads to moving both the matrix ions and impurity ones in a
certain direction. The description of the ions motion is based on the proportionality of ion drift velocity v to the external
force F acting on the ion:

v=UF, (1

where U is the ion mobility. External force F, acting on an ion, is the sum of the force F, exerted by the electric field
and the force F, due to the scattering of conduction electrons by the ion («electronic wind"), i.e. F=F,+F,. The force
acting on the ion by the electric field is expressed as:

F =:zE, )

where z is the ion charge; E is the electric field strength.

The strength of "electron wind» F,, is calculated based on quantum representations, according to which the interaction of

ions with the conduction electrons is considered as elastic scattering of electrons by the ion [1]:
F, = |e|nIaE, 3)

where e is the electron charge; n is the concentration of conduction ion; I is the mean free pass of electron; o is the

cross-section for scattering of electrons.

The total force acting on the impurity ion in a metal:

F= (z - |e|n10') =z,4FE, @)

where z.4= z - |e|nlo is the effective ion charge.
Besides the «electronic wind», the existence of "hole wind" is possible also in the presence of mixed electron-hole
conductivity. And then
Zyp =2 |e|njfo'7 + |e|n+[+0'+, . (5)

where the indices (-) and (+) refer to electrons and holes, respectively.

Depending on the sign of z., the resultant force can be directed to the cathode (z.¢> 0), to the anode (z.g <0) or to
be equal to zero (z.g = 0).

The magnitude of effective charge z.¢ can be determined from the expression [8]:

_U AT

eff D e :

Here D is the ion self-diffusion coefficient, T is the temperature, k is the Boltzmann constant.
The value of the impurity ion mobility is dependent on the properties of system and the temperature. In general,

the relative mobility of ions is determined by the expression [7]: AU = (v; — v,)/E, where v, and v, are the movement

speeds of the impurity ions and a main component, respectively. In the case of dilute solutions the speed of solvent
movement v, is actually equal to zero, and the expression for the impurity ion mobility becomes:

z

(6)

Vl

Quantitative characterization of the refining process during electrotransport follows from the relationship between
the rate of motion of the impurity under the electric field and its reverse motion because of diffusion due to the
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appearance of a concentration gradient. The equations of material flow generated by the electric field are used to
describe this process. In the case of electrotransport in the rod the flow equation has the form [7]:
1= —D£+UCE , (8)
dx
where C is the impurity concentration at a distance x from beginning of the sample.

When electric field applying for sufficiently long time, the first term of flow characterizing diffusion and a second
one caused by the presence of electric field balance each other out, giving a zero stream and hence maximally
achievable degree of purification (Fig. 1). If t, - start time corresponding to the initial concentration C, and the duration
of electrotransport t; <t, < t,, then the considerable refinement is observed in the left part of the rod. Maximum
purification is achieved at the electrotransport duration, when there comes an equilibrium state according to the
equation (8).

=

Fig.1. Impurity distribution along the sample length under applied DC current for various time periods, t.

The degree of purification is estimated by the ratio C/C, from the expression
L2
2
C,/Cy=—— [Clx,1)dx. ©)
CoL?

0

In this expression C; is the average concentration in that half of the sample, where the less impurity remains after the
time t; Cy is the initial concentration; C(x, t) - the impurity concentration depending on the distance at the time t; L is
the rod length. The joint solutions of the equations (8) and (9) allow obtaining approximate expressions for calculating
the distribution of impurities concentrations along the length of the rod, depending on the electrotransport parameters.
Assuming U, E, and D do not depend on the concentration and position in the rod, Verhoeven [7] proposed an
expression for the average impurity concentration in the pure part of the rod in dependence on time:

Coy 1= & . . (nz) .,
G, ’2{1_65 IR Y| (10)
32— (-1) e > D U

where Cn = ; ﬂn = (n272' 2 +S—)—2; s=——EFL; Cmq 1s the average concentration of
(S2 + 41427Z2)Z 4" L
impurity in the purified part of the rod; C, is the initial concentration of impurity; L is the length of the rod; E is the
electric field; U is the mobility of impurity ion; D is the diffusion coefficient of impurity ion.

Although the above equation does not allow determining explicitly how different variables affect the cleaning process,
it is used to calculate the minimum impurity concentrations achieved by the electrotransport. In particular, the Table 1
shows the calculated values of the relative changes in the concentrations of carbon C,,/Cy for some metals, made for the

first half of rod with length of 10 cm by the field E = 0.2 V/cm and different time of electrotransport [7].
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It can be seen from Table 1 that the full separation of metals from the carbon impurity at U/D > 12 occurs after 5
days. Since the degree of refinement is directly proportional to the ratio U/D then it has to increase with decreasing
temperature. However, as the temperature decreases, the diffusion coefficient decreases and therefore increases the time
required to achieve the deep purification.

Table 1.
The average relative concentration of carbon C,,/C, (C,, - the average concentration of carbon for the first half of rod,
C, - the initial concentration of carbon) in metals after electrotransport, calculated at different times [7]

1 C./Co
System T, °C U/D, B’
1 day 5 days o0

Th-C 1675 19 45-10° 1.10-10°® 1.1-10°®
Fe-C 1400 44 4.2.10™ 1.5-107" 1.5-1077
Ni-C 1400 12 7.3-10! 6.5-10 1.2:10°
Ta-C 2600 52 49-10% 49105 3.9-10%
W-C 2800 5.7 7.5-10" 1.410" 6.7-10°

The equation (10) was also used to evaluate the efficiency of vanadium purification of interstitial impurities [10].
Impurity concentration was calculated in a clean part at a distance of 2 cm from the end of the sample having total
length of 20 cm. With electrotransport temperature of 1650°C, the process duration of 200 h, and the electric field of
0.27 V/em, the content of oxygen impurity in the vanadium can be reduced by 3-10° times, N - by 2-10° times and
carbon - by 1-10 times.

A more simple expression was proposed in [11] giving the value of the impurity concentration at the point x along
the rod in time ¢ —> o0 :

C(x,0) . UEL UEx
=ln—-——~. (11)
C, D D

In this equation, Cy and C(x, o) - the initial and maximum allowable concentration of impurities at an arbitrary point x
of cleaning rod with length of L; E is the electric field; U is the electric mobility; D is the diffusion coefficient of
impurity. In the steady state at infinite time of refining the ratio of impurity concentration at the ends of the sample is
equal to €', where the dimensionless parameter s=UEL/D. Thus, the degree of purification can be enhanced by the using
of longer sample, increasing of electric field, and optimizing the relationship U/D. In practice, the actual values of
relative changes of impurity elements at cathode and anode are much smaller than calculated ones. This discrepancy
may be due to several reasons: pollution from the electrodes or the environment during electrotransport, nonuniform
temperature distribution along the sample, decreasing the mobility of impurities resulting from their capture by
vacancies, etc.

In

THE REFINEMENT OF METALS IN THE SOLID PHASE BY ELECTROTRANSPORT

For the purposes of refinement, the metals samples are used in the form of rods, wires, strips, which are connected
through the holders to the current feedthroughs built in the walls of the working chamber (Fig. 2).

Direct electric current, applied to the sample, heats it to the desired temperature and performs a redistribution of
the impurities, as shown in Fig. 1. Depending on the metal vapor pressure, the refining process is carried out in a high
vacuum or in an environment of high-purity inert gas.

The electrotransport in solid phase has been used most widely for deep refinement of rare earth metals (REM).
Practically all of REM (Y, Sc, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Lu) were subjected to refining by this method
[11-21]. Apparently, this was due to the need of producing high-purity metals samples to determine their true
properties, in particular, the different nuclear constants. Electrotransport method allowed them to produce small
quantities of samples of high-purity metals sufficient for research.

The samples in the form of rods by length of 8-20 cm and diameter of 4-6 mm were commonly used to REM. A
certain problem is the sample holders which can contaminate the sample being refined. Different approaches are used to
solve this problem. One of them is the removal of sample contaminated areas and continuation of the refining process.
The second approach is the use of specimen holders of high-purity refractory metals. For example, the authors of [18]
concluded that it would be better for the REM to use a holder made of tantalum at the cathode and one made of
zirconium — at the anode.

Achievement of maximal degree of purification at lower time requires carrying out the electrotransport process at
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high temperatures close to the melting point. However, this approach is not always possible for many REM due to their
high volatility. For example, for La, Ce, Pr having a low vapor pressure of (~ 10” - 10™* Pa) at the melting point, the
electrotransport can be carried out in vacuum for several hundreds of hours to achieve theoretical redistribution of
impurities. Refinement of Nd, Gd, Tb, Lu, Y, having a higher vapor pressure of (~10°~10 Pa) at the melting point, by
the electrotransport is possible only at low temperatures in a vacuum. Refinement of Sc, Er, Ho, Dy, Yb, Sm, Tm,
relating to the volatile REM (vapor pressure > 100 Pa at the melting temperature) is possible only under an inert gas.
Current feedthroughs Refining process of REM by the electrotransport method proceeds
into chamber very long and refinement objects have a high chemical activity. Therefore,
it is necessary that the working environment in the chamber was ultrapure,
M regardless of whether a high vacuum is created in chamber or working
environment forms by predetermined pressure of inert gas. In any case, the
Anode vacuum system should provide a residual pressure of 10® Pa and below
{: and the inert gas should maintain high level of purity during the refining
process. Elimination of REM contamination can be minimized by pre-
high-temperature heating of the working chamber and refining samples
under ultrahigh vacuum.

When refining REM by the electrotransport, the emphasis was made
Sample mainly on the removal of impurities of oxygen, nitrogen, hydrogen,
carbon, i.e. those impurities, separation of which from these metals by
other methods is difficult because of the large negative values of formation
free energies of oxides, nitrides, carbides, and hydrides. Typically, all the
interstitial impurities in REM have a high mobility, effective charge
Connectors Z.;<0 and migrate to the anode part of the sample. High mobility is
typical for many of substitution impurities in REM. Therefore,
electrotransport can be an effective way to separate the REM not only
from O, N, C, H, but also from such impurities as Fe, Ni, Al, Ag, Cu, etc.
{ There is a certain correlation between the rate of migration of
Cathode substitutional impurities and their atomic size. It should be noted that
electrotransport method is effective only for the dissolved impurities.
Therefore impurities, which do not form solid solutions, must be removed
by other methods before the formation of solid solutions.

Some reactive refractory metals (Ta, Nb, Mo, V, Zr, Hf) [22-28] and several others [29-31] also were subjected to
refining by electrotransport. The degree of separation of the impurity elements mainly depends on the current density
and the time. As an example, Fig. 3 shows the change in the R, (ratio of resistivity at room and helium temperatures)
along the length of vanadium samples, depending on the time of electrotransport [23]. Studies have shown that the DC
flow in vanadium with density of 5-10° A/cm? forces the interstitial impurities to migrate to the cathode side, i.e.
effective charges of these impurities are positive. It follows from calculated estimates that at 1650°C for 200 hours at a
current density of ~5-10° A/em” the reduction of oxygen, nitrogen and carbon, respectively, by 3-10°, 2:10° and
1-10 times is expected as a result of refinement by electrotransport. It was shown experimentally that the value Ry of
vanadium increases from 50 to 1600 [23] as a result of the refinement by the electrotransport.

Fig. 2. Schematic diagram of refining metals
by the electrotransport in solid phase.

Ro/Rs Researches on refining of vanadium with use of
b~ electrotransport were carried out in [22]. The anodic part

1500 / N\ 3 of the sample had R,,=1000+1100 at a current density of

o _\__ 2150 A/cm? after 220 hours. Prepurified vanadium rod

\ was welded to the anode part of the sample to eliminate

1000 [ \ the migration of impurities from the cold part. In this

s \ case, the anode part of the sample had values
o . \ R.s = 1800-2000, and in isolated case the value was

s 4/ \‘Q_ equaled about ~2850. At that the high-purity part of

500 [ oSN\ material was one third of the entire length of the sample.
\\\\\'T A similar scheme has been used for refining zirconium

\\\\\\ [27]. After exposure during more than 1000 hours at

[ ) s ._Qs\:-%‘,._g ~1600° C the middle part of the zirconium rod had

0 3 6 9 2 15 18 R,es = 650, which is the maximum value for zirconium

L, cm [27]. At that, all the interstitial impurities (O, N, C, H) in

Fig. 3. The change in R, of vanadium along the length L of a a B-Zr shifted to the anode under the influence of electric
sample after electrotransport at T = 1650°C; field. At the same time the sign of Z.y for interstitial

c_ 2, . e . .

1=2500 A/em? 1100 h, 2-200 h, 3 — 400 h. impurities in Nb varies with temperature, Z > 0 for
interstitial impurities in Mo [25, 26]. For substitutional impurities it is noted a relationship between the sign of Z.¢ and
atomic number of dissolved metal. Table 2 shows the values of R, for a number of metals subjected to refining by the
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electrotransport method in solid phase. Basing on the values R, the purity of metals shown in Table 2 have a higher
degree of purity compared to that, achieved by other methods of refining.

Table 2.
High-purity refractory metals and rare earth metals subjected to refining by ET in solid phase, and the known values of
Ryes [11-28]
Metal | Sc Y La | Ce Pr Nd | Sm | Eu | Gd Tb | Dy | Ho | Er | Yb | Lu \Y Zr | Hf | Cr Th
Ryes 520 | 1200 | 260; 250; | 120 | 300 340; | 400 | 124 | 90 | 46 150 | 1880; [ 650 | 15 | 700 | 1000
400 400 405 2850

Despite the possibility of deep purification of metals, the electrotransport in the solid phase has disadvantages also.
Pollutions of refining metals from the side of electrodes and surrounding atmosphere are observed. The high current
densities (up to 10* A/cm?) and long times are needed, and the amount producing high-purity metal is small.

REFINING METALS IN LIQUID PHASE BY THE ELECTROTRANSPORT

Electrotransport of impurity ions in liquid metals is mainly governed by the same laws as in solid ones. Current
theory of electrotransport in liquid metals considered in the monographs Belashchenko [2,3], Mikhailov [5] and others
[7-9]. When current flowing through the liquid metal, the different types of convective mixing (heat, concentration,
electrokinetic and magnetohydrodynamic convection) have a strong influence on mass transfer. Convective effects
prevent the formation of high impurities gradients in a metal; therefore the problem of their as much as possible
complete suppression is set always during refining.

During calculations the presence of convective effects is taken into account by replacement of the molecular
diffusion coefficient Dy by an effective diffusion coefficient D = Dy, + D., where D, is the convective diffusion
coefficient. It is impossible to get rid of convective phenomena completely, but their effect can be significantly reduced
if the electrotransport of liquid metals is implemented in tubes with sufficiently small cross section (d <3 mm).

Theoretical estimates of the limits of liquid metals refinement by electrotransport were attributed usually to
specific devices.

The estimates of theoretical limits of liquid metals refinement in the devices that are most favorable for metal
purification by the electrotransport method have been made. In particular, such a device may consist of a tube closed at
one end and filled with liquid metal, and the other end is inside a container filled with a large quantity of molten metal.
In this case, the impurity concentration in the metal at the end of the tube contacting with the reservoir remains
essentially constant. The calculated relative changes in the concentration of impurities C;/Cy (Cy, C; - initial and final
contents of the impurity element) at the first two centimeters of ten-centimeter-long tube under an electric field of E =
0.1 V/em depending on the time of electrotransport are shown in Table 3 [5].

Table 3.
The relative concentration of impurities (C;/C,) under electrotransport

System: metal — U/D. B’ C;/Cy at the first two centimeters of the tube

impurity element ’ 1 day 5 days 10 days o0
Cd-Ni, Co, Ag, Au 23 9.4-10™ 2.2:107 2.2-107 2.2-107
In-Ni, Co, Te, Ag 14 0.036 6.9-10° 6.9-10° 6.9-10°
Sn-Ni, Co, Ag, Au 12 0.068 6.4:10° 2.6:107 2.6:107
Pb-Co, Te, Ag, Au 1.9 0.53 0.14 0.053 0.037

It is seen from Table 3 that all dissolved metals at U/D > 12 should be well removed after 5 days of
electrotransport. However, it is valid under the conditions that there is no convective motion of the melt and no
interaction of the refined metal with tube material. In real conditions, the use of long capillary cells proved to be highly
effective for deep cleaning of small amounts of a number of liquid metals (e.g., gallium, cadmium, zinc). This process
was studied most fully as applied to gallium [4]. The purest gallium (R,; = 100000) was currently produced just by the
method of electrotransport.

The main limitation for the widespread application of electrotransport for refinement of liquid metals is the low
productivity (~0.5 g/day for a single cell). You can improve performance if soak the porous medium or a group of
capillaries by the liquid metal and apply a large current to a system. Description of the devices for deep cleaning liquid
metals by electrotransport is given in [4,32,33].

COMBINATION OF ZONE MELTING WITH ELECTROTRANSPORT (ZMET)

Electrotransport phenomenon in liquid metals can be used to improve the efficiency of zone purification.
Unlike conventional zone recrystallization of metals, during ZMET the direct electric current of certain strength is
applied to refining sample. Migration of impurity ions under an electric field occurs in the liquid zone, although not
excluded that appreciable electrotransport of impurities can be observed in the rest (solid) part of the sample at high
current densities and long duration of process.

It is assumed in the theory of zone recrystallization [34] that there is the diffusion layer of thickness 3, enriched (or
depleted) by impurities in a liquid at the boundary to the solid phase (liq - sol). If you apply a direct electric current to
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the interface, then the effect of electrotransport within the fixed boundary layer contributes to the overall flow of
impurities.

Character of changes in effective distribution coefficient under the influence of electric field was considered by
Pfann and Wagner [35]. In the absence of electric field the effective distribution coefficient is described by the
expression [34]

1

K: B
(1 J ( vaj (12)
I+ ——1|exp| ——
K, D

where K is the equilibrium distribution coefficient; D is the impurity diffusion coefficient in a liquid phase; § is the
thickness of diffusion layer in a fluid at the interface; v is the speed of crystallization front. If DC which creates
movement of ions dissolved at the interface and applies to the interface (liq - sol), the equation (12) takes the form

1-v'/v

) 1+ L; (1+'/v) — 1} exp{— % (1+ v'/v)} |

0

(13)

In this equation, notation K, D, o, v are the same as in equation (12); v’ = AUE is the speed of impurity ions motion; E
is the electric field; AU is the difference between mobility of ions and impurity ions of the refined metal.

As can be seen from equation (13), the effective distribution coefficient is determined mainly by two flows of
impurities: one flow leads to ousting of impurities by advancing crystallization front (which is proportional to v,
difference 1 - Ky and concentration), the other flow is caused by electrotransport (which is proportional to v' and
concentration). It may coincide with the first flow or have an opposite direction depending on the direction of the
electric field. If v’ > 0 (flow of impurity ions is directed from the liquid to the boundary), the electric field increases K,
if v' <0, the electric field decreases the K. It concerns both to the case Ky <1, and the case Ky> 1.

Under the influence of an electric field, the effective distribution coefficient K can be changed, that in principle allows
obtaining the following results:

1) K factor close to unity, can be changed so that it would be significantly different from unity, and thereby the

efficiency of the zone melting can be increased,;

2) impurity elements coefficients of different «sign» (K> 1) and (K <1) can be modified so that they will be either

greater or less than unity, and this allows to concentrate impurity elements in one end of the ingot;

3) the coefficient K can be made close to unity and eliminate segregation of impurities along the ingot.

It should be noted that the derivation of equation (13) does not include a number of other effects at the interface of
lig-sol that may affect the magnitude of K, in particular a Peltier effect which is the release (or absorption) of additional
heat at the boundary lig-sol. Since electric current applies to the lig-sol and sol-liq boundaries in the liquid zone, the
value of Peltier heat is doubled, and an additional temperature gradient, caused by the heating of one phase boundary
and cooling of another, is arisen in the liquid phase. Due to this, an additional impurity flow, caused by diffusion under
a thermal gradient field, arises in liquid zone and increases or decreases "zone effect" of purification degree in
depending on the direction of the electric field [6].

The mechanism of metal purification by ZMET method was studied insufficiently, although the positive influence
of the electric field was noted by many researchers. Improvement of purification by ZMET method compared with the
conventional floating-zone melting may result from combined action of various factors: electrotransport in stationary
diffusion layer; electrotransport in the solid phase; improving conditions of zone refining by reducing the thickness of
the diffusion layer as a result of thermal and magnetohydrodynamic convection; Peltier effect leading to change in K for
impurities especially at low current densities.

Apparently, one of the first studies on the use of ZPEP was the work on refining tungsten [36]. Results of tungsten
purification by ZMET are shown in Fig. 4.

As seen from Fig. 4, application of an electric field improves the refining of tungsten in comparison with zone
melting without field. Moreover, a positive purification effect increases with increasing electric field intensity. ZMET
was used for refining beryllium [37], molybdenum [38], ruthenium, rhenium [23,39,40] Os [41], niobium [42], yttrium,
cerium, lanthanum, [43], and other metals [44-46 ].

Performed researches made it possible to reveal a number of features of refining by zone melting method
combined with electrotransport. First, redistribution of impurities caused by electrotransport prevails over impurity flow
due to the effect of zone recrystallization. A similar effect is observed for almost all metals when cleaning them by
ZMET. For many refractory metals (W, Mo, Re, Ru, Os), most impurity elements have Z.; < 0 and migrate towards the
anode. In most cases, a maximum purification effect is achieved when the electric field is opposite to the direction of
floating zone movement. As an example, Fig. 5 shows the results of refining rhenium by ZMET.

It is seen from the Fig. 5 that the maximum redistribution of impurities along the length of the ingot is achieved,
when the electric field is opposite to the movement direction of the floating zone (curve 1). When the directions of
electric field coincide with zone movement, the redistribution of impurity elements along the ingot has the opposite
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character (curve 3). Table 4 shows the comparative measurement results of ruthenium R, after zone melting without
electric field, and under electric fields of different directions relative to the zone movement. It can be seen (Table 4) that
the highest degree of purification achieved in that case where zone melting is performed under an electric field whose
direction is opposite to the movement zone.
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Fig. 4. Changing in R, of tungsten depending on the number Fig. 5. R, change along the length L of rhenium single crystals
of zone's runs through the sample during ZMET [36]. after 10 runs of the zone without an electric field and under an
1-E=0;2- E=0.125 V/cm, 3 - E = 0.260 V/cm; zone electric field of different direction [40].

1 - ZMET, field is opposite to zone movement; 2 - floating zone
melting without a field; 3 - ZMET, field coincides with the
direction of zone motion; 4 - melting in vacuum.

moving speed is 2.5 mm/min; the directions of field and zone
movement are opposite.

Table 4.
Effect of the electric field on the degree of Ru purification (E = 0.15 V/em; I = 1200 A/em’; V = 3 mm/min)
. Rocm
Kind of process
Starting part of sample Middle End part of sample
Zone melting (10 runs) 1300 1000 900
Zone melting + field ETTV 1080 1100 1260
Zone melting + field ETVV 2000 1600 650

Os refining by zone melting in combination with electrotransport eliminates nonmonotonic distribution of
impurity elements, which observed in osmium sample during refining by zone melting in the absence of the field
(Fig.6).

Apparently, this is primarily due to the change in carbon effective distribution coefficient K which for zone
melting without a field has K> 1, and for zone melting in combination with electrotransport it acquires value K <1.

For refractory metals most of substitutional impurities have Z.; < 0 and migrate towards the anode. However,
interstitial impurities (O, N, H, C) can have both positive and negative values of the effective charges and their
influence on the process of metals purification in some cases can be decisive. For example, when refining molybdenum
by ZMET, then Z. for carbon and hydrogen has negative values, and for the oxygen and hydrogen — positive ones.
According to estimates, the admixture of tungsten in molybdenum also has Z.s > 0. As a result, the distribution of
impurity elements in molybdenum may vary substantially in dependence on the direction of the field (Fig. 7).

The complicated character of changes in magnitude of R is observed also in niobium during ZMET [42].
According to the authors of [42] for oxygen and carbon at the melting point of niobium the values of effective charges
are near zero, and for nitrogen Z.r = +1.7. As a result, the average areas of niobium crystals are the most pure
(Ries ~ 2600), if the directions of electric field and zone movement coincide. The authors also noted that under the
influence of electric field the structural perfection of niobium single crystals is improved, too.

Thus, at the refining of metals by ZMET, the character of impurity distribution along the ingot will depend on both
direction of the electric field and qualitative and quantitative content of impurities in the source metal.

Investigations of refining Mo, Re, Ru, Os and other metals by means of zone melting and zone melting in
combination with electrotransport allowed developing a new way of deep refining of refractory metals, in which the
increase of the metals purity is achieved by intensification of evaporation, band separation and electrotransport.
Refining process was carried out in two stages. In the first stage, a zone melting in combination with electrotransport
was performed at the highest possible current densities and high speeds of liquid zone movement. As a result of
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intensive mixing of liquid zone, the effective removal of volatile impurities was achieved due to their evaporation. In
the second stage, the refining was carried out for parameters which have been by 5-10 times lower than initial values. In
this case, the mechanism of impurities separation along the ingot length is realized most fully due to optimizing the
values of K.
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Fig. 6. The change in R, along the length L of osmium Fig. 7. Change in R, along the length L of molybdenum single
specimens crystals after 6 runs of floating zone during ZMET [38];
1 - after zone melting, 2 - zone melting in combination with 1 - the field coincides with the direction of zone movement; 2 -
electrotransport [41]. the field is opposite to zone movement; zone movement speed is

4.5 mm/min; the field strength is 0.15 V/em.

As a result, in a series of refining of refractory metals in the most favorable scenario there is a combination of
complex of physical refining methods: evaporation, zone separation of impurities, electrotransport. The proposed
method not only improves the purity of metals, but also reduce the refining time by 1.5-2 times. Application of this
refinement scheme allowed to get high-purity and structurally perfect single crystals W, Mo, Re, Ru, Os, having the
magnitude R.; > 70000, 30000, 60000, 4500 and 3000 respectively.

CONCLUSION

Effect of electric field on the migration of impurity ions is known a comparatively long time, but the use of this
method for refining metals is not widespread compared with other refining methods. This is mainly due to the long
duration of the refining process and its low productivity. Promising way is the use of electric field during zone
recrystallization of metals. Such combination allows you to increase the degree of metals refining, reduce the refining
time and, if necessary, to eliminate the heterogeneity of impurity elements in the ingot. To further understand the
mechanisms of the electric field effect it is important to determine the correlation between the physicochemical
properties of refined metal as well as impurity element and the main electrotransport parameters: migration rate of
impurity ion and the direction of its movement. Performing similar research will help to determine the character of the
redistribution of impurity elements in the metal under the influence of electric field and increase the efficiency of
electrotransport for refining metals.
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A comparative analysis of published experimental data about the concentration, capture cross section and type of traps in CdTe: Cl
has been carried out. Based on the performed analysis an identification of registered levels on acceptor and donor type was realized.
The numerical simulations have been performed to study the effect of radiation defects arising under the influence of hard X-ray
irradiation on the electrical and detector properties of cadmium telluride. The role of radiation-induced and background defects has
been determined for the processes of degradation of the spectroscopic characteristics of CdTe:Cl detectors operated under conditions
of ionizing radiation.
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BIIJIUB OITPOMIHEHHS HA BJJACTUBOCTI CdTe JETEKTOPIB
O.1. Konapux
Hayionansnuii naykosuil yenmp « XapKiecokuil Qizuxo-mexHiunuLl iHCmumymy»
eyn. Axaoemiuna 1, 61108 Xapxis, Ykpaina

[IpoBeneHO NMOPIBHIBHUK aHAaJi3 OMyOIIKOBAHUX EKCIIEPHMEHTAIBHUX JaHUX MO KOHIEHTPAIilo, Iepepi3 3axXBaTy i THUII TACTOK B
CdTe:Cl. Ha ocHoBi anHaini3y 3zilicHeHa iieHTU]IKaLlis 3apeeCTPOBAHUX PiBHIB MO aKLIENTOPHOMY Ta JIOHOPaM THUITy. MeTo/oM uuce-
JIBHOTO MOJIEJIOBAHHS BUKOHAHO JIOCII/PKEHHS BIUIMBY pajiauiifiHuX nedexTiB, sKi BUHUKIIH TIif €10 KOPCTKOTO PEHTIeHIBCHKOTO
OMPOMIHEHHsI, Ha eNeKTPpOodi3nyHi Ta JETEKTOPHI BIACTUBOCTI TeMypHIy KaaMilo. BusHnadeHa pons paniamiitHux i poHOBUX medekTiB
y mporiecax aerpananii cnekrpockomnigaux xapakrepuctuk CdTe:Cl, mo ekcruryaTyroThCsl B yMOBaX 10HI3yIOUHX BUIPOMIHIOBaHb.
KJUIIOUYOBI CJIOBA: nerextopu, pagiamiiizi gedpextu, moaentoanust, CdTe

BJIMSIHUE OBJIYYEHHMS HA CBOMCTBA CdTe JETEKTOPOB
A.N. Konapux
Hayuonanvnouil nayunwlii yenmp «Xapvkosckuil pusuko-mexHuyeckuil uHCmuniymy
ya. Akademuueckasn 1, 61108 Xapvkos, Yxkpauna

IIpoBeneH cpaBHUTEINBHBINA aHATHU3 OMYyOJIMKOBAaHHBIX 3KCIEPUMEHTAIBHBIX JAHHBIX O KOHIEHTPALMK, CCYCHHH 3aXBaTa M TUIE JIO-
Bymek B CdTe:Cl. Ha ocHOBe ananu3a ocymiecTBieHa HACHTU(DHUKAINS 3apETUCTPUPOBAHHBIX YPOBHEH 1O aKIEITOPHOMY U JOHOP-
HOMY THITy. METOIOM YHCIICHHOTO MOJICIMPOBAHKS BBIIIOIHEHO UCCIICA0BAHNE BIHSHUS PAAUAIIMOHHBIX 1e(EeKTOB, BOSHUKILIHX MO
BO3/IEHCTBHUEM JKECTKOTO PEHTTEHOBCKOTO O0JIy4eHMs, HA EKTPO(GU3NUECKUE U JETeKTOPHBIE CBOICTBA Telutypraa Kaamust. Ompe-
JIeJICHa POJIb paMallMOHHBIX U (POHOBBIX JNe(EeKTOB B Mpoleccax Aerpajanun crekrpockonmueckux xapakrepuctuk CdTe:Cl, ake-
IUTYaTUPYEMBIX B YCIOBUSIX HOHH3UPYIOIINX U3TYUICHHH.

KJIFOYEBBIE CJIOBA: netekTopsl, paiuaioHHbIe 1eheKThl, MoaenupoBanue, CdTe

The primary requirements to the materials of the detector used in spectroscopy of high energy ionizing radiation
are the high resistivity and low concentration of free carriers traps. Detectors of gamma and X-ray radiation based on
CdTe and Cd,. Zn,Te usually work in hostile radiation environment. Thus arisen electrically active radiation defects
make an appreciable impact on the conditions of compensation which determines the resistivity and processes of carrier
capture by deep levels. Under the influence of radiation exposure the energy resolution deteriorates also, and peaks po-
sitions shift in spectra, the leakage current increases, and such important parameter as charge collection efficiency de-
grades. Irradiation of CdTe with X-ray flux of high intensity, used to enhance the detector performance in imaging ap-
plication, can cause a significant polarization of the semiconductor and failure of the device structure [1, 2]. To control
performance of detectors it is necessary to get accurate quantitative data on deep levels in CdZnTe. In a number of
works the parameters of levels defined by the producing conditions of detector materials as well as radiation defects
arising under the influence of radiations during operation were investigated, and the effect of these levels on the trans-
port properties of CdTe and CdZnTe was studied also [2—11].

Due to high specific resistance of material the determination of deep levels concentration in it traditionally en-
counters great difficulties, and, as it was shown from the analyses of published papers, a discrepancy in measurements
can be two or three orders of magnitude. Besides, there are some differences in measurements of positions of the energy
levels in the band gap. It is impossible to guarantee also that in a material all levels defining parameters of the detector
are correctly identified. There is a free-answer question about the specific causes of degradation of registering proper-
ties of detector under the influence of ionizing radiation. In this regard it is expedient to apply additional methods of
computer simulation to investigate the dependence of required electrophysical properties and detector characteristics of
CdTe on the parameters of the levels measured experimentally in materials which were exposed to irradiation.

The aim of this work was through modeling method to establish a correlation between the characteristics of the
© Kondrik A.L.,2014
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CdTe: Cl detector and defects which experimentally registered in unirradiated material as well as in one irradiated with
X-ray. The correlation was carried out for real operation condition of the detector.

MODEL AND INITIAL DATA

The models and a computer program described in [12] were used for quantitative simulation of electrophysical and
detector properties of CdTe and CdZnTe. The basis for the program are the well-tested models of compensation, elec-
tron scattering in relaxation time approximation, statistics and Shockley-Read, Hecht equation, that compute values of
resistivity, electron mobility, lifetime of nonequilibrium charge carriers and charge collection efficiency for initial and
irradiated detector material.

The concentrations of electrically active deep and shallow levels in CdTe:Cl before and after its X-ray irradiation
with the dose of 260 kGy have been measured in [2]. The sample CdTe:Cl was grown by traveling heater method, and
its resistivity was 2:10° ohm*cm. To obtain reliable data about the concentration of deep centers in such high-resistivity
material, it was carried out a comparison of the results of two mutually complementary techniques: photo induced cur-
rent transient spectroscopy [13] and space charge limited current analyses [3]. This material and results of its properties
measurements were taken in this paper as a pattern to study the influence of X-ray irradiation on the detector character-
istics of CdTe:Cl.

Problem of the identification of defects and related deep and shallow levels in CdTe and CdZnTe was discussed in
several papers [9,12,14—-19]. It was considered proven that the energy interval from the valence band top Ey of the con-
crete level is the same in CdTe as in CdZnTe. Difficulties arose not only during correct determination of the concentra-
tion but also at identifying recorded levels, and sometimes even the acceptor or donor type of defect was unknown. The
capture of electrons or holes by the same level in different materials depends on the degree of filling or ionization that is
determined by the position of Fermi level. In turn, the Fermi level depends on the temperature, the ratio between the
concentrations of technology defects and the doping level, and for CdZnTe it depends on the molar fraction of the zinc.
On the other hand the strict control of composition in the technology of high-resistivity cadmium telluride production is
very difficult.

By comparing the results of the experiments described in [2, 14 —18], the work has been carried out to determine
the composition and characteristics of levels in CdTe:Cl, both for the unirradiated material and irradiated with X-ray.
The analysis was performed with use of approach expounded in [19] and the result presented in the Table. The levels
are assumed to be shallow acceptor (A) or shallow donors (D), if under considered conditions they are completely ion-
ized in contrast to the deep acceptor (DA) or deep donor (DD), which are ionized partially. The levels A00, A0, A and
Al are shallow acceptors and relate to the so-called A-centers [20, 21]. Cl dopant forms a level of shallow donor, lo-
cated below the bottom of the conduction band at 0.014 eV. The belonging of other levels still remains a subject for
debate. A1 and Z are the radiation-induced levels of defects, and they appear only after irradiation.

Table.
Defect level parameters measured in CdTe:Cl

Level Energy, measured from the Concentration of levels, cm™ Capture cross- Type of level**
valence Ey or conduction band - - section, cm™ and its charge state
E. oV Irradiated with the
© Initial dose of 260 kGy
A00 Ey + 0.06 2.6:10" 2.6:10" 1-107° A
A0 Ey +0.12 2.8:10" 2.8:10" 2:107'° A
A Ey +0.15 3-10" 3-10" 1-10° A
Al Ey +0.16 0 1-10" 4-10™" A
X Ey +0.36 3.5:10" 1-10" 2:10° DA®
z Ey +0.47 0 3-10" 1-10" DA"
J Ey +0.53 4.5-10" 2.5-10" 1-10"° DA™
H Ey +0.76 2.4-10" 610" 1-10"° DA™
H1 Ec—0.79 3-10" 510" 1.5-10" DD’
I Ec—1.0 10" 1.6:10" 1.3-107"2 DD"
Cl Ec—0.014 1.2:10" 1.2-10" 1-10° D"

" Levels notation was adopted in [2] and other papers
A — acceptor, DA — deep acceptor, D — shallow donor, DD — deep donor.

RESULTS AND DISCUSSION
Fig. 1 (curve 1) shows a dependence of calculated resistivity p of non-irradiated CdTe:Cl on the concentration of
chlorine dopant. The composition of this sample is presented in the table as the initial one. The material keeps p-type
conductivity up to a concentration of chlorine Nd (ClI) = 3,3:10"* ¢cm™. At the point of maximum resistivity the hole

concentration p exceeds the concentration of free electrons 7, approximately by order of magnitude: p,/n, ~17.

Specific resistance p=2-10° ohm'cm, measured in [2], corresponds to the chlorine concentration Nd(Cl) = 1,38:10"* cm™
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and relation p,/n, = 440, that is a good characteristic for the detector material. Curve 2, Fig. 1 shows the dependence

of p on the concentration of chlorine in the material irradiated with a dose of 260 kGy. Curves 1 and 2 are calculated
with taking into account the concentrations and parameters of levels presented in the table. Curve 3 corresponds to irra-
diated material which lost detecting properties with the concentration of radiation-induced defect of N(Z)=3-10" ¢cm™
(in detail see below). Calculating lifetime of nonequilibrium charge carriers in the sample revealed a value of ~107 sec.
The calculated electron mobility equaled to 1100 cm*/(V-s). These values are in good agreement with well known mag-

nitudes.

Fig. 2 shows the charge collection efficiency, n for charge carriers drifting at different distances dy from the anode
in non-irradiated CdTe:Cl detector with electrode gap of 5 mm. The vertical dashed line indicates the concentration of
Cl in the investigated material. The figure shows that the investigated material is characterized by not a very high effi-
cient collection of charges, but for the greater n the ratio py/ny decreases and the electron component of dark current
properly increases and a signal/background ratio significantly decreases, as the electron mobility w, = 1100 cm®/(Vs) is
much higher than hole mobility p, = 70 cm?®/(V-s).

It was shown experimentally that after the X-ray irradiation with dose of 260 kGy the y-radiation detector signifi-
cantly loses its registering properties [2]. A complete degradation of the spectroscopic characteristics occurs after the
appearance of radiation-induced defect Z [22]. Nevertheless, simulation with measured parameters of irradiated sample
shows that the charge collection efficiency is reduced by no more than 10-15% for carriers drifting from all points of
the interelectrode gap (Fig. 3). The reason for this could be an inaccuracy in determining the concentration of levels or
their incomplete registration in high-resistivity CdTe. Since the loss of the ability to register radiation is associated with
Z level, it was interesting to simulate the effect of this level on 1.
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Fig. 1. The dependence of the resistivity of CdTe:Cl on concentration of chlorine dopant.
The vertical dashed line indicates the concentration of Cl dopant in the material; 1 — unirradiated material; 2 —after irradiation with
the dose of 260 kGy; 3 — irradiated material which lost detecting properties with the concentration of radiation-induced defect of
N(Z)=3-10" cm>.

Fig. 3 shows the result of calculating the charges collection efficiency depending on the content of radiation-
induced defect Z in irradiated detector with the concentrations of other defects listed in table. Comparing Fig. 2 and
Fig. 3, we see that the levels with the measured parameters after exposure lead to a loss of detection efficiency not more
than 10 - 15%, whereas total loss of spectroscopic properties occur with the content of defect Z - about 3-10"cm™, i.e.
approximately an order of magnitude larger than concentrations measured experimentally. There is a question about the
reason for the observed degradation of detecting characteristics. To answer this question it was carried out a calculation
of 1 dependence on the concentration of the chlorine dopant with content of radiation defect Z, equal to 3-10" cm™,
when the degradation occurs according to the evaluation. The result of this calculation is shown in Fig. 4. We see that in
the investigated sample the collection efficiency of charges decreased at least an order of magnitude. If in modeling
program one substitute the defects Z with radiation defects A1 having the same concentration, the dependences in Fig. 4
will change insignificantly. Based on this, as well as on the comparison of Fig. 2-4 it can be concluded that degradation
of detector characteristics occurs mainly due to a shift of | dependence on the concentration of chlorine shallow donor.
The simulation showed that the specified shift is proportional to a difference between the concentrations of shallow do-
nors and acceptors.
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3x10"”  4x10”  5x10"
Nd(Cl), cm”

Fig. 2. Charge collection efficiency for carriers drifting from the different distances d, from the anode, depending on the concentra-
tion of chlorine in the unirradiated detector CdTe:ClL.
The vertical dashed line shows the investigated sample.

1x10"”  2x10"

0,0 6,0x10™ 1,2x10"™ 1,8x10™ 2,4x10"™ 3,0x10"
Nda(Z), em™

Fig. 3. Charge collection efficiency in irradiated CdTe:Cl detector, depending on the concentration of radiation defects Z for charges

drifting from different distances d, from the anode.
The horizontal dashed lines represent 1 of unirradiated detector, and the vertical line marks the measured concentration of Z.

Returning to Fig. 1 and comparing the curves | and 2, we see that for measured parameters of the irradiated mate-
rial the resistivity even increased compared with p of non-irradiated CdTe:Cl. Curve 3 in Fig. 1 was calculated for the
concentration of defect Z, equal to 3-10"° cm™, i.e., for the case where according to the calculations there is a complete
loss of the detector performance. It can be seen that the reduction of resistivity p by about three orders of magnitude
takes place, besides the significant decrease of 1, which leads to further deterioration in the registering characteristics of
the detector. For this case, the calculated value of the lifetime of nonequilibrium charge carriers in the irradiated sample
under investigation decreased for electrons approximately by two orders of magnitude (t~2'10™ sec) and for holes —
three orders of magnitude (rp~10'9 sec). In this case the value of electron mobility after irradiation hardly changed.
Fermi level for the irradiated material is situated at the value of Ey + 0.55 eV, which is close to the position of level Z,
as well as of level J, the concentration of which increased significantly after irradiation (Fig. 5). Thus, the capture of
free charge carriers at deep levels of radiation-induced Z and J, as well as a significant decrease in resistivity go a long
way in the deterioration or significant degradation of the registering properties in the irradiated CdTe:Cl detector due to
lowering of Fermi level.
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4

2.0x10"” 4,0x10”° 6,0x10° 8,0x10"
Nd(Cl), em™

Fig. 4. Charge collection efficiency as a function of the content of chlorine dopant in the detector after X-ray irradiation with the dose
of 260 kGy at a concentration of radiation defect Z, equal to 3-10'* cm™.
The vertical and horizontal dashed lines indicate, respectively, the concentration of Cl and collection efficiency 1 in the

studied detector.
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Fig. 5. The behavior of the Fermi level in the CdTe:Cl, depending on the concentration of the dopant;
1 — unirradiated material, 2 — irradiated CdTe:Cl with measured parameters of levels; 3 — irradiated CdTe:Cl with calculated concen-
tration of radiation-induced levels where the detector lost its registering properties.

CONCLUSION

The analysis of published experimental results of measuring characteristics of deep and shallow levels in CdTe:Cl
was carried out, and a concrete variant to parametrize the recorded levels was suggested together with determination of
their concentrations, capture cross-sections, donor or acceptor types. Proposed parametrization is valid for any CdTe:Cl
material having the energy levels as in the table. Accepted parameters of deep levels provide a good agreement of cal-
culated electrophysical properties: resistivity, electron mobility and lifetime of nonequilibrium charge carriers with
measured or well known values for the unirradiated material.

The main contribution to the degradation of the detector properties of CdTe:Cl during operating under hard radia-
tion exposure gives a reduction in the resistivity by three orders of magnitude, as well as the capture of free charge car-
riers at the radiation-induced levels Z and J allocating above the valence band by 0.47 and 0.53 eV, respectively. Aver-
age drift time of nonequilibrium charge carriers in detector before their capture at these levels decreases for electrons by
two orders and for holes - three orders of magnitude.

For significant degradation of registering properties of CdTe:Cl detector the concentration of J and Z defects plus
the total concentration of shallow acceptors or the difference between the total concentration of ionized acceptors and
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donors should be approximately an order of magnitude more than the experimentally measured values.
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The paper presents the results of the numerical research of the influence of spectral characteristics of the relativistic electron beam,
restricted by a spatial charge, on the instability development at near-limiting current. The beam system model is described permitting
to calculate with minor errors the process characteristics for both narrow and wide electron energy spread in the beam. Instability
development phases are defined and their duration is calculated. The dependences of instability development time and virtual cathode
steady-state operation on the relativistic electron beam spectrum width are determined.

KEY WORDS: instability development, electron beam, virtual cathode, spectral characteristics, computer simulation

BIIJIUB CIIEKTPAJIBHUX XAPAKTEPUCTHUK PEJSATUBICTCBKUX EJEKTPOHHUX ITYYKIB HA ITPOLIEC
PO3BUTKY HECTIMKOCTI ITPA CTPYMI BJIN3bKOMY 10 TPAHUYHOI'O
I'.E. CapyxaHﬂH*’**, AM. Fopﬁaﬂb*’**
* Hayionanohuil Haykosuil yenmp «Xapriecokutl Qizuxo-mexuiynuil incmumymy» HAHY
eyn. Akademiuna 1, 61108, Xapxis, Yrpaina
** Xapriecokuil HayionanvHuil ynigepcumem im. B.H. Kapaszina
nn. Ceoboou 4, 61022, Xapkis, Yxpaina
[IpencrasieHi pe3yapTaTH YUCEIHFHOTO TOCTIHKEHHS BIUIHBY CIICKTPAIBHIX XapaKTEPUCTUK PEJIITHBICTCHKOTO €NIEKTPOHHOTO ITyYKa
Ha PO3BUTOK HECTIIKOCTI IIPH CTPYyMi , OJIM3BKUM JI0 TPAHHIHOTO , 0OMEXKEHOT0 IIPOCTOPOBUM 3apsiioM. Omnucana MoJeb My4KOBO1
CHCTEMH , IO JI03BOJISIE 3 MAJIMMH IIOXHOKaMH PO3PAaXOBYBAaTH XapaKTEPHCTHKH HPOIECIB , K JUIST MaJOro , TaK i JJIs BEIUKOTO
PO3KHIY CHEprii eNeKTPOHIB B My4Ky. BuijeHo ¢a3u po3BUTKY HECTIHKOCTI , BU3HAUCHO X TPUBAIOCTI. BCTAHOBICHO 3aJI€XKHOCTI
4acy pO3BUTKY HECTIHKOCTI i XapakTepy YCTaJICHOTO DPEXHMY BipTyalbHOTO KaTOJa BiJ IUNMPHHHU CHEKTPa PENISTHBICTCHKOTO
€JIEKTPOHHOTO ITy4YKa.
KJIFOYOBI CJIOBA: po3BUTOK HECTIMKOCTi, ENEKTPOHHHH MYyYOK, BIPTYaJbHHH KaTOJ, CHEKTPaJbHI XapaKTEPUCTHKH,
KOMIT'FOTEPHE MOJICITFOBAHHS

BJIUSIHUE CIIEKTPAJIbBHBIX XAPAKTEPUCTHUK PEJISITUBUCTCKOI'O SJIEKTPOHHOI'O ITYUKA HA
MPOLIECC PA3BUTHSI HEYCTOMUYMBOCTH ITPU TOKE BJIN3KOM K IPEJEJbHOMY
r.n. CapyxaHﬂH*'**, AM. Fopﬁamf’**
' Hayuonanvnoiii Hayunvii Llenmp «Xapoko6ckutl (huzuxo-mexHuueckuil uHCmumym»
61108, Axademuueckas, 1, o. Xapvros, Ykpauna
" Xapwrosckuii nayuonansuwlil ynusepcumem umenu B.H. Kapasuna
61022, Xapwvkos, nn. Ceoboovt 4, Yxpauna

[IpencrasieHsl pe3yiabTaThl YHCICHHOTO HCCICIOBAHUS BIHMSAHHUS CHEKTPAIBHBIX XapaKTCPHCTHUK PENSTHBUCTCKOTO IICKTPOHHOTO
IMy4YKa Ha pa3BUTHEC HEYCTOHYMBOCTH HPHU TOKE, OJM3KOM K IPEICIEHOMY, OTPAaHUYEHHOMY MPOCTPAHCTBCHHBIM 3apsiioM. Onurcana
MOJIEITb ITYYKOBOW CHCTEMBI, MO3BOJISIONIAS ¢ MAJBIMH MOTPEITHOCTSIMU PACCUUTHIBATH XapaKTEPUCTUKHU MPOIECCOB, KaK IS MaJIbIX,
Tak ¥ U5 OONBIIMX Pa3OpPOCOB SHEPTUHU DIICKTPOHOB B myuke. BbimeneHbl (a3bl pa3BUTHS HEYCTOWYMBOCTHU, OMPEICICHBI HX
JUTMTEIIBHOCTH. Y CTAHOBJICHBI 3aBUCHMOCTH BpPEMCHH DPAa3BUTHS HEYCTOMYMBOCTH W XapaKTepa YCTAHOBHBIICTOCS PEKHMa
BUPTYaIbHOTO KaTO/a OT LIMPHHBI CIEKTPa PEISATUBUCTCKOTO JIEKTPOHHOI'O Iy4Ka.

KJIFOYEBBIE CJIOBA: pa3Butne HEyCTOHYUBOCTH, 3JICKTPOHHBIN MyYO0K, BUPTYaJIbHBIA KaTOJ, CIIEKTPAIbHBIC XapAKTEPUCTHKH,
KOMITBIOTEPHOE MOJICINPOBAHNE

It is well-known that at injection of the current close to some critical value (limit, space-charge limited or, so-
called, supercritical current) into the diode gap the Bursian instability arises in the drift gap. The virtual cathode is
formed during an instability development [1], which oscillates in the space and reflects electrons backward to the
injection plane. The subject of our study is a scenario of the relativistic electron beam instability onset if the beam
current is near the limit or slightly exceeds it. Also, the influence of relativistic electron beam spectral characteristics on
the instability development, mode and virtual cathode operation parameters are researched. The research on the scenario
of instability development in the wide high-current electron beam requires the use of models possessing minor
numerical errors for simulation of beams without energy spread, on the one hand, and permitting the adequate
simulation of beams with a quite wide energy spread on the other hand. Frequently one uses different models for

© Sarukhanian G.E., Gorban’ A.M., 2014
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simulation of the beam without energy spread and that with a wide energy spread, however, the question arises: which
of these models is more adequate?

The aim of this paper is to create a one-dimensional model of the beam system permitting to calculate with minor
errors the process characteristics for both the narrow and wide electron energy spread in the beam. This model is the
first step to creating a tool for the research on beams in a wide range of electron energies — a three-dimensional model
of the beam. The paper is also aimed at numerical research on the electron beam spectrum width influence on the
instability development process.

SIMULATION MODEL
As a simulation object we consider the drift area restricted, in the direction of beam propagation, by the grounded
electron-transparent planes. In the transverse direction the drift area is not restricted (Fig.1). The electric field is self-
consistent, potential one. A continuous injection of 1 MeV electrons into the system is provided. Initial particle pulses
obey to the Gauss distribution. The investigated values were relative pulse spread parameter dp/ p, from 0 to 5107,

where p, is the average value of the initial particle pulse, dp is the pulse spread.

o0

Fig.1. The drift area with an injected beam
The system is described by the equations for the self-consistent potential ¢ and electric field intensity £

Ap =—4np, (/)‘B =0

)
E=—grad ¢,
(@)
and by the electron motion equations
dp
E:qE’ p|x=0:f(p0)’ (3)

where f(p,) is the statistic pulse distribution function, p is the particle pulse and ¢ is its charge. The equation for x

particle coordinates, with taking into account the relativistic correction, has the following form
dx pc

dt [, mie? 4)
where m 1is the particle mass, ¢ is the velocity of light. So, we have a problem of wide electron beam propagation of
1d1v dimension.

For simulation of similar systems as a basic model one widely uses a discrete PIC model for one-dimensional
electron plasma, described in the book by R. Hockney “Computer Simulation Using Particles” [2]. Below given are the
equations of the discrete model modified for the given problem.

Charge distribution:

1 &
Py :E;qu(xi _xp)’ (5)
where
1 at |x|<h/2
W(x)={0 (Ri<n, (©)
if not

Field equations:
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Ppt ~20, FPpt _ Py

H? &, (7N
Ppa =Py
E — P 7 .
’ 2H (®)
Force interpolation:
Ng—-1
E! =E(x])=N, Y W(x/ —x,)E . )
p=0
Motion equations:
n+l/2 n-1/2
P 4 _ ny,
di =qE(x}) (10)
x.n+l _x.n p.r1+l/ZC
dt :\/(p7+1/2)2+N 2, 22 (11)

where N is the coefficient for finite-size particles. To avoid significant numerical errors, caused by the charge
discrimination and spatial resolution, an average number of particles for 1 mesh point, not less than 250 have been
provided in the model. A comprehensive description of the computation model is given in [3]. As a result of the above
modifications we succeeded in obtaining the model capable to describe the beam with both near and wide energy
spreads.

RESULTS AND DISCUSSION
During of investigations the amplitude of the potential extremum was observed. Fig.2 presents the amplitude of
the potential extremum for the beam with an energy spread of 0.01% (a) and 1% (b). Also we observed the fluxes of

passing particles (denoted by “+” in Fig.3) and reflected particles (denoted by “-“in Fig.3) with an energy spread of
0.01% (a) and 1% (b).
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Fig.2. The amplitude of the potential extremum
a) energy spread of 0.01%, b) - 1%

The amplitudes of the extremum are shown in the relative units, for a unit time taken was the time of electron
transit through the drift gap with an initial pulse py. From Fig.2a,3a it is seen that the time of instability development
and virtual cathode formation exceeds significantly the time of electron transit through the drift gap. Fig.2b,3a show
that the energy spread increases when the instability development time decreases appreciably. However, if the current
density decreases the instability development time increases, but in this case the energy spread decreases to 0.01% and
there is no instability development.

Below in Fig.4 the plots of the particle density in different instants of time before the appearance of the first
reflected particles (from 15 to 17 transit times) are shown. From Fig.4 one can see that the instability development
begins when the particle density profiles are changing so that their point of extremum displaces towards the beam
injection plane and the amplitude is slowly increasing.
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Fig.3. Fluxes of passing and reflected particles
a) energy spread of 0.01%, b) - 1%
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Fig.4. Particle density profiles in different instants of time from 15 to 17 transit
times for the beam with an energy spread of 0.01%.

This situation leads to the beam instability development with the current values lower than these obtained by the
analytic solution [4]. Particular attention should be given to the presence of a long preliminary stage of instability
development.

The above analysis of figures has revealed four main phases of electron beam instability development. Initial
phase is characterized by the slow smooth rise of the potential extremum and slow increase of the charge density (in
Fig.2a from 2 to 15 time units). Linear stage is characterized by the exponential growth of the potential extremum and
charge density, as well as, by the slight displacement of the coordinate of the potential extremum and charge density
towards the system origin (in Fig.2a from 15 to 17 time units). Transient phase is characterized by the chaotic
oscillations of the potential extremum and discharge density; there arises a reflected particle flux (in Fig.2a from 17 to
22 unit times). Nonlinear stage is the region of existence of the virtual cathode with steady-state oscillations of the
potential extremum; there are a passing particle flux and a reflected particle flux (in Fig.2a from 2 to 22 time units).

CONCLUSIONS
The research has shown that the relativistic electron beam spectral characteristics exert influence on the instability
development and virtual cathode parameters when the current is neat the limiting value. The process of potential
instability development in the electron beam is characterized by the times significantly exceeding the transit time of the
system and strongly depends on the energy spread. The behavior of virtual cathode steady-state oscillations also
depends on the energy spread.
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The brief survey of devices for micro- and nanostructured composite coatings formation by deposition from a filtered cathodic arc
plasma is given. The main attention is paid on the features specifying that how uniform is thickness and composition distribution of
the coating deposited by use of those devices. Analysis of the publications showed that in respect of ability to obtain uniform
coatings the wide-aperture single- and two-channel systems with acute-angled or “specular” magnetic fields are the most perspective.
The setup which have been tasted rigidly in industrial conditions, and designed efficient setups equipped with the said systems are
described as examples.

KEYWORDS: T-shahed two-channel filter, conceptual model, composite coating, cathodic arc plasma

MJIASMOBI ®LJIBTPU B TEXHIII OCAJKEHHSI BAKYYMHO-AYT'OBUX KOMIIO3UTHUX TIOKPUTTIB
J.C. AkcboHoB, L.I. AkcbonoB, B.A. Binoyc, }0.0. Becenina, C.1. MeabHik
Hayionanvhuii naykoeuti yeump ,, Xapkiecokuil gizuxo-mexniunuil incmumym”
syn. Akademiuna, 1, Xapxie 61108, Vrpaina

HaBeneHuit KOpOTKHI OIS PUCTPOIB il POPMYBaHHS MIiKpO- Ta HAHOCTPYKTYPOBAHMX KOMIIO3UTHHMX MOKPHUTTIB OCA/DKEHHAM 3
¢inbTpoBaHOT BaKyyMHO-AYroBoi Iiasmu. OCHOBHY yBary INpHJIJICHO TOMY, HACKUIBKM OJHOPIJHO 3a CKJIAJOM 1 TOBIIHHOIO
PO3MOIIIAETECA MO MOBEPXHI KOHJEHCALl MOKPUTTA, 10 OCAUKYETHCS 3a JONOMOIOI0 IPUCTPOIB, IO PO3MIIANAIOTHCA. AHami3
nyOsiKaiiif mokasas, IO Yy BiIHOLICHHI 3[aTHOCTI OAEPXKaHHS OMHOPIAHUX 3a CKJIAJOM 1 TOBLIMHOI MOKPUTTIB HaWOLIbLI
MEePCIICKTUBHAMH € IIMPOKOANEPTYpHI OJHO- Ta IBOKAHAJIBbHI CHCTEMM (iIbTpamii 3 TOCTPOKYTOBOIO Ta ,I3€pPKajIbHOIO”
TEOMETPIsIMH TPAHCIIOPTYIOUNX MarHiTHHX IOJIB. B SKOCTI MpHKIagy ONMMCaHi YCTAaHOBKH: IO BHTOTOBJICHA 1 MPOMIUIA JKOPCTKI
BUNPOOYBaHHS B yMOBaX BHPOOHMIITBA, Ta BUCOKOIIPOAYKTUBHA YCTAaHOBKA, OCHAIIEHA 3a3HAYEHUMH CHCTEMaMH, sIKa IPOEKTYETHCS.
KJIOYOBI CJIOBA: T-moniOHuii ABoKaHaNbHUEN (iMBTp, KOHIENTYyalbHAa MOJENb, KOMIIO3UTHI MOKPUTTS, BaKyyMHO-IyroBa
iasma

IUVIASMEHHBIE ®UJIbTPHI B TEXHUKE OCAKIEHUS BAKY YMHO-IYTI'OBBIX KOMIIO3UTHBIX TOKPBITH
I.C. Akcénon, UI.1. Akcénos, B.A. Beioyc, 1O. Becenuna, C.H. MejibHUKOB
Hayuonanvuouii Hayunveii Llenmp " Xapvrosckuil ¢pusuxo-mexuuueckuil uncmumym'
yn. Axademuueckas 1, Xapvroe 61108, Vrpauna

IMpuBeneHn kpaTkuii 0030p yCTPOHCTB Ui (pOPMHPOBAHHS MHKPO- U HAHOCTPYKTYPHUPOBAHHBIX MOKPBHITHH CIOXHOTO COCTaBa
OCaXAECHHEM 13 (GMIBTPOBAHHOM BaKyyMHO-IYrOBOMH Ia3Mbl. B cTaThe OCHOBHOE BHIMAaHHE YAEJIECHO TOMY, HACKOIBKO OJXHOPOIHO
M0 COCTaBY M TOJIIMHE PACHpeeNsieTCs] 0 MOBEPXHOCTH KOHASHCALUH TOKPBITHE, OCAXKIAEMOE C MOMOIIBIO pacCMaTPHBAEMBbIX
yCTpOHCTB. AHanu3 myOaMKanMi MOKa3al, 4TO B OTHOIIEHHHM CIIOCOOHOCTH IOJYYEHUS OJHOPOJHBIX 1O COCTAaBY M TOJIIHHE
MOKPBITUH Haubonee MEePCHEKTHBHBI MIMPOKOANEPTYPHbIE OAHO- U ABYXKAaHAJIbHbIE CHCTEMBI (DMIIBTPAIMM C OCTPOYTOJBHOH M
MpoOOYHON TeoMeTpuel TPaHCOPTUPYIOIIMX MAarHUTHBIX Mojell. B kauecTBe mMpuMepoB OMHMCaHbl NPOIIEAIIAs WCIBITAHUS B
MIPOU3BOICTBEHHBIX YCIOBHSAX U MPOESKTUPYEMBIE BBICOKOIIPOU3BOUTENBHBIE YCTAHOBKY, OCHAIIEHHBIE YTIOMSHYTHIMH CHCTEMaMHU.
KJIIOYEBBIE CJIOBA:T-00pa3Hblii IByXKaHAIBHBIH (GUIBTP, KOHIENTyalnbHas MOJAENb, KOMIIO3UTHBIEC ITOKPBITHS, BaKyyMHO-
JIyroBasi IU1a3Ma

BBICOKOTBEP IblE KOMIIO3MIMOHHBIE TOKPHITHA HA OCHOBE HUTPUIOB W/WiM KapOWIOB ABYX U 00Jiee METaJIOB
OT/IMYAIOTCS  0oJiee  BBHICOKUMHU (0 CPAaBHEHUIO C  OJHOKOMIIOHEHTHBIMH IOKDBITUSAMH) MEXAHUYECKMMHU
XapaKTEPUCTUKAMU W HAaXOIAT BCE Oojiee MIMPOKOE NPMMEHEHHE B KAYECTBE M3HOCOCTOMKMX M AHTU(DPHUKIMOHHBIX
MOBEPXHOCTHBIX CJIOEB B MHCTPYMEHTAJILHOM HPOM3BOJACTBE M B MammHoctpoenuu [1]. U3 PVD. (physical vapor
deposition — ¢usuueckoe ocaxneHne W3 NapoBOM (aspl) METOJOB HAUOOJEE MEPCIEKTHBHBIM MPEACTABISETCS
BaKyyMHO-1yroBoe ocaxaenue [2—4]. Ilpocreiimas u Haubosiee pacnpocTpaHEHHAs METOIUKA TAKOTO OCAKIECHHS
3aKJII0YAETCS B KOHACHCAIMK TUIa3Mbl, TEHEPUPYEMOM BaKyyMHOM Jyrodl ¢ pacxoayeMbIM KaToJOM W3 MaTepuaia,
COCTaB KOTOPOro obecreuynBaeT TpedyeMoe MPOIEHTHOE COAEPKAHUE KOMIIOHEHTOB MOKpHITHA. Hemoctatok Merona
3aKJII0YAETCS B CIIOKHOCTH M BEICOKOM CTOMMOCTH W3TOTOBJICHHS MUIIEHEH TpeOyeMOro CocTaga.

TIoNBITKH YIPOCTUTH TPOOIEMY, 3aMEHHMB KAaTOJ M3 MOHOJHMTHOTO MaTepHayia CJIOKHOTO COCTaBa MO3aMYHBIM
KaToOJOM, TJ€ B OCHOBHOM METaJil 3alpeCCOBBIBAIOTCS BCTaBKM JPYroro MeTajuia, NPAKTHYECKH HE UMENH yCIexa:
COCTaB IMOKPBLITHH, MOJTYyYaeMBbIX ¢ MPHUMEHEHHEM TAKHX DJIEKTPOJOB, HEKOHTPOJIMPYEMBIM 00pa3oM W3MEHSETCS IO
Mepe <«BBIFOPAHMA» KATOJHON MO3auku. J[aHHAsS <«HEKOHTPOJMPYEMOCTb» B 3HAYMTEILHOU CTENEHH ociabieHa B
YCTaHOBKAX, OCHALIEHHBIX MCIIApUTEEM, pa3paboTaHHbIM aBTopamu paborsl [5]. Karoa ucnapurens COCTOMT U3 ABYX
YacTel, M3rOTOBJICHHBIX M3 Pa3HbIX MATEpHAOB. VI3MEHss BEJIMYMHY W I€OMETPHI0 MATHUTHOIO MOJIS, YHPABJIAKOT

nepememenuemM KII ¢ ogHOM yacTh kaTona Ha Apyryro ¢ yactotod 10 1 kI'm, 94TO MO3BOJNSAET HOCTHYH PAaBHOMEPHOM
© AksyonovD.S., Aksenov L.1., Beloug.A., Besedin¥u.A., Mel'nikov S.I, 2014
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9pO3HUH KaTolla W, CJIEJIOBATEIbHO, PABHOMEPHOTO PACHpPEEICHUs TOJIIUHBI MOKPBITUS MO MOBEPXHOCTU MOJJIONKKH.
Uro ke KacaeTcs pacrpeaeieHus KOHLEHTPAlMU KOMIIOHEHTOB IO MOBEPXHOCTH KOHJAEHCALMH, TO 3[E€Ch BOMPOC
OCTaE€TCS OTKPBITHIM.

Jpyroif moaxon K pEHICHHIO MPOOIIEMBI 3aKII0YaeTCs B OJHOBPEMEHHOM WM IMOOYEPENHOM OCaXKICHUU
KOHJICHCATa M3 MOTOKOB TIA3MbI OT MCTOYHHKA C ABYMs M GoJiee KaToIaMH U3 pasHbix MeTamios [6,7]. [lrasmeHHbIe
MTOTOKH HAIIPABISAIOTCS Ha MOJUIOKKY Yepe3 00Nl MPAMOIMHEHHBIN IIa3MOBO/] C IPOJOIBHBIM BEIYIITIM MarHATHBIM
mosieM. IlockosbKy mia3mMa OT KaXIOTO KaToJa B TAaKOW CHCTEME TPAHCIOPTHPYETCS «CBOMM» IYYKOM MAarHUTHBIX
CHJIOBBIX JIMHHUHM, TepeceKarolux paboumit Toper «cBoero» karomga [3,4], miasMeHHBIC MOTOKH, MPOXOMS BIOJb
IUTa3MOBO/IA, PAKTUYCCKU HE CMEIIMBAIOTCSA. B pesynbrate, mMpu KOHICHCAIUM MOTOKOB (hPOPMHUPYETCSI TOKPBITUE C
CUJIBHO HEOJTHOPOAHBIM pacipeieIeHueM KOHUEHTPAUU KOMIIOHEHTOB 110 OBEPXHOCTH MOUIOKKH.

IIpuém, KOTOPEI TO3BOJSECT JOOUTHCS OOJIee-MEHEe PABHOMEPHOT'O PACIPECICHUS KOHIICHTPAIIUi KOMIIOHCHTOB
MOKPBITUSL IO MOBEPXHOCTH MOJIOKKH, 3aKJIIOYAETCS B MOCIOWHOM OC&KICHUHM IMOTOKOB IJIa3Mbl, T€HEPUPYEMBIX
JqBymsi (nnu GoJiee) UCTOUYHUKAME C KATOAaMH M3 Pa3sHbIX MATEPUATIOB, PACIOI0KEHHBIMU Ha GOKOBOM MOBEPXHOCTH
TEXHOJIOTHYECKON Kamepbl. OOpabaTeiBaeMOe H3/EIHE NPHU 3TOM BpamlaeTcs Hepea UCTOYHHKAMHU CO CKOPOCTBIO,
HEOoOX0AMMO Tt obecrieueHust TpeGyeMOol TONIIUHBI CI0EB HAHOCHMOTO TOKPBITHS [8]. TUIMYHBIMEU yCTaHOBKAM,
TIO3BOJISFOIINMH OCYIIECTBUATD TaHHBIN TEXHOIOTHIECKHI MPOIIECC, SIBISIOTCS CEPUIMHBIC YCTAHOBKH THIA «bymaT» [9].
[MoxperTHs, moTydaeMble JaHHBIM CITIOCOO0M, UMEIOT CIIONCTYIO CTPYKTYPY.

[pencraBnsier WHTEpEC CHCTEMa JIss HAHECCHWSI MOKPBITHHA W3 YepeayloImuxcs cioéB aByx Meramio [10].
VcTouHnKaMu TIa3MBbl 3€Ch CIOY)XaT JBa MapajuiellbHO PACHOJIO0KEHHBIX MIIMHAPHYECKUAX KaTOIa, BPAIIAIOITUXCS
BOKPYI' COOCTBEHHBIX oced. KaronHoe MATHO Ha Ka)IOM KaToJle COBEPIIACT BO3BPATHO-NOCTYMATEILHOE JBUXKCHUC
BJIOJb OOpasyroleil IWInHIpa, oOecreyrBas TEM CaMbIM PaBHOMEPHYIO 3PO3HI0 3JCKTPOJOB H, CJIECJOBATEIBHO,
PaBHOMEPHOE pACHpeeSICHHEe COCTABISIONINX MOKPBITHI MO MOBEPXHOCTH 00pabaThiBaeMOro 00beKkTa (IOIOKKH).
[lepeMenieHne KaTOAHBIX MSATCH BAOJL OOpa3ymooMmedl KaXIOro W3 IMIHHIPOB OCYIICCTBISCTCS C IMOMOIIBIO
MarHUTHOTO THOJISI.

B ommcaHHBIX cucTeMax HE MPEeAyCMOTPEHbI MEpHl MO YNAJICHHI0O M3 KOHACHCHPYEMOH IJ1a3Mbl MaKpOYacTHIL
(MY) xaromHOro Marepuana, CHIKAIOIIMX KAueCTBO MOKPBITHH. [11a3MeHHBIE HCTOYHUKHA U YCTAHOBKH, OCHAIIEHHBIE
OIHO- W MHOTOKAHAJbHBIMH (IIBTPYIOIIUMH CHCTEMAMH ISl OCAXKICHHS MHKPO- W HAaHOCTPYKTYPHUPOBAHHBIX
KOMIIO3UTHBIX MTOKPBITHH paCCMOTPEHBI B HIKECIETYIONNX pa3iesiax.

Lenpro HacToOAIICH pabOTHI ABISETCA aHAIN3 MMEIOIINXCS CBEICHUH IS BEISBICHUS HamOoJiee IepCIIeKTHBHBIX
TEXHUYECKHUX PEUICHUH, MOTYIINX MOCITY>KUTh OCHOBOH UIS CO3JJaHUS BHICOKOIIPOM3BOIUTEIHHBIX BaKyyMHO-IyTOBBIX
YCTaHOBOK, OOECTICYMBAIONINX BO3MOXHOCTH (DOPMHUPOBAHMSA BBHICOKOKAYECTBEHHBIX ITOKPBITHH CIOKHOTO COCTaBa C
PaBHOMEPHBIM pacipeIeICeHHEM TOJIIIMHBI 1 KOMIIOHEHTOB IO MOBEPXHOCTH KOHACHCALIUH.

BAKYYMHO-AYT'OBBIE HCTOUYHHUKHU MIJIABMbI C ®PUJTBTPAMMU AJI51 OCAXKIAEHUST
KOMITO3UTHBIX MOKPBITHIA
CucreMsl ¢ OTHO- H IBYXKAHAJbHBIMA (PUILTPAMHA

[Ipobmema MakpogacTui] Hanbonee KapIMHAIHHO PEIIAeTCs C MOMOIIBI0 (QMIBTPYIOMHUX YCTPOWCTB, NeHCTBHE
KOTOPBIX OCHOBaHO Ha IMPOITYCKAHWH TUIA3Mbl BIOJIb KPUBOJIMHEHHBIX MAarHHTORICKTPHUCCKHUX M1azMoBomos (MOIT)
[3]. B Takux cuctemax 3apsKEHHBIE KOMIIOHEHTHI — HOHBI U 3JIEKTPOHBI — TPAHCIIOPTUPYIOTCS OT MECTA UX AIMHUCCHU —
kaToauoro maTHa (KIT) 10 MoUIoKKH 1O KPHBOJMHEWHBIM TPAEKTOPHSIM, MOBTOPSIOMIMM H3ruObl MOII, a Tsokelnsie
He3apsDKEHHBIE WM C1a00 3apspKeHHBIE MakpoOJIOKM M HEWTpajbl, HE PearupyloT HU Ha JIIEKTPUYECKHe, HU Ha
MarHUTHBIE TIOJIA U TTOTOMY, IBHUTASACH IO MPSIMOH, yinaBnuBaroTca creHkamu MOIT 1 Ha BBIXO CHCTEMBI HE MTOMAAtoT.
OunpTp sBISETCS Take d(P(OEKTUBHBIM HHCTPYMEHTOM, C TOMOIIBI0O KOTOPOTO MOXKHO YHPABIATH B IIMPOKOM
WHTEpBaJC IUIOTHOCTHIO MOTOKA IUTa3MBI Ha MOJUIOKKY, PETYIHpPysS TE€M CaMBIM CKOPOCTh pPOCTa KOHICHCATA.
OIHOBpPEMEHHO O00ECIICYMBACTCS BO3MOXHOCTh CHIDKCHHUS TCIUIOBOI'O IIOTOKA HAa TMOIJIOKKY M OTPaHUYCHUS
TEMIepaTyphl €¢ HarpeBa JOMYCTUMBIMH PECIaMH.

Astopamu paboter [11] ommcaHa cucTemMa C MHHHATIOPHBIM HMITYJIBCHBIM JIBYXKATOJHBIM  HUCTOYHUKOM
BaKyyMHO-AYT'OBOW IJIa3Mbl C OOIIMM HUJIMHIPUYCCKAM AaHOJOM U IUTa3MEHHBIM (DUIBTPOM OTKPBHITOH apXHUTCKTYPHI
[2]. B omucaHHbIX 3KcnepuMeHTax ocaxaanu miéHku ta-C:Mo u mo3ToMy OAMH W3 KAaroIOB ObLI BBIMOJHEH W3
rpaduTa, a qpyroif — n3 MonubaeHa. B cBs3u ¢ TeM, 94TO KaTOABl KaK ICHTPH SMHUCCHH MOTOKOB IUIA3MBI yIiIepoaa 1
MeTaJula pa3HECeHbI Ha HEKOTOPOE PACCTOSHHUE APYT OT APYyra, MAKCUMYMBI IDIOTHOCTH KOHICHCATa dTHX MaTepHaIOB
Ha TTO/IJIOKKE TaK)Ke CMEIIEHBl OTHOCHUTEIIFHO APYT APYTa.

CyIecTBeHHOE TOBBIIICHAE OJHOPOTHOCTH PACIpEAEICHUS MOKPHITHS MO TONIIMHE Ha ITOJUIOXKKE JTOCTUTAIIOCH
TPUMEHEHHEM MHOTOIOIFOCHOTO MarHUTHOTO «roMoreHuszatopa» [2, 12,13].01HaKk0 3HaUUTENbHASS HEPABHOMEPHOCTD
9TOTO pachpe/ieIeHuUs] COXPaHsUIaCh U B TaHHOM citydae. ToJIIMHA KOHJGHCATa B LEHTPE MOUI0KKH auamerpoM 10cm
MPEBBIIIANA TONIUHY MOKPBITHS Ha e€ Kpasix mouty Ha 40 %.

B pa6ore [14] uccnenopanucy muorocnoiinsie TiIN/AIN 1 kommosutabie TIAIN 1IEHKH, TONydEHHBIE B CHCTEME,
YCTPOHCTBO KOTOpOW minmocTpupyeT puc. 1. CucTteMa COACPKHT J1Ba MCTOYHHMKA IUIA3MBI C KAaTOJAaMHU U3 Pa3HBIX
MarepuasioB (B paccMaTpuBaeMOM Cllydae — M3 THTaHA W AMIOMUHUSA), ABYX TopouaanbHbeix (90°) ¢unbTpoB u
AJIEKTPOMArHUTHOTO CMECHTEINS. Perynupys 4acToTy CleOBaHUS U 0YePENHOCTh BKIIOYCHUN HCTOYHHUKOB, MMOJTyYaild
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mHuorociaoiubie TIN/AIN  ténku ¢ pasamysoit crpykrypoit. Kommosurheie TIAIN miéHKkH ocaxkganu B pexuMe
OJHOBPEMEHHOM paboThl MCTOYHUKOB. CBENEHHH O paclpeneieHHH CKOPOCTH OCaXIECHWS M KOHLEHTPALUH
KOMIIOHEHTOB KOMITO3MTHBIX MOKPBITHH 10 TIOBEPXHOCTH TOIOKKH HE HUMEETCH.
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Puc. 1. /IByxkaHajipHas CHCTEMa C TOPOUAATBHBIMU (HIBTPAMU U CMECHTENEM IS OCAXKICHHUS KOMIIO3UTHBIX OXHOCIOMHBIX
MHOTOCJIOWHBIX TTOKPbITHI [14]
karonpl (1), anonst (2), bunbrpsr (3), cMecures (4), 3kpaH ¢ mo10KKO#t (5)

Kcy Iu u ap. [15] npemioxung IByXKaHAIBHBI HCTOYHMK (DUIBTPOBAHHOM IutasMmbl (puc. 2). B ero cocras
BXOJISIT IBa TeHEpaTOpa IUIa3Mbl ¢ MarHUTHOHM CcTaOmiInM3anueil IyTy W mIa3MOBOJ C IBYMS BXOAHBIMH M OTHOM oOImIei
BBIXOIHOM ceknueit (B hopme OykBbl Y ). Uepes BEIXOAHYIO CEKIMIO CMENIaHHBIM IMOTOK IJIa3Mbl OT JIBYX T€HEPATOPOB
MoMajaeT Ha TMOJIOKKY. B kaxmod BxomHoW cekimu pasmemiéH ¢Guibtp 10 B BuIe muadparMbl, OXBaueHHOMN
¢dokycupyromeii karymkoi. C momomnp muadparMel oTcekaercs nepudepuiiHas, HanOonee WHTCHCUBHAS, YaCTh
moroka MY, a WOHHAs COCTaBJIAMOMIAs IJIa3Mbl, CPOKYCHPOBAaHHASI MATHUTHBIM TIOJEM KAaTYIIKH, MPOXOJHUT CKBO3b
oTBepcTHe AuadparMbl W Yepe3 WHAWBUAYAIbHBIA KaHAT IUIA3MOBOJA IOCTYMAeT B OOIIMH, BBIXOJHOH, OTPE30K
IU1a3MoBoJia 4 1 aniee Ha MOIIOKKY 9.

Puc. 2. JIByxKaHaIbHbINH HCTOYHHUK (QHIBTPOBAHHOM IIa3MbI
1 —katonsl, 2 —aHoabl, 31 4 —BXOIHbICE M BBIXOIHBIC CEKIHU ILJIA3MOBOJA COOTBETCTBEHHO, 5 — 8 —kaTymiku, 9 —HOAJIOXKKA,
10 - punbrp-nuadparma [15]

TakukaBa u Tany B 0630pe [16] coobinaror o pa3paboTKe HCTOYHMKA BAKyyMHO-IyTrOBOM IUIa3Mbl ¢ GUILTpOM Y
—runa (puc. 3). Takoil ucroynuk anamormdyeH uctounuky Kcy Ilu 6e3 ¢unbrpyromux guadparm. I[lo pesymbratam
uccrenoBanuit [17] ycraHOBICHO, 4TO B cucTeMe Y-THIA C KaTOJAMU W3 THUTAHA U ANIOMHHHS CMCLICHHS MOTOKOB
IUIa3Mbl HE MPOMCXOIUT. B CBsI3M € 3TUM PaBHOMEPHOIO paClpe]eSICHUs KOMIOHEHTOB B (POPMHUPYEMBIX IUIEHKaX
MOJIYYUTh HE yJaJoCh.

T'opoxoBckuM B maTeHTe [18] ommcaH ABYXKAaTOJHBIA HCTOYHHK ILUIa3Mbl ¢ T-00pa3HbiM (uibTpoMm (puc. 4).
Berpeunble mia3sMeHHbIE HOTOKM OT JIByX KaTOAOB IO BXOAHBIM IUIA3MOBOJAM HAIPABISIINCh B OOLIMH JUISt HUX
BBIXOJHOW IU1a3MOBOJ. Ilociennuii pasfenéH IUIOCKAM IPOJOJIBHBIM 3JeMeHTOM (Ha PUCYHKE — I103. /) Ha JBa
MPAaKTUIECKH HE3aBUCHMBIX IPYr OT Ipyra IUIa3MOBEAyIIMX KaHayma. [TOTOKM Tra3Mbl OT ABYX KaTOAOB IIOCIE
noBopora Ha 90° mpoXoJsIT HA MOJUIOKKY Yepe3 BBIXOIHOM MIa3MOBO/I, KaX/IbIi 110 CBOEMY KaHally, He CMEeIINBasCh. B
9TOH CBS3M MCTOYHHWK B TOM BHJE, KaK OH ONMCAaH B IAaTEHTE, MOXKET OBITH MCIIOJF30BAH AJISI HAHECEHHUS CIOMCTHIX
MTOKPBITHI HAa OCHOBE JABYX MAaTE€PHAJOB, HO HE IPUTOAEH Ui (OPMHUPOBAHUS OJHOPOIHBIX 10 COCTABY KOMITO3UTHBIX
MTOKPBITUH NP NCHIOIH30BAHUU MOHOAIIEMEHTHBIX KaTOJIOB.
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Puc. 3. crounuk mia3msl ¢ Y-00pa3HbIM QUIETPOM
1 — xaron, 2 — aHoj, 3 — OTKJIOHSIOIINE KATYIIKH, 5 — KaTylmIKH BbIpaBHHBaTess moiisi, 6 — 3acnoHka, 7 — MOMIOKKA, 8 —
cMmecurensb [16]

PaccMOTpeHHbBIE HCTOYHHKH TUIA3MBI 00JIA/IAI0T, KaK U3BECTHO, CPABHUTEIBLHO HEBBICOKOU MPOU3BOIUTEILHOCTHIO
M, OCTaBasCh JOCTATOYHO CIIONKHBIMU CHCTEMAaMH C HH3KMM  KOI(QPHUIHUEHTOM TOJE3HOTO KCIOIb30BAHUS
1a3M000Pa3yoIIero Marepuaia, He MO3BOJISIOT pEliarh BOMPOCH 3(D(EKTHBHOCTH MEPEMENINBAHUS HECKOJIBKUX
MOTOKOB IJIa3Mbl X PABHOMEPHOCTH PACHpPE/CICHHUs TJIOTHOCTH BBIXOIHOTO MOTOKA MO €ro CedeHuro. Pemienne 3Tux
BOIMPOCOB SIBJISIETCSI HEMPEMEHHBIM YCJIOBHEM YCIEIIHOIO MPEOJOJICHHs MPOOJeMbl BaKyyMHO-IYIOBOIO CHHTE3a
Ka4eCTBEHHBIX KOMIIO3UTHBIX MOKPBITHH, OCOOCHHO HAHOCTPYKTYPHUPOBAHHBIX, B YCIOBHSX HPOMBIILICHHOTO
MPOM3BO/ICTBA.
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Puc. 4. JIByxKaTOJHBIIl HCTOYHUK (QUIBTPOBAHHOM ILIa3MbI ¢ T-00pa3HBIM IJIa3MOBOOM
1 —katox, 2 —aHox, 3 —muia3mMoBoA, 4 —KaToOAHAs KaTyIIKa, 5 —OTKIOHSIOLUIME KATYIIKH, 6, 7 —OTKJIOHSIOLIME 3JIEKTPOIbI,
8 — BhIXOo/HAas (OKyCHpYHOIIas KaTyika, 9 —BbIXOHast CeKIus miasmoBoaa, 10 —nomioxka [18]

CucteMbl ¢ IIHPOKOANEPTYPHBIMH ABYXKAHAJIBHBIMA QUIbTPAMH

Bo3moxHOCTh POPMUPOBATH OJHOBPEMEHHO PABHOTOJIIMHHOE M OJHOPOAHOE MO COCTaBY IOKPBITHE HE MOMKET
ObITh mocTUrHyTa O€3 obecrieueHHsl YCIOBHM Ui OoJiee KaueCTBEHHOTO CMEMICHUSI KOMIOHEHTOB KOHJEHCHUPYEMOI'0
IUTa3MEHHOT'O TIOTOKA W BRIPABHUBAHUS IUIOTHOCTH IUIA3MBI IO €r0 CeYeHH0. MOXHO OBIIO OKHAATh, YTO CMEIICHHE
MTOTOKOB, TPAHCHOPTHPYEMBIX K MOJUTOKKE KaKIBIH CBOMM ITyYKOM MAarHWTHBIX CHJIOBBIX JIMHUH, Mpown3oiineT Ooiee
s deKTUBHO, ecir B 06IaCTH cMenIeHus OyaeT chOpMHPOBaHa 30HA CO CIIAOBIM (IIOYTH HYJICBBIM) MOJIEM B TIPHOCEBO#
objacTH W yCWICHHBIM — 10 e€ mepudepuu. J|eHCTBUTENBHO, BHYTPH TAaKOM 30HBI MarHUTHOE MOJE TEPSeT CBOU
«yIep)KUBAIOIIKE» CBOWCTBA W HE MPEIATCTBYET CMEIIMBAHHUIO IUIA3MEHHBIX IIOTOKOB. B 3TOM OTHOIIEHUH
MIPECTABIIIOT MHTEPEC CHCTEMBI C OCTPOYTOJNBFHOW M MPOOOYHON TeOMeTpHed MPOCTPAHCTBEHHOTO paCIpeIeICHUs
MarHuTHBIX Tosieil. Bapuantom pemenust npoOieMsl MPOM3BOAUTENLHOCTH TAKXKE MOTYT CIIYXKUTh OCECHMMETPHYHBIC
MDOII ¢ nonsiMu OCTPOYTOIbHON MK MPOOOYHOM reoMeTpuH. [ eHeprupyeMblii KaTOIHBIM IISITHOM M JBIKYIIHICS BIOJIb
ocu c(hOKYCHPOBaHHBIH IMOTOK IUIa3Mbl B TAaKHX CHCTEMax TPaHC(HOPMHUPYETCS B IIMPOKHUH pauajibHBIA IIOTOK C
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CUMMETPHYHBIM ¥ OJHOPOIHBIM MO a3UMYTY paclpejejeHUeM IJIOTHOCTH. OTO Mo3BoNsseT 0OpabaThIBaTh
OMHOBPEMEHHO B HECKOJIBKO pa3 OoJblliee KOJIUYECTBO wu3leiuii (0 CpaBHEHHIO C YCTPOHCTBAMH C
OJHOHANPABJICHHBIMH TIOTOKAMH  IUIa3MbI), 4YTO B ONpPEACICHHBIX YCIOBUAX PAaBHO3HAYHO TOBBINICHHUIO
MPOM3BOIUTEILHOCTH IIporiecca [3].

TIpoToTHIIOM IITa3MEHHBIX CUCTEM TAKOTO TUTIA ABJseTCs padpadoranHas B HHI XDTU aByxkaHaiabHas cucTeMa
(bopMupOBaHUs pagualbHbIX T0TOKOB 1a3Mbl (COPII), kortopas qocTaTo9Ho 1moapoOHo onwmcana B [3]. Cxema COPIT
npezacTaBieHa Ha puc. 5. CucteMa COJCPKHUT J1Ba OJMHAKOBBIX HMCTOYHHKA IUIA3Mbl C MArHUTHOM ()OKYCHPOBKOM.
HcrouHukn pa3MelieHbl COOCHO W OOpallleHbl BBIXOJHBIMM TOPLAMH JIpyr K Jpyry. J[Ba MOTOKa ILIa3MBbl,
reHEpUpPYEMbIE JYrOBBIMH paspsIaMd HCTOYHMKOB C KarogaMu 1 W3 OAHOrO H TOTO JK€ WM PasHbIX
1a3MO00PAa3yIOIIMX MATEPHAIOB, CMEIIMBAIOTCS B O0JIACTH MHHHMyMa MarHUTHOTO MOl MEXIy aHogamu 2.
3apspKeHHBIE KOMIIOHEHThI CMEIIAHHON IUIa3Mbl B BHJIE PAJHAIBLHOTO BEEPOOOPA3HOTO TMOTOKA YXOJST W3 CHUCTEMBI
yepe3 KOJIBIEBOH 3a30p MEKAy aHOAaMH Ha TOMIOXKKH 4, pa3MeliacMbie BOKPYT 3TOTO 3a3opa. MY, mBurasch 1o
NPSMOJIMHEWHBIM TPAEKTOPUSAM, Ha TOMJIOXKHA HE TMOmanatoTr. Jlius ciiydas THTAHOBOW IU1a3Mbl KOI(GHUIUEHT
MPOITYCKaHKUsI HOHHOTO KOMITIOHEHTA |; o/ |j ottt KOG GumneHT 3 hexTrBHOCTH CUCTEMBI i oy / lare (I ex ¥ |j ent, —MIOHHBIE
TOKHM Ha BBIXOJE U BXOJE CHUCTEMSBI, lqc — TOK IYIM) COCTABIIAIOT, cooTBeTCTBEHHO, ~ 90 %u 8,4 %.2T10 B 2 + 7 pa3
BBIIIIE, YEM JJISL IPYTHX Hanboliee CoBepIeHHBIX cucteM [3,19].

[epBbie pe3ybTaThl UCCIEIOBaHMS BO3MOXXHOCTEH IPUMEHEHHSI JAHHON CUCTEMbI /IS (YOPMHUPOBAHUS TOKPBITHIA
CITOXHOTO cocTaBa omybsmkoBanbl B padore [20]. TlomydeHHbIC TaHHBIC CBHICTEIBCTBYIOT O TOM, YTO HCCIEAyeMast
cucrema siBisieTcss 3(PQEeKTHBHBIM CpPeACTBOM [yl (OPMUPOBAHUS KOMIIO3HUIIMOHHBIX HAHOCTPYKTYPHBIX IUIEHOK
(moKpBITHIT) HA OCHOBE JBYX METAUIOB ¢ BO3MOXKHOCTBIO PETYIMPOBKU OTHOCHTEILHOTO COJIEPIKAHUsI KOMIIOHEHTOB B
MPOIIECCe OCAXKIACHUsI MOKPBITHS. [10Ka3aHO, YTO OTHOCUTEIBHOE COIEPKAHUE COCTABISIONIMX KOHJACHCATA 3aBUCHT KaK
OT KOHI[CHTPAI[MH METAUIMIECKUX KOMIIOHEHTOB IUIa3Mbl, KOTOPbIE OCTYMAIOT K MOBEPXHOCTU KOHACHCAIIUH, TAK U OT
JIABJICHUSI U TPUPOJbI ra3a, MPHUCYTCTBYIONMIETO B 30HE OCAXIACHHS, B YaCTHOCTH — OT PACHBUISIONICH CIOCOOHOCTH
sToro rasza. [Ipu 3TOM obOecreunBacTCs OJHO M3 BaXKHEHIIUX MPEHMYILICSCTB UCCICIYEMOI CHCTEMBI — BO3MOXKHOCTh
OCaXJICHUSI TIOKPBITHI C OJHOPOJHBIM PACIPEICICHUEM TOJIIUHBI O IUIONIAH, 3HAYUTEIBHO TPEBBIMIAIONICH
mIomaab, 06padaTbIBAEMyIO C TIOMOIIBIO JIFOOOH APYroil M3BECTHOW CHCTEMBI aHAJOTHYHOTO HazHadeHHs. EmE omHo
Ba)KHOE MNPEHMYIIECTBO PACCMATPUBACMON CHCTEMbI 3aKIIIOYAETCs B 3HAYUTEIBHOM CHIDKCHHUH CPEJHEH JHepruu
YaCTHIl B palUaIbHOM, BBIXOJAHOM, MOTOKE IJIa3Mbl [0 CPABHEHHIO C MX SHEPrueil B MePBHUYHBIX aKCHAJIBHBIX MTOTOKAX
[3]. DTa 0COGEHHOCTH CHCTEMBI OTKPBIBAET BO3MOKHOCTD MCIIOJIB30BAHMS BAKYYMHO-IYTOBBIX METOIOB ISl OCAXKICHHUS
MOKPBITUH Ha Marepualbl C HU3KUM OJHEPreTHYeCKHM IIOpOroM jerpajganvd. Hampumep, B ciydae HaHECCHHs
3alIUTHBIX MOKPBITHH Ha ONTHYECKUE AIIEMEHTHI M3 MOJIMMEPOB WM HAa MAarHUTHbBIE CJIOHM KECTKUX JUCKOB MaMSTH, a
TAK)K€ HA MArHUTHBIC TOJOBKM JUIs 3allUCH W CYuThiBaHUs uHpopMmanuu. OIHAKO TMOJyYaeMble MOKPBITHS
HEOJHOPOAHBI N0 (ha3oBoMy cocTaBy. Kpome Toro, Ha (hopMHpOBaHHE MOKPBITHI B 30HE PABHOTOJIIUHHOCTH U
OJTHOPOJHOCTH COCTABa MOKPBITHS PACXOMYETCs CYIIECTBEHHO MEHbBINAsl YaCTh BBIXOJHOTO MOTOKA (BHIBTPOBAHHON
wia3Mel. B 3TOM OTHOIIEHWH, KaK MOJIATalOT aBTOPHI, TPEOYIOTCs JaibHEllne paboThl MO0 YCOBEPIICHCTBOBAHUIO
CHUCTEMbI M HCCIICIOBaHHIO €€ BO3MOXKHOCTeH. B japyroii pabore [21] mpuBemeHbl pe3yabTaThl 3KCIIEPUMEHTOB 10
(GOpPMUPOBAHUIO B 0OOCYKIa€MOU CHCTEME TPEXKOMIIOHEHTHBIX HOKphITH (0e3 yuéra rasoBoil cocraisromieit). C
OpUMEHEHHEeM KatogoB u3 MQ minm MO B OZHOM IUIeYe CHCTEMBI W M3 KOMITIO3UTa TigoAlg; B OPYroM MOITydeHBI
nokpbITUst (Tig goAlg07MOg 0)N 1 (Tip ggAlo,0dM o0 N cBepxBrIcOKOI TBEpHOCTH (>40TTIa). ITOKPBITHS OTIMYAIOTCS
BBICOKOH TepMuueckoil crabuibHocThio. Konmencatsl (Ti-Al-MQ)N coxpaHsSOT NepBOHAYAIBHYIO TBEPIOCTH IIPH
narpese g0 1000 C, a (Ti-Al-Mo)N — mo 1200 C. KocBeHHO 3TO TaKKe CBHAETEILCTBYET O BO3MOKHOCTH
MPUMEHEHHUs] TaHHOW CHCTEMbI JJIsl [IOJy4eHHs] HAHOKOMITO3UTHBIX IOKPBITHIA.

Puc. 5. Cucrema GpopMupoBaHus paauaibHbIX T0TOKOB miasMsl (COPII)
1 —xaTozpl, 2 —aHO/BI, 3 —MarHUTHBIC KaTYIIKH, 4 —TOJIOKKH

AKUEHTHpYS BHIMaHHE Ha Ba)XHBIX MPEUMYIIECTBAX CHCTEMBI C IPEOOPa30BAHNEM JIBYX BCTPEUHBIX aKCHATBHBIX
MTOTOKOB B OJIMH OOITHMI paTuaibHBIN TOTOK, HEIB3s HE OTMETUTH TO OOCTOSATENECTBO, YTO IPUMEHEHNE TAKOH CHCTEMBI
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¢ BeepooOpa3HBIM IUIA3MEHHBIM ITIOTOKOM Ha BBIXOJC B IPOHM3BOJCTBCHHOW MPAaKTHKE HE BCEr/a ONMpaBlaHo. B psme
cllydaeB MPEICTABISACTCS OoJiee MEIecOO0pa3sHbIM pacIoyiaraTh CHCTEMOM, KOTOpas MPH BhICOKOW 3(dekTuBHOCTH
M03BOJIsIET ()OPMHUPOBATH OJHOHAMPABIICHHBIN MOTOK IIa3Mbl. CxeMa yCTPOWCTBA TAKOTO THITA W300paXkeHa Ha puc. 6
[22]. B oriuune or COPII pacupeneneHne MarHUTHBIX IOJE€H B HEM aCHMMETPUYHOE, 00ECIEUMBAIOIIEE TTOBOPOT
BCTpeuHbIX MOTOKOB Iia3Mbl Ha 90° B CTOpOHY O0OIEro BBIXOAHOTrO Muia3MoBoga 5. OO0beIWHEHHBIE AHOIBI 2
COBMECTHO C ITa3MOBOJIOM S MPENCTABIAIOT cO00H AByXKaHATBHBIN T-00pa3HBIHA IIa3MOBO/.
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Puc. 6. JIByxKaHaIbHBIN BaKyyMHO-IyrOBO# HCTOYHUK (QUIIBTPOBAHHOM IJIa3MbI C aCHMMETPHYHBIM OCTPOYTOJIbHBIM
pacrpeaeaeHUsIMH MarHUTHOTO TOJIS
1 —xarozpl, 2 —aHO/bI, 3 —MarHUTHBIC KATYLIKH, 4 —IIO/JI0XKKa, 5 —BBIXOJHOM IJIA3MOBO

Bericka3aHHOE MPEAINOTIOKEHHE O BO3MOKHOCTH HCTOIb30BAHHS MOJICH OCTPOYrOJNbHOW U MPOOOYHOI reoMeTpun
IUTsl BBIPABHUBAHHS OJJHOPOJHOCTH COCTaBa ¥ IUIOTHOCTH IUTa3MCHHBIX IOTOKOB B 3HAYUTEIILHOM Mepe ONpaBAbIBACTCS
npUBeACHHBIME B paboTe [23] pesympTaTamu 3KcnepuMeHTOB 1Mo (opmupoBanuio Ti-Si u Ti-Si-N moxpsiTui,
CHHTE3UPYEMBIX C NMPUMEHCHHEM BaKyyMHO-IYTOBOTO HCTOYHHMKA (DUIIBTPOBAHHOW IUIa3MBI C PACXOAyEeMbIM THUTaH-
KPEMHHEBBIM KaToJoM. OurcTKa mia3Mbel 0T MU B 3THX 3KCIEPUMEHTaX OCYIIECTBISLIACH ¢ MOMOLIBI T-00pa3Horo
¢bunpTpa. YCTAaHOBICHO, YTO MyTEM PETYIMPOBKM MAapaMeTPOB IMpollecca OCaXACHHs (maBieHHs pabodero rasa B
PEaKIHOHHOM 00BEME yCTaHOBKH, OTPULATEIBHOTO [OTCHIMAMA CMEIICHHUS Ha [OTOXKKE, HAIPSHKEHHOCTH M (POPMBI
pacrpeneseHns] MAarHUTHBIX TOJNEH B IUIA3MEHHOM HCTOYHHKE) KOHLCHTPALHMIO KPEMHHS B KOHICHCATE MOYKHO
M3MEHATH B LIMPOKUX MIPEAeIax — OT HyJIsS A0 MAaKCHMAJIbHOTO 3HAYCHUsI, OIPEACIIEMOTO ero COACP)KAaHUEM B KaTO.e.
ITpu ocaxAeHNH B PEXUME C OCIA0ICHHBIM MATHUTHBIM [IOJIEM Ha BBIXOJE CHCTEMbI KOHICHTPALWs KpeMHus B Ti-Si-N
MOKPBITHH auaMmeTpoM ~ 12cm cocraisiia 410,25 % fipotus 5 % B kaToj€). DTOT pe3yabTaT HECKOJIBKO BBIIIE, YEM B
9KCIIEPUMEHTAX, OIIMCAHHBIX B paboTe [12], XOTs ¥ MOJy4eH B OTCYTCTBHE TOMOTCHHU3aTOPa.

MHOroKaHalIbHBIH MCTOYHUK (HIBTPOBAHHOIN BaKyyMHO-IYTOBOW IUIa3Mbl ommcaH B mareHte [24]. BapuanTts
UCIIONIHEHUSI MCTOYHUKA O0a3MpPYIOTCS Ha OJHOM HJIM KOMOMHAIIMM HECKOJbKHX T-00pasHbIX MIMPOKOANCPTYPHBIX
m1a3MoBo10B. HekoTopsle u3 KOMOMHAIMIT 00eCceYrBaOT MOBOPOT IUIa3MEHHOro noToka Ha 180°, B ToM umcne u B
BUIC CYMMBI [OBOPOTOB B JBYX pa3HBIX IUIOCKOCTSIX, TEM CaMbIM HCKJIIOYas B3aHMMHOC 3albUICHHE KaTOIOB
MOPOAYKTaMH HX DPO3UH — HEHTPaIbHBIMHU APAMH H MaKpOYaCTHLIAMHU.

Puc. 7. Cxema BakyyMHO-AYrOBOTO HCTOYHMKA IUIA3MBI C IBYXKaHAIBHBIM T-00pa3HBIM QHIBTPOM
1, 2 —reneparops mwia3mel, 3 —T-00pa3ublii GuibTp, 4, —Mecromnonoxenue moanoxkn, Al u A2 anonsl, C1 u C2 —xkaronsr, S1u
S2 — crabunmmsupyromue karymku, F11, F12u F21, F22 —anoxnbie (doxycupyrommue) karymku, D1 u D2 — orknonstonme
katymks, L1 u L2 —seixoxnsie katymky, P1lu P2 —BxoaHsle cexiuuu mia3moBosa, P3 —BbIxoaHast CeKLus M1a3MOBOIa

W3 paccMOTpEHHBIX HCTOYHUKOB IJIa3MBI C IBYXKaHAJIBHBIMH (priibTpamMu HauOoJjee n3yueH BapHaHT 110 HaTeHTY
[24], mpexncraBneHHblii Ha puc. 7. CBOMM BBIXOJHBIM TOPLOM IUIa3MOBOJA MPHCTHIKOBAH K BaKyyMHOH Kamepe
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yctaHoBKH "Bynar-6" (He mokasana). bonee neta’qbHO yCTpOWCTBO ommcaHo B paborax [24—26]. B uccienoBaHHOM
BapuanTe ucrouHnka katon C1l Obu1 m3roToBiIeH W3 amromuHWsA, kKaton C2 —u3 turaHa. McrouyHuk oOecreynBaeT
BO3MOKHOCTh (DOPMHUpPOBAHHS KOMITO3UTHBIX ITOKPBITHIA Ha OCHOBE ABYX METa/UIOB C IOCTATOYHO OJXHOPOIHBIM
pacnpesieleHHeM — KOHIEHTpalu KoMIOHeHTOB  (okoimo + 6,5 %). MakcuMmalbHOe 3HAYEHHE CHCTEMHOIO
ko3 dunpenta >pGeKTUBHOCTH (OTHOLIEHHS BEJIWYHMH BBIXOJAHOIO MOHHOIO TOKa K TOKY JYyrH) B YCIOBHSX
9KCIEPUMEHTOB COCTAaBISUIO 2,5 %.PeryMpoBKOi MarHUTHBIX MOJICH B IUIA3MOBEIYIIUX KaHAIaX MCTOYHMKA MOXKHO B
[IIMPOKKUX TPEAEIax YIPaBIsATh BEIMYMHON MOHHOTO KOMITOHEHTA BBIXOJHOTO IIIa3MEHHOIO MOTOKA W AMarpaMMoin
pacrpeaesieH st €ro IIOTHOCTH;

MOJEJIN TEXHOJIOTHYECKHUX YCTAHOBOK
OO0mue cBegeHust 00 yCTAaHOBKe-NIPOTOTHIIE

B nocnennue rogst 8 HHI[ Xd®TU pazpaboranbl IPOEKTH BHICOKOIIPOU3BOANTEIBHBIX YCTAaHOBOK, B KOHLICIILIUIO
KOTOPBIX JIETJIM HOBBIE KOHCTPYKTOPCKHE pEIICHHs, 0OECIeUHMBAIOIIUE PEan3alMI0 IePEJOBbIX BaKyyMHO-IyTOBBIX
TEXHOJIOTHI, B TOM YHCIIE — METOIOB (POPMHUPOBAHHMA KOMIO3HTHBIX MHKpPO- W HAHOCTPYKTYPHBIX TOKPBITHH,
MOJydCHHE KOTOPBIX B YCIOBHAX MPOMBIINIICHHOTO MPOU3BOJICTBA MPEKHUMH CPEACTBAMHU OCTAETCS HEBO3MOXKHBIM.
[IpoTOTUIIOM HOBBIX KOHIENTYaJIbHBIX MOJENEH YCTAaHOBOK MOXKHO CUYMTaTh pa3padoranHyio B XDPTU ycTaHOBKY
Bynar-9, M3roToBIEHHYIO B [BYX AK3EMIUISIpaX OMNBITHBIM HPOM3BOJACTBOM VHCTHTYTa /Ba JAECATWIICTHS Ha3aj U
MIPOMICANTYIO JKECTKHE WCHBITAHHUSA B YCIOBHSAX MAacCOBOTO IPOM3BOJICTBA — OCAKICHUS 3aIIUTHBIX JEKOPATHBHBIX
MOKPBITHI Ha M3Menusi OBITOBOTO HaszHadeHWs. OmmcaHWe yCTaHOBKH, OCOOCHHOCTEH KOHCTPYKTHBHOTO pEIICHUS e€
OCHOBHBIX Y3JIOB M CHCTEM, TEXHOJOTHYECKMX BO3MOXKHOCTEH M IKCIUIyaTal[HOHHBIX XapaKTEPHCTHK NPHBEICHBI B
cratee [27].

VYrpoiéHHbIi 4epTéx oOLIero BHAa YCTAaHOBKM M CXeMa €€ BaKyyMHO-IUIa3MEHHOI'O arperara IpelCTaBjiIeHbl Ha
puc. 8 u 9 coorBercTBeHHO. [IoMHUMO OOBIYHBIX, CTaBUIMX YXXE ''CTaHAAPTHBIMH', TEXHOJOTHMH, PEAU3yeMBIX C
MOMOIIBIO M3BECTHBIX BAaKyyMHO-IYIOBBIX YCTaHOBOK, YyCTaHOBKa bynar-9 mo3BOJsE€T OCYIIECTBISATh — Psil
TEXHOJIOTMYECKUX MPOLECCOB MOAMGHUUMPOBAHUS TOBEPXHOCTH M3JEJNH, KOTOpble HA CEPUHHBIX MalIMHaX
3aTpyAHEHBl WM TPAKTUUECKH HEBO3MOXHBI. K HHM OTHOCATCS. YNPOYHEHHE C TMIOMOINBIO HHTPHUIHBIX
KOMIIO3UIIHOHHBIX MOKPBITHI MEIKOPa3MEPHOTO MHCTPYMEHTa (CBepia auamMeTpoM ~ 1 MM, 3yOHbIC GOpBI); HAHECCHHUE
MOKPBITHH Ha BHYTPEHHHE IMOBEPXHOCTH HHCTPYMEHTOB W3 CTajledl C HM3KOM TeMIeparypodl ormycka (IUIalikH,
(bHIbEPHI); HAHECEHHE M3HOCOCTOMKHMX MOKPBITHH Ha JETadd MaIluH ¢ TeMueparypoil ornycka 250—280 € (meramu
TOIUIMBHOM armaparypsl u3 craueil u cruiasos Tuna XBI', 40X); nonydenne OecKanelbHbBIX TOKPBITHI ¢ IIPUMEHEHHEM
IUTa3MEHHOTO (PUIbTPA; a30THPOBaHKE MOBepXHOCTH Ha riyouny 30—50mkm mpu temmeparype 300-500 €; cozmanme
CIOKHBIX, TPUHIMIHAIGHO HOBBIX, THUIOB TMOKPBITHA W KOMIO3HMIUN MOIU(DHUIMPOBAHHEM MOBEPXHOCTH
(a3oTHpOBaHKEM) C TTOCICAYIOLUIMM MOCIOHHBIM HAHECEHHEM NPOBOSAIINX U/ UK AUIICKTPUUCCKUX MOKPBITHA.

B ycranoBke «bynar-9» mpuMeHEH psSJ TEXHUYCCKUX PCIICHUM, HETPAJUIMOHHBIX JUI1 BaKyyMHO-TYTOBBIX
MalllMH aHaJOTMYHOTr0 Ha3HAuYeHMs. DTO, MpPEeXJe BCEro, Kamepa KOJIIaYHOrO THIIA, YTO IO3BOJIMJIO MPOMBIBATH €&
BHYTPCHHHE MOBEPXHOCTU M AJIEMEHTHI coAepiKalleiics B Heil OCHACTKH CYXUM TOPSYHM a30TOM (HJIM aproHOM) MpH
3arpy3Ke M BBITPY3Ke 00pabaThIBaeMBIX M3MIEIHMM CO CTOPOHBI AHUINA. [ Opsumii Ta3, 3aMoHSIONAN MPOCTPAHCTBO MO
KOJNMAaKOM KaMepbl W OyIOy4dH Jerde OKpY)Kalomero aTrMoC(epHOro BO3AyXa, MNPEMSITCTBYEeT NPOHUKHOBEHHUIO
MocJIeTHeT0 B KaMepy. TakuMm o0pazoM, HCKIII0YaeTcs MomagaHue aTMOC(EepHOH BIaru B KaMepy, 94To CIIOCOOCTBYyeT
3HAYUTEIFHOMY COKpAIICHUIO IOCTIDKEHHS pabodero BaKyyMa Iepe] HadaloM IMKJIAa BaKyyMHO-TUTa3MEHHON
00pabOTKN WU3IEITHA.

VYcraHoBKa CONEPKUT CHCTEMY aBTOMATHUECKOM 3arpy3Kd HM3JeiIUi B KaMepy MU BBITPY3KHM MX W3 Kamepol. B
CHUCTEMY BXOJAWT JHUILE, TEPEMEIlacMOe 110 BEPTHKAJIM C IOMOIIBI0 MOABbEMHMKA, M J[BA CTOJA TOPU3OHTAIBHOU
NOJIaYu W3/CNMH Ha JHMIIE. B ycTaHOBKE HCIIOJIB30BaHBI YCOBEPIICHCTBOBAHHBIE BAaKyyMHO-AYTOBbIE HCTOYHHKH
IUTa3Mbl, BKJIIOYas HCTOYHHMK C IUIa3MEHHBIM (GuibTpoM. [l MOJABJICHUS MUKPOAYI Ha IMOBEPXHOCTSIX
00pabaTbIBaGMBbIX M3JEIHMH CIy)KHT cucTeMa KojiebarenbHbIX LC-KOHTYpOB. YnpaBieHHEe TEXHOJIOTHYECKUM LIHKIIOM,
BKJIIOYasl MPOLECCHl OTKAUYKHU KaMephl, BHITPY3KU U 3arpy3Kd M3JEJIUH, BECh MPOLECC MOHHO-TUIA3MEHHONH 00paboTKu
(ourcTka WOHHOH OOMOAPAMPOBKOW, O3JNEKTPOHHBIA HArPEeB U3MCIHHA, a30THPOBAHHE, OCAKICHHUE MOKPHITHS)
OCYIIECTBIISTIOTCS aBTOMATHYECKH. [lepedmciieHHBIN KOMIUIEKC TEXHHYECKHX PEeIICHHI Ompeneinil YHHKAIbHOCTh
YCTaHOBKH, KaK 110 KOHCTPYKTUBHOMY HCTIOTHEHHIO, TaK U TI0 MPOM3BOAUTEIHHOCTH, YJHEPTETHYECKOW IKOHOMHUIHOCTH,
0 TEXHOJIOTUIECKUM BO3MOXKHOCTSIM M THOKOCTH MEPECTPOUKH C OJHOTO TEXHOJOTHYECKOTO TpoIecca Ha APYTo, 1o
mpocTtoTe oOcmy)uBaHusA. [lomHas aBTOMaTH3amMsi YCTAaHOBKH IO3BOJIAET OOCIY)XHBaTh €€ IEPCOHAIOM CpemHei
KBaJTU(HUKAIMN U UCTIONB30BaTh B KAUECTBE COCTABHOM YaCTH JIMHHUA IO MPOU3BOACTBY HHCTPYMEHTOB, MPEIIM3HOHHBIX
JleTajieil MallinH, JeKOPaTUBHBIX M3JEIUH U T.N. BO3MOXHOCTH U TEXHHYECKUE PELICHUS, 3aJ0KCHHBIE B YCTAHOBKE,
HauOoJee TOJIHO MOTYT OBITh PEIM30BaHBI IPH KOMIBIOTEPHOM YyIpaBieHHH. 1o 3KCILTyaTallMOHHBIM KauyecTBaMm
YCTaHOBKa OCTAaeTCsl HENPEB30MICHHOW, a 10 KOHIENIMN KOHCTPYKTHBHOTO MCIOJIHEHHS — HOBOHM, XOTS M CO3JaHa
Oosiee BYX nmecsATWICTHH Hazan. [lo MHEHMIO aBTOPOB, psii TEXHMYECKUX PELICHHUH, UCIOJIb30BaHHBIX B «bynarte-9»
LesIecoo00pa3Ho MPUMEHNTD NTPH CO3JIaHUH HOBBIX YCTAHOBOK JUISl BAaKYyMHO-/IyTOBOTO OCAXKICHUS MOKPBITHH U IPYTrUX
BUJIOB HOHHO-IIJIA3MEHHOM 00paboTKN MaTepHasos.
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Puc. 8. Ycranoska Bynar-9.
Bun cnepenu (a), Bun ceepxy (6): kamepa (1), moxcraska (2), ucrounnk miasmsi (3), miasmenusii Gpuinstp (4), auddy3noHHbIH
Hacoc (5), ¢opBakyymublii Hacoc (6), crom 3arpysku (7), croi BbIrpy3ku (8), croiika ynpasienus (9), UCTOYHHK ITHTaHHS
BakyyMHbIX 1yT (10), MICTOYHHK OTPULIATEILHOTO HANPSDKEHHS CMeLeHus Ha rouioxke (11) [27]
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Puc. 9. Cxema BakyyMHO-IIJIa3MEHHOTO arperara ycraHoBku bysat-9:
BakyymHast kamepa (1), naumte (2), iargopma (3), crosisl 3arpy3ku u Beirpy3ku (4, 5),06pabareiBacmbie uznenus (6), kpsimka (7),
nozaya pabounx razos (8, 9), karymku riasmMenHoro ucrounuka (10), mnasmenusiii Guibtp (11), aHon Tieromero paspsiga (12),
Harpesaredb (13), nonsémunk (14),k cucreme otkauku (15) [27]
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KonnenryansHast mogens yctraHoBkn ¢ COPII

Ha 6aze C®PII pazpaboran KOHLENTYaJbHBIH NPOEKT TEXHOJIOTHYECKOH YCTaHOBKHM Uil (OPMHUpPOBaHUSA
KOMIIO3UTHBIX TOKPBITHI OCaXIECHHEM H3 CMEIIAaHHOTO JBYXKOMIIOHEHTHOTO IOTOKa Iia3Mbl. Cxema e€ BaKyyMHO-
IUTa3MEHHOT0 arperara mokasana Ha puc. 10.B c¢Bssu ¢ oceBoit cummerpueit COPII mpeacTaBuiIoch 1e1ecoo0pa3HbIM
n30paTh KymojooOpasHbIii BapuaHT pabodell Kamepsl ycTaHOBKHM. Kamepa nMeeT MWIMHAPHYECKYIO (opMy C
BEPTUKAJIbHOW OCBIO, BBINOJIHEHA W3 HEP)KABEIOLIEH HEMArHUTHOW CTald M COCTOMT W3 JBYX YacTed: HIKHEH,
CTallMOHApPHOW, YacCTH M BEPXHEW, MOJABMIKHON, YacTH, NEpPEMEIIEHUE KOTOPOM BBEPX M BHU3 OCYILIECTBIISIETCA C
MTOMOIIBIO IOABEMHUKA C HIICKTPOTIPHUBOJIOM.

Bo Bpems 3arpy3ku Kamephl HOJBIKHAS YaCTh HAXOJIUTCS B BEPXHEM IIOJIOKECHUH, OTKPBIBAs CBOOOHBIN JOCTYI
K YCTPOMCTBY KapyCENBHOTO WM MHOTO THIIOB, HA KOTOPOM YCTAaHABJIMBAIOTCS M3JCNUs, Mo uIexkanme oopadorke. Bo
BpeMsi pabouero mnukia (OTKa4yka, MPOTPEB, HMOHHAS OYKUCTKA, OCAXKIACHHE MOKPBITHS, HOHHO-IUIA3MEHHOE
MOIU(UIMPOBAHNE, OCTHIBAHME H3JENUI) BEPXHAS YACTh KaMephbl OMYIIEHA W Yepe3 PE3UHOBBIA YIUIOTHHUTEINh
repMETHYCCKH COCMHCHA C HWKHEH vacThro. K mHMIaM o0eux dYacTeil KaMepbl 4yepe3 ICHTPAIbHBIC MPOEMBI C
MOMOINBI0  CKOJIB3AIINX  YIDIOTHUTENBHBIX y3JI0B TIPUCTBIKOBAHBI BAaKyyMHO-AYTOBBIE HCTOYHHKH  IDIa3MBI
(ucmaputenu). JleTaqbHO HCTOYHMKH TUIA3MBI OIIMCaHbl B paboTtax [3].

Ha 0©oxoBO# MOBEpXHOCTH TOJBIKHOW HYacCTH KaMephl pa3MeEIIeHBl OTKIOHSIOMNE KaTYIIKH Ui KOPPEKIHUH
MarpaMMbl HAMPABICHHOCTH BBIXOJHOTO MOTOKa IIa3Mbl [3]. Pacxozsmuumiics pamuanbHbIi OCCCHMMETPUYHBIH
(BeepooOpasHbIil) BBIXOAHON IMOTOK IUIA3MBI OOYCIOBIMBACT IIEIECOOOPAa3HOCTH WCIIONB30BAHHUS YCTAHOBKH IS
OCAKICHUS TOKPHITHHA Ha W3MIENHs, KOTOPBIE MOTYT OBITH Pa3MEHICHBI BOKPYT KOJIBIIEBOTO BBEIXOIHOTO 33a30pa MEXKIY
aHOJJAMHM TUIa3MEHHBIX UCTOYHHKOB B THE3IAX KaPyCENH HIIH MOIOKKOACPKATEIS JPYroro THIa. TakuMu H3IeTHIMU
MOTYT OBITh HHCTPYMEHTBI THITa CBEPJ, METUYHUKOB, Ppe3, U T. 1., JIONATKH TypOWH, MOPUTHH IUTYH)XEPHBIX Hap U IPyrue
BUJIBI ICTAJICH MallIMH U IPUOOPOB, B TOM YHUCIIC JICMEHTHI TOYHOH MEXaHUKH, ONTHKH, JICKTPOHHUKH.
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Puc. 10.Cxema ycranoBku ¢ COPII (Bapuant 1)
karogpl (1), anons! (2), crabunusupyromue karymks (3), pokycupyromue karymku (4), HenoasmxHas (5) u noasmwkHas (6) yactn
paboueii kamepsl, OTKIOHsoIKE KaTymku (7), 3kpan (8), k cucreme otkauku (9), Hamyck rasa (10), mogsémunk (11), KapycenbHbrii
nooxkoaepxkarens (12), o6pabareiBaembie uznenus (13), npuBox kapycenu (14) [28]
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Puc. 11.Cxema ycranoBku ¢ COPII (Bapuant 2)
HenoxsmwxkHast (1) u moaswkuast (2) yactu paboueil Kamepbl, HCTOYHUKU TUIa3Mmbl (3), T-obpasuslit Gunbtp (4), oTpakaroas
karyiika (5), antnanoa-nosymka (6), orknonstomue Karymku (7), kK otkauHoi cucreme (8), Hamyck rasa (9), noxpémuuk (10),
npuBo/ Kapycenu (11), 06padarsiBaembie nzaenus (12),cmorpoBoe okuo (13)
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14

Puc. 12.061wuwuit Bun ycranoku ¢ COPII.
HenoxemwxHas (1) u noxsmwkHas (2) yactu paboueii kKamepsl, MOABEMHUK (3), moABeCHbIC TAHTH (4), KOPITyca HCTOYHUKOB J1a3MbI
(5), ToxoBBomBI (6), cMoTpOBOE OKHO (7), marumku Bakyymmerpa (8), cranuna (9), BRICOKOBaKYyMHBI Hacoc ¢ 3atBopoMm (10),
¢bopsakyymusiii Hacoc (11), cucrema popBakyymubix kiananos (12), BBog u BbIBOA oxiaxaarouieit Boasl (13), nutanru cucteMsl
oxnaxaenus (14) [28]

Ha puc. 11 npencraBmeHa cxema BTOPOTO KOHIENTYalbHOTO BapHaHTa KOHCTPYKIMOHHOTO —DEIICHHS
TexHosornueckor ycranoBku ¢ COPII. 3neck BMecTo HimkHero 06e3(MiIbTpOBOr0 HCTOYHHUKA MCIOJIB30BaHA CHCTEMA C
JIByMsI UCTOYHHMKAaMHU 3, COCTHIKOBaHHBIMH ¢ o0mmuM T-o0pasueiM ¢unstpom 4. Bonee moapobHO cucteMa omnmcaHa
BhILIIE M M300pakeHa Ha puc. 9. BMecTo BepxXHEro MCTOYHMKA IUIa3Mbl 3[1€Ch YCTAHOBJIEH IOJIBIM LMIMHAPUYECKUN
aneKkTpoa 6 (@HTHAHOI) ¢ OTpaxkarolel KaTymkol 5. Diaexktpon 6 ¢ opeOpEHHOI TOHHOHN (TOPLIEBOH) MOBEPXHOCTHIO
ciyut JoBymkoi MU. Bxioyaemble BCTPEYHO IO OTHOLICHHUIO APYr K JPYry Karymika S5 aHTHaHOAA-JIOBYIIKH W
KaTyIIKa BBIXOAHOTO IuIa3MoBoja (GuibTpa 4 ciuyxaT mis (opMHpPOBaHHS OCTPOYTOJIBHOTO MArHHUTHOTO MOJS IS
BBIBOJIa CyMMAapHOTO BBIXOAHOTO IUIa3MEHHOTO MOTOKA 4Yepe3 KONBILEBOH 3a30p MEXIY BBIXOJHBIM ILIA3MOBOJOM MU
anekTponoM 6 Ha oOpabarbiBacMble n3aenus 12, Yapoménnsiii ueptéx ycranoBku ¢ COPII npencrasieH Ha puc. 12.

MPOEKTUPYEMAS YCTAHOBKA BYJIAT-10
O0uue cBegeHUs

C y4€ToM OIbITa JTUTENBHON W MHTCHCUBHOW 3KCIUTyaTalldH B JAOOPATOPHBIX M MPOU3BOACTBEHHBIX YCIOBHUSIX
IBYX DKCIEPUMEHTAIBHBIX 00pa3LoB ycTaHOBKH bynar-9 paspabarhiBaeTcsi IpoekT ycTaHOBKH Bynar-10, B KoTopom
OpH COXPAaHCHHH OCHOBHOH KOHILEMUIWHM YCTAHOBKH-TPOTOTHIA OCYIICCTBICH PSAA KOHCTPYKTHBHBIX HM3MCHEHHI.
BakyymHO-AyroBass aBTOMAaTH3MpOBaHHas ycraHoBka «bymar-10» ,mpegHasHavueHa Ui CHHTE3a TBEPABIX,
BBICOKOTBEPBIX U CBEPXTBEPABIX MaTepuaioB (KapOHIOB, HATPHUAOB, OKCHUIOB, KOMIIO3HUTOB ) U HAHECCHUE HX B BHIC
MHKPO- ¥ HAHOCTPYKTYPHPOBAHHBIX B TOM YHCJIC M MHOTOCIOMHBIX (DYHKLIHOHAIBHBIX MOKPHITHHA: M3HOCOCTOMKHX,
KOPPO3UOHHO- U HPO3MOHHOCTOWKHX, ACKOPATHBHBIX, TEIJIO- M 3JIEKTPONPOBOIIMX W Ap. llpenmonaraercs
HCIOJIb30BaHHE YCTAHOBKM B IPOU3BOJCTBE HHCTPYMEHTOB, B MAallIMHO- U NPUOOPOCTPOCHHH, B JNEKTPOHUKE, TOUHON
MEXaHHKe, ONTHKE, MEULIUHE U JIP.

OOwmmii BuA HOBOW MoaM(UKALMK YCTAaHOBKH IO0Ka3aH Ha puc. 13. BHeceHHble B KOHCTPYKIHIO YCTaHOBKHU
M3MEHEHHs] HAlpaBIICHbl HA MOBBIILICHNUE €€ MPOU3BOJUTENLHOCTH U HA/EKHOCTH, HA YNPOIICHUE 00CIyXuBaHus. B
ycraHoBke «bynat 10»,kak u B «bynar-9», pUMEHEH psii TEXHUYECKUX PELICHHH, HETPaJUIMOHHBIX Ul BAKYYyMHO-
JIYTOBBIX MalIMH aHATOTMYHOTO HAa3HAYCHUS: DTO, IPEXkKe BCEro, Kymoiaoodpas3Has kKaMmepa, YTo MO3BOJIMIO IPOMBIBATH
¢€ BHYTPCHHHE IOBEPXHOCTH U 3JIEMEHTBI COACPIKAILCHCS B HEM OCHACTKU CYXHM TOPSYMM a30TOM (HJIM aproHOM) HpH
3arpy3Kke U BBITPy3Ke 00OpabaThiBacMbIX H3[CIHH CO CTOPOHBI AHMINA. B TO ke Bpems kamepa cHabxeHa OOKOBO
JBEPbIO, HCIOIb3YeMOH B IMpPOIECCE peraMeHTHhIX paboT. B OOKOBOM CTeHKe Kamephl MMeeTcs ABa OKHA s
pasmenienus aatunka MK-nupomerpa u/unu BBoAa TepMonapsl (He mokaszaHbl). BHyTpeHHHE pa3Mepbl KaMephl: BHICOTA
cocrapisier 1050mM, nonepeunsiii pasmep — 900mMM. B mozacraBke 2 moa KaMepon pa3MeIeHbl 3JIEKTPOIIPUBOIBI IS
VIIPaBIIEMOTO TIEPEMEIIICHHUSI CTOJIOB TOPU3OHTAIBHOM MOIAYN M BEPTHKAIBHOTO MTEPEMEIICHUS THUIIA (HE TIOKa3aHBbI).
B 3aBHCHMOCTH OT KOHKPETHOI'O Ha3HAUCHHsI YCTAHOBKH Kamepa MOXKET ObITh OCHAIlleHa JTM00 4eThIpbMsi, JTHOO IBYMS
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HCTOYHUKAaMK Ta3Mbl (6azoBast Monens, puc. 13), mubo nByMs cucTeMaMH, KaX[gas M3 KOTOPBIX COCTOMUT U3 IBYX
HCTOYHHUKOB T1a3Mbl U obuiero mis Hux T-obpasHoro ¢unbtpa (puc. 14),mmbo cucremoii u3 T-o0pazHoro ¢uisTpa, K
KaKIOMY IUIedy KOTOPOTO IMOJCOSIMHEHBI 110 JBa WCTOYHMKA muiasMbl (puc. 15). OTkauka KaMepsl OCYIIECTBISCTCS
gepe3 L-06pasublit GUIbTp ¢ AByMS HCTOYHHKAMH TU1a3Mbl (1o3. 4 Ha puc. 13).B 3aBucuMocTH OT MaTepuaia KaToI0B
9TUX UCTOYHUKOB 4epe3 GuiIbTp B KaMepy HOCTyHaeT IOTOK (HUIBTPOBAHHOHN IUIa3MbI COOTBETCTBYIOLIEro cocrasa. B
cllydae, ecIM KaTOAbl BBIIOJIHEHBI M3 THTAaHA, paccMaTpHBacMas CHCTeMa IPH OTKIIOYEHHOM INUTAHWM MarHUTHBIX
KaTymeK QIIbTpa MOXKET BBITOTHATE (YYHKIIMH 3JIEKTPOIYTOBOTO COPOIIMOHHOTO HACOCA.

2
Puc. 13.Bba3oBast Mogens ycranoBku bymat-10

1 — xamepa, 2 —mojacTaBka, 3 — CHCTeMa BaKyyMHOH oTkaukw; 4 — GuibTp L-oOpasHblii, 5 — BakyyMHO-IyroBble T€HEPATOPHI

IUTa3Mbl, 6 —CMOTPOBOE OKHO, 7/ —ITyJbT PYyYHOTO YIPABICHHS CHCTEMOH 3arpy3KH — BEITPY3KH, 8 —CTOJI TOPH30HTAIBHOHM MogadH,

9 —o6atonsl ¢ padounmu razamu, 10 —cucrema BogocHabxenust, 11 —ikad MeKTpoOnuTaHus U yIpPaBICHUS.

Puc. 14.T- o6pa3uslit GruiibTp ¢ IBYMS HCTOYHUKAMH IUIa3MEI
1 —xopmyc ¢puIbTpa, 2 —3NEKTPOMarHUTHEIE KaTyIIKH, 3 —UCTOYHUKH IIIa3MBbl



68
EEJPVol.1 No.12014 D.S. Aksyonov, I.1. Aksenov et al.

Puc. 15.T-006pa3Hblii GUIBTP C YETHIPbMS HCTOYHHKAMU ILTa3MbI
1 —xopmyc ¢puIbTpa, 2 —3NEKTPOMarHUTHEIE KaTyIIKH, 3 —UCTOYHUKH IIIa3MBbl

TexHn4yeckne XapaKTepHCTHKH
1. KOJIMYECTBO MCTOUHMKOB TITTABMBI, IIIT. .. .ceettetteessssassserssnseeeseesssssasssssnssssseesaeessessasssssneseeeeeeeeessas s nnsrnseeeenaeeeessannnes 6

2. MakcuManbHas TUIOMAlb TOBEPXHOCTH HANIBUICHUS, TM 115
3. MakcuManbHbIe pa3Mepbl 00pabaThIBAEMBIX U3JCTHIA, MM
D117 1Y (< o 700
BBICOTA. - ttttteeeeeeaeeeesaaannsebbeeeeeeeeeesaannnbn b s e e e e e e eeesaesannnnnbbeeeees 540
4. Yucmo 060pOTOB IITHHAEIS YCTPOHCTBA TIOBOPOTHOTO, 00 ./MIH. ... vvveeeeesiiiieeeestttieeessnteeeesssntteeeessstseeeessnsnneeeesae 75
5. lonyctrMas Harpy3ka Ha OIMWHAETH YCTPOWCTBA IIOBOPOTHOTO, KI .. Jjo 150
6. [IpemenbHBII BakyyM B paboueii kamepe, [1a (MM PT. CT.), HE GOIMEC. ..c.cevrurrrreeriiiieeeeeiiee e e 6,6°%(5107)
7. Pabouee naBnenue B kamepe, [1a (MM pT. CT.) or 6’510_1(5.10_2)
. , s 0 PP PURPRURR 6 6.510°(5-1079)
8. BpeMst 0TKauku KaMepbl 10 AaBICHHS 6,511 (51072 MM PT.CT.), MHH..........cvoveeeeeeerereeeresesesesesssesnassesesesesesenenas 4
9. Bpemst oTkauku kamepsl 10 AaBneHns 6,5107° [a (5107 MM PT.CT.), MHH. .........cruereuereeereresesenesssssssssassenesenns 8
10. OxnaxxaeHue — BOJSTHOE
11. MakcuManbHas TOTpeOIIsieMast MEKTPHYCCKAS MOIIHOCTD, KBT, HE OOJEE. .. .. it i eeeeeeeeeeeieieeeeeeeeieeieiieiiiees 55
12. HanpsokeHHE IATAHUS, B...iiiiiiiiiiiiiciie et e e e e e e e s st be e e e e e e e e e e anantaenrnneaees 380/220 + 10%
13.YacToTa HAMPSIKEHHUS TIHTAHIST, L Tleeeeieeesstsreretnnnnssasssssessseseeeeaeaeeseseseseseeesssssessesnsnnnnnnn s aaasssasaeeeeeseeeeeeeeeennnes 50+1
I o) 1 T TP P PP PP POPPTPPPPPPN 10..150
15. Bo30yxaeHne U MOIICPIKAHUE TYTOBOTO PABPSIIIA. . evrerrrerrrnrnnnnnnnnnnnnnnnnnsaaasasesaaeeeaeaesaesereserennnn ABTOMATHUYECKOE
16. HanpsokeHre XO0J0CTOTO XOJa BBINIPSIMUTENS HOHHOM GoMOapaupoBKH (MCTOYHHMKA oTpumareasHoro ot 0,1
HAMpPSKECHUS CMETICHUS Ha TIOIIOKKE), peryaupyeMoe, (10 Y0)KB........cooiiiiiiiiieiiiiiie e mo 1,1

[Ikad snexTporuranus u ynpasienus 11 coxepxur:

- HICTOYHMKH IIUTaHUS U YIIPABJICHHUS BaKyyMHO-AyTOBBIMU I€HEPATOPAMHU ILIA3MBl,

- HICTOYHMKH IIMUTaHUS 3JIEKTPOMArHUTHBIX KaTyIIEK IJIa3MEHHbBIX (UIIBTPOB,

- HICTOYHHK OTPULATEIFHOTO HANPSDKCHHUSI CMEILCHHUSI Ha TIOTOKKE (BBIPSMUTEID),

- CHCTEMY HaIlycKa pabo4nX ra3oB B Kamepy,

- CHCTEeMY KOHTPOJIA TeMIIepaTypbl 00pabaThiBaeMbIX H3/EINIl B IpoLecce HAHECEHHS TOKPBITHI,

B mpoektupyeMoli ycTaHOBKe, KaK U B YCTAHOBKE-IIPOTOTHIIE, IPEIyCMaTpHUBAaeTCsS CUCTEMa aBTOMAaTHYECKOTO
YIIPaBJICHUS] BCEM TEXHOJIOTMYECKHM LUKIJIOM, HAYMHAS OT 3arpy3KH B KaMepy KacCeTbl ¢ M3ACNUSAMH, II0UIKALIMH
00paboTke, 10 €€ BRITPY3KH.

3AKIIOYEHHUE

W3 amanmsa nuTepaTypHBIX NAaHHBIX W omucaHus pa3paborox XDTU cremyer, 9To B OTHOMIEHHH CIIOCOOHOCTH
MONYyYCHHUSI OTHOPOAHBIX IO COCTaBYy M TOJIIMHE KOMITO3UTHBIX MHKPO- W HAHOCTPYKTYPHUPOBAHHBIX ITOKPBITHI
HanOoJiee MEPCICKTUBHBIMU SIBIISIOTCS IUIA3MCHHBIC MCTOYHUKHU C IIMPOKOANCPTYPHBIMU OJHO- U JIBYXKaHAJIbHBIMU
cucreMaMu (WIBTPALMU C OCTPOYTOJILHOW M MPOOOYHON TeOMETPUCH TPAHCIOPTUPYIOMIMX MArHUTHBIX moiieil. Ilpu
pa3paboTke HOBOrO OOOpPYAOBaHHS, OCHANIEHHOTO TAKMMH CHCTEMaMH, LEJICCOO0Opa3HO B KayecTBE MPOTOTUNA
UCTOJIB30BaTh YCTAaHOBKY TuMa bynar-9, koTopas mo mpou3BOIUTEIBHOCTH, ITUPOTE TEXHOJIOTUIECKAX BO3MOXKHOCTEH
U DPrOHOMHUYECKUM XapaKTEPUCTHUKAM SIBJISETCS HEMPEB30MIEHHON ¢ MOMEHTa CO3JaHus A0 HACTOALIETO BpemeHu. B
paboTe KpaTKO H3JIOKEHBI OCHOBHBIC KOHIICTITYaJbHBIC JAaHHBIC MO MPOCKTUPYEMON YCTAHOBKE PACCMATPHUBAECMOIO
THTIA.
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The present paper outlines the results of experimental studying the transport process of pulse high-current beam of electrons about
200 ns in duration with energy under 200 keV through straight and bent glass tubes. A 17 degrees deviation of the electron beam
going through the bent glass tube is demonstrated. Deviating the beam by non uniform electric field which forms inside the glass tube
due to electric charge brought to the tube wall by beam electrons is assumed.
KEY WORDS: electron beam, dielectric tube, transport, pulse, high-current

MPOXO/UKEHHSA CUJIBHOCTPYMOBOI'O EJIEKTPOHHOI'O ITYUYKA Y JIEJJEKTPUYHUX KAHAJIAX
O.C. [Ipy#, B.B. €ropenkos, A.B. lllarin, B.b. FOdepoB
Hayionanenuii naykoeuii yenmp « XapKigcoKuil (izuxo-mexHiuHuil incmumymy
eyn. Akademiuna, 1, 61108, m. Xapxie, Yxpaina

B po6oTi HamaHi pe3ynbraTi eKCIePUMEHTAIBHOTO JOCTIIKEHHS POXOIKEHHS CHIIBHOCTPYMOBOTO IMITYJIbCHOTO ITy4YKa €JEKTPOHIB
TpuBaiicTio 6mu3eko 200 He 3 eHeprieto g0 200 keB kpi3b npsMy Ta 3irHyTy ckisiHI TpyOku. [IponeMoHCTpoBaHO MOBOPOT ITy4Ka, 10
pyxaeTbcsi B 3IrHYTIH CKIAHIM TpyOmi, Ha KyT Onm3pko 17 rpamyciB. BHCIOBIIOETBCS IPUITYIIEHHS, IO BIiIXHJICHHS ITydKa
00yMOBJIEHE HEOJHOPIIHUM €JIEKTPHYHUM II0JIeM, SIKe YTBOPIOETHCS BCEPEANHI CKIISTHOT TPYyOKH 3aBIIKH 3apsiy, IPHHECEHOMY Ha
CTiHKH TPYOKH €JIeKTPOHAMH ITy4YKa.

KJIIOYOBI CJIOBA: myuoK 3J1€KTpOHIB, AieIeKTPUYHUN KaHall, TPAHCIOPTYBaHHS, IMITYJIbCHUI, CHIIBHOCTPYMOBHI

MPOXOXIAEHUE CHJIBHOTOYHOI'O JIEKTPOHHOI'O ITYYKA B JUDJEKTPHYECKHNX KAHAJIAX
O.C. Apyii, B.B. Eropenkos, A.B. Lllarun, B.b. O¢gepos
Hayuonanvhutii nayunwlii yenmp «XapvKo8cKutl (husuKo-mexHudeckul UHCTunym»
yn. Akademuueckas, 1, 61108, 2. Xapvros, Yrpauna

B pabore mnpuBeneHBl pe3yibTaThl AKCIEPUMEHTAIBHOTO HCCICJOBAHUS IIPOXOXKACHUS CHIBHOTOYHOTO HMITYJIIBCHOTO ITydKa
JNIEKTPOHOB UIUTENBHOCTBIO OKoJo 200 HC u sHeprueir no 200 k9B uepe3 npsiMyl0 M HM30THYTYIO CTEKISIHHBIE TPYOKH.
IIpogeMOHCTpUpPOBaH TOBOPOT ITy4Ka, IBIXKYLIETOCS B M30THYTOW CTEK/SIHHOM TpyOke, Ha yroa oxoio 17 rpamycos.
Ipenmnonaraercs, 4To MOBOPOT ITy4YKa OOYCJIOBICH HEOAHOPOIHBIM IEKTPUUECKUM I10JIEM, KOTOPOE CO3/IaeTCsl BHYTPU CTEKIISIHHON
TpyOKu Onaromapst 3apsity, IPHHECEHHOMY Ha CTEHKH TPYOKH 3JIEKTPOHAMH ITyYKa.

KJIFOUYEBBIE CJIOBA: my4oK 37€KTPOHOB, AUICKTPHYECKHIN KaHaJ, TPAaHCTIOPTUPOBKA, UMITYJIbCHBIH, CHIIHOTOYHBII

Crioco0 TpaHCHOPTUPOBKH MYYKOB 3apsDKCHHBIX YAaCTHI] B BAKyYMHBIX KaHaJIaX C JUAIEKTPUYECKUMH CTEHKaMH
0e3 TpPUMEHEHUs] TPOMO3IKHX W SHEPTOEMKHX BHEIIHHX JJCKTPOMATHUTHBIX YCTPOMCTB NPHBIEKAeT B IOCIEIHEE
BpEMs1 3HAYNTEITHHOE BHIMaHHE HCCIIEIOBATENEH.

B 80x romax OpIma SKCIEpUMEHTATBHO ITOKa3aHa BO3MOXXHOCTH TPAHCIIOPTHPOBKH U (HOKYCHPOBKH MMITYIBCHBIX
CHJIPHOTOYHBIX JJICKTPOHHBIX ITyYKOB B BaKyyMHPOBaHHBIX IUIICKTPHUUCCKUX KaHanax Onarojaps 3/1eKTpu3aluu
MOBEPXHOCTU CTEHOK KaHalla, POCTy IOTEHIMaia 3apshKeHHOW 00JacTH A0 HANpsDKEHUS MOBEPXHOCTHOTO IPo0ost
JMDJIEKTPUKA, CO3JaHUs MPHCTECHOYHOW IUIa3Mbl M HEUTpaIM3allMd OOBEMHOTO 3apsiia IMPOXOJIIEro 3JIEKTPOHHOTO
Iy4YKa MOHaMH U3 3Toi 1asmel[ 1]. Takum oOpa3om, ppoHTaIbHAS YacTh My4YKa 00ECIEYNBACT YCIOBUS MTPOXOXKICHUS
spa MydKa o KaHaiy.

B 2000x Hauato M3ydyeHHWE NMPOXOXKICHUS MOHOB M 3JIEKTPOHOB Yepe3 BAKyyMHBIH KaHAN C JUIEKTPUYCCKHUMHU
CTEHKaMHU TpH M3MEHEHUM yIVIa OpHeHTanuu KaHana[2,3]. B 3THX aKcnepMMeHTax HCIIOIb30BAIUCH CIa00TOYHBIE
ITy4YKH, HE CO3Jafolne 00beMHOT0 3apsiia B TakoM KaHaine. OOHapykeHO, YTO MPH HOBOPOTE AUIEKTPUUIECKOTO KaHaa
Ha HECKOJIBKO I'Pa/lyCcoB, IIyYOK TAKXKe IOBOPAYMBAETCS HA 3TOT YToJl, TO €CTh BOSHUKAET CAaMOOPTraHW30BaHHAsI CHCTEMA
ITy4YOK-KaHaJl.

B paborax [4,5] omuceiBaeTcsa criocod N3MEHEHUS HAIIPAaBICHNS ABIDKCHHS MTyYKa 3apsKEHHBIX YaCTHUI] C TOKOM J0
300 MKA C ITOMOIIIBI0 H30THYTOTO TUAICKTPUIECKOTO KaHajla U IPUBOASTCS IKCIIEPUMEHTAIBHBIE Pe3yIbTaThI.

C HCIIBbIO U3YUCHHUS NPOXOKACHUA UMITYJIBCHOTO CHUJIBHOTOYHOI'O 3JICKTPOHHOTO ITy4YKa B AUDJICKTPUYCCKOM KaHaJIC
HaMH OBUTH IIPOBEICHBI KCIIEpUMeHThI Ha yckopurene JJMH2-K [6].

MATEPUAJIBI U METO/JbI
VYekopurens IMH2-K cocrouT u3 reneparopa Toka, coOpaHHoro Ha 0ase konaeHcatopoB MKM-50 (3 Mk®,
50 xB), cucteMbl IMTaHUS TDTa3MEHHBIX IMymeK Ha 6ase koHneHcartopoB MK-100-0.4 (0,4 mx®d, 100 kB) u BakyymHOI
KOAKCHAIbHOW JIMHUM (MHYKTHBHOTO HaKOMHUTES), HOAKIIOYEHHON K BaKyyMHOMY MOy — HCTOUYHHKY 3JIEKTPOHHOTO
yJKa.

© Druj O.S., Yegorenkov V.V., Shchagin A.V., Yuferov V.B.,2014
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[IpuHnunuanpHas cxemMa SKCIepUMEHTaIbHON yCTaHOBKH NpHBeeHa Ha puc.l. ['eneparop umnynscos toxa (I'HT)
yepe3 paspsIHUK 4 COeIMHEH C KAaTOAOM KOAKCHATbHOM BaKyyMHOW JMHMHU 1, aHOJOM 3TOH JMHUM SBISETCS KOPIyC
ycTaHoBKHU. [Ina3MeHHble Hymku 2, pacHoIOKEHbl OCECUMMETPHYHO B IONEPEYHOM CEUEHHM U Kaxjaas IyIlKa
3aMUTHIBAETCA OT CBOErO KOHAEHCATopa 4epe3 paspsagHuk 5. BxmrodeHue paspsaHuka 4 MPOMCXOOUT C 3aAEPIKKON
OTHOCHTENBEHO BKIIIOUEHHS Pa3psaIHUKa 5, OTpeaensieMoii OIOKOM yIpaBiIeHUs.

4 1 2 3 7 8
/ 17 B
224 5 l
6
| BY 2
i i E i H
Puc. 1. IlpunnunuanbHas cxeMa yCTaHOBKH Puc. 2. OcuniiorpaMMbl UIMITYJTBCOB

[Tocne BxITIOUEHHS IUTa3MEHHBIX MyIIEK 00pa3yeTcss HU3KOOMHAs IJIa3MEHHAs MepeMbIYKa MEXIY 3JIeKTPOZaMU
KOAKCUAJIbHOM JuHUM, a nocie pxinroueHus I'UT sHeprus, 3anac€HHas B KOHJEHCATOPE, NEpeNaéTcss B UHIAYKTUBHOCTD
KOoakcuanbHOW nuHUM, paBHyto 250 HIH. Ilpu nocTHXKEHMHM MaKCHUMaJIbHOTO TOKAa MPOUCXOIUT pPa3MbIKaHUE
IIA3MEHHOTO KJIF0Ya CO CKOPOCTBIO pocTa compotusienus B uemu 1o 10%-10° Om/c [7,8]. B pesynsrare Bo3HHKaeT
VMMIYIIC HApsDKeHUs ¢ aMIuTynoi 1o 200 kB mpu 3apsinaom Hanpsbxkenun THT - 25 kB.

AHOZT BaKyyMHOT'O JH0fia 3 - 3TO CETKa, AJEKTPUYECKH COEANHEHHAas ¢ KOPIyCOM YCTaHOBKU. Uepes3 He€ Imydox
3JIEKTPOHOB IPOXOANT Ha KOJIIEKTOp. TOK Mydka u3MepseTcs ¢ MoMOIIbIo mosica Porosckoro 7 ocrpmutorpagom 8.

Tox myuka mpu uMIynscHOM HampspkeHuH 10 200 kB, cocraBmn 10 KA TpH UIMTENBHOCTH TIO TONYBBICOTE
t=100 HC. Ha puc. 2 nmpuBeneHb OCIIUUIOTPAMMBI TOKa B KOaKCHANbHOW JUHUM (1) M TOKa AIIEKTPOHHOTO ITydka (2).
Pa3zperenne o BpeMeHN Ha ocLuiuIorpaMme — | MKC Ha KJIETKy, 1o ammunTyae — 0,5 B Ha kneTky [uid cursaina Toka B
KOAKCHAJILHOW JTUHUU (1yBCTBHTEIBHOCTD mosica Porosckoro — 35,7 MB/kA) u 5 B Ha KIeTKy [UIs CUTHAjIa TOKa MydKa
(uyBcTBHTENBHOCTB NOsica Poroeekoro — 1,3 B/kA).

PE3VJIBTATBI U OBCYKIAEHUE

OKCIEPUMEHTHl TPOBOJMIMCH CO CTEKJISIHHBIMH TpyOkamu jaiauHod 100 MM, HapyXHbBIM IuamerpoMm 4,3 MM
BHYTPEHHHUM JuaMeTpoM — 2,7 MM. Ilydok a1eKTpOHOB BXOAWII B KaHAN MOJ HEKOTOPEIM MaJbIM YIJIOM K €r0 OCH U Ha
BHYTpEHHEH MOBEPXHOCTH KaHaja 10 XOMy ITyYKa MOXKHO BBIJEIIMTH TPU OOJACTH MPOXOKICHUS: BXOXHAs 00IacTh,
o0racTh repexona 1 00JIacTh TPAHCIIOPTUPOBKH ITydKa MO KaHay (puc.40 - 4r). Cxema KcriepuMeHTa Ipe/ICcTaBIeHa Ha
puc.3: a) — 3KCIEPUMEHT C MPSMOH TpyOKoH, 0) — IKCHEPUMEHT C U30THYTOM TPYOKOH. | — aHOI BaKyyMHOTO JHOJA,
2 — karton, 3 — CTeKJIAHHAs TPyOKa, 4 — MHIIEHB, cOCTOsMmas U3 Habopa aTfOMHHHEBBIX (DOIBr TOMMMHON 10 MKM.
MuIiieHs HaXOAWTCS Ha paccTOsHMM | MM OT TpyOku. Mozenp NPOXOKAEHHS MydKa 3apsDKEHHBIX YacTHIl MO
JUDJIEKTPUYECKOMY KaHaly B TAKOM CIIydae U3JiokeHa B [9].

1 1T f
=\
3

)

a) 0)
Puc. 3. Cxembl 3KkcriepuMeHTa
a) - ¢ IpsAMOH U 0) - U30THYTOH CTEKIISTHHON TpYyOKOi

Ha puc. 4(a-r) moxa3aHsl cesl BO3IEHCTBHS IIyYKa HA TIOBEPXHOCTH CTEKIIA.

Puc.4a — oOpaser yuacTka MI0CKOH CTEKISIHHON IJIACTHHBI, HA KOTOPYIO HOPMaJIbHO IaJall Iy4OK 3JIEKTPOHOB.

Ha puc.46 — aBrorpad mnyduka, BXOASIIEro B CTEKISIHHYIO TpPYOKy. XapakTep MOBPEXIEHHs BHYTpPEHHEH
MOBEPXHOCTH TPYOKHM Ha BXOJHOM Y4acTKE aHaJOTM4eH TOMY, KOTOPBIA HaOIIOAaICs IPU HOPMAJILHOM ITaJICHUH ITy4YKa
3NIEKTPOHOB Ha IUIOCKYIO IJIACTUHY — pHC. 4a.

Jlanee mo Xomy pacHpoCTpaHEHHs Iyuyka Ha pUC.4B BHJIHO YMEHBIIEHHE CTEIEHU B3aUMOJEWUCTBUS €ro co
CTEHKaMU KaHaja U U3MEHEHHUE XapaKTepa MOBPEXkI€HHsI TOBEPXHOCTU CTEKIIA.

B obmactu TpaHcropTHpoBKHM Iydka (puc.4T) BO3JCHCTBHE IIydka Ha BHYTPEHHIOIO IIOBEpXHOCTh KaHaia
3HAYUTENILHO 0CJIA0IEHO.
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a) 6) B) r)

Puc. 4. Mukpodororpadun moBepxXHOCTH CTEKIIA MOCIe BO3ASHCTBUSA HA HETO MyYKa 3IEKTPOHOB

Ha puc. 5a noka3an aBrorpad my4ka, IpOLICAIIETo Yepe3 NPsIMYI0 CTEKIISTHHYIO TPYOKY, Ha EepBOM alfOMUHHEBON
¢ombre.
Puc.50 — ¢pparmMeHT, BbIIeICHHBIN Ha pUC.5a, B OONbILEM yBEITHYCHHH.

i

: R X,
2 4 0 1 2
a)

Puc. 5. ®ororpadun MeTauIMUeCKUX MHIIIEHEH [T0CIe BO3ISHCTBUS Ha HHX ITyYKa JICKTPOHOB, IPOIIE/IIETo Yepe3 IpsIMyo TPYOKy

Ha puc.5B n3o0pakeH oTmeyaTrok Iydka Ha JIATYHHOH ceTke (pasmep saeiiku — 0,3MM) Ha BBIXOZE M3 KaHala.
BugHo, 4TO mydok 3amonHsAeT BcE cedeHHe KaHama auamerpoM 2,7 mMMm. Ha puc.6 mokasaH OTHe4aTok IMydyka Ha
PEHTTEHOBCKOH IIJIEHKE, KOTOpas pa3Mellanach Ha paccTosHUU 10 MM OT kpast kaHajna. JluameTp oTmeyarka COCTaBIseT

2,3 MM.

™
Puc. 6. CHUMOK M3IydeHHs] Ha BbIxone u3 mnpsimoii  Puc. 7. dortorpadus m3orHyToH TpyOKH, 4epe3 KOTOPYIO MPOXOIHI ITyYOK
TpyOKH JNMEKTPOHOB

J1Jist IpOBEpPKY MPOXOKACHHS Ty4Ka 110 KaHaIly ObUT M3TOTOBJICH M30THYTHIN KaHAN U3 CTEKIISTHHOM TpyOKku (puc.7).
Paguyc u3ruba kanana paseH 20 cM, ero qiuHa paBHa 10 c¢M, yroi OTKJIOHEHHS MydYKa OT OCH BaKyyMHOTO JHMOIA Ha
BBIXOJIE M3 KaHaJla cOCTaBmI 17 rpagycos.

Ha puc.8 noka3zan aBrorpag myuka Ha TpeTbeil aJIOMUHHUEBOH (oJIbre Ha BBIXOJE U30THYTOTO KaHalla, a Ha puc.9 -
OTIICYATOK ITyYKa Ha PCHTTCHOBCKOW TUIEHKE.

-1

S e SR X
2 4 0 1 2hm
Puc. 8. ®otorpadus MeTaqnIMYecKkoil MHUIICHH mmocie BozzaeiicTBus Puc. 9. CHUMOK H3NMydeHHs Ha BBIXOAE W3 H30THYTOM
9JIEKTPOHHOTO MyYKa, MPOLIEIIEr0 Yepe3 H30THYTYIO TPYOKy TpyOKH
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BBIBO/bI
Takum 00pazoM, NpH NPOXOXKIEHNUHM CHUIIBHOTOYHOTO ITyYKa Yepe3 CTEKJISTHHBIM KaHaj HaOIIoalloch OTKIOHEHHE
ITy4Ka KaHaioM Ha 17 rpagycoB. JlaHHBIH crioco0 W3MEHEHHs HAIpaBJICHUs ITyYKa MTO3BOJISIET BO MHOTHX CIIydasix IpH
TPAaHCIIOPTUPOBKE Iyyka K HPUEMHHUKY H3JIy4EHUS OTKa3aTbCs OT T'POMO3JKMX BHEHIHUX JJIEKTPOMArHUTHBIX
TTOBOPOTHBIX M (POKYCHPYIOLIUX YCTPOMHCTB.
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THE FEATURES OF MULTISCALING AND HIERARCHY OF STRUCTURES IN
ZIRCONIUM ALLOYS

V.G. Kirichenko
V.N. Karazin Kharkiv National University
31 Kurchatov av., Kharkov, 61108, Ukraine
E-mail: val_kir@mail.ru
Received December 16, 2013

The paper presents the results of experimental studies and calculations comparing the hierarchical structures at two zoom levels —
nanometer and micrometer. Data about the hierarchical structures of the chain - multiscale - self-similarity structures were
supplemented.

KEY WORDS: zirconium, alloys, structure, hierarchy, self-similarity

OCOBJIABOCTI MYJbTIMACIITABYBAHHSA 1 IEPAPXIE CTPYKTYP V CILTABAX ITAPKOHIIO
B.I'. Kipiuenko
Xapkiscokuti nayionanvnutl ynigepcumem imeni B.H. Kapa3zina
61108, Xapxis, np. Kypuamosa, 31

VY po0GoTi mpeAcTaBieHi pe3ysbTaTH eKCIEPUMEHTAIBHNX JOCIIDKEHb i PO3paxyHKIB ITOPIBHSHHS i€papXiuHUX CTPYKTYp Ha JBOX
piBHAX MacmTaOyBaHHS — HAHOMETPUYHY 1 MiKpoMeTpu4HOro. J[OMOBHEHI MJaHi B JIaHLIOKKY i€papxiuHi CTPYKTypH -
MYJIbTIMacIITabHOro - CaMONOAiOHICTh CTPYKTYP.

KJIFOYOBI CJIOBA: unpkoHiii, crijiaBu, CTpyKTYpH, i€papxisi, CaMOmnoAiOHICTh

OCOBEHHOCTHU MYJbTUMACIHITABUPOBAHUS U NEPAPXHU CTPYKTYP B CINTABAX IUPKOHUSL
B.I'. Kupuyenko
Xapvroeckuil Hayuonanvhviil ynusepcumem umenu. B.H. Kapazuna
61108, 2. Xapwvkos, np. Kypuamosa, 31

B cratbe npencTaBieHsl pe3yabTaThl 3KCIEPUMEHTAIBHBIX UCCIECOBAaHUN U PacueTOB CPABHEHUS HEPAPXMUECKUX CTPYKTYp Ha ABYX
YPOBHSIX MacIITaOMpPOBaHUS — HAHOMETPUYECKOM M MHUKPOMETPHUYECKOM. J[OMONHEeHB! JaHHBIE B LETIOYKE HEPAPXUICCKUX CTPYKTYpP
- MyJBTUMACIITa0HOCTH - CAMOIIOIOOHE CTPYKTYP.

KJIFOYEBBIE CJIOBA: mupkoHu#, CIUIaBBL, CTPYKTYPBI, HEpapXusi, caMonogoone

AHanu3 uepapxXu4ecKor CTPYKTYPhI TBEPIBIX TE Pa3IMYHON CTENEHH CIOXHOCTH CTPOEHUS U CBOMCTB, COCTaBa,
ycroBui Ae(h)OPMUPOBAHUS YCIIEIIHO MPOBOJUTCA B MexaHuke [1], mpu m3ydeHHn (QyHKIMOHAIBHBIX MaTEpHAlIOB C
3apaHee 3aJaHHBIMH CBOMCTBAMH B MHUKPO - ¥ HAHOMETPOBOM IIPOCTPAHCTBEHHOM MacmTabe [2], mpu ucCieI0BaHUN
M3MEIbUCHUSI KPUCTAUIMYECKOW CTPYKTYpPhl IPH WHTEHCHBHOM ILUIACTHYECKOW nedopManuu TBepAbX Ten [3] u T.I.
Bonpiioe BHMMaHHE yaAedseTcs HU3YUCHHMIO HEPapXUM JOCTATOYHO KpPYMHBIX JJIEMEHTOB 3€MHOH Kopel [4], ¢
MPOJIOJDKEHUEM HEepapXUYecKUX PsAAOB Ha MHUKPO- U HaHOMAacIITaOHBIH YPOBEHB JIO MapaMeTPOB KPHCTAJUIMYECKON
penieTku [5], a Takke HepapXUIEeCKOMY MHOTOMACIITA0HOMY MOJIEIIMPOBAHUIO JIe)OPMUPOBAHHBIX TBEPIBIX Tell. B [6]
MPEATI0KEHBl MHOTOMAacIITaOHble KPUTEPHUH HPOYHOCTH TBEPABIX TEJI C HEPApXUUECKHMHU pPSINAMH DJIEMEHTOB C
pasmepamu 7; (o 107 10 10° cM), Tak 4To 7; >> 1, M KaXKIbIil IMHEHHBIH pa3Mep 7; OTIMYACTCS OT MOCIIEIYIOMEro
ri+; HE MEHbINE, YeM Ha aBa mopsaka. [ns 3GpQeKTHBHOTO CO3qaHus MOJENed MOJICKYJT M TBEpPABIX Tel HAa OCHOBE
HepapXuiecKuxX CTPYKTYp B [7] mcmonmbp3oBamn OOIIyI0 TEOPHIO HYHCEN C IIOMOIIBIO BBEICHHS KO3 ¢HUIneHTa
camorioobus crpykryp O = (n+m\l)/k, tae n, I, m, k mpocteie umcma. Ilpu yMHOXeHHH Ha Q MapaMeTpoB
JNIEMEHTApHON SYCHKH BOCIPOM3BOAUTCS B PEKOHCTPYHMPOBAHHBIX Macmrabax. MoXHO wncnoin3oBats [8]
MHBAapUAaHTHYIO MEPY OTHOLICHHMS IIOCIEA0BATEIbHBIX COIPSDKEHHBIX MacIITad0B, ()OPMHUPYIOLIUXCS B XOAE IBOJIOLUH
HEPAPXUYECKUX CTPYKTYD, paBHas 4yuciay @ (UHCITy «30JI0TOTO ceueHus»). Psn uncen duboHayun, B KOTOPOM R,.; =
R.;+ R, (R,.i/ R,) — @ = 1,618) saBisiercsi IPOCThIM AITOPUTMOM POCTA WJIM YMEHBIICHHS MacITada caMmorno 00HbIX
cTpykTyp. OTHOIIEHUST OJIM3KMX MaclITaboOB paBHBI 110 Pa3HBIM OLIEHKaM cocTaBisitoT oT 1,6 - 1,7 mo R,/ R, = A = 3.
Takum oOpazom, Ipyr Jpyra JOMOJHSIOT B3aWMOCBSI3aHHBIC SIBICHHS — «MYJIBTHMAacIITaOMPOBAHUE» - «HEPAPXHs
CTPYKTYp» - «camorofodue cTpyktyp». biuskoi mpoOnemoi sBiseTcs M HaJW4YUe COrigacHo [3] MHOTOSIMHBIX
TEPMOAMHAMUYECKUX ITOTEHIINAIOB MEKaTOMHOTO B3aMMOICHCTBHS.

[Tono6HBIiH MOIX0 UCIIOIB30BaH AJIs ONMCAaHUS JIe(PEeKTHON CTPYKTYpBI OOITydeHHBIX MAaTEPHAIOB Ha MUKPO-, ME30-
n MakpoypoBHsx [9]. CormacHO 3TOIl KOHIEIIMM HAa MHKPOYPOBHE sipa Je(eKTOB IPEACTaBICHBI aHCaMOIeM
MIOTCHIMABHBIX PeNbe()OB, peamM3yIOMUXCs B CHIBHO HEPAaBHOBECHOM coCTOSHHMM Kpuctama. C  yderom
HEpapXUIeCKON CBSI3M MEXIy Pa3lUuHBIMH CTPYKTYpPHBIMH YPOBHSIMH ONMCAaHA 3BOJIIONHA Ne(PEKTHOH CTPYKTYpHI,
oOamaromieii TPOU3BOJIBHBIM YHCIOM TakuxX ypoBHeH [9]. OneHka KpuTepus NOA0OHS MPH MOHHOM OOIyYeHHH HaeT
JUIS TapaMeTpa COOTBeTcTBUs paznuune B 30-40%, 4YTO SIBIAETCS YAOBJICTBOPUTEILHBIM KpHTEpHeM Ha (oHe
WJIeaNIbHOTO  cOOTBEeTCTBHs, paBHoro 1 [10]. HMHTepecHbIM pe3yiabraToM sBisieTcsl (OPMHUPOBAHHE HOBBIX
© Kirichenko V.G., 2014
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HEPAaBHOBECHBIX DPAJUALIMOHHBIX COCTOSHUH B MeTaulMdeckux MarepuaioB [11]. OHM HOABIAIOTCA B TBEPABIX
pactBopax Fe-Ni , Fe-Cr- Ni, Ni-Cr , Cu- Ni, Fe-Cr , cucreme V-Ti -Cr u unctbix MetamioB (Zr , Ti) npu obaydeHnn
yckopeHHbIMA HoHamu (Ar , 1 MaB | Ar, 20-50 k3B; Ni , 50 k3B; B, 50 k3B) 710 BBICOKOTO ypOBHS paIuallHOHHBIX
TIOBPEX/ICHUH B Y3KOM JIMara3oHe IapaMeTpoB oOIydeHHs (10351, TEMIEepPaTypsl 00IydeHHs U IUIOTHOCTH OTOKA). DTH
5pheKTh  CONPOBOKAAIOTC 00pa3oBaHHEM KJacTepHbIX cTpykTyp (30-40 A), a Takke HpOCTPaHCTBEHHO -
OPTaHW30BAHHBIX CTPYKTYP, KOTOPbIC MPOSBIITHCS HA Pa3HbIX MACIITAOHBIX YPOBHSX (MEPapXus CTPYKTYD).

OpHUM U3 HaIJIAHBIX IPUMEPOB ABJSIETCS B3aMMOJCHCTBHE TOIUIMBO-000I0YKA B TEIUIOBBIICIAIOMIEM SIIEMEHTE
(TB2JI) (puc. 1), rme kpome Mmukpocdororpaduii MpomAONEHOTO W momepedHoro paspesa TBDJla m3obOpaxeHs
TOIUIMBHBIC TaOJIETKH B 000JI0YKEe Ha TpexX dTamax — O Hayaja SKCIUTyaTalluy, 10 Hadajla B3aMMOJIEHCTBHS TOILIUBO-
000s104Ka U 110CsIe 06pasoBanus aepopmanuu (puc. 1) [12].

0)
Puc. 1. BzanmoeiicTBrEe TOIIMBO-000I09Ka

a) IPOJOJBHEI M IONEePeyHsbIi pa3pe3 TBIJIA, HA KOTOPHIX BUIHBI KaK aKCHAIbHbIE, TAK U PaJHalbHbIC TPEIMMHBI B TOIIUBHBIX

Tabnerkax; 0) momepeunslii paspes TBDJla ¢ nepexrom tmma KPH — koppo3noHHOE pacTpecKHBaHHE II0J HANpsDKCHHEM B

arMoc(epe arpecCHBHBIX Ta30B HOJHA M3 OCHOBHBIX paJMalbHBIX TPELIMH B TaOJIeTKe, MO KOTOPOM TIa3bI-POJIYKTHI JEICHUSI

MOCTyNaiu K 000JI0YKEe M HAKAIUTMBAJKCh B IOJIOCTH OOpa3OBAaHHOW CKOJIOM B TabieTke; B) cxema oOpa3oBaHMA AedopManuu

00010uKH TUMA «0aMOyK» [12]

B pesynbrare pacTsaruBaromue HampsbkeHHS B oOonouke TBDJla, moakperieHHBIE IEHCTBHEM arpeCCHBHBIX
MPOAYKTOB AEJCHUS TPHUBEIN K Pa3BUTHIO HCXOOHOTO IedeKkTa OOONOYKH ¥, B WUTOTE, K IOSBICHHIO TPEIIMHEI B
o0oJ0uKe, KOTOpas MpHBeJa K parepMeTn3anui TBUIa. COrJIacHO MPEAroNoKeHusM [1-4], CTpyKTyphl, IpHBeIeHHBIE
Ha puc.l MOTyT HarJSAHO XapaKTEPH30BaTh CMEHY HEpapXHH CTPYKTYp IpH pa3pyLICHHH TOIUIMBHON TaONeTKH U
o6osouku TBDJIa B nuanazonax JimHelHbIx pazmepos 0,001mM (puc. 1a), 0,01 mm (puc.16), 1-10 mm (puc. 1B).

Llenbro HacTosiEel paboTHI SIBISUIOCH CPAaBHUTEIILHOE UCCIIEIOBAHHE CTPYKTYP B anb(a—IUPKOHUH U €ro CIulaBax
B OTCYTCTBHE BHELIHErO BO3ACHCTBUS HA PA3JIMYHBIX YPOBHSIX MYJIbTUMACTa0HPOBAHUSI.

METO/JIUKA 3KCIIEPUMEHTAJIbHBIX UCCJEJOBAHUI

Jis mpoBeneHHs WCCIeOBaHUS OBUIM HM3TOTOBJICHBI CiuiaBbl (Tabmmma 1). CrmaBel Ha OCHOBE WOAWIHOTO U
KaJbIIHETEPMUICCKOTO IIMPKOHUS OBUIM IPUTOTOBJICHBI METOJOM 3JIEKTPOHHOIYYEBOH IUTaBKH B Bakyyme. CIHUTKH
TOJBEPrajkch FOMOTCHH3HpYIOlieMy OTKHry B Bakyyme 1,3 10™ ITa B teuenne 50 4 mpu 973 K (B mpucyTcTBUM
OUPKOHUEBBIX OMIIOK M CTPY)KEK B KaueCTBE TeTTepa). 3aTeM CIUTKH MPOKATHIBATHCH B (DONBIH TOMMUHONW 50 MKM
IIpM KOMHATHOM TeMIiieparype. B mpouecce npokaTku Mpou3BOAMICS TPEXKPATHBIA MPOMEKYTOUHBIM OTXKHUI B TEX XKe
YCIOBUSIX KKAbI pa3 B TedeHHe 3 4. Pexum TepMooOpabOTKH HE CoJepiKall 3aKajiku u3 0era—o0yacT, ¢ LENbIo
OJIHO3HAYHON MICHTH(UKAIMK 00pa3yromuxcs B aab(pa—odmactu (a3. PeHTreHOrpaduyeckoe MCCiae0BaHue CIIABOB
npoBonmid Ha ycraHoBke JIPOH-3,0 B Cu-k, - w3nydeHuH. PEHTTeHOCTPYKTYPHBIA aHAIM3 MOKa3al, YTO Ha BCEX
JTamax TepMoMexaHndeckoii oopadorku (TMO) cIutaBoB Ha OCHOBE ITMPKOHHMS (Ha30BBIN COCTAB MPEACTABICH TOJIBKO
anbda—dazoit Zr.

Tabnuna 1.
CocTaB ciuiaBoB Ha ocHoBe 1upkonust (%, Mac.)
1 Zr-1% Sn 5 Zr-0,31% Fe-0,5% Nb
2 Zr-1% Sn- 0,31% Fe 6 Zr-0,31% Fe-0,3% Mo
3 Zr-0,63% Fe 7 Zr-0,31% Fe-1 % Ta
4 Zr-0,31% Fe-0,5% V 8* Zr-0,5% Fe - 1% Nb- 0,5% Sn
*

Cnnas MPUTOTOBJICH Ha OCHOBC KAJIBIIUETCPMHUUICCKOT'O HUPKOHUA

Hcnonb30Baiu MPOCBEYHBAKONIHE SMeKTPOHHbIH MUKpockon DM - 200 ¢ paspermaronieii criocobHocTbio 15 A
TIPY YCKOPSIONIEM HanpspkeHnH 125 kB. AHann3 moBepXHOCTH 00pa3IoB MPOM3BOIMIIH C TIOMOIIBI0 CKAaHUPYIOIIETO
anekTpoHHOTO MuKpockomna JEOL JSM-840.

PE3YJIBTATBI 1 OBCYXJEHHUE
B tabauie 2 nmpuBeneHbl SKCIIEpUMEHTAIbHbIC 3HAUEHHSI [TapaMETPOB PEIIETKH CIUIABOB LIUPKOHUS U OTHOILCHHUS

c/a. Amanus TONydYEeHHBIX MapaMeTPOB PENIECTKH anb(pa-IMPKOHUSA M TOCTPOEHHE TEMIEPATyPHBIX 3aBHCHMOCTEH
mapaMeTpoB d, ¢ U aTOMHOTO 00beMa TPOBOAMIN C TOMOIIBIO XOPOIIO W3BECTHBIX Qopmyn [13]: a = 3,23118 +

16,626:10°(T - 25) A; ¢ = 514634 + 47,413-10°(T — 25) — 32,859-10°(T — 25)*95,161-10"*-(T — 25)° —
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50,722-10"(T — 25)" 4 (tne T — temueparypa, °C); da / a=[a(T) — a (T=1136 K)]/a(T); dT / T = (T — 1136

K)/T: dv/V (<1136 K) = (V(T) — V(300)/V(T); dV/V (>1136 K) = (V(T)— V(1136 K)/V(T).

Tabnuma 2.
ITapameTpbl pelIéTKH CIIABOB IIUPKOHUS

CruiaB a, ¢, A c/a
Zr: a-daza 3,2317 5,1476 1,5928
Zr-Fe 3,2270 5,1476 1,5952
Zr-Sn 3,2253 5,1459 1,5955
Zr-Fe-Sn 3,2281 5,1475 1,5945
Zr-Fe-Nb 3,2259 5,1451 1,5953
Zr-Fe-Mo 3,2285 5,1479 1,5944
Zr-Fe-Ta 3,2267 5,1456 1,5945
Zr-Fe-V 3,2274 5,1459 1,5950

3aBUCHMOCTH IIapaMeTpOB ¢ W ¢ OT TeMIleparypbl NOmoOHBI, mpuBeaeHHbBIM B [13]. Ha puc. 2,3 mokazaHsl
3aBUCHMOCTH IIPUPOCTa IapaMeTpoB da/a, dc/c u o0bemMa OT TeMIiepaTypsl. B HameMm cirydae mog aToMHBIM 00BEMOM
TIOHUMaeTcsl 00beM dJIeMeHTapHOH stuelikn Haxiion 3aBucuMoctelt da/a, dc/c OT TeMmeparypsl pa3jindaercsi, Kak U B
ciIydae 3aBUCHMOCTEH a ¥ ¢ OT TeMIIEpaTyphl, YTO IPUBOIUT B POCTY 3HAUCHUS ¢/a, Ommke K 3HadeHuio @ = 1,6108.
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Puc. 4. I'paduaeckue cTpykTypsl 0—Zr (UCXOJHOE 3HAUeHHE ¢/a = 1,5928) momy4eHHbIe ¢ TOMOIIBI0 TporpamMMs “Diamond” B
TpeAnepexoaHoil obmacti nonmuMopdroro npespamenust: a) npu T = 1133 K (¢/a=1,604); 6)T=1134 K; B) T=1135 K
(c/a=1,605); 1) T=1135,9 K (¢/a=1,605)
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Puc. 5. 3aBUCHMOCTH CTPYKTYpHBIX TAPAMETPOB UPKOHUS OT TEMIIEPATYPHI B 00IaCTH TOITUMOP(PHOTO MPEBPAIICHIS
a) -aTOMHOT'0 00beMa; 0) — OTHOCHTEIILHOTO H3MEHEHHUST aTOMHOTO 00beMa

Ha puc. 4 mpencraBieHbl CTPYKTYpHI, MOMYyYEHHBIE C MOMOMIBIO mporpammbl “Diamond” ambda-mmpkonus B
npeAnepexoHoii obnactu nojaumopduoro npespaiieHus. C y4eToM M3BECTHBIX (AaKTOB O CTPYKType anbha — u Oera-
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mupkorus (B — Zr [OLK - 42, a=3,61A (1143 K), npoctpanctsennas rpynna Im3m, a/a=1], o~Zr [TTIY - A3,
MPOCTPaHCTBEHHAas rpymmna P6s/mm, a=3,2317 A, ¢=5,1476 A, ¢/a=1,5928,] u 3nauenuii c/a, MPUBEJCHHBIX Ha puc. 4
MOYKHO OLIEHUTH KpuTepuid nonodus. [Ipu sTrom obpamaer Ha ceOs BHUMaHHE CKa4dOK (PHC. 5) B 3aBUCHMOCTH Kak V/
dV/V ot Temneparypsl Ipu Temneparype nonumopdHoro npespamienust T=1136 K, cBsisanHOTO cO cCMeHON Mepapxun
CTPYKTYD TIPH MOHIKEHUN TEMIIEPATyphl B IIOCIEAOBATEIBHOCTH P—Zr <> o—Zr ¢ KpurepueM nogodus ®=1,593. Oto
3HAYCHUE OTIMYACTCA KaK OT TEOPETHYECKOTO 3HAYCHWS UIA IUIOTHOW YIAaKOBKH (c/a=1,633), Tak W Tpenena psjaa
Oubonayyn (O=1,618). UHTEpEeCcCHO OTMETHTH, UTO 3HaUCHUE c/a B psaxy Meramos ¢ ['TIY crpykrypoit (Zr, Ti, Hf, Y,
Be) B 3aBHCHMOCTH OT OTHOCHUTEIBHOIO TEMIEPATypHOTO MHTEPBaa CYIECTBOBAHHS BBICOKOTEMIIEPATypHOU P-(ha3bl
(puc. 6) TUHEWHO cmagaeT ¢ POCTOM OTOro wuHTepBana, BbipakaemMoro oTHomeHueM AT/T., = (Tisasrenns

Tupespamenns)/ Tnnapnenms.  ITOT  cHaj  OOYyCIOBIEH M3MEHEHMEM OJIEKTPOHHOM CTPYKTYphl aTOMOB METalJoB,
NPOSIBISIFONIEMCS] B YBEJIMYCHUH CIUTIOCHYTOCTH AJIEKTPOHHBIX 000JI0YEeK aToMoB BIOJb ocH ¢ (puc. 7). Ha puc. 6
MPUBEJICHBI 3HAYCHUs c/a ToNbko Juis Tex [TIY MertaysioB y koTopwix: 1) cymmecTByeT mnoiaumopduoe o[
npespatienue; 2) anbda-paza umeer I'TIY-crpykrypy, Oera-paza umeer OLK-ctpykrypy. Iloatomy ne Bce I'TIY
METaUIBl  MOTYT OBITh TpEACTAaBICHBI Ha puc. 6. Du3nyeckoil NPUUYMHOM 00pa3oBaHMs Te€KCaroHAJIBHBIX
IUTOTHOYTIAKOBAHHBIX YIIAKOBOK M OTKJIOHEHHs 3HA4YCHWI ¢/a OT WACAIBHOTO sBisieTcss aedopmarus chepriaeckux
BaJICHTHBIX s-OpOHTaell (BHEITHUX s-000J1049eK) 3a cueT Hebombmmoro cxatus (Ha 0,7-4%) BIOIH OCH ¢ y OONBITHHCTBA

I'TTY-meramnos [13]. CruttocHyTBIE BAOTH OCH € S-000JI0YKH cllabee MepeKphIBalOTCS B MIECTH HAaMpaBiIeHUAX < 1120 >,
JIeKalMX B IUIOTHOYNakoBaHHBIX IiockocTsax (0001), n cunbHee mepekphIBaioTcs B miecTH HamnpasieHusix (1120).
OTtoMy oTBeuaeT 6 Oosiee JUIMHHBIX CBA3EH Ka)KAOTO aToMa C COCeIsIMH B Oa3MCHOW IUIOCKOCTH M 6 Ooiee KOPOTKHX
CBsI3eH aTOMa C IIECTHIO OCTATIBHBIMHU cOoceasIMU (puc. 4B).

c/a
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’ y=-0,0497x+ 1,6189
1.575 R2 =0,9782
1,57
<
1,565
o} 0,2 0,4 0,6 0,8 1
AT/Tyy,
Puc. 6. 3aBHCUMOCTD ¢/a OT TEMIIEPATypHOTo HHTEpBaa Puc. 7. I'ekcaronanpHasi IJIOTHAsE YIIAaKOBKa ChepoOUIOB
cymectBoBaHus B-haser aus ['TIY — metamios TS METAJJIOB CO 3Ha4eHUsAMH ¢/a<1,633 [13]

Hedopmanus cdeprueckux s-opOutaneii oOyciioBieHa TaKuUMH (PU3MYECKIMH TPUYMHAMH: BO30YXIACHHEM U
MOBBILIEHHEM JHEPIHH S-3JICKTPOHOB, HAIIPUMEp, BCIEICTBUE MOBBIIICHNS TEMIIEPATyphl; BO30yKAEHHEM OpOHUTanei
p’- wmn d°- oGomoukm octoBa. B mocmeHeM ciydae JOIDKHA BO3PACTATh S-OIEKTPOHHAs IUIOTHOCTH B OONACTH
PACIIONOKEH)s AApa aToMa UMPKOHMS, YTO TPHUBOAMT K YMEHBIICHHIO M30MEPHOTO CIBura Ha smpax Fe’’ mo
cpaBHeHHIO ¢ o-Fe [14]; nedopmarueit BHemHeW chepuyeckoil s-000J0YKH, PACIIONIOKCHHBIME BHYTPU HEe
BAJIECHTHBIMH d-OpOUTAISIMU. DTO NPUBOJAMT K YMEHBIICHHWIO OJKPAaHUPOBAHUS S-3JIEKTPOHHOH IUIOTHOCTH d-
JIEKTPOHAMH, MOCJIEAYIONIEMY YBEJIMYEHHIO — S-3JIGKTPOHHON IUIOTHOCTH B OOJIACTH DACIIOJIOKEHUS spa aroMa
IUpKOHUS. VHTEpecHO COMOCTaBHTh TEMIIEPATYPHYIO 3aBUCHMOCTh Kod(p¢uumenra muddysun (puc. 8) ¢
TEMIIEpaTypHOH 3aBHCHUMOCTBIO IApaMeTPOB pemeTkH (puc.2) W B3aUMHOW 3aBHCHMOCTH Kod(dduimenra
camogudy3un oT mM3MeHeHHs aToMHOTO oOBema (puc. 9). 3HaueHms koddduimeHToB camomuddysun ampdpa —
mupKkoHUS B3ATHl W3 [15]. Habmiomaercs nuHeWHas 3aBUCHMOCTh JTHX IapaMeTPOB OT TEMIeEpaTypbl, YTO
COOTBETCTBYET BaKaHCHOHHOMY MexaHm3My camoanddysuu B obmactu temmeparyp okoio 1136 K [16], roe omenka
KOHI[GHTPAIMK BakaHCHi maet 3Hadenne C, ~ 10°. DT0 yIOBIETBOPUTEIBHO KOPPENHUPYET C JAaHHBIME pHC. 2,3,5,6,
KOTOpbIE HJUTIOCTPUPYIOT KaK JIMHEHHOE pacIIMpeHHe MapaMeTpoOB pelIeTKH d, ¢ U aTOMHOTO o0beMa, Tak Hu
BAaKaHCHOHHBIH POCT BJOJIb BCEX HAIIPABIICHUH.

PaccMoTpuM mepexo] Ha MHKPOCTPYKTYPHBIH YPOBEHb B CIUIaBaX Ha OCHOBE IIMPKOHHS. HCIIOJIB30BAIH HaOOp
JIETHPYIOIINX J100aBOK, BKJIIoHaomuii B ce0st 3d-nepexoanbie metauisl: V u Fe, nepexonusie 4d-meraiust: Nb u Mo;
u, HakoHen, Ta, oTHocsmwmiics Kk JSd-mepuony. BcenencTBue Mainoi pacTBOPUMOCTH JISTUPYIOIIMX JO0AaBOK IpH
JITUPOBAaHUM LUPKOHUS B METAIMYECKOW MAaTpHIE CIUIaBOB 00pa3yloTCs HAHOKPHCTAJUIMYECKHE BBIICICHUS
HHTEpMETATNIeCKUX (a3 cioxkHoro cocraBa (pazmepom 10-100 am). IIpu stom QopmupyeTcs omHa W3 Hamboiee
B)XHBIX METAUIMYECKUX MHKPOCTPYKTYp CIIIaBa C IHCIEPCHBIMH BBIACICHHAMH TBEPIBIX HAHOKPHCTAIUITMIECKUX
gacTuI] B Metaummaeckor marpure (puc. 10). Ilpun TepmMomexanndeckoii 00paboTke H3MEHSIOTCS BaYKHBIE TTapaMETpPHI,
XapaKTepU3yOIINe BBIACICHUA B MAaTpHUIE, — pa3Mep YacTHIl M PACCTOSHUS MEXAY HUMH, MMEIOIUE JNHEHHYIO
B3anMOCBs3b (puc. 11). [To 3TUM JaHHBIM MOXHO OILIEHUTH MapaMeTp moaodus: B 3ToM ciydae R, ;/ R, = (1,3 -1,8), B
3aBUCHMOCTH OT TEMIIEPATYPbI OTHKUIA, YTO YIAOBJIETBOPUTEIBHO COTTIACYETCsI C OLICHKOMH, IPUBEAECHHOM B [8].
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IIpn nepexone Ha MUKPOCTPYKTYPHBI YPOBEHb HE€pPApXUM CTPYKTYpP B LIUPKOHUM MU €r0O CIUIaBax, Ha ypOBEHb

pa3MepoB 3epeH MOJMKPUCTAIUINYECKUX MaTepuaioB (puc. 12), mpuMeHsst METOJbI OIIGHKHU CTPYKTYp [8], momydaem
Oouee BbICOKHE 3HaueHUs1 K0d3((umeHToB nojaoous (1o 3 - 3,5). Panee juis caMonoJOOHBIX CTPYKTYp Ha MMOBEPXHOCTH
rpadura [17] u nupkonus [18] ObIM MOTYy4eHB! 3HAYUTENHHO OONbIIME 3HaYeHUS KOI(POHUIMEHTOB MOJO0MS INpU
Tepexo/ie OT HAHO - 10 MakpocTpykTypsl (107 — 10°).
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BbIBO/JbI
B pabote uccienoBaHbl nmapamMerpbl HEPaApXUUECKUX CTPYKTYP (OPMHUPYIOLUIMXCS B IMPKOHHU U €ro CIUIaBaxX B

OTCYTCTBHE BHEUIHETO BO3JEHCTBUs. B pe3ynbrare aHanu3a NOBEAEHUSI CTPYKTYPHBIX NapaMeTPOB B MPEANEPEXOqHOM
obyiacTd mpu MOJMMOPGHOM TPEBPAICHUN ONpeeaeHbl Kod(hduimenTa momxodust cTpykryp. Ilpu mepexome Ha
MHUKPOCTPYKTYPHBIH H, Jajee, Ha MaKpOCTPYKTYpHbBIH YPOBEHb HAONIOAeTCs TEHICHIUS pocTa KO3(PQUIHEHTOR
noxoous.
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This paper delves into the abnormal surface diffusion of particles in external time-periodic field. The relationship of surface diffusion
enhancement as a function of amplitude and frequency of external fields has been studied. It has been shown that the diffusion
coefficient can significantly be increased (by several orders of magnitude) by applying external time-periodic fields. The diffusion
gain ratio considerably depends on the surface temperature, external field amplitude and frequency.
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IMPUCKOPEHA ITOBEPXHEBA JJU®Y3Is1 I AI€F0O 30BHINIHIX MEPIOJUYHHUX ITOJIIB
LI. Mapqemcol’z, LL Mapqemco3
YHayionanenuii nayxosuii yenmp «Xapricokuii Qizuxo-mexuiunuii incmumym»
eyn. Axaoemuuna 1, m. Xaprie 61108,Vrpaina
2Xaprieceiuii nayionansnuil yuieepcumem iveni B.H. Kapasina
ni. Ceo600u 4, m. Xapkis, 61022, Vrpaina
SHTY «Xapriscokuil nonimexuiunuii incmumym»

eyn. @pynse 21, m. Xapkie 61145 Vipaina
VY po6oTi MeToaMH KOMIT'IOTEPHOIO MOJEIIIOBAHHS JOCHI/UKYEThCS aHOMallbHA IOBEpXHEBa IU(Y3is YaCTHHOK Y 30BHILIHBOMY
nepiofnYHOMy y 4aci nmosni. BuBdeHo nocusieHHs: moBepXHeBoi qudy3ii B 3aIeKHOCTI Bil aMILTITYI{ Ta YaCTOTH 30BHILIHBOTO TOJIS.
[Tokaszano mo koedimieHT audysii Moxke 3pocTaTd HA MOPAIKH IMiJ BIUIMBOM 30BHIMIHbOTO noisi. CTyneHb mocuieHHs audysil
CYTTEBO 3aJIC)KHUTH BiJ TEMIIEPaTypH MOBEPXHi, aMILUTITYI{ Ta YaCTOTH 30BHIIIHBOTO HOJIS.
KJUIFOYOBI CJIOBA: audys3is, koMI'toTepHe MOZCTIOBaHHsI, piBHAHH JlamKeBeHa, nepioAnyHi moJs

YCKOPEHHAS IOBEPXHOCTHAS JU®®Y3USI [TOJ] BO3AEMCTBUEM BHEIIHUX MMEPHOIUYECKHUX
MOJIEN
HW.I'. Mapuenko'?, I.H. Mapuenko’, K.A. Konapatiox’
YHayuonansnuii nayunviii yenmp «Xapbkoeckuii (pusuKo-mexHuyeckuii uHCmumym»
yi. Akademuuecxas 1, 2. Xapvkos 61108, Vrpauna
2Xapwrosckuii nayuonansuslii ynuepcumem umenu B.H. Kapasuna
ni. Ceo600vt 4, 2. Xapwvros, 61022 Vipauna
SHry «XapbKoscKull NOAUMEXHUYECKULl UHCIMUMYM»

yn. @pynze 21, 2. Xapvros 61145, Vipauna
B pabGorte MeTomaMH KOMIIBIOTEPHOIO MOJEIMPOBAHMS MCCIIENOBAHA aHOMAJbHAS ITOBEPXHOCTHas AN(dY3Us 4aCTHIl BO BHELIHEM
HEePUOANYECKOM BO BPEMEHM Iojie. MI3ydeHO ycHIIeHHEe NMOBEPXHOCTHOH aAuddy3uH B 3aBUCHMMOCTH OT aMIUIMTYIBI U YacTOTHI
BHewHero nossi. IlokasaHo, 4yro koadduuuent auddysun MoxeT BO3pacTaTh Ha IOPSIKM HPH HMPHIOKEHHH BHELIHEro MOJI.
Crenenp ycuieHust 1uddy3un CymecTBEHHbIM 00pa3oM 3aBUCHUT OT TEMIIEPATYphl IIOBEPXHOCTH, aMILIUTY/Ibl M YaCTOThI BHELIHETO
OIS
KJUIFOYEBBIE CJIOBA: 1ubdy3us, KOMIbIOTEpHOE MOJCIUPOBaHKe, ypaBHEeHHs JIaHkeBeHa, IePUOMICSCKHE OIS

Paspurne HaHO(DW3WKM, WHTCHCHUBHBIC WCCICIOBAHUA B OONIACTH CO3JAaHUS MHKPOCHCTEM C 3aJaHHBIMH
CBOWMCTBaMH BBI3BIBACT ITOBBIIICHHBIH WHTEPEC K MCCICIOBAHHIO HAMPABICHHOTO ABIDKCHUS YACTHI] IO TTOBEPXHOCTH
tBepporo Ttena [1,2]. TpaHCIOPTHPOBKA aTOMOB M KJIACTEPOB II0J BO3JCHCTBMEM BHEIIHEH CHIIBI, BBHI3BAHHOU
BO3ACHUCTBHEM MAarHUTHBIX M DJICKTPHUECKUX IIOJICH, JTa3epHOTO OOIydeHNs, BHSITHUMH HANPSDKEHISIMA | T.7. TpeOyeT
M3y4eHus1 TporieccoB MUp(dy3un B CHUCTEMax C TEPUOTUYECKHM TMoTeHImanoM. I[loBepxHocTHas muddysms, kak
TIPABUITO, XapaKTEPU3YETCsI MAIBIMH 3HAYCHUSIME aKTHBAIIMOHHBIX 0apbepoB M HU3KAM Kod(dunuenrom tpenus [3-5].
Panee B mccie[oBaHMSX PAa3IMIHBIX aBTOPOB OBUIO MOKA3aHO, YTO B CHCTEMAaxX, XapaKTePH3YIOMHUXCI HU3KUM YPOBHEM
JIMCCUITAINK YHEPTHUH, BO3MOXXHO BO3HHKHOBEHHE OCOOBIX PEKUMOB MU(PGY3UH: TaK Ha3bIBaeMoW cyOmuddy3uu u
runepauddysun  [6,7]. OObiuHas audQy3us XapakTepu3yeTcs JIMHEHHON 3aBUCHMOCTBIO CPEIHEKBAIPATHYHOTO

OTKJIOHEGHHS OT BpeMeHn < X> >~t. B ciyuae peannsaimmi 0COOBIX pPEKMMOB u(dysds 5Ta  3aBHCHMOCTH

© Marchenko I.G., Marchenko .I.,2014
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m3mensiercs; < X2 >~t". IIpu N <1 roeopsar o cyoaubdysun, npu 1<N<2 - o cynepauddysun, a mpu N>2 -0
runepauddysun. B ciaydae N =2 peamusyercs 0OCOOBIH ciydaid OammUCTHYECKON mud@y3uu. DTH aHOMAIBHBIC
PSKUMBI HAONIOMAIOTCS TOJBKO B HEKOTOPOM BPEMEHHOM HMHTEpBAJC, ONPEICISICMOM TEMIICPATypOil M CBOWCTBAMH
cucremsl. CO BpPEMEHEM YCTaHABIMBACTCS DPEXMM HOPManbHOW muddy3ud, W HPOCTPAHCTBCHHAS AHWCICPCHS B
pacmpene/icHHd YacTHI] OIKCHIBACTCS CTAHIAAPTHBIM BBIPAKCHUEM <x?>~t. Ognaxo, OTrpaHUYCHHE IPOIECCCOB
TPAHCIOPTa BO BPEMEHHU MOXKET MPHUBOAUTH K TOMY, UTO JBIDKCHHE YaCTHIl OyJCT IMPOUCXOAUTh B YCIOBHUSIX CHIIBHOM
HEPaBHOBECHOCTH, XapaKTEPU3YIOIIUXCSI AHOMAJbHBIMH pexumamu auddysun [8]. BosgeiictBys Ha cucremy
HEePUOMICCKUAM ITOJIEM MOXKHO “3aKOHCEPBHUPOBATH” 0cOoObIe pexkuMbl aAuddy3uu. Panee B padore [9] ObL10 mokazano,
YTO BO3MOXKHO aHOMaJbHOE BO3pacTaHue IudQy3ud C yMEHBIICHHEM TeMmIreparypsl cpensl. OmHAKo He ObLIa
UCCIICIOBaHA 3aBUCHMOCTB ATOTO SIBJIICHHS OT aMILIUTY (bl JICHCTBYIOIIECH CUJIBI X 9aCTOTHI.

Ienplo maHHOW CTaTBU SBJISUIOCH TOAPOOHOE HUCCICIOBAHUE 3TUX 3aBUCHMOCTEH METOJaMHU KOMITBIOTEPHOIO
MOJICIUPOBaHKs. BO3MOXXHOCTh YCWJICHUS TOBEPXHOCTHON muddy3urr BHONE BBEIOPAaHHOTO HAampaBiIcHUS 0Oc3
YBEIUUCHHS TEMIIEPATyphl UMEET OTPOMHYIO MPAKTHYCCKYI0 3HAYUMOCTh M TIO3BOJIACT CO3/aBaTh MOBCPXHOCTHBIC
CTPYKTYPBI, COCTOSIINE U3 KIACTEPOB TPEOYEMBIX (POPM, Pa3MEPOB U TUIOTHOCTH.

METOJUKA MOJEJINPOBAHUSA
JIBr)KeHHE YACTHII 110 TIOBEPXHOCTH MOYKHO OIMKCATh CIEAYIONIeH cucTeMoi ypaBHeHu# Jlamxkesena [10]:

. 0 )
mk =-—U(x, %)-yx+ F+& (9, (1)
0x
rjae X; — KOMIIOHEHTHI AE€KapTOBBIX KOOPAMHAT 4acTULbl HA IIOCKOCTH, t- Bpems, M- ee Macca, F; — KOMIIOHEHTHI
BHEIIIHEH IOCTOSIHHOM CHJIBI, AeHicTBYyromel Ha dactuiry, U(X;,X,) - MOTCHUHAIbHAS YHEPTHs YACTULIBI HA TUIOCKOCTH,

y- xodpduument tpenus. Unen (t) omuceiBaeT Tepmuyeckue (GuyKTyaud. Todka CBEpXy O3HAa4aeT

ZlH(l)(l)epeHHHpOBaHI/IC IO BpEMCHU. HpeunonaraeTc;{, YTO IYyM ABJIACTCSA I'ayCCOBLIM Oc/IBIM U COOTBETCTBEHHO JJIsL
TCPMHUUCCKUX Q)HyKTyaum‘/i BBIIIOJIHACTCS COOTHOILICHUE!

(& ¢ ) = 2KT(E~1)g; 2

rae K - mocrostnHas bonbimana, T - Temmeparypa.

[Tox yacTuiei B nanpHeWeM OyaeM MOHUMATh aIaTOM WM KJIACTEP, COCTOSAIINN M3 MHOTHX aTOMOB, KOTOPBIH
MOXXET JBHTaThCsl B TICPUONWYESCKOM TOTEHIMae. [loTeHmManmpbHash SHEPrus YacTHIBI Ha KPUCTAUTHYECKOM
TTOBEPXHOCTH OMNpENENsIeTCss CHUMMETpUEH TIMOBEPXHOCTH M €€ aTOMHBIM COCTaBOM. B mpocTteiimem ciaydae
OJIHOATOMHOTO MaTepHaja U MPOCTON MPSIMOYTOJILHONW MOBEPXHOCTHOHN PEIIETKH MOTEHIIMATbHAS SHEPTUS MOXKET OBbITH
3amdcana cieayromum oopazom [10]:

u 2r 2
U :—70 co{axljﬂms(bxz] : (3)

rae a u b - mocrosHubIe PCUICTKH BAOJIb oceit X1 u X2 , 4 BEJIMYMHA aKTUBAIlMUOHHOI'O 6apLepa paBHa U 0-

Kax 6bu10 MOKa3aHo panee [11] B 3TOM ciyuae mepeMeHHbIC X U Y ¢1a00 CBA3aHbl, 4 KHHETHKA ABHKCHHS YaCTHIL
oIpenenseTcss KOMIIOHEHTON CHIIbl JeHCTBYOLIEH BIOIb AaHHOrO HampaBieHus. COOTBETCTBEHHO, Ul YIPOLIEHUS
BBIYMCIICHHI MOXXHO MEPEHTH K CIIy4ar0 OZHOMEPHOrO ABWXKCHHUS 4YacTHIbl B mepuoandeckoM mone U(X), kotopoe

OIIUCHBIBACT BOSHGﬁCTBI/IC Ha YacTuly CO CTOPOHBI HOBerHOCTI/I:
U 2
U(x)=-—cos —x|, (4)
2 a

[Je @ - MOCTOSIHHAS OJJHOMEPHOM PEIIETKH.
Ha aBmxkyiryrocs 4actuiry AeMCTBYET MEPHOAMYECKAs B IPOCTPAHCTBE CHIA CO CTOPOHBI KPHUCTAILTMYECKOM
pewerku Fy

ouU (2
Flat = v Fo sm(: xj. (5)

n o o IV .,
Benuunna Fcr =—U 0, Ha3blBacMasi KpUTHICCKOU CUJIOU [10], COOTBETCTBYCT MUHUMAJIbHOU ACUCTBYIOLICU CUJIC,
a

HEOOXOUMON JUIS TIPEOJIOJIEHUSI YHEPTeTHIECKOro Oaphepa, pa3Aelsioniero JBa COCEIHUX ITOJIOXKCHHS YacTHIBI Ha
OJIHOMEpHO# perreTke. [TapaMeTpsl UCTIOIB3YEeMOTO TIEPUOANIECKOTO MOTSHIMANA OB TEMH JKe, YTO W B paboTax
[8,9].

Bremuee NEPpHUOANYECCKOE BO BPEMCHHU I10JI€ 33/1aBaJIOCh CIICAYIOIIUM BBIPAXKCHUCM:
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F ¢)= Fosin(at), (6)
IJle G - yIIoBas 4acToTa BHEWIHeH cuibl, a Fy - ee ammuTya.

Croxactuueckue ypaueHus (1)-(2) s Kaxa0#l YacTHIBI PENIATUCh YHCIEHHO C [IArOM [0 BPEMEHH
At=0,1 ¢c, uro cocraBmsier menee 1/100 mepuomga coOCTBeHHBIX KojeOaHuit. CTaTHCTHUECKOE YCpEIHEHHE

MMpOoBOAWIJIOCH 10 aHCcaMOJII0 C KOJHYECTBOM HacCTuIg N = 4-ELO‘1 . I[J'If[ IMPOBEPKU MOJYUCHHBIX PE3YyJIbTATOB OTACIIbLHBIC

BBIUHCICHUS TpoBommiuch ¢ N = 4M10°. HauanbHble YCIIOBUSL 3allaBajiich CIEAyIommM oOpa3oM. Yacrtuia
MOMeIIajgack B Hadaje KOOPIUHAT M €W CIy4alHbIM 00pa3oM cooOIIanack CKOPOCTh, MMEromas MaKCBEIIOBCKOE

pacrpesieieHie 10 TeMIepaType. 3aTeM IPOBOMIACH TepMaNM3alus cucTeMbl B Tedenne 10° BpeMeHHBIX IIAros.
Tlocne yero yacTHia ¢ UMEIOLIEHCS CKOPOCTHIO MTepeMeENanach B IEPBYIO JIEMEHTAPHYIO SUYCHKY.
IMpu ananu3e pe3yabTaTOB MOJCIUPOBaHMs YAOOHO mMepedTH K Oe3pa3MepHbIM BeauduHaM Bpemenu t

paccrosiHust X 1 Temmepatypsl T [4,6]:

.1 U F_ X - _ kT
t =t— |—2; X== T =—.

aym a Uy, )

I[J'IH COIIOCTABJICHUSL NAaHHBIX, MOJYYCHHBIX B [[aHHOﬁ pa60Te, C JaHHBIMU ApYTrux aBTOPOB HCIIOJb30BAJIUCH

6e3pasMepHbIe BEIMYMHEL TeMiepatypsl T 1 Tperns ) [2,7].

Tk ._ e

0 T ®

TTockoJbKY B paboTe U3ydaioch HEAOAEMII(PUPOBAHHOE JBUKEHHME YACTHLI, TO PACCMATPUBAIICS TOJILKO ciydai )/ <1.

KoadhdunmenT muddy3un BEIMUCISICS TpaJIUIIMOHHBIM 00pa3oM:

(0 -(x))) o

D =limD(t) =lim———*,
too too 2t
/i€ CKOOKH (.., 0003HAYAIOT yCPEIHEHHE MO aHCAMOJTIO.
10’ w  tog 10 10 YT0OBI IPOAEMOHCTPHUPOBATH YIOOCTBO Oe3pa3MepHBIX
i o ' ' BEJTMYHMH HAMHU OBUTH MPOU3BEICHBI KOMITBIOTEPHBIE PACUETHI
1077 5 aubdy3HH Ul aTOMOB pa3iIHYHBIX 3eMenToB. Ha puc. 1
10' h j10° MIPUBEJCHB BPEMEHHBIE 3aBHCUMOCTh KO3 PHUIMEHTOB
T 10 . muddysun  D(t) s Pt, C, H u coorBercrByromue
B W e Oespasmepuble  kodGduuuentsl aupdysun D (t') s
a 1y s temmeparypsl T =05. Kak BumHO W3 pHCyHKa, MOCIE
-1 s " v
s BEA COOTBETCTBYIOIINX MAacIITaGHBIX npeo6pasoBanumit
10y 10’ ko3hduimentsl aupdy3un D(t) noxaTcs HA OJHY KPHBYIO
10' 10' 10° 10° 0 mupoy3un D (t') . Takum o6pasom, s HCCICIOBaHUS
t/At

HpOLECCOB TPAHCIOPTa YACTHUL, MOJ JeiCTBMEM BHEIIHEH
Puc. 1. 3aBucumocts kodddurment muddysun Der (t) 111 cpppr nocraTouno HOJIy4UTh PELICHHE I YACTHIIBI TOIBKO
Pt, C, H or Bpemenu t n MacmTablpoOBaHHBIC 3aBUCUMOCTH OJIHOTO THUMA. 3aBUCUMOCTH D(t) JUIS 9aCTULl JPYrod Macchl

D or 6espasmeproro Bpemenn t . H —mynktupras muams, — MOTYT ObITH HOTydCHBI IryTeM MaCIITaOHBIX
C - wrpuxoBas Jmmms, Pt - cwiommas iumma.  1PeOOpasoBanmil. Ilostomy B naHHOM  craThe  ObuI
- - - UCCIIEN0BaH TOJbKO Bopopod. Bemumumna Uy cocrasisia

T =013,y =02 F = 015F . A AOpOA 0
80mM3B — BenuuuHy XapakTepHyroo s auddys3ud 1Mo

TIOTHOYTIAKOBAHHBIM TIOBEPXHOCTSM METasLIOB. [10CTOSHHAs OHOMEPHO# peneTkn @ Oblia BbIOpaHa paBHOi 2 A,

PE3YJIBTATBI U OBCYKJAEHHUE
Tox Bo3xciicTBHeM mMOCTOsHHOM cnmbl (& =0), B 3aBHCHMOCTH OT BEIMYMHBI F = F/F, , peamm3yrorcs

pa3iyHbIe PeKUMBI ABHKEHHs YacTul]. Ha puc. 2 npuBeeHbl 3aBUCUMOCTH 0e3pa3MepHOii IUCIIePCHH pacipeieieHus

qactun 02 =<(X (H-< X'(t) >)2> OT BPEMEHM JUIsl PAa3JIMYHBIX BEIMYMH BHemHed cwibl F mpu temmneparype 120 K

(T =013). Kak BUOHO M3 pHCYHKA, B OTCYTCTBHM BHEIIHEW CHJIBI, Habmromaercs oObruHas auddysus, Kotopas

OTIMCBHIBACTCS BEIpAKEHUEM < X% >~t.
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, 1 wo ot 1w TN VYBenuueHue Cuiibl 10 3HA4YEHUs F = 005 (xpuBas
:ﬂ ' ' ‘ ' 3 2) T[OpPUBOAMT K TOSBICHHIO KOPOTKOrO  y4yacTKa

1074 OaJINCTUYCCKOM muddy3uu, XapaKTepU3yeMoro
10°
10°4
10

(=} 3

b 10y
10° 4
10'

3aBHCHMOCTBIO 02 ~12. DTOT NepexomHoil  pekum
muddy3un  HabIromaeTcss TOJNBKO Ha MAallbIX BpeMeHax
(t /At < 5[10°) u B nanbHeiimem auddy3Hs TO-TPEKHEMY
omuceiBaeTcs BoipakenueM (1). Ilpu nmanbHeiimem pocte
cuwibl (kpuBasi 3) BO3HHMKAeT y4yacToOK runepauddysun,

10y
104 XapaKTePU3yeMblil KyOMUECKOW 3aBUCUMOCTBIO JHCIICPCUH
10* :
10° 10* 10° 10° 0w or Bpemenu. Ha Oombmux Bpemenax (t/At > 106)
t/At JUCIICPCHS 3aBHCUT OT BPEMEHH JinHelHo. [locmemyromee
Puc. 2. 3aBUCUMOCTH 0e3pazMepHO JIUCIIepCUU

BEJIMUEHUE BHEIIHEH cwibl 10 3HadeHus F = 015
pacrpeaciaeHus 4acTull OT BPEMCHU JI pa3/IMYHbIX BEJINYUH y

. . i NPUBOJIUT K TMOSIBJICHHUIO HOBOTO THIIA JIBM)KCHHS YACTHII,
nocrosiHHo aeiicrsyroweii cunmsl F'=F /F . Temneparypa

. . . XapaKTepH3YIOLIErocs OTCYTCTBHEM 3aBHCHMOCTH O OT
T=120 K (T = 013). Kpusas 1- F =0, 2-F = 005,

‘ BpeMEHH. DTOT PEXKUM, KaK BUIHO W3 Tpaduka, HACTYMaeT
3.F =009 4, F' =015, 5-F =04, 6-F =08, mocue dasbl runepauddysun. JanbHeiilnee Bo3pacTaHue
F (xpuBas 5) pacmmpsier obmactbe 0e3auddy3HOHHOrO

F =10 OrpeskaMn  CIUIOIIHOM  JIMHUM  HAHECEHBI
Tpancmopta. Ilpm  srom  dasza  runepauddyzun

_+ _:2 33
sapucnmocrn ~t, ~1%, ~ 7. cokpamaercs (t /At < 210%). ITpu yBenuuennn BHEwHEH

cunel o 3mauenns F = 08 obmacts runepauddy3un cokpamaercs Ha nopspok (t /At < 2E|.03), a MHTepBal
0e3audHy3MOHHOr0 TpaHcmopTa yMmeHbmaercs. Ha Gonbiumx Bpemenax (t /At >106) Ha rpaduKe BHIEH MEepexoa K
pexxumy o0bruHOW ubdy3un. Korma BHEIIHSS CHIa JOCTHraeT KPUTHYECKOro 3HaueHusi (KpuBas 7), MEPEXOAHBIC

pexumbl quddy3un mnpakTudecku ucuesaror. Kak BumHo W3 rpadukoB, KpuBas 7 Ha BpemeHax t /At > 5010°
napajuienbHa KpuBol 1, oHAaKO CIBHHYTa OTHOCHTEIBEHO Hee Goiiee 4eM Ha J(Ba IOpsKa BEJIMYUHEL 10 OCH OpAWHAT.
ITocnemyromiee yBenWdeHWE BEIWYWHBI F TPUBOAWUT K BOCCTAaHOBICHHIO pekuMa OObMHOW auddy3nn Bo Bcem
paccMaTpuBaeMOM HHTepBaje BpeMeHHU. [IpuBeneHHBIE Pe3ysbTaThl XOPOLIO KOPPEIHPYIOT C Pe3ysbTaTaMH APYIHX
uccienosarenei [6-7].

OTH aHOManbHBIE PEXHUMBI HAONIONAIOTCS TOJBKO B HEKOTOPOM BPEMEHHOM HHTEpBAJC, ONpelesieMOM
TEeMIepaTypoll U CBOicTBaMH cUcTeMBl. II0 NpOIIECTBMM BPEMEHH YCTAHABJIMBACTCS CTAalMOHAPHOE COCTOSHHE, H
NPOCTPAHCTBEHHAS JMCIIEPCHS B PACIPEAC/ICHHH YACTHI ONMCHIBACTCS CTAHAAPTHBIM BBIDRKEHHEM < X2 >~t.
[IpunoxeHne BHEIIHETO, MEPUOJMYECKOTO BO BPEMEHHM IIOJIS, MPUBOJUT K OTPAHMYCHHIO BO BPEMEHM aHOMAIBHBIX
pexumoB updysun. B pesynbraTe peanusyroTcss aHOMallbHbIE PEKMMBI JUPQY3UH OrpaHHMYEHHBIE NEPHOIOM
KoJieOaHUs BHEITHETO T10JIS.

Ha puc. 3 nokazano n3MeHeHue 3aBUcUMOCTed Kod(hduumenTa 1upPy3un OT 4acTOThl G NPHI0KESHHOTO OIS

IUIsL Pa3IMYHbIX 3HAYCHWH aMIUIMTYObl cwibl Fy npu mocrosHHOHM Temmeparype T =0,26. IlrpuxoBoil nuHHEH
HAaHECeH YypOBEHb, COOTBeTCTBYIOMI auddysun nmpu F =0. Kak BuAHO M3 pUCYHKA, BO3JEHCTBHE BHEIIHErO
MEPUOUYCCKOTO TOJIS TPUBOJUT K CYHICCTBEHHOMY YCHJICHHUIO TU(PQY3UU N0 CPABHCHUIO C PABHOBCCHBIM CITy4acM.

IIpu 5TOM CTENECHb YCUIICHHS 3aBUCUT OT YaCTOTHI MPUIIOKEHHOTO TIOJISL U AMIUTATY/IBI CHJIBI.
Bce rpaduku Ha puc. 3 HMEIOT JIOK&JIbHBI MakCHMyM BONH3HM COOCTBEHHOM 4YacToThl ) = 277/ T, rae Tg-

nepuon COOCTBEHHBIX KOJICOAHMIA. O,Z[HaKO N3MCHCHUC aMIUIUTY/IbI BHEIITHEW CHIIBI IIPUBOJUT K M3MCHCHHIO BHJA

rpaduKOB B HHU3KOYAaCTOTHOW obmactu. Tak yseramuenume Ry mo 3mauenms 0,10 pusbie 1-3) compoBoxkmaercs

yewienneMm muddysun ¢ poctom cuinsl. Ilpu stom 3Hayenme D nocturaer HackleHHs M ci1abo M3MEHSETCS MPU
HM3KMX YacTOTaxX BHEIIHero mnousi. JanbHeiimee yBenaundeHune cuibl (Kpusble 4-5) m3MeHseT QpyHKIMOHATBHBIA BHA

KpuBbIX. Ha rpadukax nosisieTcss HU3KOYaCTOTHBIA MakcuMyM. Ero BenuyuHa D;nx CYIIECTBEHHO BBIIIE MaKCUMyMa
Ha 4acToTe (W= &}y, COOTBETCTBYIOLIEH YacToTe COOCTBEHHBIX KoyiebaHmi wactuubl. J[ns Bcex rpadukoB Ha puc. 3 B
BBICOKOYACTOTHOM 00JIaCTH OOJIBIIEMY 3HAYCHHUIO F(; COOTBETCTBYET M OOJIbIIAS BEINIHHA D'. Oxnako MIPH HU3KHUX
vactorax npu F, > 0,10 menbuieii cune cooTBeTCTBYET GoNlee MHTeHCHBHAs MU dy3us. YBeIMUeHHe aMILTUTY/IbI CHITbI
NPUBOANT K CABUTY MakCUMyMa D;nx B CTOPOHY 00Jiee BBICOKMX YacTOT.

Tenepr pacCMOTPUM BIUSHHE TEMIICPATYpbl Ha YacTOTHBIC 3aBHCUMOCTH mud@y3uu. Ha puc. 4 npuseneHsl
rpaduKN 3THX 3aBHCHMOCTell mpu QuxcupoBaHHOM 3HaueHWH F, =0,1500 pasnmudyHbIX TemmepaTyp. YCHICHHE

mudpy3nI TIPH STOM MOYKET JOCTUTaTh MHOTHX TopsKoB. Kak Bumro u3 puc. 4,mpu T =120K (T =0,13) nuddysus



84
EEJPVol.1 No.12014 |.G. Marchenko, I.l. Marchenko

yBEIMYMBAETCsl Oojice YeM Ha ceMb HOPAAKOB. UeMm HmKe TemrepaTypa, TeM Oomblie 3HadeHue D,,. YMeHblIeHHE

TEMIIEPATYPHI TaK K€ IIPUBOAUT K CABUTY MaKCUMyMa B 00J1aCcTh HU3KHX YacTOT. Tak e KakK U Ha puc. 3 BCe 4aCTOTHEIE
KPUBBIC Ha pPHUC. 4 uMerT JBa MakCcumMyma. BrIcOKOUaCTOTHBIN JTOKATBHBIIN MaKCUMyM COOTBETCTBYET 3HAYCHUIO

w= ay . OnHako 3HaueHne ko3¢ dunueHTa tudQysnn B HI3KOYaCTOTHOM MakcumyMme D, oTindaeTcs Ha HECKOIBKO
HOPSIAKOB OT BeICOKOYacToTHOro D () . Ilpu 9TOM, 4eM MeHsbIe TeMIeparypa, TeM O0bIle MaKCHMaIbHOS 3HAUCHHE
D,x- Takoe anomansHOe moBeneHue aubdy3nr UMEET HMHYIO NPHPOLY, H4eM HCCICAOBaHHOE paHee B pabore [9],
noBefcHue Auddy3un yacTui moJ BO3ACHCTBUEM MOCTOSHHON CHIIBL. DKCIIOHEHIMAIBHBIH pocT D ¢ yMceHbIICHHEM
TEMIEpaTyphl MOJ{ BO3JICHCTBHEM IOCTOSHHOW CHIIBI OMPEACISUICS SKCIOHCHIIMAIBHBIM YBEIMYCHUEM BpPECMEHH
penakcamun. IIpH 9TOM BBIXOJ HA CTALMOHAPHYI) 3aBHCHMOCTE < 02 >~t MPOMCXOMI 4Yepe3 3HAYMTCIIbHbIHA
IPOMEXKYTOK BpeMeHH lg.. OnHaKo, NpH BO3AEHCTBUU NEPHOIUIECKON CUIIBI MIMEETCS €CTECTBEHHOE OrpaHUYCHUE Ha
BpeMsl YCTAHOBJIICHUS PACIpPEICIICHHs, ONPEICIIeMOe IEPUOIOM KojeOaHuii BHEImHero moyss I . B sToM ciyuae
aHOMaJIbHAsl TeMIlepaTypHas 3aBHCUMOCTb YCKOPEHHOH anddy3uu cBsi3aHa C CYIIECTBOBAHHEM OTPAaHHYCHHBIX BO
BpeMeHH pexuMoB runepauddysuu. Ilpu stom crenens ycunenus aud@ys3uu 3aBUCUT OT COOTHOLIEHUS MeXIY lg. U

MEPUOJIOM KOJIcOaHmid T .
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Puc. 3. 3aBucumocts koddduuuenra mgudpdysuu D or  Puc. 4. 3aBucumocts kodbdurmenra mudpdysun D or wacrorsr
YacTOTHl BHENIHETO0 IO JUIS PA3IMYHBIX 3HAYEHMH BHEHIHETO IOJA JUIS PAa3NUYHBIX TEMIepaTryp NpH (UKCHPOBAHHON

AMIUTUTY]l BHELIHEro MOJIs F'. T=240K ( T =0,26). ammmryae BHEmHEro mois F =0,15. 1 — T=120K T =0,13),
Kpusas 1 - F =0,02, 2 - F ' =0,06, 3- F =0,1, 2-T=240K (T =0,26),3-T=360K (T =0,53).
4-F =0,155-F =0,25.

Ha puc. 5 npuBeneHa 3aBUCUMOCTh 0€3pa3MEPHOI JUCIICPCUU PACTIPEACICHUS YaCTHIl OT BPEMEHH TPH JICHCTBHU
Ha HuX nmocrosiHHOU cuitbl F =0, 25. Kak cnenyer u3 BepxHero rpaduka, ¢asa runepaudhy3un orpaHuucHa BpeMEHEM

thpr <200rg. B mmxmeit wact prc. 5 TOKasaHo W3MeHeHne Ge3pasMepHOi  KHHETHUECKOH —TeMmepaTypbl

= _Mm

2 “ -
T <(V— <V >) > co BpemeneM. M3 rpadukoB Ha puc. 5 ciuemyer, 4To OKOHUaHWe “Bcruiecka’ T coBmamaer ¢

0
3apepmeHneM (as3sl runepauddysnu. Takum o0pa3oM, MO0 HM3MEHEHHIO AWHAMHYECKOH TEeMIIepaTypsl MOXKHO
BOCCTAaHABIIMBATh HHTEPBANBI Qa3 rurepandysun.

Ha puc. 6 npuseeHo u3MeHeHne T Ul OHOIO [EPUOJA BHEIIHHX KOJICOAHMH, COOTBETCTBYIOLIETO PA3IHIHbIM
YaCTOTaM BHEIIHEro mMoiis. B BepxHeil 4acTu pucyHka TpuBesieH rpaduk s Bbicokoil wactotsl W/ @), = 3,2010%,
nocpenute — ust W/ w, =3,210°%, a BHU3Y — JUIS HU3KOH 4acToThl W/ @) =1,6[10°. Kak clelyeT U3 BEPXHEro
rpaduka, ;s yactothl W/ ), =3,2[10" kuHeTHUecKas TemmepaTypa B Makcumyme He npesbinaer 0,5.[Ipu uactote,
COOTBETCTBYIOIIEH MaKCUMaJIbHOMY KO3 duuuenty muddy3nu D;nx JUT TAaHHOW TeMIepaTyphl TEIUIOBOTO pe3epByapa

*
T, xunetnueckas Temmeparypa 1 nocruraet 6,0. JlanpHeiiee yMEHBIICHHE YaCTOTHI MOJIST MPUBOIUT K CHUKCHUIO
*
T . Ilpu 3TOM BHI KpHBOH Ha HIDKHEM TpadHKe OTIMYACTCS OT CPEOHEr0 W BEpXHETo. BHaHO, 9TO B T€UEHHE OJHOTO

* *
nepuoaa KOJIeOaHuit Ha6J'IIO,HaeTC${ YCThIPE PE3KUX BCIICCKA T . B ocraapHOE BpeMs T =T. I[anLHeMmee
YMCEHBUICHUC YaCTOThI HC U3MCHACT XapaKTCP HUKHETO rpag’pmca, a JIMlb OPUBOJUT K YBCIMYCHUIO MHTCPBAJIa MCKIAY

nukamu. Takum obpasom, yserimuenne D mpoucxomur nummbs B MHTepBazaXx BpPEMEHM CBS3aHHBIX € (asoi
runepandy3um.
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Puc.5. 3aBucumocts  Ge3pasmepHOil  gmcmepcun M Puc. 6. 3aBucuMocTh Ge3pa3MepHOI THHAMHUYECKOH TeMIIepaTyphl
JUHAMHYECKOH TeMIepaTypbl YaCTHLl OT BPEMEHU. OT BPEMEHU JUIs PA3IUYHBIX YaCTOT BHEIIHETO o (L .

TlynkTupom  nokasano okowdanue askl runepmudGYIHH.  Bgepyy ) @, =3,2000%, nocepenune - w/ @, =3,20010%,
F =0,25.T=240K (T =0,26). sy - @l =16000°F =0,15. F =0,25 T=240K
(T'=0,26). T- nepuoa BHeWHHMX KoneOaHmi, Ty- Hepuon

COOCTBEHHBIX KOJICOAHHIA.

Hcxoas W3 MONMydeHHBIX Pe3yJbTaTOB, MOKHO CHAENaTh BBIBOJ O TOM, YTO NPU CTPEMJICHHMH YaCTOTHI K HYIIIO
ko durment auddysun gomkeH crpemuthes K BeanduHe D (a = 0) , COOTBETCTBYIONIEH AEHCTBUIO TOCTOSHHOW CHJIBI.

YunThiBas B3aMMOCBS3b MEXIy KHHETHUECKOH TeMIeparypoil M pexumMoM runepandQysud, 3aBUCUMOCTb
kod(ppuumenta nuddysun oT YacTOTHI WIS Ciydas HU3KMX 4acToT (7 >>tp, ) KaueCTBEHHO MOXHO NPEJCTABUTH B

CJIC/IyIOIIEM BHIIE:
D(w) = D(0)+4B(T), & - 0, (10)
rie [5 He 3aBUCHT OT YacCTOTHI MOJISL.

B cayuae Bhicokux wactor (7 <tppy ) pesxum runepanddysnn orpaHnteH mo BpeMeHH He thpr(T ) , a mepuoOM
KoJsiebanust BHemHero noss. [lockonbky B pexxume runepauddysun O 2 ~t3, 1o w1 BEICOKUX wacTOT ko3 punmeHt
muddy3nu OyneT yMeHbIIAThCS C YaCTOTOH Kak
a
a?’

D(w) = (11)

TIC @ TakK K€ HE 3aBUCUT OT YaCTOTHI MOJI.

BbIBO/JIbI
B pabote nccinenoBaHo aHOMaIBHOE BO3pAaCTaHUE MOBEPXHOCTHOW MM PY3UH ¢ YMEHBIICHUEM TEMIIEpaTyphl BO
BHEILIHEM IepHoaAndeckoM mosie. [lokazaHo 4to cTeneHs ycwieHHus IUQQy3un CylnieCTBEHHBIM 00pa3oM 3aBHCUT OT
YacTOTHI M aMILTUTYIBI TTOJIS.
[TpoBeneHHbIe UCCIIENOBaHUS OTKPHIBAIOT HOBBIE BOZMOXKHOCTH ISl CO3JJaHUsI TIOBEPXHOCTHBIX MUKPOCTPYKTYp €
TpeOyeMbIMU cBoiicTBaMH. OCOOEHHO 3TO aKTyajbHO JUISi HU3KOTEMIIEPATYPHBIX METOJIOB YYBCTBHTEJIBHBIX K
TEPMUYECKOMY BO3AcicTBHIO. [IpUMepOM TaKoi METOMUKH SIBISCTCS POCT KIacTepoB Ha Oydeprom cioe (BLAG) [13].
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NEUTRON-ABSORBING METHOD FOR CONCENTRATIONS MEASURING OF A
BORON-10 ISOTOPE IN WATER SOLUTION OF BORIC ACID AND WATER SOLUTION
OF BORIC ACID
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Formulas for the concentrations calculation of a boron-10 isotope and boric acid in water solution; the equation of concentration
measurements, dependences of concentration on quantity of atoms of a boron-10 isotope were received; the analysis of these
dependences was made. Formulas for calculation of an error of the analyzer of solution neutron are given.

KEY WORDS: boron-10 isotope, boric acid, atomic fraction, molar mass, amount of atoms, concentration of boron-10 isotope in
water solution of boric acid, concentration of boric acid in water solution, neutron analyzer of solution

BUMIPIOBAHHSI KOHIIEHTPAIIIN I30TOITY BOP-10 TA BOPHOI KHCJOTH Y BOJJHAX PO3YUHAX
HENTPOHHO-ABCOPELIIMTHMM METOJAOM
A.M. OpobincbKkuii
Hayionanvuuii nayxosuii yenmp «Ilncmumym memponoeiiy

8yn. Muponocuyvra 42, m. Xapxkis, 61002, Yrpaina
OTtpumano GOpMyTH U pO3paxyHKy KOHIEHTpamii i3otomy ©Oop-10 Ta OOpHOI KHUCIOTH y BOXHOMY pPO3YMHI, PIBHSHHSA IS
BHUMIpIOBaHHsI KOHIICHTpAIIiH, 3aJIe)KHICTh KOHIIEHTPAIill BiJ] KUTBKOCTI aTOMIB i30TOmy 00p-10, BHKOHAHO aHaNi3 IHX 3aJI€KHOCTEH.
HaseneHo dopmymu aist po3paxyHKy MOXHOKH HEHTPOHHOTO aHAi3aTopa PO3UUHY.
KJIFOUOBI CJIOBA: i3oton 60p-10, GopHa KHCIOoTa, aTOMHA YacTKa, MOJSIPHA Maca, KiJbKiCTh aTOMiB, KOHIIGHTpALs i30TOIy
60p-10 y BogHOMY po3urHi OOpPHOI KHCIOTH, KOHIIEHTPALisi 0pHOT KUCIOTH Y BOAHOMY PO3YHHI, HEHTPOHHHUH aHaJi3aTOp PO3UHHY

U3MEPEHUE KOHIEHTPAILIAIA U30TOIIA BOP-10 U BOPHOM KMCJIOTHI B BOJJHOM PACTBOPE
HEUTPOHHO-ABCOPBILIMOHHBIM METOIOM
A.H. Opodunckuii
Hayuonanvuwiti nayunsiii yenmp « Ancmumym memponocuuy
ya. Muponocuykas 42, 2. Xapvkos, 61002, Yxpauna

[Momyuens! Gopmyisl 1u1s pacyeTa KOHIEHTpauid n3oromna 6op-10 1 GOPHOI KHCIOTH B BOZHOM PacTBOpE, ypaBHEHUS U3MEPEHUI
KOHILICHTpALUi{, 3aBUCHMOCTH KOHIIGHTPALMd OT KOJMYECTBAa aTOMOB H30Toma 0op-10, BBINONHEH aHaIM3 STHX 3aBHCUMOCTEH.
ITpuBenens! GOpMyIIBI U1t pacyeTa MOrPeIIHOCTH HEHTPOHHOTO aHAIU3aTOpa PacTBOpa.

KJIFOYEBBIE CJIOBA: u3oron 60p-10, GopHas KUCIOTa, aTOMHAs A0JIS, MOJIIPHAS Macca, KOJIMYECTBO aTOMOB, KOHLIEHTpALUs
nzotona Oop-10 B BOAHOM pacTBOpe OOpHOW KHCIOTHI, KOHICHTpAlus OOpHOH KHCIOTBI B BOJHOM DAacTBOpE, HEUTPOHHBIN
aHANIN3aTOp PacTBOpa

s obecriedenus saepHOi Oe3omacHOCTH aTOMHBIX cTaHui (AC) B KOHTYpax CHCTEM aBapUHHOTO OXJaKIACHUS
AKTUBHOHM 30HBI SAEPHOTO PEaKTOpPa MPUMEHSIOT BOIHBIA pacTBOP OOPHOI KHCIOTHI, YTO TO3BOJISET KOMIICHCHPOBATh
3armac peakTHBHOCTH PEaKTopa, KOTOPHIA HEOOXOMUM UIs TOANEpPIKaHUS PEeaKkTopa B KPUTHYECKOM COCTOSHHH, YTO
obecreunBaeT ero paboOTy Ha MOCTOSHHOM ypOBHE MOIIHOCTH B T€UCHHE BCeH KammaHuu. [Ipm 5TOM OuYeHb CHIBHOE
BIHsIHAE OOpHOW KHCIOTHI Ha PEaKTHBHOCTH IO3BOJIIET HCIIONB30BaTh M3MCHEHHE €€ KOHIIEHTPAIMA B HECKOJIBKHX
cucTeMax 0e30MacHOCTH, KOTOpPhIe CTIOCOOHBI BBOJIUTH B TETUNIOHOCHUTENH MEPBOTO KOHTYpPA OOJBIIHE 00BbEMBI BOJBI C
BBICOKOW KOHIICHTpanueil OOpPHOM KHCIOTHI IS NpPEKpalleHHs I[emHOW peakiuu. [l KOMIICHCAI[MH BBITOPAHHUS
SZICPHOTO TOIUTMBA BO BPeMs KAMIIAHUH KOHLIEHTPAIMsI OOPHON KHCIIOTHI TUIABHO YMEHBILIAETCS ITyTEM BOJI0OOOMEHA.

ITpn w3mepeHun KoHUEHTpauuii u3otona 6op-10 B BOAHOM pacTBOpe OOpHOM KHCIOTHI M OOPHOM KHCIOTHI B
BOJTHOM PacTBOPE MPUMECHSIOT HEHTPOHHO-a0COPOIIMOHHBII METO]I, KOTOPBIH Xopoiio u3BecteH [1-4]. Ho, HecmoTpst Ha
9TO, B JINTEpAType OYCHb Maio MHQOpMaruu o0 M3MEPCHHWH KOHIICHTPANWiH: HE MpHUBEICHBI (POPMYIBI IS pacdyera
KOHIICHTPALWH, 3aBHCHMOCTH KOHIICHTPAMH OT KOJWYECTBa aTOMOB Hu30oToma Oop-10, ypaBHEHUS W3MepeHHI
KOHIICHTpAINH, He OIpeeicHa IOTPEITHOCT, HEUTPOHHOTO aHAIN3aTopa PacTBoOpa.

Henb paboThl — MOXy4IHUTs GOPMYITBI U pacdeTa KOHIEHTpaIwii m3oroma 6op-10 B BomHOM pacTBOpe OOpHOMH
KHCJIOTH 1 ¥ OOpPHOW KHCIIOTHI B BOJHOM PacTBOpPE B 3aBUCHMOCTH OT KOJMYECTBAa aTOMOB m3oToma 0op-10 m aToMHOMN
nonu u3otoma Oop-10, BRIMOMHHUTE aHANHM3 ATHX 3aBUCHUMOCTEW; IONYYNUTh ypaBHEHHS HM3MEPEHHH KOHICHTPAIW;
OTIPENIeNUTh MOTPEITHOCTh HEUTPOHHOTO aHAIN3aTOPa PacTBOpa.

KOHLIEHTPALIMM U30TOIIA BOP-10 U BOPHOM KUCJIOTHI B BOJJHOM PACTBOPE
Ipy M3MepeHHH KOHIEHTPAIMK H30Tona ''B B BOAHOM pacTBope 6opHOil kuciots (Cg 3 ) ni GOpHOM KHCIIOTHI B

© Orobinskiy A.N.,2014
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BoHOM pactBope ( Cpy, g, ) HEHTPOHHO-A0COPOIIMOHHBIM METOOM, KOTOPBIH OCHOBAH Ha B3aHMOJICHCTBHH (IIOITIOLICHHE

M OTpaKeHHE) TEIUIOBBIX HEMTPOHOB C aTOMAaMH HM30TONOB ''B m ''B, NPUMEHSIOT HEHTPOHHbIC AHAM3ATOPHI PACTBOPA
(HAP) [3,4]; nnst peructpaniy TETUIOBBIX HEHTPOHOB — Ta30pa3psiAHbIE CYCTYNKHA HEHTPOHOB [5].
Io/l KOHIIGHTpAIeH MOHMMAEM MACCOBYIO JIOMIO HM30TONa '°B My H3BO; B BogHOM pactBope [6]. CeueHue

B3aUMO/JICHCTBUS TEIUIOBBIX HEUTPOHOB c sHeprueit 0,0253 3B ¢ aromamu nM30TOMA 1 paBHO Ojg, = 3820,5 GapH, ¢
11 _ . o
aToMaMH HW30TOoma - B — oy = 0,05 6apn [7]. [losToMy cuuTaeM, 9TO TEIUIOBBIE HEHTPOHBI B3aMMOIEHCTBYIOT

TOJIBKO C aTOMaMH H30TOIla IOB . CKOpOCTI) C4ye€Ta MMITYJIbCOB Ha BBLIXOJC HAP 3aBucuT OoT KOJIMYECTBA aTOMOB IOB,
CJI€A0BAaTCIbHO, 3aBUCUT OT C10 B nm C H3BO; + Yem 60sIbIIE AaTOMOB H30TOIA IOB, TeM OOJIBIIIE TIOT: JIOIICHUC U MCHBIIC

OTpa)XEHHUE TEIUIOBBIX HEUTPOHOB OT ATOMOB U30TOIA 10B, CJIEIOBATENILHO, MEHBIIIE CKOPOCTh CUETa UMITYJILCOB.
Konuentpauun Cy U C H3BO; PaBHBI

Mo ME3BO
- B _ H380;
CIOB - ’ CH3BO3 - ’ (1)
ms, ms,
Tae mig, —Macca u30Tomna 1B, my.go, —Macca H3BOs3; my =mpy.po, + My ,o — Macca pacTBopa; my,o — Macca

JUCTUITUPOBAHHON BOJBL.
Ha mpaktuke mnonb3yrorcsi (GU3MYECKOW BEIMYMHOW «MaccoBas KOHIEHTpauus» [6], KoTopas paBHa

Mo M. BO .
CVIOB :V—B WU CVH3 BOy = %, rae Vs — cymmapHsblil o0beM pacTBopa. OO0beM BCIEACTBUE PACIIMPEHUS
b b

WK CXKaTusd 3aBUCUT OT TEMIECPATypbl, CICA0BATCIIBHO, CVIOB 401051 CVH3BO3 TAKKC 3aBUCAT OT TCEMIICPATYPHI.

INosToMy KOppeKTHEH NPUMEHSATh (PU3MUECKYIO BEIUUUHY «KOHIIEHTpAIMs WIX MAaccoBas JOJs», KOTOpas HE 3aBHCUT
OT TeMIIEPaTypBl.
Coornomenne Mexny Cyy,po, ¥ Cpipo, paBuO Cyp.po, = Ps - Cpypoy» TAE Py — IUIOTHOCTH BOJXHOTO

pactBopa OGOPHOU KHCIOTHI.
Monekyna H;BO; coCTOMT U3 3 aTOMOB BOJOPOJa, 3 aTOMOB KHCJIOpPOZAa U aToMa 0opa, KOTOpbIH MMEET ABa

usorona: "Bu ''B.
IIpuBeneM MonspHbIE MACChl XMMHYECKUX KOMIIOHEHT OOpHOM KucnoThl. MonspHas Macca (M ) 4uCIEeHHO paBHa
OTHOCHUTENIbHOM aTOMHOII Macce atoMa ( 4, ) uiu Monekyist (M, ). PasmepHocTu: [M ] = 1/MOIb, [Ar] = [M r] =a.e.M.

Mpg = U-ArloB +(1—77)~AVHB, M‘OB =7n- Ar‘OB’ M”B = (1—77)~Ar] 15 — MOJSIPHbIE MAcChl aTOMOB 6opa, U30TONOB

%8 u "B, cootBeTcTBeHHO; ;) — aTOMHas joNA M30TOMA B My po, =3- Ay +3- 4,0 + Mp — MonspHas macca

MoJeKyssl 3805 ArIOB =10,0129u A4 g = 11,0093 — oTHOCHTEIBLHBIE aTOMHBIC MACChl aTOMOB "Bu''B [8]; 4.4
r

=1,00794 u 4,5 = 15,9994 — oTHOCUTENBHBIE AaTOMHBIE MACCBHI aTOMOB BOJIOPOAA M Kuciopoaa [8].

C yueroMm 3Ha4YeHUI ArloB u Ar“B 3aIUIIEM MIOB =10-7, M“B :11-(1—77), M p =11-n. CnenoBarensHo,
M H3BO; = 62 —7 . AtomHas jons (77) u3otona '°B paHa

=NIOB= Nio
+ b
Ng  Niog+Niiy

n 2

rne Ng, Ny g 1 Ny p — KOTHMHUECTBO aTOMOB 00pa, U30TOMOB B u “B, COOTBETCTBEHHO.

AtomHast sions usotorna |°B B npupoHoM 6ope paBHa 77 = 0,198 [9, c. 55]. Onpenemm coorHomeHue Mexay Cio g

C 130y B BoaHOM pactBope H3BOj. C yuerom (1) u snauenuit M 30, 1 Mg p 3arHIIeM

_ Cuspoy  Muzpoy;,  Muspoy,  62-7p

B 3)

M .
Ciop mio 10,4 10-7

KonuuecTBo aToMoB OOpa B OOpHOW KHCIOTE € MAaccoil my,po, PaBHO KOIMYECTBY Momekyn H3BOj:
Ny

Y; “Mp,po, »TAE Ny = 6,02214-10* mMoms" — nocrosumas ABoranpo. C yuetoM (2) KOJTUYeCTBO
H3BOx

Np =Npy,po, =
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n-N

aTOMOB H30TOIla IOB npeacTaBuM B BUJC NlO =
My, o,

My, po, =0.1-Ny "Mig,, OTKyNA HaligeM

10- Nyg
mio p = N—B' IToacraBuB mi g 5B (1) u yuutsBas (3), momydaum

A

10- Nyo

Ciog =—F5
NA'I’I’IZ (4)

(62—7])'N1()B
C =— b
H3BO;s
n-N,y-my

N K2 e
II€ Pa3MEPHOCTH KOHLIEHTPALIHI [C ] =—=—,eclu [mz] =c.
Ke e
Ha AC c peakropamu Trma BBOP B crcremax OOpHOro peryimpoBaHMs AMama3oH M3MeHeHWst koHueHTpamrn Cg B

(CH3303) Haxomures B auarnazoHe oT 0 xr/kr mo 0,0016 xr/kr (ot 0 xr/kr mo 0,05 xr/kr) wm CVIOB (CVH3BO3 )—B

muanasone or 0 kr/mM® 10 1,6 kr/m® (o1 0 kr/m® 10 50 kr/m’) [2]. TTo3TOMY NpH MOCTPOGHHH 3aBHCHMOCTEHR
ClOB :f(NloB) (puc. 1), Crypo, :f(NloB) (puc. 2) u Cpypo, :f(n) (puc. 3) KOMMYECTBO aTOMOB M30TOIIA °p

BI)I6paHO TaKuUM o6pa30M, YTOOBI 3HAYCHHUS CIOB nu CH3BO3 HaXOJUJIMCh B BBIIICTIPUBCICHHBIX JUAaIlasoHax.

— II'IIIIHIII »
B r f mz=10KrH p
0,0012 —e— m_=50kr | r

7 : -y

0,0008 / r

/ 4

/ »
0,0004 4—F

,J
o
-¢,
0 1x10™  2x10™  3x10®  4x10™ N1 ,, atom
Puc. 1. 3aBucumoctu CIOB = f(NloB).
CH3BO35% e
6.4 mEZSO KT -
’ n=0,198 /

—Q— n:0.3 /" Prd

0,03 —.— =097 —
P Dl
1,
P il
0,02 A L
"
v -
0,01 == -
0 Ix10°  2x10”  3x10®  4x10™

Puc. 2. 3aBucnvoctn Cyy;po, = f(NloB).
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C E N \ L T [ [ [ T A
H3BO3> " Y m_= 50 kr
0,04 3¢ Y N., = 5E24 atom, C.., = 0,00166 kr/kr
. —o0= N, = 3E24 arom, C.,,; = 0,0010 kr/kr
0,03 ‘; sy —e— N., = 1E24 atom, C.,, = 0,00033 kr/kr
Yo S
0,02 s 22 =X
[~y
=) —
0,01 > e )
S
] ik
—
0 0,2 0,4 0,6 0,8 n

Puc. 3. 3aBucnmoctn Cpy,go, = f(T])

Bemomanm ananmms 3aBucumocteit Cog ' f (N 10 B) uC H3BO; = f (N 10 ) Maccy pactBopa ¢ yaeroM (3) IpeacTaBum

(62—'7)'1\’103 (62—77)'N108
BBHIE my =—————2 +my o, TI0€ My, g0, =———————.
UNA 2 3 3 UNA

1). Cy z U CHyo; TMHEHHO 3aBHCAT OT Ny M o0paTHO MpPOMOpIHMOHANEHO OT my (puc. 1, puc. 2).

C103=f(N1oB) = Const .

my =Const
2). Cyypo; HemMHEHHO 3aBUCHT OT 7). C 530, YMEHBLIAETCS C POCTOM 77 (PHC. 3 ), T.K. COIVIACHO (3) yMEHbLIAETCs

C1 (62—
m o, - 1lpu Nig 5= Const (K 5= Const )u my, = Const coriiacHO BTopoi opmyie (4): 3803 _ 12 (6 ’71)

C2p0, m-(62-m)
3. N 10, MOXKHO H3MEHUTH aubo, m3Mmensst maccy HiBO; npu 1 =Const, nubo npumeniats H3;BO; ¢

pa3NIUYHBIMK 3HaUeHusMH 77 . 13 (2) cnexyert, uto N ' IL Ny Iz
-n

4). my =Const nu n=Const. C pocToM NIOB: CloB M My, po, YBEIMUMBAKOTCH, CIENOBATCIBHO, My,
YMEHBIIAETCS.

5). my = Const u NIOB = Const . C pocToMm 7 : CIOB = Const , My, o, YMEHBIIAKOTCH, CIENOBATEIBHO, My, 0
YBEJIMYHBACTCS.

6). Nio ' Const u 1= Const . C poctom my : Cyg p YMEHBIIACTCA, My poy = Const , cnef0BaTeIbHO, My, 0
YBEJIUYUBACTCS.

7). CIOB =Const nu n=~Const. C poctom NIOB: My, o, YBETHYUBACTCA, CIICNOBATENBHO, My, = Const n
My YBEINYNBACTCS.

YPABHEHUSI USMEPEHMIA C,, U C,, 5,

1 1
3aBucumoctu  Cig 'S f (;j umt - Cpyipo, = f (;J, rae  coryacHo (4) CH3 BO; = B-Cio g ABIAIOTCH

ypaBHEHUSIMHU U3MEPEHHH, KOTOPhIE alllPOKCUMUPYIOT CTEIICHHBIM OJIMHOMOM [2], T.€

n n—1
0 max 0 max 10 max
COjIOB =dy | — +a, 1| —— +..t+a | — |tag, (5)
an an an
rae a; — Ko3(hPUIUEeHTH MOJNHOMA N-0if cTenenn, 1 =0, 1, ..., n;

j=1, ..., m — KOJMYECTBO TOYEK AIPOKCHMAITUH;

N max — MAKCUMaNbHasi CKOPOCTh CUETa UMITyIbcoB pu C 07198 = 0 (IMCTWILITMPOBaHHAS BOJIA);
Ngj — CKOPOCTb CYETa UMITYJIbCOB IIPH (o 010 -
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Nunexc «0» 31ech U fajee yka3bBaeT Ha TO, 4TO 3HaueHuss C 07105 > Momax H Mo, H3MCPCHBI NPH MOCTPOCHHH
J
NoJMHOMA anmpokcuMaruu C 01105 = f (no j)~
J

ATMPOKCUMAIINIO BRIITOTHIUM METOJI0M HanMeHbIuX kBagpatos (MHK).
[Tonyunm cructemMy yCIOBHBIX YpaBHEHUH
n n—1
COI =a, - Xy +a,_1-Xo| +...+ta;-xg +ay
n n-1
C02 =an 'X02 +an_1-x02 +...+a1 'X02 +a0 (6)
m n—1
Com =a,; Xom Ta,-1 Xom +...tap - Xp, ta
10 max
o,/

Cucrema ypaBHeHHH (6) ©UMEET OJTHO PelIeHUe, ecid m > n+1.
Pa3HocTh Mexy 3TalloHHOW koHueHTpanuei (C J-) Y KOHLEHTpallMel, pacCUUTAaHHON MPH MOMOIIM MOJHMHOMA

e xg; = ; ] — cTpoka; i — cronben; C j= C

0198 "

N-0H CTENEHH, IPEACTaBUM B BUZIE
n n-1
5]-:C0j—(an~x0j +a,_1-X; +...+a1~x0j+a0).

Cornacao MHK cymma KBazipaToB 3THX pa3HOCTEl T0JHKHA OBITh MUHUMAIBHOM, T.€.

m m 2
2 n n—1 .
S:Z5j:Z(C0j_an'x0j — @,y X0 —...—a1~x0j—a0) = min . @)
J=1 J=1
S .
Bripaxenue (7) cnpaBemnuBo, ecmt — =0,1=0, ..., n.
a.

1
Crenyer oTMETUTb, YeM Ooutble m, TeM S MEHbIIIE.
IMocne muddepennmpoBanns (7) 1 MaTEMaTHUECKUX MTPE0OPA30BAHUN TOTyYHM CHCTEMY HOPMAJIBHBIX YPABHEHNH

& n &z 2n & 2n—1 & n+l & n
ZCOj'XOj :an~2x0j +an,1-2x0]~ +...+a1-2x0j +a0-2x0j

Jj=1 Jj=1 Jj=1 J=1 J=1

Z n-1 L | & on-2 E a |
ZCOj'ij :dn'szj +an_1‘2ij +...+a1'2ij +a0'2x0j
J=1 Jj=1 J=1 Jj=1 J=1

m m n m n—1 m

2Ci=a, Y xo; +a,_- Yxg;  +..tap Xxg;+m-ag

j=1 j=1 j=1 j=1

NN
c,=a, 'bnn +an71 'bn(nfl) +..+q .bnl +a0 'bno

Cpo1 = Ay B(u_1)n + Ayt - Bp1)(n-1) + -+ a1 b1y + a0 - bu-1)

, ®)

Co=4ay,- bon +a,_1- b()(n—l) +...tap- bo] +ap - bOO
rae by; = Zxoj "' — hi —onement; h=0, 1, ..., n — cTpoka; i — cronben; by; = by, , byg =m ; ¢, = ZKOj "X
J=1 J=1
Onpenenurens CUCTEMBI YpaBHEHHI (8) paBeH

by bn(nfl) by bno
D= b(n—l)n b(n—l)(n—l) b(n—l)l b(n—l)O
bon bo(n-1) - boi boo
Ecmu D # 0, cucrema onpezeneHnas, nMmeeT oaHo perreHne. Kopau Beipaxarorcst popmynamu Kpamepa
D Dy D, D,

anz—D”;an_lz = =— ag=—2=, 9
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Cn bn(n—l) by bno by bn(n—l) by Cn
e D, = Cn1 D(u-1)n-1) - Du-1)  D(u-1)0 o Dy bn—1)n  D(n-1)n-1) - Dlu-1) Cn-1 .
c  bop-1y - bot boo bow — bo(u-1) - bt <
C ydgeToMm ToTO, 4TO N = 4 [2], ypaBHEeHHE H3MepeHuUit (5) IpeacTaBUM B BUIE
4 3 2
1 1 1 1 i
ClO =A4' — +A3' — +A2' — +A1‘ — +A0,l"[[e A[:ai'(nmax) . (10)
B n n n n
WIH
n 4 n 3 n 2 n
C10 =a4-(—maxj +a3~[ max] +a2~[ maxj +a1~( maxj'f'ao. (11)
B n n n n
Cortacho [3, 4]:
4 3 2
CIOB=B4'(ﬁ_1) +B3'(ﬁ—lj +Bz'[ﬁ—1J +Bl'(ﬁ—lj. (12)
n n n n
B tabnune 1 npuseneHo cooTHomeHue Mex 1y Kodddunuentamu 4; u B;.
Ta6muma 1.
CootHomenue Mexay kodddunuenramu 4; u B;.
AO =—B1+BZ—B3 +B4 BO = Pmax
A =By (B, —2B, +3B; —4B,) B = (Al B} +-Ay- BY +345 - By +4A4).B(;4
A2 = Bg . (B2 —3B3 +6B4) Bz = (Az . B(% +3A3 . BO + 6A4) 364
3 —4
A3 = By -(B; —4By) By =(43-By +44,)- B
A4=Bg'B4 B4:A4'B64

VYpaBHenus mizmepenuit Cjg 3 1 u C H3BO; = B-Cio p TIPE/ICTABICHBI HA PHUC. 4 u puc. 5, COOTBETCTBEHHO;

3HaueHus Ko3(GULIUEHTOB a; U N OIpE/IETICHHbIE MO pPe3yJbTaTaM JKCIEpHMEHTANbHBIX ucciaenoBanuii HAP [3],

max >

TIPUBEICHEI B TaOIHIIE 2.

VYpaBHenust uzmepenuit (11) u (12) — HopMupOBaHHBIE K 71,,,. ypaBHeHMs. IIpu pacuere KOHIEHTpauuil numu

HOJIb30BaThCs yaooOHee, ueM (10), T.x. koabdunuentst a; u B; << 4; .

Tabmuma 2.
3Ha4YeHus n,,,, ¥ KOIPOHUIHECHTOB a; .
ms , KT | Hygys ¢! ay, 103, ¢! ay, 107, kr/xr a, 107, kr/kr as, 107, kr/xr ag, 107, kr/xr
10 36474 - 0,0180 - 0,54580 0,85150 - 0,42520 0,13750
50 71654 - 0,05255 - 0,20044 0,29005 -0,05719 0,02013

AHamm3 3aBUCUMOCTEH (pHC. 4 U puC. 5) TIO3BOJISAET CACNATh BEIBOIBL.

1). CkopocTh cueTa UMITYJILCOB ompezensercss N g  COTIIACHO 4). Ny 3 00paTHO TIPOTMOPITUOHATLHO 71 .

= Const npu IMOCTOSSHHOM IIOTOKE HeﬁT’pOHOB, qTo cjieayer u3

2. Cup- f(%j

my =Const

= Const .
my =Const

Cog =f(NloB)

3). CkopocTh cYeTa UMITYJILCOB IPONOPLUUOHATIBHA My .

4). C pocToM 77 CKOPOCTH CYETa MMITYJIHCOB TagaeT mpu C H3BO; = Const ,T.K. Ny p YBEIHUMBAETCS (puc. 2).
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C KF._\]I\III\tII‘ y
g 1 m_= 50 kr H / /
/
0,0008 4
/
7/ ﬁ/
0,0004 / —
/, -
—"/ 1
s —.,c
0,0001  0,0002  0,0003 0,0004  0,0005 n
1
Puc. 4. 3aBECHUMOCTh ClOB =fl—1.
n
KT [ T T T T T T
CH3BO3,; = / /
0,04 4— . ~
- / { /
= 7 y 4
0,03 H 7
yi 7
0,02
’/'-
~
0,01 4 -
P ol o,
A7
., L 1
_’c
n

0,0001 0,0002  0,0003  0,0004 0,0005

1
Puc. 5. 3ancnvoctn Cpy,po, = f[—j .
n

HOTI'PEITHOCTHA HEMTPOHHOI'O AHAJIM3ATOPA PACTBOPA
INorpentHocTs Npy U3MEPEHUH KOHIEHTpauuu 3805 B BOIHOM pacTBOpE JOJUKHA ObITh, He Oonee [10]:

-+ 0,0001 xr/kr npu CH3BO3 < 0,01 xr/xkr;

-£1% CH3 ; > 0,01 kr/xr.

BO
CrenoBarenbHO, MOTPEIHOCTh MPU M3MEPEHHU KOHIIEHTPAIIMU HU30TOIa 108 5 BommoM pactBope H3BO; mpu
179 = 0,198 ( By =31,21) nomxHa ObITH, He Goiee:
-+3,2:10° kr/kr npu C10 < 3,210 kr/xr;
B

-£1% C |, >3,2-10™ Kr/xr.
B

AOCONIOTHYI0O TOTPENIHOCTh HEWTPOHHOI'O aHajlM3aTropa pacTBopa NpW JoBepuTenbHOW BepositHocTH (0,95
MIPEACTaBUM B BHIIC

AC = 1,1~\/é- [(Aa)2 +(Apeer ¥ + (AO)Z] +2.0c,

rme A, =\/§5§j =\/§:(C0j —ay -x0j4 —az -x0j3 —ay 'xojz —ay-Xg; —a0)2 — TIOTPEIIHOCTh AIMPOKCUMALUH C
j=1 j=1
yaetoM (7) mpu n = 4;
as, az, ay, a; U ag — K03 UINCHTHI aNIPOKCUMALNH, PacCUUTaHHbIE 110 (9);
A( — IOrPEeNIHOCTb IPUTOTOBICHUS STATOHHBIX BOJHBIX PACTBOPOB OOPHOH KUCIOTHL

CpenHee KBagpaTH4eCKOE OTKIOHEHHE (O¢) TpPU H3MEPEHHU C10 (C ) Cc yd4eToM TOTO, YTO
B

H3BO3
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pamTuoaKTHBHBIA pacma] NOAYMHSETCA pacupenaencHuro Ilyaccona, samumem B BUAE O( :J(N), rne N=n-t —

KOJIMYECTBO HUMITYJIBCOB, U3BMEPEHHOE 3a BPEMA t; n — CKOPOCTh CHYETAa UMITYJIBCOB IIPH BOBﬂeﬁCTBHH HefITpOHHOFO
H3J1y4YCHUs.

BbIBO/IbI

1. CkopocTh cueTa MMIYJIBCOB IPH BO3AEHCTBHM HEWTPOHHOTO M3IYYEHHS 3aBHCHT OT KOJHMYECTBA aTOMOB
m3oTomna 6op-10 B BomHOM pacTBOpe OOPHOI KHCIIOTHI, KOTOPOE OIPENeNsIeTcss Maccoi OOpHOW KHCIOTHI U aTOMHOMN
noneit uzorona 6op-10.

2. CKOpOoCTh cUeTa MMITYJIECOB MTOCTOSHHA MIPH TIOCTOSIHHBIX 3HAYEHUSIX KOHIIEHTpAIK u3otomna 6op-10 B BogHOM
pacTBope OOpPHOM KUCIOTHI, KOJTHMYECTBA aTOMOB M30TOMNa 60p-10, TOTOKa HEUTPOHOB M MACCHI PacTBOpA.

3. Ilpu mMOCTOSIHHOW CKOPOCTH CdYeTa KOHIICHTpaluss OOpHOW KHCJIOTHI B BOJHOM pPAacTBOpPE OOpaTHO
MIPOTIOPIMOHAIBEHO 3aBUCUT OT aTOMHOM J10J1H u3oTomna 6op-10 npu nocTossHHOM Macce pacTBopa.

4. CkopocTh cyeTa UMITYJIbCOB IPONOPLUOHATILHA Macce PacTBOpa IPH MOCTOSHHBIX 3HAYSHUSX KOHLIEHTPALUH
nzorona 6op-10 B BogHOM pacTBOpe OOpPHOHM KHCIOTHI MIIM KOHIEHTPAaLWK OOpHOM KHCIIOTHI B BOJHOM PacTBOpe U
aTOMHOWU Jtonu m3oTomna 6op-10.

5. TlorpenHocTh HEWTPOHHOTO AHAIM3ATOPa PACTBOpA OMNPEAENSETCS MOTPENIHOCTHIO ANMPOKCUMALMK ypaBHEHUH

. 1 1 .
n3mepernit Cig ' S [— umt Cp.po, = f| — |, HECTAOMIBHOCTBIO IOKA3AHHM, MOTPEIUIHOCTBIO NPHIOTOBICHHS
n n
STAJOHHBIX BOJHBIX PACTBOPOB OOPHOM KHUCIIOTHI M CPEHUM KBaJPATHIECKUM OTKJIOHEHHEM PEe3yJIbTaTa U3MEPEHHUH.
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DEFINING THE ROLE OF RADIATION RISK FACTOR IN CANCER CAUSATION
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The UNSCEAR-94 methodology for estimating of the individual radiation risks has been described. The characteristic of KIPT staff
in the terms of "dose-response matrix" has been done. The main results of the calculations of the relative, attributive and absolute
radiation risks of the KIPT personnel for different locations and different risk groups have been shown. The distribution of the main
characteristics of the personnel: age, length of service at the individual monitoring and the cumulative dose for different groups of the
radiation risk has been described.

KEY WORDS: individual monitoring, radiation risk, risk group, KIPT staff, social protection

BU3HAYEHHS POJII PAIALIITHOIO ®AKTOPY PU3UKY B IHAYKIIII 3JIOSKICHUX HOBOYTBOPEHbD
CEPEJl NIPAINIBHUKIB HHI{ X®TI: TPOI'HO3 CTOXACTUYHUX E®EKTIB TA ®OPMYBAHHS I'PYII PUBUKY
A.B. Ma3wios, I.A. CtagHuk
Hayionanvnuii naykosuii yenmp «Xapxiscokutl (isuxo-mexniunuil incmumymy
eyn. Akademiuna, 1, m. Xapxis, 61108, Ykpaina
OmnncaHo METOMOJIOTII0 OLIHKYM IHAMBIIYaJIIbHAX pajfiauifHuX pU3MKIB 1yt nposonroBaHoro omnpomineHHs UNSCEAR-94. [lana
xapaktepuctrka nepconany HHL[ X®DTI, mo mepebysae Ha [/IK, B TepmiHax «m1030Boi1 matpuili». HaBeneHo OCHOBHI pe3ysbTaTu
PO3paxyHKiB BiTHOCHOTO, aTpuOyTUBHOTO ¥ abcomroTHOro pamianiiHux pusukis nepconany HHIL XOTI ans pisHux joxamizamiif i
pi3HuX rpyn pusuky. [TokazaHo po3moais OCHOBHHX XapaKTEePHCTHK MepCcoHay: Biky, cTaxy Ha [JIK i HakonnueHol 103u 11l pi3HUX

TpyM pafialiifHOro PU3HKY.
KJIFOYOBI CJIOBA: iHauBinyanbHUH JO3UMETPHYHHN KOHTPOJb, pamialifiHUil pU3UK, rpyna pusuky, nepconan HHI[ XDTI,
COIiaTbHUH 3aXHUCT

ONPEJAEJEHHUE POJIU PAAUALHTUOHHOI'O PAKTOPA PUCKA B UHAYKIUU 3JIOKAYECTBEHHbIX
HOBOOBPA3OBAHU CPEJAU PABOTHUKOB HHI| X®TH: IPOTHO3 CTOXACTUYECKUX Y®PEKTOB U
®OPMUPOBAHUE I'PYIIII PUCKA
A.B. MazunoB, U.A. CTaaHukK
Hayuonanvnvuii nayunviii yenmp «XapbKosckuil (pusuKo-mexHuiecKutl UHCmumymy»
ya. Akademuueckas, 1, e. Xapvkos, 61108, Ykpauna
OmnmcaHa METOMOJIOTHS OICHKA WHIWUBHIYaTbHBIX PAJUAIIMOHHBIX PUCKOB Uil mpoioHTrupoBanHoro obmyueHus UNSCEAR-94.
Hana xapaxtepuctuka nepconana HHI[ X®TH, cocrosimero na WUJIK, B TepMuHax «m1030Boi mMatpuib». [IpuBeneHbl 0CHOBHBIE
pe3yNbTaThl PacueTOB OTHOCHTENILHOTO, aTPUOYTUBHOTO M aOCOJIFOTHOTO PaaHalliOHHBIX pUcKoB mepconana HHL[ XDOTU s
Pa3NUYHBIX JIOKAIU3aLUil U pa3auyHbIX Ipynn pucka. [lokasaHsl pacipeeneHuss OCHOBHBIX XapaKTEPUCTHUK MEpCOHaa: BO3pacTa,

ctaxa Ha JIK n HakomneHHO! 03Bl VT Pa3IMYHbIX TPYII PAJHALlIOHHOTO PHUCKa.
KJ/IFOYEBBIE CJIOBA: unauBuayanbHbI JO3UMETPUUYECKUI KOHTPOJb, paldalliOHHBIN PHCK, rpymma pucka, nepconan HHIJ
XOTH, conuanbHas 3ammTa

B kauecTBe pagMaliOHHOTO pHCKa B MEXKIYHAPOAHBIX CTAaHAAPTaxX pacCMAaTPUBACTCS, B IIEPBYIO OYEpElb,
YBEIMUCHNE BEPOSITHOCTH OHKO3a00JI€BaHMS — KAHIIEPOT€HHBIN pUCK. {1 103 paBHOMEPHOTO OOIydeHHs BCEro Tena,
mpeBpmatommx mopor B 200 M3B, yCTaHOBIEHa OJHO3HAYHAs CBSA3b MEXAY [HO30H W BO3HHKHOBCHHEM
oHko3a0oneBanus. Takas CBA3p HOCHUT Ha3BaHUE (JICTEPMUHHMPOBAHHBIA 3((EKT paaMallMOHHOTO BO3ACHCTBUAY,
CTENEHb TSDKECTH AeTEPMHHUPOBAHHOTO 3 (heKTa MpsaMo MpornopuruoHanbHa IOIyYeHHOH J103€.

Hdus  obmactu  wmanbix  g03 (meHee 200 M3B) ojHO3HAuHAas 3aBUCHMOCTh MEXIy OOJyuYeHHEM H
OHK03200J1eBaeMOCTBIO HE BBIsIBIIEHa. BMecTe ¢ TeM, CyIIeCTBYeT BEpOSITHOCTh TOTO, YTO TpaHC(opMalus KIETOK B
pe3ynbrare o0Jay4eHHs Majoil 10301 Mmocjie HEKOTOPOro JIATEHTHOTO MEpUo/ia MOXKET BBI3BIBATh Y OOIYUYEHHOTO JIUIA
OHK03a00J1eBaHue, eciii 00IyUYeHHBIE KJIETKH SIBISIIOTCS COMAaTHYECKUMHM, JIMOO NMPHUBECTH K T€HETUYECKUM MYTALHSIM,
€CIIM 3TO 3apojbllieBble KIETKH. Takue 3QdekTsl HOCAT Ha3zBaHME «croxacTHueckux». Ilpeamonaraercs, 4To
BEPOSITHOCTh BOSHUKHOBEHHMSI CTOXACTHYECKOTO 3(h(eKTa MponopuruoHaIbHa MOIYyIeHHOH 103€, IIPH 3TOM ITOPOTOBOTO
3HaueHus He cyuiecTByer [1].

Mertoo0THsI OLIEHKH PAJMAlMOHHOTO PHCKa omnpezeneHa B oTyerax Haywynoro xomurera OOH mo neiicTuio
atomuoi pagmanmn (HKIAP OOH), crammaprax 6e3omacHOCTH MeXITyHapOZHOTO areHTCTBAa IO aTOMHOM »HEpPTUn
(MAT'ATD) u pexoMmeHaanusax MexayHapoIHOW KOMECCHHU 10 paguonorndeckoit 3amute (MKP3), u peanm3oBaHa B
mozmemn UNSCEAR-94 HKJIAP OOH [2, 3, 4]. HdanHas MoJens NO3BOJT OIICHWBAaTh HHIUBUIYaJbHBIE
© Mazilov A., Stadnyk 1., 2014
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paaualMOHHBIC PUCKU COJHIHBIX PAKOB U JICHKO30B C YYETOM MHIUBHIYaJbHBIX XapaKTCPUCTHK OOJYYCHHOTO JIHIIA:
oJia, BO3pacTa Ha MOMEHT Havdaia 00Jy4eHus, TOCTUTHYTOTO BO3pacTa, TUHAMUKA O0JTyUICHHS.

OCHOBHOI/ 11eJIbI0 PA0OTHI MO OIIEHKE UHIUBUAYAIBHBIX PAJUAIIMOHHBIX PUCKOB SBIISICTCS Pealin3alius KOHICIIIUN
COLIMAJILHO TPUEMJIEMOI0 PHUCKa: B COOTBETCTBUU C MEXAYHApPOAHOW MpakTUKONM W JAeilctByromumu Hopmamu
panuarmonHol Oe3omacHoct Ykpawubl (HPBY-97) mpuemieMblii MHIUBUAYabHBIA aOCOMIOTHBIA paaualiOHHBIH
PHCK TIPH TEXHOTEHHOM OONIy4eHHH IePCOHAA B INTATHOM PEXHME pabOThl HE JOIKEH HPEBBIATh 3HaueHus 107 B
rox [5].

BaxxHO# XapaKTepUCTHKONH WHIAMBHIYaTHHOTO MPO(ECCHOHATBFHOTO PUCKA SBIACTCSA STHOJOTHYESCKAs IO WA
aTpuOyTHBHBIM pPHCK, T.e. PHUCK, OOYCJIOBICHHBIA TPO(PECCHOHANBHOW MAEATENBHOCTHIO (B JAHHOM CIlydae —
0o0y4eHrneM), BBIpQXCHHBIH B TIPOLEHTAX K CYMMapHOMY pHCKy. B psme cimyuaeB OHKO3aboneBaHHE CUHUTAETCS
podecCHOHANBHO 00YCIIOBICHHBIM YK€ MPH dTHOI0rn4eckoi noie 20 — 40 % [6].

B pabore mpencraBineHbl Pe3yNbTAaThl  PAacYeTOB  OTHOCHUTENBHBIX, AaTPUOYTUBHBIX W  aOCOJIOTHBIX
WHIUBUAYaIbHBIX paaualiioHHBIX puckoB mnepconana HHI[ X®DTU, cocrosmero na MK B 2013 romy. Pacuers
puckoB nposeneHbl Ha 2013 rox st cOTpyIHUKOB, nMetomux ctax Ha MJIK He meHee aByX jeT (cpenHui JTaTeHTHBIN
MEPUOJT BO3MOXHOTO pa3BUTHS Jiciiko3a). Ha oCHOBe 3HauCHMI a0CONFOTHBIX HHIUBUTYaTbHBIX PaTUAIIMOHHBIX PUCKOB
mepcoHana CcHOPMHUPOBAHBI TPYMIEI MPCHEOPEKUMO MAJIOr0, MPUEMJIEMOTO W  TOBBIIICHHOTO a0COIFOTHBIX
paiManMoOHHBIX pUCKOB. Ha ocHOBe 3HaueHWH aTPUOYTHBHBIX WHAWBHIYAIBHBIX PaJUAIlMOHHBIX PHCKOB
c(hopMHUPOBAHEI TPYIITEI MPEHEOPESIKUMO MaJIOr0, MOTCHIIHAIBFHOTO H BBICOKOTO ITOTCHIHMAIEHOTO aTPUOYTHBHBIX
paanaOHHBIX PHCKOB.

MOJEJIb PACUETA PAJJUALITUOHHBIX PUCKOB UNSCEAR-94

Mognens UNSCEAR-94 oneHkn WHAMBHAYaJIbHOTO paJAMAllMOHHOTO pHCKa ObIa pa3paborana HayduxsiM
KOMHUTETOM TI0 JericTButo atoMHOM pamuaruu npu OOH (HKJIAP OOH) no maHHBIM HCCIIeTOBaHUH, POBEICHHBIX
cpeau 00Jy4eHHOTO B pe3ysibTaTe 0OMOapAMPOBOK HACEICHHUS SOHCKUX ropoaoB (koroptel Life Span Study - LSS).

B nannHoO# Moaenu UCHIONB3YIOTCS CAEAYIOIINE TEPMUHBL:

EAR — wm30bITOuHBIN a0OCOMIOTHBIA pUCK (Excess Absolute Risk) — BepOSTHOCTH 3a00JICBaHHS PATHAIMOHHO-
00YCIIOBJICHHBIM PaKoOM;

ERR — w30BITOYHBIA OTHOCHUTENBHBIN pUCK (Excess Relative Risk) — oOyCIOBIICHHBIN OONyYCHHEM MPUPOCT
BEPOSITHOCTH OHK03a00JICBaHUSI OTHOCHTENIFHO (DOHOBOM BEPOSTHOCTH OHKO3a0OJIEBAaHMS JaHHOW JIOKaTW3alud B
JaHHOM BO3pACTe JIMLA JaHHOTO M0JIa;

AR — arpubytuBHBIN pUck (Attributable Risk) — nons dakropa o0nydeHus (M30BITOYHOTO aOCOOTHOTO PUCKA) B
CyMMapHOH BEpOATHOCTH OHKO3aboyieBaHUS y 00IydeHHOro juma (KoTopas CKIanpIBacTcs W3 (POHOBOH BEpOATHOCTH
paxoBoro 3aboneBanus u EAR). B cinydae mccienoBanus 00MydeHHON KOTOPTHI WK MOMYJISIIAN aTPHOYTUBHBIA PUCK
NIOKa3bIBaeT, KaKas JOJIs OT BCEX ClydaeB 3a00JeBaHuUil B KOropTe 00yCIIOBIEHA paliallHOHHBIM BO3ICHCTBHEM.

Cornacuno moaennt UNSCEAR-94, ecniu m — hoHOBast OHK03200JI€Ba€MOCTH IS JIUI] OMPEICICHHOTO BO3pacTa u
noia, a m — HaOJI0JaeMoe YHCIIO 3a00JIeBaHUK B TpyIe OOTYYeHHBIX JIMII TOTO K€ I0Ja M TOH e BO3PacTHOM
KaTeropuu, To HabIro1aeMoe KOJIMIEeCTBO 3a00IeBaHMA CpeIu OOTydIeHHBIX JIFOAeH MOKHO BEIPA3UTh Yepe3 (OHOBOE B
aIIUTHBHOM (opme:

m=m, +EAR, (1)
rae EAR — npeBbllIeHHe KOJIMYecTBa HaOII01aeMBIX ClIy4aeB 3a00JIeBaHIH HaJl 0>KHIaeMbIM, BBI3BAHHOE OOIyUYECHHEM,
7100 7151 OTHOTO MH/IMBHUIyyMa — BEPOSTHOCTh OHK03a00JIeBaHuUs1, 00YCIIOBIICHHAS 00Ty4eHHEM.

B3anmocBs3b m 1 my MOXKET OBITh BhIpa)KE€Ha M Yepe3 3HaueHHe N30BITOYHOTO OTHOCUTENLHOTO prcka ERR nin B

MYJIbTUIUTUKATUBHOM (hopme:

m=m(1+ ERR). )

U3 (1) u (2) cnenyer, uTo:
EAR=m—-m,, (3)
ERR = (m—m,)m, . “

N3 (3) u (4) ciuemyer CBs3b MEXKAYy BEIMYMHAMH, XapaKTEPU3YIOIIUMH MPEBBIIICHHE (OHOBOTO YPOBHS
3a00JIEBAEMOCTH:

EAR=m, -ERR. )

Cormacao OIPCACIICHUIO anH6yTHBHBIﬁ PUCK TMPCACTABIIACT coboit JOJIO paHHaHHOHHO-O6YCHOBH€HHOﬁ
BEPOATHOCTHU OHKO03a00JICBaHHS B CyMMapHOﬁ BCPOATHOCTHU OHKO03a00JIeBaHHSs JJI JIiia JaHHOTI'O BO3pacTa U IoJia:

AR=EAR/m. Q)
N3 (3), (5) u (6) aTprOYTHBHBIA PUCK MOKHO BBIPA3UTh Y€Pe3 OTHOCUTEIIBLHBIHN CIICAYIONIMM 00pa3oM:
AR = ERR/(1+ ERR). %)

Cornacao wmozenmu UNSCEAR-94  panmanuoHHO-00yClIOBIEHHas 3a00JI€BaeMOCTh COJHMIHBIMH — PaKaMu
pa3NUYHON JIOKANM3allMd TPHU OCTPOM KPATKOBPEMEHHOM OOJYYCHHH TPEACTABISICTCS B BHAC H30BITOYHOTO
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OTHOCUTEIILHOTO pyUcka ERR u nMeer BUA;

ERR,, (s,l,g)z a,, xD, xexp(b, x(g—25)). (®)
rne D, — nos3a obmydyenus (B 3B) B Bospacte g. Ilapamerpel a u b, 3aBucsAllMe OT NoOja § U JIOKAIM3aLUH
OHKO03a00JIeBaHus [ MPUBEACHBI B Ta0I. 1.

Benuunna |b | = 7 (tabn. 1) — XxapakTepHoe BpeMs, B TeUEHHE KOTOPOro 3PPEKTHBHOCTh BO3ACHCTBHS 00Ty deHHs
u3MeHsieTcs: npuMepHo B 3 pasa. ITocie oOiydeHHs pUCK OHKO3a0OJIeBaHMsI OPraHOB JIbIXaHHs, MOUYEBOTO Iy3bIps,
MHIIEBO/IA YBEIUUUBACTCS C BO3PACTOM, ISl JPYTHX JOKAIU3AIMK — MaaaerT.

Tabnuna 1.
3nauenus napameTpoB Mozaenn UNSCEAR-94 n30bITO4HOTO OTHOCHTEIBHOTO PUCKA
JUTSL COJTUTHBIX PAKOB Pa3JIMYHON JTOKATH3AIHU
Tokammsawis MKE-10 Tapametp a, 38~ HapaMefp b, XapaKTepflloe BpeMs
MYX. HKEH. Tof T =|b |, ron
Oprassl TbIXaHAS C33, C34 0,37 1,06 0,021 47,6
Kenymox Cl16 0,16 0,62 —0,035 28,6
MoueBo#l y3bIph C67 1,00 1,19 0,012 83,3
[Teuyenp C22 0,97 0,32 —0,027 37,0
[umeBox C15 0,23 1,59 0,015 66,7
O060109Has KHIITKA C18 0,54 1,00 —0,033 30,3
MonouHas xenesa C50 — 1,95 -0,079 12,6
OcrasnbHbIe — 0,59 0,39 —0,059 16,9
Bce comupnbie C00-C80 0,45 0,77 —0,026 38,5

CraTucTHYeCcKUi aHaJIM3 JaHHBIX HaOIroaeHni KoropTsl LSS nokasai, 4to o0irydeHne NPUBOAUT K YBEITHUCHHIO
3a200JIEBaEMOCTH COJIMAHBIMH PAaKaMH TOJIBKO CITyCTsl IIpUMepHO 5—15 yieT mocne oOirydeHus. DTO Tak Ha3bIBacMBIH
JIATEHTHBIN EPHOJ NSUCTBHUS paAuaLliH.

CormnacHo [7], U1 TPOJIOHTUPOBAHHOTO OOIYUSHHST OTHOCHUTEIEHBIN M30BITOYHBIA PUCK COMTUIHBIX PAaKOB OyIeT:

g=u-10
ERRy,, (”) =a,, % ZDg x exp(b, x (g - 25))’ )
£=8o
TZIe u — BO3pacT, Ha KOTOPBIA PAaCCUMTHIBACTCS PUCK 3a00JIeBaHUS COMUAHBIM pakoM; #-10 o3Ha9aer, 9TO B pacyer
OepyTcsi TOMBKO J03bI, OITy4eHHBIE 32 10 neT (cpemHuil TaTeHTHBIM NMepuoj U CONMHOHBIX PaKoOB) A0 PacdeTHOTO
BO3pacTa u M paHee.
3Has ERRsor (1) 1 GOHOBYIO OHK03a00JI€BAEMOCTh JAaHHOW JIOKAIHM3AIMK JJIs TaHHOTO T0JIa B Bo3pacTta m(s,/,u),
MOKHO BBIUUCIHUTD ARsor(#), EARsor (1) M BEpOATHOCTD 3a00JIeBaHUS COJIMIHBIM PAKOM B BO3PACTE 1 JUIS IOKATU3AINH
[ ¢ yueToMm dakTopa obnydeHus — mgo (s, u):

ERRy,, (1)
AR =——— S0 %1009
SOL(”) 1+ERRS0L(u)X /0, (10)
EARSOL(“):mOSOL(Sala”)'ERRSOL(u)» (11)
mSOL(S’lﬁu):mOSOL(S’l’u)+EARSOL(”)' (12)

Jlnist BBIUMCIIEHUST a0COIOTHOTO M30BITOYHOTO PHCKAa BO3HHUKHOBEHHUS PaJHalliOHHO-OO0YCIIOBICHHON JIEHKEMUH
EAR\ gy B BO3pacTe u 1mocie 0JHOKpAaTHOro obiyueHus B Bo3pacte g Mogenb UNSCEAR-94 npennaraer cienyromntyro
dopmyy:

EAR,,, (s,g,u)=a xD, x(1+0.79-D, ) x exp(—b&g x (u —g—25)), (13)

5.8
rne, a U b — mapameTpbl, 3aBUCSIIME OT BO3pacTa Ha MOMEHT oOiydeHHs (g) u mona (S), MX 3HaYCHUS NPHUBEICHBI B
Taodm. 2.
Tabmuma 2.
3urayenns napamerpoB Mozenn UNSCEAR-94 u30bITOYHOTO a0COMIOTHOTO PHCKa JICHKEMUN
(mms pacueta EAR| gy Ha 100 000 "enoBek B rox)

Bospacr, Iapametp a, 38" [apamerp b, rox ' XapaxTepHoe Bpems 7 = |b |, rox
Jer MYX. HKEH. MYX. JKEH. MYX. HKEH.

0-19 33 6,6 0,17 0,07 5,9 14,3

20-39 4,8 9,7 0,13 0,03 7,7 333

40 — 13,1 26,4 0,07 0,03 14,3 333

CormnacHo [7], U1t TPOJIOHTHPOBAHHOTO 00TyUeHHU aOCOMIOTHBIN H30BITOYHBIA PUCK JeHKeMuu OyneT:
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gzuz2 g
EAR,,, (u)= Y. a,, xD,|[1+1,58)" D, |xexp(-b,, x(u—g-25)), (14)
£=80 £=8o

g
/I ¢ — BO3PAcCT, Ha KOTOPBIA PACCUUTHIBACTCS PUCK 3a00JIEBaHUS JICHKEMUCH; Z Dg — HAKOIUICHHAS /1032 K BO3PACTY
£=8o

g; u-2 TaKkKe 03HAYaeT, YTO B pacueT OepyTcs TOIBKO JO3bI, MOyUYeHHBIE 3a 2 rofa (CpeIHUH JTaTeHTHBINA MePHOA AT
JICHKEMHH) 10 PaCUCTHOTO BO3pacTa u U paHee.

3Has 3HaYcHUE aOCOIOTHOTO pucKa JielikeMu EAR) gy 1 (OHOBYIO 3a00J1€BaeMOCTh JICHKEMHUEH B BO3pacTe u Jis
nona s — moLpy(s,it), MOKHO BBIYHMCIMTH aTpUOYTUBHBIA AR|py M OTHOCHUTENbHBIA ERR|p; HW30BITOUHBIC PUCKH
JICHKEMUH, a TAKXKE BEPOATHOCTH 3a00JicBaHMS JICHKEMHUEH B BO3pacTe u ¢ y4eToM (akTa o0IydeHUs — my gy(s,u):

EAR, ()
AR = LEU x100% , (15)
o (”) Moy (S:”)"'EARLEU (”) ’
ERRLEU(u):M ’ (16)
Moy (Sau)
m;py (Sa”): Myrpy (S’u)+EARLEU (u) (17

reyfmnbl PAAMAITMOHHOI'O PUCKA

ITo nanHEIM MexayHapoIHONW OpraHU3alMy TPyAa €KErofHo Ha 1 MIH. paOOTHHKOB MpoucXoauT mopsiaxa 100-
1000 cmyuaeB TpaBMaTU3Ma CO CMEPTENbHBIM UCXOA0M, IOTOMY MeEXIyHapOoIHOW KOMHCCUEH MO paguoiIoruyeckon
3amuTe ObLT NPUHAT YPOBEHb COLMAIBHO IPHEMIEMOro pucka, pasubii 10*-107 B ron. IIpoM3BOICTBEHHBIH PHCK,
IIPEBHIIAKONIMI TTOPOroBOe 3HaueHHe 107, CUMTAaeTCs MOBBIICHHBIM, @ PHCK, HE HPEBOCXO/ANIMIA TIOPOrOBOE 3HAUCHHE
10, cunTaeTcst MPeHEGPEKIMO MATTBIM.

B coorBerctBum ¢ Hopmamu panuanmonnoit OesomacHoctn Ykpauwnsl (HPBY-97), Bemmumna cymmaprOoro
aBCONIOTHOTO PaTHALIMOHHOTO pHcKa EARr JUIA IITATHOTO PeKMMa paGoThI IEpCOHANA He J0JIKHA MpeBbimath 107 B
rog [5]. Ilo BenwmumHE aOCONIOTHOTO paIWAMOHHOTO pucka EARa;p TepcoHal, paboTaoOmUi ¢ HCTOYHHKAMHA
normupytomero odxyuenus (MUUN), moxet OBITH OTHECEH K OAHOM U3 CIEAYIOUINX TPYII PHCKa:

— npeHeOpekuMOo Mastoro pucka: EARA L < 10'4;

— MIPUEMJIIEMOTO PUCKA: 10*< EAR ALL < 102 ;

— TIOBBIIIEHHOTO PaJXAIIIOHHOTO prucka: EARA; | > 107,

ATpuOYTHBHBIH paJUallMOHHBIM PpHUCK SBJISETCA BaXKHBIM IIOKa3aTeJeM IpU  YCTAHOBJIEHHM CBA3U
OHK03a00J1eBaHHs C ITPOPECCHOHATIBHBIM 00JIy4YEeHHEM, U B HEKOTOPBIX €BPOIEHCKUX CTpaHax IMepCcoHal, paboTaromni
¢ WNMHN, moxer paccunThiBaTh Ha KOMIICHCAI[MOHHBIC BBIIJIATBI B Cllydyae OHKO3a0OJICBaHUS, €CIM BEIMYMHA
aTprOyTHUBHOT'O pUCcKa OYIET NMPEBbIIIAaTh YCTaHOBJIEHHBIE TOPOTOBBIE YPOBHH [0, 8].

B 3aBucuMocTH OT 3HaueHHH aTpUOYTHBHBIX PHUCKOB CONMAHBIX PAaKoB ARsor, JelikeMun AR; gy M OpraHoB
IbIXaHus A RRgsp, IEPCOHAI, TTOJIBEPTILIHICS 00Iy4YEHHIO, MOKET OBITh OTHECEH K TpYIIIIE:

— mpeHeOpexRuMOo Manoro pucka: ARgy <10%, ARy < 50%, ARrpsp< 20%;

— MIOTEHIUATEHOTO prCcKa: ARyy > 10% ,1m00 AR g5 > 50 %, 100 ARpesp > 20%;

— BBICOKOT'O IIOTCHIUAIBEHOTO prcKa: ARsor > 20 %, miubo AR gy = 75 %, mu60 ARgesp > 30 %.

XAPAKTEPUCTUKA ITEPCOHAJIA HHII X®TH, COCTOSILIET'O HA UK

B nactosimee Bpemst Ha MHAMBHIyaslbHOM no3zumerpudeckoM koHTpone (MJIK) coctout 331 corpymamk HHIJ
XOTU: 282 myxxunHBI Bo3pacToM oT 20 10 87 JeT, co cTaxkeM pabOTHl ¢ HCTOYHUKAMH HOHH3UPYIOMIETO OOIYUYCHHUS OT
0 mo 55 mer, u 49 xeHumH Bo3pacToM OT 25 mo 80 net, co craxem paborel ¢ UMM ot 0 mo 50 mer. Cpemass
HaKOIUICHHAS 1032 IS My KUHH cocTaBisieT 61,44 m3B y myxunH u 49,40 M3B y xeHnwH (Tadm. 3).

Pacnipenenenus uucieHHocTy nepconana, cocrosmero Ha MK, no nosy, Bo3pacTy, cTaXxy U HaKOIUIEHHOH J103€
npuBeAcHB! B Tabimnax 4 — 6. [Toutn momoBuHa nepconana Ha MJIK nuMeer Bo3pact crapiie 60 JieT u cTax paboThl C
HCTOYHMKAaMHU HoHm3Upyomero uinydenus (MUU) Gomee 20 ner, TemM He MeHee, Tonbko 41% mepcoHanma mmeer
HaKoOIUIeHHYI0 103y Oonee 50 M3B, U M3 HHUX TOJbKO 16% — HakomieHHy no3y Oomnee 150 m3B. 3aBHcUMOCTH
HaKOIUICHHBIX 103 IIEpCOHANIa OT BO3pAacTa U CTaXka MoKa3aHbl Ha puc. 1.

JluHaMuKa W3MEHEHHS CPEIHET0JI0BOI J03bI 3a ToJbsl pabOThl COTPYIAHHKOB, cocrosimux Ha MJIK B 2013 1.
(puc. 2), mokaspIBaeT, YTO CPEIHErOA0OBas 1032 COTPYJHHMKOB 3a mocienuue 20 ner He mpeBblmana 2 M3B, 4YTO
CPaBHHMMO CO CPEeTHUM 3HaYEHNEM €CTECTBEHHOT'O paHaiioHHOro ¢oHa 3emin — 2,42 M3B/rox.
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Puc. 2. Jlunamuka cpeJHET00BOM JT03bI 32 TOABI pabOTHI COTPYTHHUKOB, cocTosmux Ha UJIK B 2013 T.
Tabnuma 3.

< MYXKYUYMHBI A KEeHLWUHbI |

OCHOBHBIE XapaKTEPUCTUKHU TIepcoHana, cocrosiero Ha MK

Tepcoman YHCIIEHHOCTD Bospacr, \:IIGT Craxk Ha HIEK JIeT Haxomnennas no3a, M3B
abc. enn. % MUH. | cpeanuii | makc. | MuH. | cpennmit | makc. | MuH. CpEIHSIS MaKc.
MyKunHbI 282 85,2 20 56 87 0 21 55 0,07 61,44 580,04
Kenmuapt 49 14,8 25 56 80 0 22 50 0,04 49,40 181,33
Bech 331 100,0 20 56 87 0 21 55 0,04 59,66 580,04
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Tabnuma 4.
Pacnipenenenue 4MCIEHHOCTH EPCOHAIIA TI0 MOJIY M BO3PACTY
Bospacrnas rpymnma, 06a mona My KYHHBI JKeHmuHBI
JIeT a0c. el % a0c. el. % abc. el. %
<25 3 0,9 3 1,1 0 0,0
25-29 18 5,4 15 53 3 6,1
30-34 15 4,5 13 4,6 2 4,1
35-39 21 6,3 15 53 6 12,2
40-44 28 8,5 24 8,5 4 8,2
45-49 19 5,7 17 6,0 2 4,1
50-54 36 10,9 34 12,1 2 4,1
55-59 39 11,8 35 12,4 4 8,2
60-64 43 13,0 37 13,1 6 12,2
65-69 47 14,2 34 12,1 13 26,5
70-74 27 8,2 22 7,8 5 10,2
75-79 22 6,6 21 7,4 1 2,0
80- 13 3,9 12 4,3 1 2,0
Bce 331 100,0 282 100,0 49 100,0
Tabmnuma 5.
PacrmpeneneHre YMCICHHOCTH TIEPCOHANIA 110 IOy | cTaxy Ha MJIK
O6a noia My XYUHBI JKeHmuHbI
Crask Ha MJIK, et abc. e % abc. e : % abc. e T %
<5 71 21,5 60 21,3 11 22,4
5-9 41 12,4 36 12,8 5 10,2
10-14 39 11,8 33 11,7 6 12,2
15-19 19 5,7 19 6,7 0 0,0
20-24 20 6,0 17 6,0 3 6,1
25-29 31 9,4 24 8,5 7 14,3
30-34 27 8,2 24 8,5 3 6,1
35-39 20 6,0 18 6,4 2 4,1
40-44 22 6,6 15 53 7 14,3
45-49 21 6,3 18 6,4 3 6,1
50-54 18 5,4 16 5,7 2 4,1
55-59 2 0,6 2 0,7 0 0,0
60- 0 0,0 0 0,0 0 0,0
Bce 331 100,0 282 100,0 49 100,0
Tabnuma 6.
PacnpeneneHre YMCIEHHOCTH MTEPCOHANIA 10 MOy U HAKOIUICHHOH 03¢
Haxomnennas no3sa, O6a nmona My KUUHBI JKeHmmHbI
M3B abc. e % abc. e % abc. en. %
<5 60 18,1 48 17,0 12 24,5
5- 68 20,5 59 20,9 9 18,4
20- 76 23,0 66 23,4 10 20,4
50- 54 16,3 46 16,3 8 16,3
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Haxomnennas no3sa, O6a nona My KIHHBI JKeHmmHe!

M3B abc. e % abc. exn. % abc. ex. %
100- 24 7,3 17 6,0 7 14,3
150- 34 10,3 31 11,0 3 6,1
200- 11 33 11 3,9 0 0,0
250- 2 0,6 2 0,7 0 0,0
300- 1 0,3 1 0,4 0 0,0
350- 0 0,0 0 0,0 0 0,0
400- 0 0,0 0 0,0 0 0,0
450- 0 0,0 0 0,0 0 0,0
500- 1 0,3 1 0,4 0 0,0
Bce 331 100,0 282 100,0 49 100,0

XAPAKTEPUCTHUKA ITIEPCOHAJIA IO TPYHIIAM PATUAIIMOHHOI'O PUCKA
PesynbraThel pacueToB paguanoHHbIX puckoB nepcoHana HHI[ XdDTU na 2013 r. npuBenens! B Tadi. 7. B pacuer

Bonuty 305 genoBek: y 26 coTpyAHUKOB cTax padoTsl ¢ MU cocTtaBisier MeHee ABYX JIET, T.€. PaAHALIMOHHBIC PHCKU
nposiBsiTcst He paHee 2014 roma. B pacuer puckoB neWKeMHM BOIIIM HAaKOIUICHHBIC O3Bl NEPCOHala, MOTyYeHHBIC
BIIIOTH 110 2011 r., B pacdeT pHUCKOB COJHMIHBIX PAKOB — JO3bI, MOIXy4YeHHBIC BIUIOTH 10 2003 T (T.K. cpemHuil mepruon
TIPOSIBJICHUS PICKOB JICHKEMHUH U COJIMIHBIX PAKOB COCTABIISIET COOTBETCTBEHHO 2 roza u 10 ner).

JlarHabie (OHOBOI NOBO3PACTHONH OHK03a00JEBAEMOCTH Ui PA3IWYHBIX JIOKAJIH3AIWKA CONUAHBIX PAaKOB U
neiikemun ObuTH B3sTHI 32 2011 1. U3 Bromterens HanmonansHOTo KaHmep-peructpa Ykpauasl Ne 14 [9].

B Ta6n1/1ue 7 Takxke MPUBEACHBI UCIIOJB3YEMBIC B SITUJICMUOJIOITMN 3HAYCHUA CTAHAAPTU3UPOBAHHBIX OTHOIIEHUN
3a00JIeBaCMOCTH TSI pa3IuuHbIX jokanuzanuil SIR (Standardized Incident Ratio) — oTHOIIICHUE HAOIIOAAEMOT0 YUCIIA
3a0oseBaHnii B 00JIydeHHOU TpyImie 7 K (OHOBOMY 3HAUEHHIO 3a00JIEBAEMOCTH B IaHHOM 10JI0OBO-BO3PACTHOM TpyIIIIe
my.

Tabmnuma 7.
W36bITOUHBIE parialliOHHbIE PUCKH IIEPCOHANIA [0 PAa3IMYHBIM JIOKaJIH3aLUsIM
) C— ERR, % AR, % EAR, *10-3 SIR
MusH. | Cpenn. [ Makc. [MuH. | Cpeas. | Makc. | Mus. | Cpens. | Makc. |MuH. | Cpens. | Makc.
Bce paku 0,00 | 1,97 |18,4110,00 | 1,89 |[15,55(0,000( 0,260 |3,240( 1,00 1,02 | 1,18
Bce conumabie paku 0,00 | 1,81 |18,4510,00 1,72 |15,58(0,000( 0,250 | 3,200 1,00 1,02 | 1,18
Jleiikemust 0,00 | 5,80 ]26,9710,00| 5,23 [21,24(0,000| 0,009 |0,046] 1,00 | 1,06 | 1,27
MoueBoii my3bIpb 0,00 | 6,38 |67,1810,00| 5,48 [40,19(0,000| 0,070 | 1,000 1,00 | 1,06 | 1,67
OpraHsl AbIXaHUS 0,00 | 3,30 |28,4610,00 3,02 [22,15(0,000( 0,080 | 0,740 1,00 1,03 | 1,28
MormnouHas xene3a 0,00 [ 1,40 [17,58]0,00| 1,27 |14,95]0,000( 0,030 {0,370] 1,00 { 1,01 | 1,18
[euens 0,00 | 3,25 139,3310,00| 2,97 |[28,230,000| 0,010 |10,090] 1,00 | 1,03 | 1,39
[MumesBon 0,00 | 2,62 |34,15]10,00| 2,37 [25,45(0,000| 0,000 | 0,040 1,00 | 1,03 | 1,34
O0oouHast KUIIKa 0,00 | 2,04 ]20,4810,00| 1,93 |17,00(0,000| 0,020 |10,310] 1,00 | 1,02 | 1,20
Kenynox 0,00 0,72 ] 6,95 10,00 0,71 | 6,50 {0,000| 0,010 ] 0,090 1,00 1,01 | 1,07
Ocranbhble comua. paku | 0,00 | 1,48 | 17,28 0,00 | 1,42 |14,74]0,000| 0,110 | 1,680 | 1,00 | 1,01 1,17

[To 3HaueHWSAM CyMMapHOTO aOCONIOTHOTO pagumannoHHOTOo pucka EAR,; OpuH chopMHpOBaHBI TPYIIBI

nperedpexxumo manoro (EARap < 10'4), TIPHEMIIEMOTO (10"4 < EARy L < 10'3) M TIOBBIIIEHHOIO (EARALL>10'3)
panuanMoOHHBIX PHCKOB. 3HAYCHHS OCHOBHBIX XapaKTEpPHUCTHK M PUCKOB IIEPCOHANIa MO TpymmaM abCOIOTHOTO
panuanoHHOTO PUCKA MpUBEAEHHI B Tabi. §. B rpymiry MOBBIIIEHHOrO pagudalMOHHOTO pHCKa BOIWIO 19 demoBek
(6,2 % mepconana, is KOTOPOTO OBUIM PAacCYUTAHBI PUCKH), B TPYIIY NPUEMIIEMOTO PaHallMOHHOTO PHUCKa BOIILIO
116 uen. — 38,0 % mepcoHana, B Ipymiy IpeHeOPe:KUMO Majoro pucka Borwio 170 gen — 55,8 % mepconana. B
ctosbie «HakoruienHast 1032y MpPUBEACHBI 3HAUCHHUS HAKOIICHHBIX /103 MEPCOHANA, UCIIOIb3YEMBIX B PACUCTEC PUCKOB
Ha 2013 1. u noay4yeHHbIX BIUIOTH 10 2011 .
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Tabmuua 8.
3Ha4yeHHs] OCHOBHBIX XapaKTEPUCTUK U PUCKOB NepcoHajIa
I10 TPYIIIaM CyMMapHOTO a0COJIIOTHOTO PaAMAllMOHHOTO PUCKa
3HayeHue Bospacr, Crax nHa UJIK, Haxkxomnnennas ARgor, AR gy, EARypL,
MOKa3aTes JIeT JIET o3a, M3B % % *107°
I'pynmna noBeleHHoro pucka, 19 uven. (6,2 % nepconana)
Musm. 71 45 174,35 4,82 3,42 1,0077
Cpennee 75 50 226,23 6,35 6,60 1,2380
Makc. 86 55 578,28 15,58 13,77 3,2442
I'pynma npuemnemoro pucka, 116 gen. (38,0 % nepconana)
MuH. 50 11 34,42 0,54 0,26 0,1038
Cpennee 67 36 104,31 3,14 4,89 0,4608
Makc. 87 54 262,67 7,83 20,01 0,9998
I'pynma npenebpexumo Manoro pucka, 170 gen. (55,8 % nepconana)
Musm. 25 2 0,19 0,00 0,00 0,0000
Cpennee 47 10 15,89 0,24 5,31 0,0168
Makc. 78 30 64,34 1,99 21,24 0,0984

B Tabm 9 — 11 OPUBCACHBI pacupeaAcICHUS OTHOCHUTEJIbHON YHCIICHHOCTH nepcoHata, Ajasd KOTOPOIro ObLIH
pacCYUTAHbl paauallUOHHBIC PHUCKU Ha 2013 rog, mo rpyiimiam a0bCOIIOTHOTO paanaliquOHHOr0 pucCKa B BO3PACTHBLIX

rpyImax, rpymnmnax mo craxy Ha MJIK u B rpynmax 1o HakOIUICHHOW /103€, IPUHUMAaeMOH B pacyeT pHCKOB.

Becrp nepconan, umeromuit Bospact 1o 50 net, ctaxxk Ha UK mo 10 et u HakomieHHYIO 103y 10 20 M3B, ObLI
OTHECEH K TpyIHIIe MPEeHeOPEKUMO MAJIOTO PUCKA, YTO TOBOPHT O JOCTATOYHO BEICOKOM YPOBHE PalHaIllMOHHON 3aIUTHI

IepcoHaa, padoTaromero ¢ NICTOYHUKaMU HOHU3upytomero mrydeHuns B HHI[ XDTU.

Becr nepconan, nmerommii ctaxxk Ha MJIK Gonee 55 mer u mHakoruenHyro no3y ot 300 M3B u Oonee, oTHECEH K
TPyIIle TOBBIIIEHHOIO a0COJIOTHOTO pPAAHalMOHHOTO pHCKAa. MHHHMajabHBIA BO3pacT IEpCOHANa M3 TPYIIIBI
MTOBBIIIEHHOT0 a0COIIOTHOTO prcka — 71 ro.

Tabauna 9.

Pacnpeaeneﬂne OTHOCHTEJILHON YHUCIICHHOCTHU nepcoHalla 1o rpynmnam a0COJIFOTHOTO paaualiuOHHOI0 prUCKa
B 3aBUCHUMOCTH OT I10JIa U BO3pacTa

Bospacr, % OT YMCIIEHHOCTH II€PCOHAJIa 33 JaHHON BO3PACTHOM I'PYNIIbI B TPYIIIE paIMallOHHOTO PHCKa
et MIPEHEOPEKUMO MAJTIOTO MIPUEMIIEMOTO MOBBIIIEHHOT'O
Bce MYK. JKEH. BCE MYK. JKEH. BCE MYXK. JKEH.
<25 - - - - - - - - -
25-29 100,0 100,0 100,0 0,0 0,0 0,0 0,0 0,0 0,0
30-34 100,0 100,0 100,0 0,0 0,0 0,0 0,0 0,0 0,0
35-39 100,0 100,0 100,0 0,0 0,0 0,0 0,0 0,0 0,0
40-44 100,0 100,0 100,0 0,0 0,0 0,0 0,0 0,0 0,0
45-49 100,0 100,0 100,0 0,0 0,0 0,0 0,0 0,0 0,0
50-54 91,4 94,1 0,0 8,6 5,9 100,0 0,0 0,0 0,0
55-59 75,0 73,5 100,0 25,0 26,5 0,0 0,0 0,0 0,0
60-64 429 47,2 16,7 57,1 52,8 83,3 0,0 0,0 0,0
65-69 2,3 0,0 7,7 97,7 100,0 92,3 0,0 0,0 0,0
70-74 11,1 13,6 0,0 63,0 59,1 80,0 259 27,3 20,0
75-79 9,1 9,5 0,0 50,0 52,4 0,0 40,9 38,1 100,0
80- 0,0 0,0 0,0 76,9 75,0 100,0 23,1 25,0 0,0
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Ta6mua 10.
PacnpenencHre 0THOCUTEIFHON YHUCICHHOCTH MEPCOHANIA [0 TPYIIaM aOCOMIOTHOTO PaIHalldOHHOTO PUCKA
B 3aBUCHMOCTH OT ToJ1a 1 ctaxka Ha JIK

Crax % OT YMCIIEHHOCTH IepCcoHaa ¢ 3a1aHHbIM cTaxeM Ha MJIK B rpynne paguanioHHOro pucka
Ha UJIK, MIPEHEOPEIKUMO MAJIOr0 IPUEMJIEMOTO MOBBIIIICHHOTO
JICT BCE MYX. JKEH. BCE MYX. JKEH. BCE MYX. JKEH.
<5 100,0 100,0 100,0 0,0 0,0 0,0 0,0 0,0 0,0
5-9 100,0 100,0 100,0 0,0 0,0 0,0 0,0 0,0 0,0
10-14 97,5 97,1 100,0 2,5 2,9 0,0 0,0 0,0 0,0
15-19 100,0 100,0 - 0,0 0,0 - 0,0 0,0 -
20-24 80,0 82,4 66,7 20,0 17,6 33,3 0,0 0,0 0,0
25-29 32,3 41,7 0,0 67,7 58,3 100,0 0,0 0,0 0,0
30-34 3,7 4,2 0,0 96,3 95,8 100,0 0,0 0,0 0,0
35-39 0,0 0,0 0,0 100,0 100,0 100,0 0,0 0,0 0,0
40-44 0,0 0,0 0,0 100,0 100,0 100,0 0,0 0,0 0,0
45-49 0,0 0,0 0,0 66,7 61,1 100,0 333 38,9 0,0
50-54 0,0 0,0 0,0 44 4 50,0 0,0 55,6 50,0 100,0
55-59 0,0 0,0 - 0,0 0,0 - 100,0 100,0 -
60- - - - - - - - - -
Tabnuna 11.

PacnpeaeneHI/Ie OTHOCHTEIIbHOI YHCICHHOCTH nepcoHala 1o rpynmnam abCOIIFOTHOTO paanaliuOHHOI'0 prUCKa
B 3aBHCHMOCTH OT IT10J1a ¥ HaKOIJICHHOM J035bI

Haxonnennas % OT YHCJICHHOCTH MepCOHaja ¢ 3aJJaHHOM HAaKOIUICHHOMN 0301 B TPYIIE paJualldOHHOTO PHCKa
no3a, IpeHeOPEeKUMO MaJIOTO IIPUEMIIEMOTO TTOBBIIIEHHOTO
M3B BCE MYX. JKEH. BCE MYX. JKEH. BCE MYX. JKEH.
<5 100,0 100,0 100,0 0,0 0,0 0,0 0,0 0,0 0,0
5- 100,0 100,0 100,0 0,0 0,0 0,0 0,0 0,0 0,0
20- 77,3 86,0 22,2 22,7 14,0 77,8 0,0 0,0 0,0
50- 9,6 11,4 0,0 90,4 88,6 100,0 0,0 0,0 0,0
100- 0,0 0,0 0,0 100,0 100,0 100,0 0,0 0,0 0,0
150- 0,0 0,0 0,0 81,8 86,7 333 18,2 13,3 66,7
200- 0,0 0,0 - 8,3 8,3 - 91,7 91,7 -
250- 0,0 0,0 - 100,0 100,0 - 0,0 0,0 -
300- 0,0 0,0 - 0,0 0,0 - 100,0 100,0 -
350- - - - - - - - - -
500- 0,0 0,0 - 0,0 0,0 - 100,0 100,0 -

Pe3ynbTaThl pacyeToB pPAMAIMOHHBIX PHCKOB IMEPCOHANA MO JIOKAIU3AlUAM JUIi KaXKAOM M3 TpexX TpyIil
a0COIIFOTHOTO PaJHalliOHHOTO PHCKA MIPUBEICHEI B Ta0m. 12 — 14.

Ta6mumna 12.
W30bITOUHBIE PainalliOHHBIE PUCKH IIEpCOHAA
W3 TPYIMIIBI HOBBILIEHHOT'O CYyMMapHOT0 a0COIIOTHOTO Pa/IMallMOHHOTO PHCKa
TMoxamsas ERR, % AR, % EAR, *10° SIR

Mus. | CpenH. | Makc. [ Mus. | Cpern. | Makc. | Mus. | Cpegs. | Makc. | MuH. | CpepH. | Makc.

Bce paku 505 6,87 [18,41]4,80] 6,36 |15,55]1,010] 1,240 | 3,240 1,05 1,07 | 1,18
Bce conuuHble paku 506] 6,86 |18,45]4,82 6,35 [15,58]0,980( 1,210 |3,200( 1,05 | 1,07 | 1,18
Jletikemust 3,55 7,16 [15,97]3,42] 6,60 |13,7710,016] 0,027 10,046 | 1,04 | 1,07 | 1,16
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— ERR, % AR, % EAR, *10” SIR
MuH. | CpenH. | Makc. [ Mus. | Cpern. | Makc. | Mus. | Cpegs. | Makc. | MuH. | Cpens. | Makc.
MoueBoii my3bIpb 20,05| 26,22 | 67,18 116,70| 20,34 (40,19 (0,050] 0,380 | 1,000] 1,20 | 1,26 | 1,67
OpraHsbl IbIXaHuUs 8,551 12,91 28,46 7,88 | 11,21 |22,15]0,200| 0,360 | 0,740 1,09 | 1,13 | 1,28
Moiounas xene3a 12,371 14,23 | 16,08 [11,01| 12,43 | 13,85]0,240] 0,260 (0,280 1,12 | 1,14 | 1,16
[euens 3,64 | 12,94 139,33 3,51 | 11,17 |28,23{0,000( 0,030 | 0,090 1,04 | 1,13 | 1,39
[Mumeson 485 9,25 |34,1514,63 | 7,98 |25,45]0,010{ 0,020 [ 0,040 | 1,05 1,09 | 1,34
O6omo4Has KUIIKa 550 7,60 120,485,211 6,98 |17,00(0,090| 0,120 ]0,310] 1,06 | 1,08 | 1,20
Kenynox 1,58 2,56 | 6,95 | 1,56 | 2,47 | 6,50 (0,030] 0,040 | 0,090] 1,02 | 1,03 | 1,07
Ocranbuble comua. paku | 3,03 [ 5,50 [17,28 12,94 | 5,15 | 14,740,170 0,530 | 1,680 | 1,03 [ 1,06 | 1,17
Tabmuma 13.

N30BITOYHBIE pagHalliOHHBIC PUCKU IIEPCOHANA
13 TPYIITH TPHEMIIEMOTO CyMMAapHOTO a0COIOTHOTO PalHallHOHHOTO PUCKa

) C— ERR, % AR, % EAR, *107 SIR
Mus. | CpenH. [ Makc. [MuH. | Cpeas. | Makc. | Mus. | Cpens. [ Makc. |MuH. | Cpens. | Makc.
Bce paku 0,591 3,32 | 8,73 10,59 3,18 | 8,03 [0,100| 0,460 | 1,000 1,01 | 1,03 | 1,09
Bce conmmuabie paku 0,54 3,27 | 8,50 10,54 3,14 | 7,83 [0,090| 0,450 10,980 1,01 | 1,03 | 1,09
Jleiixkemus 0,26 | 5,23 125,0210,26 | 4,89 |[20,01(0,001| 0,014 10,045 1,00 1,05 | 1,25
MoueBoii my3bIpb 3,23 | 11,32 (27,37] 3,13 9,94 |21,49]0,000| 0,110 |0,370| 1,03 | 1,11 | 1,27
OpraHsl JAbIXaHUS 1,38 | 6,03 125,88 1,36 5,57 [20,56(0,020| 0,130 10,340 1,01 | 1,06 | 1,26
MomnouHas xemne3a 0,61 5,58 117,580,061 5,13 |14,95(0,010{ 0,110 |0,370| 1,01 [ 1,06 | 1,18
[Teuens 0,40 | 5,70 |18,1410,40 | 5,27 | 15,36 (0,000( 0,010 | 0,030 1,00 [ 1,06 | 1,18
IMumeson 0,78 | 5,01 ]33,5310,77| 4,54 |25,11(0,000| 0,010 |10,030] 1,01 | 1,05 | 1,34
O0o104HasT KUIIKa 0,52 3,69 110,0210,52| 3,53 | 9,11 {0,010 0,040 | 0,090 1,01 | 1,04 | 1,10
Kemynok 0,15 1,35 | 6,17 | 0,15 1,32 | 5,81 [0,000| 0,010 | 0,040 1,00 | 1,01 | 1,06
Ocranbuble conua. paku | 0,21 [ 2,63 8,25 (0,21 2,53 | 7,62 10,010| 0,190 | 0,500 | 1,00 | 1,03 1,08
Ta6mumna 14.

W30pITOUHBIE pagUalliOHHBIE PUCKU IIepCOHAa
U3 TPYIIIBI IPEHEOPEKUMO MaJIOTO CYMMAapHOTO a0COTIOTHOTO PaJIHallMOHHOTO PUCKa

Moxamsauus ERR, % AR, % EAR, *10” SIR
Mus. | Cpeas. | Makc. | Mus. | Cpenn. | Makc. | Mus. | Cpenn. | Make. | Mus. | Cpenn. | Makce.
Bce paku 0,00 0,51 | 2,57 10,00 0,50 [ 2,50 (0,000| 0,020 |0,100] 1,00 1,01 | 1,03
Bce conmmunsie paku 0,00 | 0,25 ] 2,03 10,00 0,24 | 1,99 (0,000{ 0,010 | 0,090 1,00 1,00 | 1,02
Jletixemus 0,00 | 6,03 126,9710,00| 5,31 [21,24(0,000| 0,004 | 0,013 1,00 1,06 | 1,27
MoueBoii my35bIpb 0,00 0,79 | 5,18 10,00 0,77 | 4,92 (0,000| 0,000 | 0,040 1,00 1,01 [ 1,05
OpraHsl AbIXaHUS 0,00 | 0,36 | 3,67 10,00 0,36 | 3,54 [0,000| 0,000 | 0,040 1,00 | 1,00 | 1,04
MomnouHas xene3a 0,00 | 0,05 | 1,92 [ 0,00 0,05 | 1,88 [0,000{ 0,000 | 0,020 1,00 [ 1,00 | 1,02
Ileuens 0,00 | 0,50 | 4,37 10,00 0,49 [ 4,19 [0,000| 0,000 | 0,000 1,00 1,01 | 1,04
[Mumeson 0,00 | 0,26 | 4,60 | 0,00 0,25 | 4,40 (0,000| 0,000 |0,000[ 1,00 1,00 [ 1,05
O0o104yHasT KUIIIKa 0,00 0,28 | 2,39 10,00 0,28 [ 2,33 {0,000| 0,000 | 0,010 1,00 | 1,00 | 1,02
Kenynok 0,00 | 0,09 | 0,70 10,00 0,09 [ 0,70 [0,000| 0,000 | 0,000 1,00 | 1,00 | 1,01
Ocransnsle conug. paku | 0,00 | 0,24 | 2,44 [ 0,00 [ 0,24 | 2,38 [0,000( 0,010 | 0,050 1,00 | 1,00 | 1,02
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[TonpoOHast xapakTepucTUKa MepcoHania U3 TPyNbl TOBBIIIIEHHOTO abCcoMOTHOTO paguaionnoro pucka (I'TIPP)
— pacmpe/esieHre 1Mo Bo3pacty, craxy Ha MJIK u HakoIIeHHOM /103¢ — mpuBezeHa B Tabn. 15 — 17. U3 tabin. 15 BuaHo,
yto noutu 50 % ot uucinenHoctu nepconana B I'TIPP cocrasisier Bo3pactHas rpymma ot 75 mo 79 zer; 40,9 %
nepconana Ha M/IK nanHo# Bo3pactHol rpynmsl BxoauT B I'TIPP. /lanHble B Taba. 16 moxassIBaroT, 4YTO NEPCOHAT CO
craxem Ha UJIK ot 50 no 54 net, cocrasnser 52,6 % I'TIPP; 55,6 % nepconana, coctosimero Ha MJIK ¢ Takum craxem,
Bxogut B ['TIPP. U3 ta6n. 17 BugHO, uto okoio tpetu [TIPP cocraBmser mepcoHal, MMEIOINI HAKOIDICHHYIO 03y OT
150 no 200 m3B; HO TONEKO 17,6 % mepconana vHa NJIK ¢ HakomIeHHOH 1030, NIeKariel B JaHHOM WHTEpBaJle, BXOAUT
B I'TIPP.

Tabmuma 15.
Pacnpenenenne uncnennoct nepcorana I'TIPP na 2013 r. mo momy u Bo3pacty
Bospactras O6a nmona _ My >KYHHBI _ JKeHmmHe! _
rpyrma, abc. % B/((})e(::f) ab. % B/ge(;To abe. % B/c(:)e(;f)
JIET en. B I'TIPP* Hepe ** el B I'TIPP* Hepe.** el. B I'TIPP* nepe.**
<70 0 0,0 0,0 0 0,0 0,0 0 0,0 0,0
70-74 7 36,8 25,9 6 35,3 27,3 1 50,0 20,0
75-79 9 474 40,9 8 47,1 38,1 1 50,0 100,0
80- 3 15,8 23,1 3 17,6 25,0 0 0,0 0,0
Bce 19 100,0 6,2 17 100,0 6,0 2 100,0 4,1

* % B I'TIPP — mpoueHT OT YMCICHHOCTH NEPCOHANA JaHHOTO MOJa B TPYMIE HOBBIIIEHHOTO PaJnaliOHHOTO

pHcKa.
** 0% OT BCEero mepc. — MPOLEHT OT YUCICHHOCTH BCETO IEPCOHANA JaHHOTO I0JIa JaHHOW BO3PACTHOM TPy,

cocrosiero Ha UK.

Tabnuna 16.
Pacnipenenenue uucnennoctu nepconana ['TIPP na 2013 r. mo mony u craxy Ha U1K
06a mojia MYy >KYHHBI JKenmumnn
Crazi %o % %

Ha UJIK, abc. % oot adc. % o oT abc. % o oT
net en. pITIPP | PCCTO en. sITIPP | B0 en. sITIPP | P
nepc. nepc. nepc.

<45 0 0,0 0,0 0 0,0 0,0 0 0,0 0,0

45-49 7 36,8 33,3 7 41,2 38,9 0 0,0 0,0
50-54 10 52,6 55,6 8 47,1 50,0 2 100,0 100,0

55-59 2 10,5 100,0 2 11,8 100,0 0 0,0 0,0

60- 0 0,0 0,0 0 0,0 0,0 0 0,0 0,0

Bce 19 100,0 6,2 17 100,0 6,0 2 100,0 4,1

Ta6muma 17.
Pacnipenenenue uncnennoctu nepconana I'TIPP no nmony u HakomneHHoON n03€
HakomieHHas 0O6a nona _ My>K4IHAHBI _ JKeHHbI _

n03a, abc. % /0 OT aoc. % /o OT aoc. % /o OT
M3B ex. | srmpp | P ex. | sTTIPP | PO ex. | sTTIPP | PO
nepc. nepc. epc.

<150 0 0,0 0,0 0 0,0 0,0 0 0,0 0,0
150- 6 31,6 17,6 4 23,5 12,9 2 100,0 66,7

200- 11 57,9 100,0 11 64,7 100,0 0 0,0 0,0

250- 0 0,0 0,0 0 0,0 0,0 0 0,0 0,0

300- 1 5,3 100,0 1 5,9 100,0 0 0,0 0,0

350- 0 0,0 0,0 0 0,0 0,0 0 0,0 0,0

400- 0 0,0 0,0 0 0,0 0,0 0 0,0 0,0

450- 0 0,0 0,0 0 0,0 0,0 0 0,0 0,0
500- 1 5,3 100,0 1 5,9 100,0 0 0,0 0,0

Bce 19 100,0 6,2 17 100,0 6,0 2 100,0 4,1

ITo 3HaYeHUSIM aTPUOYTHBHBIX PAIMALIOHHBIX PUCKOB CONIMAHBIX pakoB (ARsoy), nefikemnn (ARpgy) 1 opraHos



106

EEJPVol.1 No.12014 A. Mazilov, I. Stadnyk

neixanus (ARgesp) mepcoHana ObUTH C(OPMHUPOBAHBI TPYIIIBI BHICOKOTO MOTEHIMATBHOTO (ARgor > 20 %, mubo AR gy
> 75 %, 1160 ARRgsp = 30 %), moreHImanbHOro (ARsy, > 10% ,5m00 AR gy > 50 %, mi0o ARpesp = 20%) 1 IpEeHEOPEIKUMO
Mauoro (ARsxy <10%, AR gy < 50%, ARresp< 20%) aTprOYTHBHBIX PHCKOB.

3HaYCHHUsT OCHOBHBIX XapaKTEPUCTHK U PUCKOB IEPCOHANIA 110 IPyIaM aTpUOYTHBHOIO PAJAMAIHOHHOIO PHUCKa
npuBesieHb! B Ta0. 18.

Tabnuma 18.
3HaueHHUsI OCHOBHBIX XapaKTEPUCTUK U PHCKOB IIEPCOHANA II0 TPyIIaM aTpuOyTHBHOTO PAAUALIHOHHOTO pHCKLaIl
3nauenue | Bospacr, | Crax na UIK, | Hakomnennas ARgor, ARy gy, ARRggsp, EARApL,

[OKa3aTes JIeT JIeT 1103a, M3B % % % *107°
I'pynna Heonkosornyeckux 3adbosieBannii (MH(apkTel, HHCYNBTH), 1 ven. (0,3 % nepconana)
- | 80 | 55 | 578,28 1558 | 1377 | 22,15 | 32442
I'pynma BeICOKOTO IOTEHIIMAIBHOTO prcka, 0 gei. (0 % mepconana)
1T - 1 - 1 - [ - [ - T - T -
I'pynma motennumansHoro pucka, 3 gen. (0,9 % mepconana)
MuH. 74 49 158,64 6,16 11,15 20,19 0,6743
Cpennee 78 51 305,61 9,96 14,97 20,96 1,6420
Makc. 80 55 578,28 15,58 20,01 22,15 3,2442
I'pynma nperebpesxnmo Manoro pucka, 302 gen. (99,1 % nepconana)
MuH. 25 2 0,19 0,00 0,00 0 0,0000
Cpennee 56 22 60,21 1,64 5,13 2,83 0,2481
Makc. 87 55 302,55 8,59 21,24 19,02 1,4233

B rpynmy BBICOKOTO ITOTEHIIMANBFHOTO aTpUOYTHBHOTO pHCKAa HE BOIIEN HU OAMH 4YeloBeK. B rpymmy
MIOTEHIMAIBHOTO aTpHOYTHUBHOTO prcka Bomuio 3 yenoseka (0,9 % mepconana). B rpynmy npeHeOpexMMo Majioro
aTpuOyTiBHOro pucka Boumio 302 uenoeka (99,1 % mepconana). OtaensHO ObUTa CHOpPMHpOBaHA TpymIa
HEOHKOJIOTHYECKHX 3a0oneBaHuii (MH(APKTHI, HHCYIBTHI) MO 3HAYCHHUIO HAKOIUIEHHOW HO3BI (D, > 500 M3B), B Hee
Boutes onuH corpyaHuk HHI X®TU B Bo3pacte 80 nert, co craxkeM Ha MUJIK 55 ner.

Pacnpenenenns mepconana HHI[ X®THU, cocrosmero Ha MK, mo atpuOyTHBHOMY PHUCKY CONHIHBIX PAaKOB,
JIEWKEMHUH M OPTaHOB [BIXaHHUSI MPEACTABICHBI Ha puc. 3 - 5. ATpuOyTHBHBIH pPHCK TIOKa3bIBaCT BEPOSTHOCTH
panuanuoHHON 00yCIOBIEHHOCTH JaHHBIX OHKOo3aboseBaHmil. Kak BHAHO M3 PHUCYHKOB, BEPOSTHOCTH 3a00JI€BaHMUS
paArOTeHHBIM CONUIHBIM pakoM ¥y 90 % mepconana He mpeBbimaeT 5 %. Y 86 % mepcoHaa BeposSTHOCTH 3a00JIeBaHUSA
neifikemueii, 00yCI0BICHHOM POdeCcCHOHANBHBIM 00yueHreM, He mpeBbimaet 10%. Y 94 % nepconana BEpOSITHOCTh
OHK03200JICBaHUsI OPraHOB JbIXaHUs, BBI3BAaHHOIO oOiyueHueMm, He mnpeBblmaer 10%. MakcuManbHble 3HaYCHUS
aTpUOYTUBHBIX PHCKOB HE IPEBBIIIAIOT IOPOTOBBIX JUIS TPYMIBI BBICOKOTO MOTEHIHUAIBHOTO PHUCKA, IMOITOMY
oHko3aboneBanus nepconana HHL] X®TU ne MoryT ObITh ITpHU3HAHBI TPO(PECCHOHATBHBIMH.

30047

250

200

150

YUCIIeHHOCTD

100

50]

0-- T -I-_T—-I---w---|----|----|----|----|----|----|----|----|----|----|----|----|----|----|--
0- 5- 10- 15- 20- 25- 30- 35- 40- 45- 50- 55- 60- 65- 70- 75- 80- 85-
AR SOL, %

_—
90- 95-

Puc. 3. Pacnipenienenue nepconana no arTpuOyTHBHOMY PHCKY COJNUIHBIX PAKOB
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Puc. 5. Pacnpenenenue nepconasna no aTpuOyTHBHOMY PHCKY OPTaHOB JABIXaHHS

YuUCIEeHHOCTH

3AKJIIOYEHHUE

Cpennnit Bozpact nepconana Ha UK B 2013 . coctaBun 56 ner. Cpemnuit crax pabotrer ¢ UM — 21 rox.
Cpenusisi HakoIUIeHHAs g03a — 59,66 M3B (Tab:. 3). Cpenusis rogoBas mo3a nepcorana B 2012 r. cocramia 1,38 m3B,
YTO CPaBHUMO C OKPY)KAIOUINM paguanuoHHBIM ¢oHOM — 1,14 M3B/roa. MakcumanbHas rofoBas 103a MEpcoHaia B
2012 r. cocraBmna 3,64 M3B, 4TO MPUMEPHO B 5,5 pa3 MEHbIIE YCTAaHOBJICHHOTO MEXIYHAPOIAHBIMU CTaHAapTaMH
rojoBoro mpeaena m03sl — 20 M3p/roa. 3a mocienuue 20 €T yPOBEHb CPEAHEroA0BOM 1036 iepconana HHIT XDOTU
He mpeBbiman 2 M3B (puc. 2).

B rpyniy noBbIIIEHHOTO a0COJIIOTHOTO PaAMAllMOHHOTO PUCKA (MHAWBUIYaIbHBIH paluallMOHHBIA PUCK OOJbIIe
COLMAIFHO TIPHEMIIEMOTO YpOoBHs prcka — 1-107/rox) Ha 2013 r. Bouwto 19 corpynuukos (6,2 % mnepconana na UJIK).
Cpeanuii BozpacT rpyninsl coctaBui 75 net, cpeauuii ctaxxk Ha UK — 50 net, cpennsst HakoruieHHas ao03a Ha 2011 r.
(mpuHuMaemass B pacyer puckoB Ha 2013 1.) — 226,23 M3B. MUHHUMaJbHBIH BO3PacT B TPYIIE MHOBBIIIEHHOTO
paJnaAIIOHHOTO PUCKa COCTaBWI 71 Toj, MUHUMAIBHEIA cTaxk padoTel ¢ MUU — 45 ner, MUHUMAaNbHass HAKOTUICHHAS
mo3a Ha 2011 r. — 174,35 M3B (tabm. 8). OcHOBHOW BKJIAJ B WHIWBUAYAIBHBIH CYMMAapHBIH aOCONFOTHBIN
paIuanOHHBI PHUCK COTPYOHUKOB COCTaBHJI PHUCK CONHUIHBIX pakoB (Tabn. 7), MpH 3TOM MaKCHMAbHBINA
aTpUOYTHBHBIN PHCK CONUAHBIX PAKOB (BEPOATHOCTh OHKO3a0OJEBaHUS, OOYCIOBIEHHOTO MPO(hEeCCHOHATBEHBIM
obOmyuennem) paseH 15,58 %, MakcumanbHBI aTpHOYTHUBHBIM pHck Jeiikemun — 21,24 %, MakcHMambHBINR
aTpuOYTHBHBIA PUCK OpraHOB AbIxaHus — 22,15 %.

B rpymmy mortennmanbHOoro pucka mo AR (MMeeT MeCTO MpEeBBINICHHWE MOPOTOBBIX 3HAYEHHUH aTpHUOYTHBHBIX
PHUCKOB: JUIsl COMUAHBIX pakoB — 10 %, must netikemun — 50 %, nnst opraHoB apixanus — 20 %) wa 2013 r. Bommen 1
MykuuHa B Bo3pacte 80 neT, co craxkeM Ha MJIK 55 netr n HakomenHou no3oit 578,28 M3B (AR cOMUIHBIX pakoB —
15,58 %, AR opranoB gpixanust — 22,15 %), u 2 xeHuuHbl B Bo3pacte 74 u 80 Jyet, co craxem Ha UJIK 49 ner u
HakoIieHHbIME no3amu 179,93M3B u 158,64 M3B cooTtBercTBeHHO (AR opranoB meixanus — 20,19 % u 20,56 %
COOTBETCTBEHHO).

ATpuOyTuBHBII prck paka rnedeHn Ha 2013 1. npessimaet 20 %-i ypoBeHs y onHoro corpyaunka HHI[ XDTHU —
myxuusbl 80 Jet, co craxxeM padotsl ¢ UUU 55 net — u cocrasnser 28,23 %. [Ipu 3ToM aOCOMOTHBINA pagraliiOHHBINA
puck H4H)1y1<u1/11/1 paka TeYeHH y JaHHOTO COTPYJHHKa HAaXOIUTCS B JAMAIa30HE NMPEHEOPEKMMO Majoro pucka U paBeH
0,8-10™.
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B rpynmy BBICOKOTO MOTEHIIMAIBFHOTO PHCKa MHAYKIHMM OHKo3aboneBaHus Ha 2013 r. He Bomen HU OAMH
cotpynHuk, cocrosuuii Ha UJIK 8 HHI] XDTH.

[Toxy4eHHbIE JaHHBIE TO3BOJISIIOT C/AENATh BEIBOJBI O TOM, UTO:

— 3a nocneanue 20 net nepconan HHI XDTU, cocrosumit na MK, nonydan MuHUMaNbHbIE JOMOJIHUTEIbHBIE K
(OHOBBIM TIpOdecCHOHATIbHBIE JT030BBIE HAarpy3KH, KOTOPbIEe HE MOTYT BBI3BaTh B OyAyIleM 3HAYMMOIO yBEIMYECHUS
BEPOSATHOCTH OHK03a00JICBaHHI;

— BBICOKHE aOCOINIOTHBIE PHCKH MEPCOHANAa W3 TPYMIBl IOBBIIICHHOTO PAIWallMOHHOTO PHCKA CBS3aHBI C
BO3pacTOM (BBICOKUMH (POHOBBHIMH 3HAYCHHSIMH OHKO03a00JI€BA€MOCTH) M BBICOKMMH J03aMH, TONyYeHHBIMH 10 1993
T.;

—TI0 pacCYNTAaHHBIM 3HAYCHHWSAM aTpPUOYTHUBHBIX pPaJUMallMOHHBIX pPHCKOB mepcoHama Ha 2013  rop,
OHKO03a00JIEBaHUS HE MOryT 6BITI) IIPU3HAHBbI paJualluOHHO 06yCJ'IOBJ'[eHHI)IMI/I.

—B HacTosllee BpeMsi YPOBEHb paauaioHHoi Oe3omacHoctu mnepconana HHI[ X®TU, paboraromero c
HNCTOYHHUKAMH MOHU3UPYIOMICTO U3JTYUYCHHA, HAXOJUTCA Ha 1OCTATOYHO BHICOKOM YPOBHE.
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