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The paper studies the dynamic description of non-equilibrium processes in single-sublattice and multisublattice magnets with the spin
s=1. In case of magnets with the spin s=1 and SU(3) symmetry of the exchange interaction, there are eight magnetic integrals of
motion: the spin and the quadrupole matrix. If there are multiple sublattices, the number of additional magnetic quantities
characterizing the state increases to sixteen. The presence of the Casimir invariants makes it possible to reduce the number of
independent degrees of freedom. Exchange energy models are presented in terms of Casimir invariants corresponding to SO(3) or
SU(3) symmetry groups for all four types of magnetic degrees of freedom. For the homogeneous part of the exchange energy, we
have found conditions for the existence of local minima, which correspond to equilibrium values of the magnet. Along with the
known waves (quadrupole and Goldstone — for the spin nematic), spectra of collective excitations that take into account ferro-
quadrupole excitation, quadro-nematic, quadro- antiferromagnetic, and antiferro-nematic waves excitation, are also obtained. In the
case of many-sublattice magnetic systems, we have shown that the selected form of the homogeneous energy model allows us to find
possible magnetic orderings and to investigate them for stability.

KEY WORDS:SU(3) symmetry, magnet, spin, exchange interaction, Casimir invariant, spectra.

MOJEJII TAMUJIBTOHUAHA 1 HU3bKOYACTOTHI CIEKTPU KOJIEKTUBHUX 3BY/I’)KEHb
Y MATHETHUKAX 31 CIIMHOM S =1
A.B. I'nymenko, M.IO. KoBaneBcbkuii
Hayionanenuii naykosuii yenmp «Xapxiscokutl (isuxo-mexHiuHuil iHcmumym»
8yn. Akaoemiuna, 1, m Xapxis, 61108, Yxpaina

B poGoTi po3risgHyTI NMUTAaHHA OUHAMIYHOTO OIMCY HEPIBHOBOKHUX MPOLECIB B OIHOMIATPATKOBOMY Ta OaraTOMiArpaTKOBHX
MarHeTHKax 3i crmiHoM s = 1. Y pasi marseTukiB 3i criiHoM s = 1 1 SU (3) cumetpii 0OMiHHOI B3a€MOJii MarHiTHUX iHTETPANiB PyXy
BICIM: IIe CIIiH 1 KBaJpynoJbHA MAaTpHUIl. 3a HasBHOCTI KUIPKOX MiArPaTOK, YHCJIO MAarHITHUX BEJIHWYHH, IO XapaKTepHU3yIOTh CTaH
piBHOBaru, 30UIBIIyeThCS MO HIicTHAMIATH. HasBHicTh iHBapianTiB Kasummupa 103BoJIsIe 3MEHIINTH YHCIIO HE3aISKHHX CTYIICHIB
cBoOOaM. Moneni 0OMiHHOI eHeprii mpencTaBieHi B TepMiHax iHBapianTiB Kasumupa, mo Biamosizarote rpymam SO(3) ado SU(3)
CHUMETpIi, UI1 BCiX YOTHPHOX THIIB MAarHITHUX CTyMEHiB cBoOOMH. JIsi OMHOPIAHOT YacTHHM OOMIHHOI €HEpril 3HaiaeHI YMOBH
ICHyBaHHsI JIOKQJIBbHMX MIiHIMyMiB, sKi BiANOBiZalOTh PIBHOB&)XHHM 3HAYEHHAM MarHeTwka. I[lopsag 3 BIIOMHMH XBHISIMH
(KBaZpyMONBHIMHU 1 TOJNICTOYHIBCBKMMH ISl CIIHOBOIO HEMaTHKa), TaKOXXK OTPHMAaHi I1HIIOIO BHAY CHEKTPH KOJEKTUBHHX
30yKeHb, SKi OMHUCYIOTH (hepo-KBagpymoabHe 30YMKECHHS, a TaKOX KBaJApO-HEMAaTH4HI, KBaJIpo-aHTH(EpOMarHiTHI i aHTigeppo-
HeMaTW4Hi XBwii. Hamu mokasaHo, 1o y pa3si 0araTomiarpaTKOBUX MarHIiTHHX CHCTEM BHJ OJHOPITHOI MOZIETi eHeprii T03BOIIsIe
3HANUTH MOXKITMBI MarHITHI BIOPSIIKYBAaHHS 1 JOCIIIXKYBATH iX Ha CTIHKICTB.
KJIIOYOBI CJIOBA: SU(3) cumeTpist, MarHeTHK, CIliH, OOMiHHa B3aeMoIis, iHBapianT Kasumupa, ciektpu

MOJIEJIH TAMAJIbTOHUAHA 1 HI3KOYACTOTHBIE CHEKTPHI KOJUIEKTUBHBIX BO3BYKJIEHUI B
MATHETHUKAX CO CITMHOM S=1
A.B. I'nymienko, M.IO. KoBaneBckmii
Hayuonanvnulii nayunvlii yenmp «Xapoko8ckutl pu3uKo-mexHuyecKuil UHCIumym»
ya. Axademuueckas, 1, . Xapvkos, 61108, Ykpauna

B paboTe paccMOTpeHBI BONPOCH JHHAMUYECKOTO ONMCAHHS HEPABHOBECHBIX IPOLECCOB B  OJHONOJPCIICTOYHOM U
MHOTOIOAPENIETOYHOM MarHeTHkax co chnuHoM s=1. B cmywae marmernkoB co cnmaoMm s=1 m SU(3) cuMmmerpun oOMEHHOTO
B3aUMOJICHCTBUSI MAarHUTHBIX MHTETPAJIOB JBIDKEHHS BOCEMb: 3TO CIIMH M KBAJpyNojbHas MaTpuua. Ecim MMeeTcss HECKOJIBKO
MOJPENIETOK, TO YHWCIO MAarHUTHBIX BEJIMYMH, XapaKTepPH3YIOUIMX COCTOSHHE, yBEIMYMBAETCsA 10 IuecTHaauatu. Hammune
uHBapuaHToB Kaszumupa I103BOJSIET YMEHBILINTh YMCIO HE3aBUCHMBIX cTerneHed cBoOoxbl. Mogenu 0OMEHHOW 3Hepruu
IpecTaBleHbl B TepMUHax nHBapuanToB Kasumupa, orsevaronmx rpynmnam SO(3) nwiu SU(3) cuMMeTpuu, A7t BCeX YeThIPEX THUIIOB
MarHUTHBIX CTeneHed cBoOoapl. /s omHOpoaHOW yacTH OOMEHHOH >HEPrHMM HAIEHBI YCIOBHS CYIIECTBOBAHUS JIOKAJIBHBIX
MHHUMYMOB, KOTOpBIE OTBEYAIOT PABHOBECHBIM 3HAYEHWSAM MarHernka. Hapsimy ¢ n3BeCTHBIMH BONHAMHU (KBaApyIONbHAS MU
TOJIACTOYHOBCKAsl JUISl CIHMHOBOTO HEMAaTHKa), TAKKe MONTYydYeHbl MHOTO BHJA CIEKTPHI KOJUIEKTHBHBIX BO30YXKICHHUI, KOTOpHIE
OIUCHIBAIOT (heppo-KBaJAPYHOIBLHOE BO3OYKIEHHE, a TakKe KBaJpo-HeMaTHUeCKue, KBaJpo-aHTH(EpPOMAarHUTHBIE W aHTH(EPPO-
HeMaTH4eckue BOJHEL HaMu mokasaHo, 4TO B CIyd4ae MHOTOIOJPEIIETOYHBIX MArHUTHBIX CHUCTEM BBIOPAHHBIN BHJ OJHOPOIHOM
MOJIEJIH SHEPTHH MT03BOJISIET HAHTH BO3MOYKHBIE MATHUTHBIE YIOPSIOYCHYS ¥ UCCIIE0BAaTh UX HA YCTOHYMBOCTb.
KJIFOYEBBIE CJIOBA: SU(3) cumMmeTpus, MArHETHK, CIIMH, 0OOMEHHOE B3aUMOJICHCTBUE, HHBapHaHT KasuMupa, CieKTpbl

The description of collective properties of magnets with the spin of the structural element of the medium s>1/2 is
of great physical interest due to the emergence of new magnetic states and their expected practical application. The
© GlushchenkoA.V., KovalevskyM.Y., 2017
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experimental observation of the quadrupole phase [1-3] and spin nematic phase [4] gave a new impetus to the interest in
this area of magnetism. Theoretical studies of such multiparticle objects use different concepts and approaches. In the
description of the basic magnetic state, a bilinear-biquadratic Hamiltonian [5-8], which is the functional of site
sublattice spins, is widely used. In the description of magnets with the spin s=1 and SU(3) symmetry, another approach
is possible, in which the quantity in terms of which the Hamilton operator is possible, is the site generator of this
symmetry, represented in the Weyl or Racah basis [9,10]. The derivation of dynamic equations of magnets with the spin
s=1 for the single-sublattice case in the Racah basis and its relation to the bilinear-biquadratic Hamiltonian are traced in
[8,11]. In [12], dynamic equations were obtained in the Weyl basis, both for the single-sublattice and multisublattice
magnets with the spin s=1. The relationship between both bases and corresponding equations is considered in [13].

In the study of low-frequency phenomena in magnets, the idea of a spontaneous breaking of a symmetry of the
statistical equilibrium state is quite seminal [14]. Using an analogy between magnetic systems of the “easy plane” type
and superfluid liquids, an approach was proposed in [15] that made it possible to formulate equations of motion for
uniaxial magnets with spontaneous symmetry breaking with respect to spin rotations around the anisotropy axis. In the
case of multisublattice magnets with the spin s=1/2, the idea of spontaneous symmetry breaking in the
phenomenological approach was used in [16-18]. From the point of view of the symmetry phenomenological approach,
any magnetic structure of magnets with the spin s=1/2 can be characterized by no more than six degrees of freedom.
Three of them can be conveniently chosen in the form of the spin density, and the remaining three quantities have the
physical meaning of the order parameter. We note that only those degrees of freedom of the magnet, which slowly vary
in space, are essential in the dynamic description of the low-frequency case. Therefore, the use of the Landau-Lifshitz
equation in the low-frequency case for multisublattice magnets is poorly justified, since spins of sublattices are not
approximate integrals of motion due to a strong inter lattice exchange interaction. The number of macroscopic magnetic
degrees of freedom in this approach is not directly related to the number of sublattices. An essential role belongs to
symmetry considerations of the exchange interaction, the equilibrium state, and the residual symmetry of the
equilibrium state in the sense of the concept of quasi-averages. In case of magnets with the spin s=1 and SU (3)
symmetry of the exchange interaction, there are eight magnetic integrals of motion: the spin and the quadrupole matrix.
If there are multiple sublattices, the number of additional magnetic quantities characterizing the state increases. In case
of a complete symmetry breaking of the equilibrium state, their number does not exceed eight parameters. Therefore,
the total number of magnetic degrees of freedom does not exceed sixteen. Due to the complexity of the magnetic object
studied, we use the continuum approximation, in which there are no site spins.

Purpose of this paper is to describe the basic state of the magnet with spin s = 1 in the case of one or more
sublattices, as well as to study the explicit form of the exchange energy model constructed from Casimir invariants for
the Poisson bracket algebra of magnetic degrees of freedom corresponding to the SU(3) and SO(3) symmetry of the
interaction and to find the spectra of collective excitations, near the ferro-quadrupole state, quad-nematic,
antiferromagnetic and antiferro-nematic states.

DEGREES OF FREEDOM IN MAGNETS WITH THE SPIN S=1
In accordance with the approach [12], in order to construct the Hamiltonian mechanics of magnets with the spin

s=1, we introduce Hermitian 3x3 matrices b, and a, - (4= a' b= 5*) , which are canonically conjugate quantities.
This means that the following Poisson brackets are valid:

b0, ()=0, s, (=0, upl)a,(x)=—8u8y,30x-x). @

We connect these matrices with physical variables, which are required for constructing the dynamics of magnets with
the spin s=1. To this end, we introduce the Hermitian and traceless matrix

6(x)=1jp(x).400)]. @

This quantity has the physical meaning of the SU(3) symmetry generator density. Using the definition (2) and formula
(1), we find the Poisson brackets for this matrix:

i{gaﬁ(x)’ Yy (X')}: (ng (X)Sap - gap(X)SYB )5()( - X') @)
Formulas (1),(2) allow us to obtain Poisson brackets for matrices 4(x) and §(x).
i{aa[}(x)’ gyp (X,)}: (aVB (X)aocp - aup(X)SVB )6()( - X,) (4)

It is easily seen that Poisson brackets (1),(3),(4) are compatible with the Hermitian requirements of matrices é(x),
Q(x)and satisfy the Jacobi identities. We note that due to (4), the equality {Spé(x),gyp(X')}zms valid. Therefore,
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without loss of generality, in view of the linearity of the right-hand side of (4), we can assume that Spé(x) =0. Matrices
d(x) and &(x) represent the complete set of magnetic degrees of freedom of magnets with the spin s=1. We introduce

real magnetic degrees of freedom. They are the spin vector S(X) and the quadrupole matrix G(x)related to the matrix
§(x) by the relations

o =i€ayp(0yp ~ Uy ), Gup = (Oup + Opo )/ 2= Aleny ~8,/3)+ A f ~30/3). ©)
Here, q and q' are the modules of the quadrupole matrix, the vectors d, e, , f, =(dxe), form an orthonormal frame.

For vectors S, (X) due to (3), (5), the following Poisson bracket is valid:

180 (0), 8 (x)j = 8(x = x 8, (%), ©)

Similarly, we find the relations
1005(¢), G, (6 = (¢ — X5, (X e 0B + €40t + ExpBa + EreSpy )/ 4. @)

The physical state of magnets with one sublattice is characterized only by the matrix Q(x). In case of an arbitrary
number of magnetic sublattices, the physical state is described by both matrices Q(X) and é(x). We connect the matrix
é(x) with real quantities by the relation aaB(X)E maB(X)—isaBan(X)/ 2. The vector n here has the physical meaning
of the order parameter of the antiferromagnetism vector. The matrix m(x) is symmetric and traceless. This quantity is
the order parameter of the spin nematic, which we parametrize by the relation M = m(kakﬁ —8aﬁl3)+ m’(lalﬁ _Saﬁ/3)'
Here m and m’ are modules of the matrix m, vectorso,,k,,l, =(oxk), form an orthonormal frame. For order

oo

parameters, we have obtained Poisson brackets with a quadrupole matrix and a spin vector:
18 001 ()= 8(x =X e, (x), ©®)
1 00) g, (<)) = 8(x =X Neaupo My (%) + 6o (), ©)
15 (x) Mg, ()=3(x—x ')(Saypmﬁp(x) +eagpMyp (), (10)

{maB(x), Oy (x)} = 3(x —x ')ny (x)(gavyéiﬁ“ + &80y + EpuyOap + Eapdpy )/ 4. (11)

The complete set of magnetic degrees of freedom of magnets with the spin s=1 contains quantities of two types
that differ in transformational properties with respect to the time reversal operation. In transformations of the reflection
of time T, the antiferromagnet and spin vectors change signs: Tn=-n, Ts=-s. The quadrupole matrix and the order
parameter of the spin nematic do not change during at time reflection operation: Tm=rh, T§=q.

Formulas (6)-(11) allow us to identify subalgebras of Poisson brackets and establish the dynamics of magnets with
the spin s=1 for various cases of magnetic ordering. Case 1: the minimal subalgebra contains only the spin vector. The
use of the Hamiltonian formalism and Poisson brackets (6) leads to the dynamic Landau-Lifshitz theory [19] for the
spin s=1/2. Case 2: Poisson brackets (6),(7) allow us to describe the dynamics of normal states of multisublattice
magnets and states of single-sublattice magnets with the SU(3) symmetric exchange Hamiltonian. Case 3: the set of
magnetic dynamical quantities consists of the spin density s(x)and the antiferromagnet vector n(x). Poisson brackets
(6),(8) form a closed subalgebra of Poisson brackets and describe the dynamics of an antiferromagnet or ferrimagnet
[20]. Case 4: the spin vector s(x) and the tensor order parameter rﬁ(x) form a closed subalgebra of Poisson brackets
(6),(10). In this case, the Hamiltonian has the exchange SO(3) symmetry. The T-even spontaneous symmetry breaking
of the equilibrium state describes spin nematic states. Magnets with the spin s=1/2 do not possess such magnetic
ordering. The dynamics for such magnets has been studied in detail in [21]. Case 5: the set of magnetic dynamical
quantities consists of matrices Q(x) and é(x). This general case corresponds to the complete spontaneous breaking of

the SU(3) symmetry of the equilibrium state.
Casimir invariants of the Poisson bracket algebra (3) satisfy the relations {gn (X), 9.5 (X')} =0, g,= Sp@z,
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O; = Sp@3. The presence of such invariants reduces the number of independent magnetic degrees of freedom to six in

case of normal multisublattice and degenerate single-sublattice magnets with the spin s=1.
Multisublattice magnets are generally described by sixteen magnetic degrees of freedom. The Poisson bracket

algebra (6)-(11) contains Casimir invariants: a, = SpA®, a3 = Spa°®, Spda, Spga?. Therefore, the number of magnetic

independent degrees of freedom decreases to twelve. We note that quantities g, = Sp(j2 and g5 = Sp(j3 are Casimir
invariants for the Poisson bracket algebra (3). However, for the extended algebra (6)-(11), these quantities are not
invariants of this kind due to the relation {gn(x), aaB(x')};t 0. In accordance with the definition of [22], for the Poisson

bracket algebra (6)-(11), the quantities g, and g5 are called semi-Casimirs.

Exchange energy model for the normal and degenerate states
In magnets with the spin s=1, there are several possibilities for dynamic behavior with a different set of
abbreviated description parameters. The set of these parameters essentially depends on the Hamiltonian and equilibrium
state symmetries, which generally may not coincide. While choosing exchange energy models, for simplicity we

consider only cases of a uniaxial quadrupole matrix (j:q(eaeﬁ —SGBIB) and uniaxial order parameter of the spin
nematic m = m(fot fg —SQB/?}). Let us consider a single-sublattice magnet. In this case, the Hamiltonian is a density

functional of the SU(3) symmetry generator H(Q). The expression of the homogeneous part of the exchange energy
density may be presented as follows:

2 .1 2, 1,Y A, C
g, =—J,| =q°+=8° |[+B| =q*+=5° | +=s*+—s". 14
0 °(3q 2 j (30' 2 j 2 4 (14)

Here, 9, :2q2 /3+s%/2. In the energy density, the Casimir invariant g, is not sufficient to find equilibrium values

of spin modules and the quadrupole matrix. Therefore, we added half-Casimirs s? and s, which have a lower SO(3)
symmetry, to the expression (14). We believe that these terms are small, so that SU(3) symmetry properties of the
homogeneous part of the exchange energy are approximately conserved. In case of the SO(3) symmetric exchange
interaction, the energy expression transforms to the known form of the exchange energy of a magnet with the spin
s=1/2. The explicit form of the homogeneous part of the exchange energy (14) makes it possible to find equilibrium
values of magnetic parameters and regions of existence of magnetic phases.

In case of the degenerate multisublattice magnet, when choosing a homogeneous part of the exchange energy, we

confine ourselves to its dependence on the Casimir invariant a, of the extended algebra (3), (4), and also half-Casimirs:
g, of the Poisson bracket subalgebra (3); n?of the Poisson bracket subalgebra (6), (8); s? of the Poisson bracket
subalgebra (6). Thus, the homogeneous exchange energy can be represented as follows: e, =e{’(g,,a,)+e{? (sz,nz).
We assume the additional term of the e(()z) (52, nz) form to be small, so that it does not affect dynamic equations, but it
affects the stability of equilibrium states. The term e(()l) (gz,az) is SU(3) symmetric, and in case of the presence of only
the SU(3) symmetric Hamiltonian, the quantity ae(,/agz|0 =0 is in equilibrium. The inclusion of SO(3) symmetric

terms in the energy model representation makes it possible to obtain equilibrium values at e, /agz|0 # 0, which leads
to new branches of magnetic excitation the spectra.

DYNAMIC EQUATIONS AND SPECTRA OF COLLECTIVE EXCITATIONS
Relations (1),(3),(4) allow us to obtain dynamic equations and find spectra of collective excitations of degenerate
magnets with the spin s=1. To construct dynamic equations, the inhomogeneous part of the exchange energy be chosen
in the following form, according to [23]

e, =JISp(V, 4)° /2, e, = 35p(V, 6 12+ 3Sp(V, &) /2. (15)

Here, J,J are constants of the inhomogeneous exchange interaction. The first formula in (15) corresponds to a single-
sublattice magnet, and the second one corresponds to a multisublattice magnet. From here, we obtain dynamic equations
of single-sublattice magnets with the SU(3) symmetry:

9(x)=-i3[6(x). AG(x)] (16)
Stable equilibrium values of the quantities q, s are local minimum points of the function eo(q,s) (14). From the

conditions ce,/0s=0, dey/og=0 we find minimum energy point qio,sio. Then we linearize the equation (16) near
these equilibrium states and write out the spectra:
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1. The solution s, =q, =0 corresponds to a stable paramagnetic state if exchange interaction constants satisfy the

inequalities J, <0 and A—J; > 0. The spectra in this case are degenerate.
-A
+C
satisfy the inequalities: J,—A>0, B+C >0, J,C+BA<0. The spectra of collective excitations have the following

2. The solution s? = B‘O , 0, = 0 describes the ferromagnetic equilibrium state. For its stability, it is necessary to

form: o= Jk?s,, m=%Jk250 :

3J
3. The solution s, =0, qé = 4_8? characterizes the quadrupole magnetic state, the stability of which is ensured by
inequalities J, >0, A>0, B>0. We obtained the spectrum of magnetic excitations: = szq0 .
. 2 A 2 3 ‘]OC +BA . . . . .
4. The solution sy = ' qo = ZT determines the ferro-quadrupole ordering of the magnetic medium. This

solution is stable if: J,C+BA>0, A<0, B>0, C>0. The spectra of magnetic excitations are given by: §, ||&,:

Jk?,and S, L€,: m:\/q02+soz\]k2, m:%(,lq02+soz J_rqonkz.

We consider degenerate states of a multi-sublattice magnet. Using the Poisson brackets (3),(4), we find dynamic

equations:
sy o |« 086.8)] o i 4 08(6.8) s 1 8H(g.8) S
4(x)= Vkl{g,—avkg} vk{a’—avka : ax) =i 500) Ja(x) | 17)

The SU(3) symmetry of the exchange interaction energy density is considered here b, e(x)}= 0. Taking into account
formulas (3),(4), we write out dynamic equations of a degenerate magnet with the spin s=1 in the multisublattice case,

using the homogeneous energy structure e, =e$’(g,,a, )+e? (sz,nz) and the explicit form of the inhomogeneous
energy part (15):

o=Jk?sy, o=

1
CIoJ—FESO

§——iag, AG]-iT[a Ad} A= i(%e[é, 6]-i3[a Ag) (18)
2
Next, we linearize equations (18) around possible equilibrium states.

1. Quadro-nematic G, =0, M, =0. Under condition € || fo , the spectra take the form:

o=+(R - k2o 12+[R, + I [k 2a2 +43k2mZ + Rya2)i 2,

=Ry~ K)o /2[Ry + K2 k202 +43k?m? + Ryg2) 2.

Here P, =g, /agz|0. Incase & L 1?0, there are additional solutions:

0=J00k?, 0=Pok?, o=1/I(P, + K2 k.

2. Quadro-antiferromagnet §, =0, fiy = 0. In this case, the spectra of collective excitations take the form at €; || :

o=+P, + k2 Pk, o=1[P, + k2Jk2q2 + Jk2nZ + Pya2) /2 (P — k2o /2,

Incase €, Lnj:
o=ITnk?/2, 0=1320% +4n2ITk?,
0= IK2 + Fyq2Tngk, m:[,/32q§+4n§u‘ quoijIZ,

where F, = 6%e, /ag§|0. In this case, along with the quadratic spectra, we obtain the Goldstone spectra for small values

of the wave vector Kk , which were previously predicted in work [25].
a) Antiferro-nematic §, =0, &, = 0. The spectra of collective excitations have the form at 1?0 || :

o=IPy +ITk2ngk,  @=|ng +2mg|y IRy + ITkZngk

when€ Ln:



9
Models of Hamiltonian and Low-Frequency Spectra of Collective Excitations... EEJP Vol.4 No.2 2017

m:\/(ng +m§X;TP0 +J5k2)x , o= \/(ng +2m2 £2,/mg +mZn2 )(jPO + J5k2)< :

where quantity nZ +2mj —2,/mg +mgng >0 for any values of m, and n; .
3. Ferro-quadromagnet §, =0, &, =0. From here we get the expression at S ||&, :

at S, L&:

m:(,lq§+s§iqo)k2J/2, o =40 +5k?J, m:(,/q§+s§J_rqo)Polz,m=,lq§+s§P0.

The comparison with the previously found spectra of collective excitations of the normal case leads to the observation
that these spectra acquire an activation nature. It is easily seen that in case Ry =0, and when g, =0 or s, =0, the

spectra of magnetic excitations become the known results of [12].

CONCLUSIONS

We have considered single-sublattice and multisublattice degenerate states of magnets with the spin s=1. We have
obtained spectra of collective excitations and proposed an explicit form of the energy model presented in terms of
Casimir invariants. For the homogeneous part of the exchange energy, we have found conditions for the existence of
local minima, which correspond to equilibrium values of the magnet.

In this paper, we have investigated a number of new magnetic states. They include the ferro-quadrupole state,
quadro-nematic, quadro-antiferromagnetic, and antiferro-nematic state of the magnetic medium. In case of degenerate
magnetic systems, the form of the homogeneous energy model affects the stability of equilibrium states and spectra of
collective excitations. In contrast to Bogolyubov’s approach [14], where model representations of the energy are not
required, the issue of choosing the density of the homogeneous energy takes one of the key values in the phenological
approach. The presence of the set of Casimir invariants makes it possible to reduce the number of degrees of freedom
and expand possibilities of the model representation of the exchange energy. The issue of finding the complete set of
functionally independent Casimir invariants for degenerate magnetic media with the spin s>1/2 remains unsolved.
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Earlier, the authors found a mechanism for the sequence of short relativistic electron bunches, which leads to resonant excitation of
the wakefield, even if the repetition frequency of bunches differs from the plasma frequency. In this case, the synchronization of
frequencies is restored due to defocusing of the bunches which get into the bad phases with respect to the plasma wave. However, in
this case, the bunches are lost, which as a result of this do not participate in the excitation of the wakefield. In this paper, numerical
simulation was used to study the dynamics of electron bunches and the excitation of the wakefield in a magnetized plasma by a long
sequence of short bunches of relativistic electrons. When a magnetic field is used, the defocussed bunches return to the region of
interaction with the field after a certain time. In this case, the electrons of the bunches, returning to the necessary phases of the field,
participate in the excitation of the wakefield. Also, the use of a magnetic field leads to an increase of the frequency of the excited
wave relative to the repetition frequency of bunches. The latter increases the time for maintaining the resonance and, consequently,
leads to an increase of the amplitude of the excited wakefield.

KEYWORDS: wakefield, relativistic electrons, maintenance of the existence of a resonance, an increase of the amplitude of the
excited wakefield.

3BIBIHEHHA AMILIITY U NPUCKOPIOIOYOT'O KIJIbBBATEPHOT O IIOJISL, SIKE 3BY KYETBCSI
MOCJIIZOBHICTIO KOPOTKHUX PEJSITUBICTCHKHX EJIEKTPOHHHUX 3I'YCTKIB B IIVIA3MI, ITPU
BUKOPUCTAHHI MATHITHOT O ITIOJISA
A.C. Bonnapbl, LIL .JIquylcz, B.I. Macios’, LM. Onnmienxo’
]Xapkisczokmi HayionanvHuil ynieepcumem imeni B.H. Kapasina
61022, Xapxie, Ykpaina
2 HHIJ Xapriecoxuti (isuxo-mexuiunuii incmumym
61108, Xapxie, Yrpaina

Paniire aBropamu OyB 3HAWAEHHWH JUIS MOCIITOBHOCTI KOPOTKHX PEJSATHBICTCHKHUX ENEKTPOHHHX 3TYCTKIB MeXaHi3M, SKHi
MIPHU3BOAUTH 10 PE30HAHCHOTO 30yIDKEHHS KiTbBATEPHOTO IOJS, HABITH SIKIIO YAcTOTa MPOXOKEHHS 3TYCTKIB BIIPI3HAETHCS Bil
IUTa3MOBOI 4YacTOTH. B 1bOMy BHIAAKy CHHXPOHI3allisi HYacTOT BiJHOBIIOETHCS 3a PaxyHOK Je(oKycyBaHHS B3TYCTKIB, SKi
MOTPAIUISIOTH B MOraHi a3y Mo BIAHOMIEHHIO JI0 M1a3MOBOi XBrIIi. OTHAK MPH [[bOMY BTPAYalOThCs 3TYCTKH, SKi B pe3yJIbTaTi bOT0
He OepyTh ydacTi B 30y/DKEHHI KUTBBATEPHOTO TONSA. Y Wil poOOTi YHCENFHIM MOJICITIOBAaHHSIM BHBUYCHA JHHAMIKA CIEKTPOHHUX
3TYCTKIB 1 30y/DKEHHS KUTBBaTEPHOTO IIOJIS1 B 3aMarHideHid Iuia3Mmi JOBroIO IOCIITOBHICTIO KOPOTKHX 3TYCTKIB PENSTHBICTCHKHX
eNeKTpoHiB. [Ipn BUKOPHCTaHHI MarHiTHOTO MoJjst Ae(OKYCOBaHi 3ryCTKH 4epe3 IEBHMI 4Yac MMOBEPTAalOThCs B 00JIaCTh B3a€EMOIT 3
nosieM. [Ipy 1bOMy eNeKTPOHH 3TYCTKIB, L0 TOBEPTAIOThCS B MOTPiOHI (a3u mos, 6epyTh y4acTh B 30yIKEHHI KiIbBATEPHOTO MOJIS.
Tako BMKOPUCTaHHS MarHiTHOTO IIOJS TPU3BOAUTH 10 30UNBIIEHHSA YacTOTH 30YMKyBaHOI XBHIII LIOJO YAaCTOTH MPOXOJDKEHHS
3rycTkiB. OcTaHHE 30UIBIIY€E Yac MATPHIMKH PE30HAHCY 1, OTKe, IPU3BOAUTH 10 30UIBIIEHHS aMILTITyIU KiTbBAaTEPHOTO MOJISL.
KJIFOYOBI CJIOBA: xinbpBaTepHe 1ojie, peTsATUBICTCHKI €IeKTPOHH, MATPUMAHH 1CHYBaHHS PE30HAHCY, 301TbIICHHS aMILTITy I
30yKYBAHOTO KiJIbBaTEPHOTO IOJIS.

YBEJIUWYEHUE AMIIVINTY Ibl YCKOPSIOIIEI'O KUWJIBBATEPHOI'O 110J151, BO3BYKJIAEMOI'O
HOCJUIEJOBATEJIBHOCTBIO KOPOTKUX PEJIATUBUCTCKUX SJIEKTPOHHBIX CI'YCTKOB B IIVIABME, ITPU
HNCIIOJIb30BAHUU MATHUTHOTI'O I1OJISAA
I.C. Bormapbl, WU.II. .JIquylcz, B.W. Macios?, U.H. Onnmenxo’

! Xapwrosckuii nayuonanseiii ynusepcumem umenu B. H. Kapasuna
61022, Xapvkos, Ykpauna
2 HHI] Xapvrosckuil pusuxo-mexHuuecKutl UHCmumym
61108, Xapvkos, Ykpauna
Panee aBropamu OBUT HaWJEH IS ITOCIEAOBATEIBHOCTH KOPOTKHX PEJIITHBHCTCKHUX DJIEKTPOHHBIX CTYCTKOB MEXaHM3M, KOTOPBIi
IPUBOJUT K PE30HAHCHOMY BO30Y>KACHHIO KHUJIBBATEPHOIO MOJIS, AaXK€ €CIM YacToTa CJIEOBAHUS CIYCTKOB OTJIMYAeTCA OT
I1a3MEHHOW 4YacToThl. B 3TOM cilyyae CHHXpOHH3allMsi 4acTOT BOCCTAHABIMBACTCS 3a CUET JAS(OKYCHPOBKH CIyCTKOB, KOTOPbIC
MOMA/IAI0T B IUIOXHUE (Da3bl MO0 OTHOLICHUIO K MIa3MEHHOM BosiHe. OIHAKO MPU 3TOM TEPSIIOTCS CTYCTKH, KOTOPBIE B pe3yJIbTaTe 3TOTO
HE YYacTBYIOT B BO30Y)KIEGHMM KHJIbBAaTepHOro moms. B oToif paboTe 4YHCIEHHBIM MOAENUPOBAHMEM H3ydeHa IHHAMHKA
JNIEKTPOHHBIX CT'YCTKOB U BO30Y’KAEHHE KIIHBATEPHOTO MOJIS B 3aMarHMYESHHOH IITa3Me JUIMHHOHN TOCIEI0BATeMbHOCTBI0 KOPOTKIX
CTYCTKOB PEISITUBHCTCKUX 3JIEKTPOHOB. [Ipy MCHONB30BaHUM MarHUTHOTO ITOJST A€(OKYCHPOBAHHBIE CTYCTKH Yepe3 OIpe/IeNICHHOe
BpeMsI BO3BPAIAIOTCS B 00IAcTh B3aMMOAEHCTBUS ¢ moseM. [Ipy 5TOM 2J1eKTPOHBI CTYCTKOB, BO3BPAIIAIONINECS B HYXKHBIE (ha3bl
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oJjig, y4aCTBYIOT B 3036y>1<ﬂem/114 KHWJIBBATCPHOTO T10JIA. Takxke HCIIOJIb30BaHME MArHUTHOTO ITOJIS NPUBOAUT K YBEIIUYCHUIO
HaCTOThI B036y)KllaeMOﬁ BOJIHBI OTHOCUTEJIBHO 4YaCTOTBI CJICAOBaHUA CI'yCTKOB. l'locne)mee YBEIIMYUBACT BPEMA NMOAACPKAHUA
pe30HaHca U, CI€A0BATENBHO, TPUBOANT K YBEITHUESHUIO aMILTUTY b BO30YK/Ia€MOT0 KMIIbBATEPHOTO TOJIS.

KJIIFIOYEBBIE CJIOBA: xwibBaTepHOE II0JI€, PENATUBHCTCKHE OJIIEKTPOHBI, TOAJCp)KAaHHE CYIIECTBOBAaHMSA pPE30HAHCA,
YBEIMYEHHIO aMIUTUTYABI BO30YKIaeMOTO KHIBBATEPHOTO MO

Development of accelerators of charged particles, in particular, colliders is one of the most promising areas of
current research. Modern accelerators on metal structures are huge and expensive, because metal breaks out at
100MeV/m. It is clear that to achieve in linear colliders high energy (above 1 TeV) it is necessary to increase their
length to tens of kilometers. One can estimate which dimensions of the accelerators should be used to accelerate
electrons to the required energy of 1 TeV. It's tens of kilometers. It is necessary to make them smaller and cheaper. To
do this, it is necessary to increase the rate of acceleration, i.e. to increase the accelerating field. In a plasma, one can
excite the field E,=100 GeV/m. This can be done using a wakefield, excited by a bunch of electrons, by a bunch of ions
or by a laser pulse. In the experiment, the record results were already obtained: the laser pulse accelerated electrons in
the plasma to 4.2 GeV at a distance 9cm. Therefore, the electric field equals E,~47 GeV/m [1]. Also in an experiment in
plasma, a dense electron bunch with the energy of 42 GeV excited the wakefield, and its tail accelerated to the energy
84 GeV (i.e., doubled the energy) at a distance of approximately 1 m [2], then the electric field is E,~42 GeV/m. In a
dielectric in the experiment, an impulse field of approximately 10 GeV/m has been excited. L.e. the dielectric
accelerator can be in 100 times shorter than the metallic accelerator, and the plasma accelerator is in 1000 times shorter.
Because the dielectric accelerator is easier to operate, and the plasma provides larger fields, the dielectric and plasma
accelerators are intensively investigated.

The wakefield excitation in a plasma by a long sequence of electron bunches is considered in this paper. An
important factor of interest to this case is the use of external longitudinal (along the axis) magnetic field with the
purpose to increase the accelerating field. So, the aim of the work is to investigate the features of use some optimal
magnetic field, that would ensure a greater growth of the rate of acceleration.

PROBLEM STATEMENT

At resonant excitation of the wakefield in the plasma, the repetition frequency of bunches ®_, is equal to the

m

frequency of the excited wakefield ®, =, , i.e. to electron plasma frequency ©,. . Since along the radius r, the

wakefield is localized near the sequence of bunches, i.e. along the radius r, it is localized in some neighborhood of the
sequence of bunches, then the wakefield has not only a longitudinal E, accelerating/decelerating field, but also a radial
F, focusing/defocusing force. The field E, and F, are shifted relative to each other by a quarter of the wavelength, i.e. on
7/2. Where E,=E, .x, there F=0; and where E,=0, there F,=F; ..x. Since the bunches are finite size, the part of the bunch
is defocused and ceases to excite wakefield. Part firstly is focused, and then due to the expansion of betatron
oscillations (i.e., radial in the radial potential well) is again defocused, i.e. it leaves along r the region of interaction with
the field and ceases to excite the wakefield too. Therefore, it is advisable not to allow the bunches to be defocused or
periodically return them by an external longitudinal (along the axis) magnetic field. Although it is known that the use of
a magnetic field in the experiment is associated with additional difficulties. But the magnetic field suppresses the
focusing, and the maximum wakefield has been observed when the bunches are focused by the wakefield. Also, the
magnetic field suppresses defocusing. And it is very important for the excitation of the wakefield, because in the
experiment it is very difficult to maintain the resonant plasma because of its uncontrolled inhomogeneity and
nonstationarity. And in the nonresonant case only small amplitude beatings are excited. However, it was shown in [3-7]
that due to the self-cleaning of the "bad" bunches at their defocusing and in the nonresonant case, intense excitation of
the wakefield is possible.

ANALYSIS OF THE USING OF A MAGNETIC FIELD

As a consequence, it would seem that the use of a magnetic field is impractical, it suppresses defocusing. Hence it
follows that one must use some optimal magnetic field when it does not yet suppress focusing and defocusing, but it
already returns defocussed bunches after some time into the region of interaction with the field. Then it is necessary to
use a not very strong optimal magnetic field, so that after defocusing the bunches they return to the axis after some
time, and they again excite the wakefield. The return time is 2/®... Where o, is the electron cyclotron frequency. In
order that H allows electrons to reach the axis in the focusing field, the radius of the radial oscillations of electrons in
crossed Hy, and E, fields should be not less than the radius of the bunch

eE

— >y, (1)
meybo‘)ce

It is necessary that for N-th bunch (if N bunches excite the maximum wakefield) it is satisfied when the maximum
wakefield is reached. Sequential bunches excite wakefield that firstly it grows linearly with increasing number of
injected bunches
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E,=NE,. )

N
E.\ 1s the radial wakefield after N bunches. E,, is the radial wakefield after the 1st bunch. Then it must be fulfilled
eNE

Y 3)
mey bmce

It is necessary to note that an additional frequency shift occurs when a magnetic field is used which, at a certain
value of the magnetic field, tightens the maintenance of the resonance, leading to an increase of the excited wakefield.

A long sequence of electron bunches of a small charge was used in the experiment [8] and in numerical simulation
[9] for excitation of an intense wakefield in a plasma. However, as it turned out, there is the limiting amplitude of the
wakefield. It is determined by the fact that the nonlinear shift of the frequency of the wakefield appears with increase of
the wakefield amplitude. Because of this, the resonant interaction of bunches with the wakefield is detuned. This
resonance detuning is delayed in time, if, as it was done in [10], a small excess of the plasma density above the resonant
value is chosen initially. The same resonance maintenance can be ensured by using a small magnetic field. Using the
LCODE [11], numerical simulation of the growth of the wakefield amplitude was performed. It is shown that when the
resonance is maintained, the amplitude of the wakefield increases in comparison with the case of the initial resonant
conditions.

The wakefield excitation in a plasma by a long sequence of electron bunches is considered in this paper.

The resonant excitation of the wakefield by a long sequence of relativistic electron bunches is difficult, because it
is difficult to maintain a homogeneous and stationary plasma in the experiment. However, intense wakefield excitation
by a long sequence of relativistic electron bunches has been observed. The mechanism of resonant excitation of the
wakefield by a nonresonant sequence of short electron bunches has been investigated in [9]. Frequency synchronization
is carried out due to self-cleaning of the sequence of bunches due to defocusing and leaving along radius of some
bunches that are not in phase with the wave. The simulation results of the mechanism of maintaining the resonance of
electron bunches with a wakefield using a magnetic field are presented in this paper.

In [9], for a sequence of short relativistic electron bunches, a mechanism was found which leads to a resonant
excitation of the wakefield, even if the repetition frequency of bunches differs appreciably from the plasma frequency.
Synchronization of frequencies is restored due to defocusing of bunches which get into bad phases with respect to the
plasma wave. However, the bunches are lost, which as a result do not participate in the excitation of the wakefield.
When a magnetic field is used, the defocused bunches return to the region of interaction with the field after a certain
time. In this case, the electrons of the bunches returning to the necessary phases of the field can participate in the
excitation of the wakefield. Also, the use of a magnetic field leads to an increase of the frequency of the excited wave
relative to the repetition frequency of bunches.

The latter increases the time for maintaining the resonance and, consequently, leads to an increase of the amplitude
of the excited wakefield.

SIMULATION OF RESONANCE RECOVERY FOR THE CASE OF 32 BUNCHES
For numerical simulation parameters are selected: n,.e=10""cm™ is the resonant plasma density which corresponds
to ratio o)pe=com=2n'2.8~109, relativistic factor of bunches equals y,=5, have been selected. Where @, is the repetition
frequency of bunches, o)pe=(4nnrese2/me)” ? is the electron plasma frequency. The density of bunches n, =6x10°cm™ is

distributed in the transverse direction approximately according to Gaussian distribution, ¢, =0.5cm, A =10.55cm is

the wavelength, E=Vit-z, V,, is the velocity of bunches. Time is normalized on (ope"l, distance - on c/m,., density - on
Nyes, current I - on [,=rmc’/4e, fields — on (4nnresczme)” 2,
We consider the dynamics of the first 32 bunches in plasma. We use the cylindrical coordinate system (r, z) and
draw the plasma and beam densities at some z as a function of the dimensionless time 1=w,t.
The longitudinal coordinate E=z-Vyt is normalized on 27/A (A is the wavelength). The values of the E,, F,, Hg and
Hy are normalized on mcw,./e. Where e, m are the charge and mass of the electron, c is the light velocity, w,. is the
electron plasma frequency.
We do not take into account the longitudinal dynamics of the bunches, because at the times and energies of the
beam according to
av,(r) 1 dv,(r)_ 1
dr vy dr Yo
radial relative shifts of beam particles predominate. V,, V, are the longitudinal and radial velocities of the electron
bunches, vy, is the relativistic factor of the bunches.
The wakefield excitation by 32 bunches is considered for two cases: initially the resonant case and the case of
resonance recovery. We consider a sequence of 32 bunches which are uniform in the longitudinal direction and are
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distributed according to Gaussian along the radius. The lengths of the bunches are chosen equal to half of the
wavelength &,=A/2.
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Fig. 1. Spatial distribution of density n,, of sequence of initially radially Gaussian and longitudinally homogeneous resonant bunches
into the plasma at &,=\/2, 1,=0.2x107*
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Fig. 1a (part of Fig. 1). Spatial distribution of density n, of 32nd initially radially Gaussian and longitudinally homogeneous resonant
bunch into the plasma at &,=A/2, [,=0.2x107*

We consider the case when the initial density of plasma electrons ng is such that the repetition frequency of the
bunches oy, is equal to the electron plasma frequency w,=w,.. In this case, up to the point of maximum focusing of the
bunches E, grows and then it decreases during refocusing. To compensate the charge of the bunches, some of the
plasma electrons leave the axis. Then the phase velocity of the wave V(r=0) (and o,.(r=0)) on the axis becomes
smaller than at the periphery with respect to r. As a result, the wave becomes skewed (Fig. 2.).
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Fig. 2. Spatial distribution of plasma electron density n. in wakefield, excited by sequence of initially radially Gaussian and
longitudinally homogeneous resonant bunches
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Fig. 2a (part of Fig. 2). Spatial distribution of plasma electron density n. in 12th wavelength of wakefield, excited by sequence of
initially radially Gaussian and longitudinally homogeneous resonant bunches
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Also, in this case, V ,(r=0)<Vj, is smaller than the beam velocity Vy, and ©,.(r=0)<oy,, i.e. the wave becomes
nonresonant with a sequence of bunches. The wave lags behind the bunches and the smaller their parts get into the
focusing fields (Figs. 1, 1a, 3, 3a, 5, 5a, 7, 7a).
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Fig. 3. Longitudinal distribution of radius ry, of density n;, of sequence of initially radially Gaussian and longitudinally homogeneous

resonant bunches and of radial wake force F; into the plasma at £,=\/2, [,=0.2x107
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Fig. 3a (part of Fig. 3). Longitudinal distribution of radius r, , of density n, of 32nd initially radially Gaussian and longitudinally
homogeneous resonant bunch and of radial wake force F, in 32nd wavelength of wakefield into the plasma at £=A/2, [,=0.2x10"

In this case, a very small part of their first front gets into the accelerating phases (Figs. 4, 4a.).
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Fig. 4. Longitudinal momenta of 32 bunches
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Fig. 5. Spatial distribution of density n, of sequence of initially radially Gaussian and longitudinally homogeneous bunches into the
plasma at &,=\/2, 1,=0.2x 107, Hy=0.1, ng/nyes-1=0.02, n is the resonant plasma electron density
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Fig. 5a (part of Fig. 5). Spatial distribution of density n, of 32nd initially radially Gaussian and longitudinally homogeneous
resonant (right) (left at Hy=0.1, n¢/n,es-1=0.02) bunch into the plasma at &=A/2, 1,=0.2x107

-192

If we use a somewhat larger ny and a small magnetic field Hy=0.1, then the resonance of the wave with the bunch
sequence is restored on the axis, since on the axis o (0) = o,. However, at the periphery with respect to r, the wave
becomes nonresonant with the bunch sequence, so now ,(r>0) > w,,. Then the wave becomes skewed in the opposite
direction (Figs. 2, 2a, 6, 6a.).
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Fig. 6. Spatial distribution of plasma electron density n, in wakefield, excited by sequence of initially radially Gaussian and
longitudinally homogeneous bunches into the plasma at £,=\/2, 1,=0.2x107%, Hy=0.1, ny/n,e-1=0.02
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Fig. 6a (part of Fig. 6). Spatial distribution of plasma electron density n. in wakefield, excited by sequence of initially radially
Gaussian and longitudinally homogeneous resonant (rigth) (left at Hy=0.1, n./n,-1=0.02) bunch into the plasma at &,=A/2,
1,=0.2x107, Hy=0.1, n¢/n,e-1=0.02

When the resonance of a wave is restored to a sequence of bunches on the axis, larger parts of the bunches get into
the focusing fields (Figs. 1, 1a, 3, 3a, 5, 5a, 7, 7a), and defocused bunches is weakly defocused (Fig. 7a),
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Fig. 7. Longitudinal distribution of radius 1, of density n, of sequence of initially radially Gaussian and longitudinally homogeneous
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Fig. 7a (part of Fig. 7). Longitudinal distribution of radius r, of density n, of bunch and of radial wake force F, into the plasma at
H=0.1, n¢/n,e-1=0.02)

the excited wakefield becomes larger (Figs. 3,7) compared with the initially resonant and subsequent disturbance of the
resonance, and small parts of the back fronts of the bunches get into the accelerating phases (Figs. 8).
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Fig. 8. Longitudinal momenta of 32 bunches at &=1/2, [;=0.2x103, Hy=0.1, n¢/n,-1=0.02

At Hy=0.1 the wakefield E, became more uniform along the plasma, because it does not so rapidly decrease to the
end of the plasma.

CONCLUSION

The main conclusion is that, magnetic field can be used for wakefield increase and for increase the transformation
of driver-bunch energy into the accelerated electrons (witness) energy. In this paper it is shown that in order to improve
the energy transformation of driver-bunch energy into the witness energy, some optimal magnetic field should be used
when it does not yet suppress focusing and defocusing. Such optimal magnetic field should also ensure returns
defocussed bunches after some time into the region of the interaction with the field. Moreover, it is important to choose
such optimal magnetic field that would return the bunches to the axis, after some time that bunches would again excite
the wakefield.

It is also important to note that the use of a magnetic field leads to an increase in the frequency of the excited wave
relative to the repetition frequency of bunches. Using the code lcode [9], numerical simulation of the growth of the
wakefield amplitude was performed. It is shown that when the resonance is maintained, the amplitude of the wakefield
increases in comparison with the case of the initial resonant conditions. The simulation results of the mechanism of
maintaining the resonance of electron bunches with a wakefield using a magnetic field are presented in this paper.
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The influence of the lysozyme and serum albumin in their native and amyloid forms on the electrokinetic behavior of the negatively
charged uni- and multilamellar liposomes from the zwitterionic lipid phosphatidylcholine and anionic lipid cardiolipin has been
investigated using the microelectrophoresis technique. The zeta - potential, the surface electrostatic potential and surface charge
density of the lipid vesicles have been determined upon varying the lipid-to-protein molar ratio. The complex dependencies of the
electrophoretic mobility on the protein concentration and reversal of the surface charge observed for the multilamellar vesicles have
been explained by the multilayer protein adsorption on the liposomal surface. It has been found that the native and fibrillar proteins
differ in their ability to modify the charge state of the model membranes.
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BJIHSIHUE AMUJIOUIHBIX ®UEPUJLI HA DJIEKTPOKUHETUYECKHE CBOMCTBA JIMIIMIHBIX BE3UKYJI
V. Tapa6apa', E. Byc', C. Tupusix’, H. Kamuesa®, O. Jlappux’,
M. Muxaiimiora’, B. Tpycora', I'. TopGenko'
IKaqbec)pa A0epHOTl U MeOuYUHCKoU usuxu, XapbKogckull Hayuoxanvusill yHugepcumem umenu B.H. Kapaszuna
ZKa(]?e()pa Gusuueckoil xumuu, Xapbrkogckuil Hayuonanbusil ynueepcumem umenu B.H. Kapasuna
Xapvroeckuii hayuonanvhwiil ynusepcumem um. B.H. Kapasuna
ni. Ceob00wr 4, Xapwvros, 61022, Yrpauna

MetozoM MUKPOIEKTpOdope3a HCCIIeIOBAHO BIUSHUEC HATHBHOI M aMUIOAHON (OPM JIM30LMMa U CBIBOPOTOYHOTO albOyMHHA Ha
NEKTPOKMHETHYECKOE IOBEJCHUE MOHO- U MyJbTHJIAMEIUIAPHBIX JIMIOCOM M3 LIBUTTEPHOHHOrO sunuaa GocdaTuauixoimHa u
AQHMOHHOTO JIMIHJIA KapAHOIWIHNHA. [Ipn BapbHpOBaHHM MOJSPHOTO COOTHOLICHHS JHMNHI:0ETOK ObIIM ONpENeNeHbl I3eTa —
MIOTEHIIUAII, TOBEPXHOCTHBIN IEKTPOCTATUYECKUI MOTEHIIHAI ¥ MOBEPXHOCTHAS INIOTHOCTH 3apsifa JIUMUAHBIX Be3HKyld. CrioxHas
3aBUCHMOCTh 3JIEKTPO(OPETHIECKONH IOABIDKHOCTH OT KOHICHTpanuy Oelka W H3MEHCHHE 3HaKa IIOBEPXHOCTHOTO 3apsna,
BBISIBIICHHBIE JUISl MyJIbTIIIAMEIUIIPHBIX BE3HUKYJI, OBUTH 00BSICHEHB! MYJIBTHUCIOHHOHN ancopOiyeil 6enKoB Ha MOBEPXHOCTH JIUTIOCOM.
OG6Hapy>keHo, 4To HaTvBHas M (UOpWLIIpHas (GOPMBI OENKOB pa3IHYalOTCS MO UX CIIOCOOHOCTH MOIM(HUIMPOBATH 3apsa0BOE
COCTOSIHHE MOJIEJIbHBIX MeMOpaH.

KJIIOUEBBIE CJIOBA: snextpodopeTnyeckas HOABHKHOCTb, JMIOHMIHBIC BE3UKYJIbI, JIN30LHMM, CHIBOPOTOYHBIA albOyMHUH,
aMUJIOMAHBIE GUOPUILTBI

BIVIMB AMUJIOITHAX ®IBPHUJI HA EJEKTPOKIHETUYHI BJACTAUBOCTI JIIIIHUX BE3UKYJI
V. Tapa6apa', K. Byc', C. TNipunx', H. Kamnea?, O. Jlaspuk’,
M. Muxaiimiora', B. Tpycosa', T Fopﬁemco'
"Kapeopa soepuoi ma meouunoi izuxu, Xapriscoxuii nayionanshuii ynisepcumem imeni B.H. Kapasina
’Kagpeopa izuunoi ximii, Xapkiscoruii nayionanshuii ynisepcumem imeni B.H. Kapasina

ni. Ceoboou 4, Xapkis, 61022, Vrpaina
MetonoM MikpoenekTpodope3y AOCHI/UKCHO BIUIMB HATUBHOI Ta aMinoigHOI (opM Ji30LMMy Ta CHPOBATKOBOTO albOyMiHy Ha
CNIEKTPOKIHETUYHY MOBEAIHKY MOHO- M MYJIBTHJIAMEISIPHUX JHIIOCOM i3 LBITTepioHHOTO imiay ¢ochaTuauixoiHy Ta aHiOHHOTO
ninixy kapaiomininy. [Ipu BapitoBaHHI MOJIIPHOTO CIIBBIJHOIIEHHS JIiMiA:0110k OyJI0 BU3HAYCHO N3€Ta — MOTEHIN AT, IIOBEPXHEBHUMA
CJIEKTPOCTATUYHUI MOTEHIIANI Ta TOBEPXHEBY TYCTHHY 3apaiy JmimHuX Be3ukynl. CKamHa 3aleXHICTh eleKTpodopeTHnaHoi
PYXJIMBOCTI BiJ KOHIEHTpawii Oinka Ta 3MiHa 3HAaKy MMOBEPXHEBOTO 3apsy, BUSBIEHI UL MYJIbTHJIAMEISAPHUX BE3UKYHI, Oy
MIOSICHEHO MYJIBTHIIAPOBOIO aacopOILiero OLTKIB Ha MOBEpXHi JimocoM. BeraHosneHo, mo HaTHBHA Ta ¢ibpmisipHa Gopmu OLIKIB
BIZIPI3HSAIOTHCS 32 1X 3/1aTHICTIO MOAM(IKYBaTH 3apsJOBHI CTaH MOJIEIIBHUX MEeMOpaH.
KJIFOUOBI CJIOBA: enexTpodopeTniHa pyXJIUBiCTb, JITiIHI BE3UKYJIH, JTi301IMM, CHPOBATKOBHH ab0yMiH, aminoinHi Giopuin

Electrostatic phenomena are known to play an essential role in determining the structural and functional properties
of biological systems [1,2]. In particular, electrostatics controls a wide variety of processes occurring in cellular
membranes, among which are non-specific and specific protein—lipid interactions, protein folding, translocation and
orientation in the lipid bilayer [3-5], enzyme functioning , ion binding and transport, structural and phase transitions in
the lipid phase [1], recognition events [6,7], pharmacological effects [8], etc. Biological membranes consist of hundreds
of different molecular species including lipids, proteins and carbohydrates bearing numerous ionized groups which
account for the net negative charge of the membrane surface [1]. An essential part of such groups belong to anionic
lipids such as phosphatidylglycerol, cardiolipin, phosphatidylserine, phosphatidic acid and phosphatidylinositol, whose
© Tarabara U., Vus K., Girnyk S., Kamneva N., Lavryk O., Mikhailyuta M., Trusova V., Gorbenko G., 2017
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fraction is typically less than 30% of the total membrane lipids [9]. These lipids are involved in specific interactions
with protein sequences containing positively charged side amino acids, such as arginine, lysine or histidine. The
interactions between oppositely charged groups of proteins and lipids is a fundamental biological phenomenon
implicated in a range of important membrane-related processes, particularly, in selective binding of cationic cell-
penetrating, antimicrobial and viral peptides, toxins or ion channels [10-12] and protein aggregation associated with
amyloid disorders including neurological diseases, type II diabetes, spongiform encephalophaties, rheumatoid arthritis,
etc. [13-17]. These pathologies are provoked by misfolding of specific proteins and their self-assembly into highly
ordered aggregates, amyloid fibrils [18,19]. Amyloid fibrils are self-assembled protein nanostructures distinguished by
the core supramolecular B-sheets propagating along the main axis of the fibril with B-strands running perpendicularly to
this axis.

Accumulating evidence indicates that cell membranes represent a direct target for the toxic pre-fibrillar and
fibrillar aggregates of misfolded proteins which cause membrane damage and subsequent cell death [20]. According to
the current concepts, the cytotoxic potential of aggregated proteins may originate from the loss of membrane integrity
[21], appearance of non-specific ion channels [22], uptake of lipids into the growing fiber [23], modifications of the
intracellular redox status and free calcium level [24], and impaired functional activity of membrane proteins [20].
Obviously, an initial step of membrane damage involves the binding of protein aggregates with the surface of lipid
bilayer. In many cases such binding is driven by electrostatic protein-lipid interactions and may lead to significant
change of the membrane surface charge, thereby influencing a number of electrostatically-controlled membrane
processes. In view of a high structural and compositional heterogeneity of biological membranes, a common approach
to investigating the above processes is based on the use of the model systems containing isolated proteins in a certain
conformational and aggregation state and lipid vesicles (liposomes) whose lipid components and physicochemical
parameters can be varied in a wide range.

In the present study we used the model protein-lipid systems containing as a protein component lysozyme or
serum albumin in the native or fibrillar states and multilamellar lipid vesicles composed of zwitterionic lipid
phosphatidylcholine and anionic lipid cardiolipin. Lysozyme is a well-characterized multifunctional cationic protein
possessing bactericidal, antitumor and immunomodulatory properties. The mutants of human lysozyme (I56T, F57I,
W64R, D67H) undergo pathological fibrillization implicated in etiology of familial nonneuropathic systemic
amyloidosis, a disease affecting kidney, liver and spleen [25]. Serum albumin is an anionic protein that performs a
number of physiological functions associated with the binding, transport and distribution of biologically active
compounds. Being prone to amyloid transformation under denaturing conditions, this protein is extensively employed in
the model studies of the protein aggregation and fibrillization [26,27]. Our goal was to obtain a direct evidence for the
binding of amyloid fibrils of lysozyme and albumin to lipid vesicles and to compare the effects of the native and
fibrillar proteins on the surface charge of lipid bilayer through measuring the electrophoretic mobility of the uni- and
multilamellar lipid vesicles.

EXPERIMENTAL SECTION
Materials
Egg yolk phosphatidylcholine (PC) and beef heart cardiolipin (CL) were purchased from Avanti Polar Lipids
(Alabaster, AL). Hen egg white lysozyme and bovine serum albumin were from Sigma (St. Louis, MO, USA). All other
chemicals were of analytical grade and used without further purification.

Preparation of lipid vesicles

Multilamellar lipid vesicles (MLV) were prepared from PC mixture with 20 mol% of CL. Appropriate amounts of
lipid stock solutions were mixed in ethanol and evaporated to dryness under a vacuum. The obtained thin lipid films
were hydrated with 1.2 ml of 5 mM sodium phosphate buffer (pH 7.4) at room temperature. The acquired lipid vesicles
were visualized using the optical and fluorescence microscopy techniques (Fig. 1). To obtain the fluorescence
microscopy images, the lipid vesicles were stained with acridine orange.

To prepare the large unilamellar liposomes (LUV) with the 100-nm diameter, the suspension of MLV was
subjected to 15 passes through a 100-nm pore size polycarbonate filter (Millipore, Bedford, USA). Hereafter, the MLV
and LUV employed in the electrophoretic measurements are denoted as MLV ¢, and LUV, respectively.

Measurements of electrophoretic mobility and zeta-potential

The electrophoretic mobility of MLV suspended in 5 mM sodium phosphate buffer (pH 7.4) was measured in a
laterally oriented electrophoretic chamber. The current through the cell was determined with an ammeter. Liposome
migration in the stationary Smoluchowski layer was observed with a BIOLAM microscope at 20 °C. The rate of
migration was determined from the time required for liposomes to pass a fixed distance (79.17 um) upon the change of
the voltage polarity. The electrophoretic mobility (# ) was calculated as u =/ /tE , where [ is the distance covered by
a vesicle in time £, E is the electric field strength. The u# value was averaged over 20-40 measurements. Statistical
analysis of the experimental data was performed in Mathcad 11. The Helmholtz-Smoluchowski equation was used to

calculate the electrokinetic potential § =u1/&.€,, here 17 denotes the viscosity of the medium, &, and &, are the
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dielectric constants of the aqueous phase and vacuum, respectively. The zeta-potentials of the unilamellar lipid vesicles
were determined using Zetasizer Nano ZS Malvern Instruments apparatus, equipped by the temperature controller.
Specifically, 0.8 ml of the samples were injected in Zeta dip cell, and the measurement was performed at 20 °C. The
zeta-potential values were determined as the average of 3 repeats.

Fig. 1. The images of multilamellar lipid vesicles
a - obtained using optical microscopy, b - obtained using fluorescence microscopy

Preparation of amyloid fibrils
Amyloid fibrils of lysozyme and albumin were produced by dissolving the protein (10 mg/ml) in 10 mM glycine
buffer, pH 2, and incubating for 2 weeks at 60°C. Fibril formation was assessed by transmission electron microscopy
(Fig. 2). A 5-pl drop of concentrated protein solution was applied to a carbon-coated Formvar grid, and blotted after 60
sec. A 5-ul drop of 2% uranyl acetate solution was placed on the grid, blotted after 30 sec, washed by deionized water,

air dried and examined using a Tecnai 12 Bio-Twin transmission electron microscope operating at an accelerating
voltage of 80 kV.

a

Fig. 2. TEM images fibrils formed at pH 2.0, 60 °C
a - hen egg white lysozyme, b - bovine serum albumin. Scale bars are 200 nm (a) and 50 nm (b)

RESULTS AND DISCUSSION
Liposomes are formed due to self-assembly of amphiphilic lipid molecules in an aqueous phase into spherical or
quasispherical vesicles consisting of an aqueous central cavity and a single bilayer shell (unilamellar vesicles) or

multiple bilayer shells (multilamellar vesicles). The surface potential of lipid vesicles (1, ) is created by the charges of

the lipid headgroups, adsorbed ions and counterions residing at the lipid-water interface [1,2]. The surface potential is
determined by the content and type of the charged lipids and the concentration of protons and ions in the adjacent layer.
The simplest description of the membrane surface potential is provided by the Gouy-Chapman-Stern double layer
theory which is valid when the charge is uniformly distributed over a planar surface [28]. In terms of this theory the
electrostatic free energy of a membrane with the area § =S, is given by [29]:

out

F} =%(O'sinh"1 [zj—\/a2+az +aj, 6]
e

a



22
EEJP Vol.4 No.2 2017 U. Tarabara, K. Vus...

where o is the surface charge density, g = /27 'ecN kT 5 N, is Avogadro’s number, ¢ is the dielectric constant, ¢

is the molar concentration of monovalent ions, 7 is the temperature, k

p is the Boltzmann’s constant, 7 is the

concentration of accessible lipids which for unilamellar liposomes is related to the total lipid concentration (7, ) as
L,=05L;S, is the mean area per lipid molecule:

Sy =FrcSec + FuSa (2
here f,., f, are the mole fractions of PC and the anionic phospholipid; S, is the mean area per PC molecule (0.65

nm’); § , is the mean area per molecule of anionic phospholipid taken as and 1.2 nm’ for CL. The surface charge
density (0 ) is determined by the mole fraction of anionic phospholipid ( f/, ) and the degree of its ionization (¢ ):

oo Wl 3)
S

m

where e is the elementary charge, a =1 for phosphatidylglycerol or phosphatidylserine, and « =2 for cardiolipin
[30]. The electrostatic surface potential of a membrane (i, ) is related to the surface charge density as:

v _ 2T sinh‘[“j- @)

: e a
The so-called zeta potential (& ) derived from the measurements of electrophoretic mobility of the lipid vesicles
or cells can be regarded as a component of the surface membrane potential y/_. ¢ - potential is a potential at the plane

of shear separating the compact and diffuse parts of the double layer. The plane of share may reside up to 2-3 water
diameter away from the surface. In the compact part, adjacent to the surface, the ions are immobilized and move
together with the vesicle or cell, while in the diffuse part the ions are mobile and distribute according to the laws of
statistical mechanics. The compact part of the double layer is determined by the inner and outer Helmholtz planes. The
inner plane, residing at the distance ~ 0.1 — 0.2 nm from the membrane, represents the plane of closest approach of
nonhydrated ions to the surface. The outer Helmholtz plane is located at ~ 0.6 nm from the surface and characterizes the
closest approach of the hydrated ions. The share plane lies close to the outer Helmholtz plane [31-33]. The calculation
of the average electrophoretic mobility of colloidal particles requires the solution of a set of partial differential
equations (electrokinetic equations) for the electrical potential, ion densities and fluid velocities in the suspending
electrolyte. The electromigration of lipid vesicles is an especially complex process that cannot be described by the
classical electrokinetic theory, postulating a direct relation between the electrophoretic mobility (# ) and the particle
charge (q ):

u=ql/6mnR, (5)
here R is the particle radius. However, for large particles, such as colloids or liposomes, this equation is not valid and
special models have been developed for these systems [34-35]. In contrast to the classical electrokinetic theory, these
models allow for the effects of relaxation and retardation, both of which reduce the rate of electrophoretic migration of
large particles. Relaxation arises from the distortion of the ionic atmosphere during the particle movement, while
retardation is brought about by the enhancement of hydrodynamic drag when counterions move in the opposite to
particle direction in the applied field. Within the framework of the electrokinetic models proposed for the large colloidal
particles the extent of relaxation effects is treated as being dependent on the inverse thickness of the electric double

layer (or inverse Debye length, x = (2ezN clk,Tee, )1/2 ), the particle radius R and ¢ - potential. One of the existing

colloidal theories applicable to describing the electromigration of liposomes has been suggested by O’Brien [35,36].
According to this theory, the electrophoretic mobility of spherical particles with R >> K is given by:

u= 3e0 + SMA 1—exp —elz¢] y— e . (6)
26,7 2(1+AM) 2k, T k,T

B o\ 32”;0””/‘ 2
iszp(%}/aKR; a:|zi|[%J ; M=1+W; m,Z—g(kBZg ’
B Z; " . zne J
k

where summation is performed over ionic species for which z, ;=2 m, is the nondimensional ionic drag

coefficient, D, is the ion diffusivity,  =2In2/z for a symmetric two species electrolyte, z is the magnitude of

ion valency, index 7 refers to the counterion with the highest valency, nloo is the equilibrium ion density beyond the
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double layer, if there are more than one counterion species, n;o should be replaced by a sum over the bulk densities of

these ions. Despite being more adequate in interpreting the electrokinetic behavior of liposomes, Eq. (6) is valid for the
rigid and nondeformable spherical particles. However, lipid vesicles possess intrinsic deformability, so that they can
undergo a variety of shape deformations. This property can to some extent be taken into account by considering the
lipid vesicles as prolate spheroids whose electrophoretic mobility is expressed by the equation [36]:

u=%+‘5’3"7f £y |[ew2e'p)] )

where go (f) pertains to the velocity components of ellipsoids whose major axis is aligned with the applied field,

while g1 (f) characterizes the ellipsoids with major axis transverse to the field. At last, most electrokinetic theories

consider the particles with a uniform charge distribution whose ionic atmosphere is only slightly distorted by the
applied field, ignoring the possibility of field-induced charge migration over the particle surface which may occur in the
fluid lipid bilayers [37,38]. It has been demonstrated that charge migration may lead to polarization and elongation of
lipid vesicles along the direction of the applied field [39,40]. Thus, the factors, such as relaxation, retardation,
deformability and field-induced polarization must be taken into account while interpreting the electrokinetic behavior of
liposomes.

The alterations of the electrophoretic mobility of MLV |5y upon the adsorption of the native or fibrillar lysozyme
and serum albumin are shown in Fig. 3. As expected, in the absence of protein the # value has the negative sign.

However, at varying the protein concentration ( P) electrophoretic mobility was found to display a complex behavior
involving a complete neutralization of liposome charge or its reversal.
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Fig. 3. Electrophoretic mobilities of PC/CL (4:1, mol:mol)
liposomes in the absence of proteins and at varying

: . ; concentrations of the native (N) and fibrillar (F) proteins
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It appeared that even at the minimum concentration of the native lysozyme (0.23 puM) the surface charge of
liposomes changes its sign from negative to positive, i.e. the protein covers all accessible surface area of MLV .
Given that the radius of lysozyme monomers is ~ 1.9 nm, the cross-section of structurally unperturbed protein is ~ 11.3
nm?, i.e. one protein molecules is capable of covering at least 15 lipid molecules (with the mean area per lipid molecule
S, ~0.76 nm?). Assuming the monolayer adsorption of lysozyme onto lipid vesicles, one obtains that upon complete

protein binding the accessible surface area at L = 1000 uM equals ~ 2.6 nm?, i.e. only 3.4 uM of lipids are capable of
associating with protein. According to the optical and fluorescence microscopy data, the diameter of MLV, falls in
the range 5-40 um. Taking into account the mean area per lipid, it follows that the outer monolayer of one 40 pm-MLV
contains ~ 132 lipid molecules, while the aqueous cavity of such vesicle may incorporate many vesicles of the smaller
size. As a consequence, the amount of lipids accessible for the protein binding significantly decreases, and the actual
ratio 7, /P ~ 15 will be much less than the maximum possible value of this parameter corresponding to the case of

lipid self-assembly into unilamellar vesicles. Thus, increase of the protein concentration creates the conditions for
multilayer adsorption since 7, /P will decrease. The factors, such as the alterations in the protein tertiary structure,

asymmetry of the distribution of positively and negatively charged groups on the protein surface, the extent of exposure
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of hydrophobic patches, the orientation of the protein molecule relative to lipid-water interface, may lead to the
alternative changes of the sign of vesicle charge depending of the number of the adsorbed layers. Indeed, as can be seen
in Fig. 3 and Table 1, as the concentration of the native lysozyme increases from 0.23 uM to 0.46 puM, the liposome

charge becomes neutral, while at further increase of P value till 2.3 uM and 11.6 pM the vesicles again acquire a
positive charge. A somewhat different situation was observed for fibrillar lysozyme — with increase of the protein
concentration from 0.23 uM to 0.46 uM the charge of liposomes changes its sign from positive to negative, then, at

P =2.3 pM the charge becomes positive, and at P = 11.6 uM the vesicle charge was completely neutralized.

Table 1.
Electrokinetic properties of the multilamellar PC/CL (4:1, mol:mol) vesicles in the presence of the native or fibrillar

lysozyme and serum albumin

Protein Lipid Protein U, umcm/s'V ¢ ,mV w,,mV o, C/m’
concentration, concentration,
uM uM
Fibrillar 1000 0 -4.40+0.48 -62.3 -66.0 -1.4:107
lysozyme 1000 0.23 3.43+0.29 48.5 46.0 8.6:10°
1000 0.46 -2.17+0.16 -30.7 -32.3 -5.6:107
1000 2.3 2.98+0.20 2.2 44.5 8.2:10”
1000 11.6 0 0 0 0
Native 1000 0.23 1.98+0.21 28.0 294 5.1-107
lysozyme 1000 0.46 0 0 0 0
1000 2.3 3.00+0.27 42.5 44.8 8.3-10°
1000 11.6 3.03+0.33 42.9 453 8.4-10°
Fibrillar 667 0 -2.28+0.21 -32.3 -30.0 -5.2:107
serum 667 0.5 2.97+0.28 42.0 43.0 7.9-107
albumin 667 2.5 2.31+0.19 32.7 344 6.0-107
Native 667 0.5 2.40+0.28 34.0 35.8 6.3-107
serum 667 2.5 -2.81+0.31 -39.8 -42.0 -7.6:107
albumin

The results of electrophoretic measurements conducted for the systems MLV + native or fibrillar serum albumin
also are suggestive of the multilayer protein adsorption. The native albumin at the lower of the examined
concentrations, 0.5 pM, caused the reversal of the vesicle charge (Fig. 3c). Although the net charge of bovine serum
albumin is negative, ca. -18e¢ at physiological pH, the protein surface is abundant of positively charged residues that
may form clusters, as illustrated in Fig. 4. At the same time, at the higher protein concentration, 2.5 uM, the liposomes
again become negatively charged, probably because of the existence of more than one layers of the adsorbed protein.
The fibrillar albumin brought about the reversal of the vesicle charge, with the absence of significant difference
between the protein concentrations 0.5 uM and 2.5 uM.

Fig. 4. Surface potential of the proteins
a - hen egg white lysozyme, PDB ID — 5blf, b - bovine serum albumin, PDB ID — 4£5s.

Clusters of negatively charged lysozyme residues and positively charged albumin residues are highlighted in the figure. The values of
the electrostatic surface potential varied from -0.13 V to 0.13 V. The negative and positive values of the surface potential are marked
by “-” and “+”, respectively. Protein structures have been prepared using the online available PDB2PQR Server, followed by the
calculations of the surface potential performed in the Adaptive Poisson-Boltzmann Solver (APBS) software package
(http://www.poissonboltzmann.org/)
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In contrast to MLV, the dependence of the electrophoretic mobility and corresponding & - potential of LUV on

the protein concentration was predominantly monotonous, with the # value being gradually decreased with increasing
the amount of the adsorbed protein.
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Fig. 5. Dependence of |{|-potential of LUV 5y on the concentration

a - fibrillar lysozyme; b - native lysozyme; c - fibrillar serum albumin; d - native serum albumin

Lipid concentration was 125 uM

This is not surprising since at the same total lipid concentration the vesicle surface area accessible for the protein
binding is substantially higher in the suspension of unilamellar liposomes. The only exception was the case of native

lysozyme, when the ¢ - potential showed even the slight increase of its negative value (Fig. 5b). Under the employed

experimental conditions [ /P ratio ranges from ~ 37 till ~ 6. If there exists only a single layer of the adsorbed

protein, as is supposed for all LUV systems, it cannot be excluded that the binding of the native lysozyme to liposome
surface is rather strong to achieve nearly complete covering of the membrane surface even at the lowest protein
concentration. Despite the total positive charge of lysozyme, the protein bears the clusters of negatively charged
residues (Fig. 4) which may impart an additional negative charge to liposome surface.

Table 2.

Electrokinetic properties of the unilamellar PC/CL (4:1, mol:mol) vesicles in the presence of native or fibrillar
lysozyme and serum albumin

Protein Lipid Protein u, ¢ ,mV v, o, C/m?
concentration, concentration, pm-cm/s-V mv
uM uM

Fibrillar 125 0 -1.29 -18.240.7 -192 | -3.0-10°
lysozyme 1.7 -1.17 -16.5+0.9 -173 | -2.7-10°
3.3 -1.14 -16.1+0.2 -169 | -2.7-10°

4.9 -1.07 -15.1+0.2 -158 | -2.510°

6.3 -1.02 -14.440.7 -15.1 -2.4-10°

7.8 -1.05 -14.9+1.5 -156 | -2.510°

11.0 -1.08 -15.3+0.5 -16.0 | -2.510°

14.0 -1.12 -15.8+0.9 -16.6 | -2.6110°

Native 125 0 -1.37 -19.4+0.6 204 | -3.2-10°
lysozyme 1.7 -14 -19.84+0.8 208 | -3.3-10°
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Protein Lipid Protein u, ¢ ,mV v, o,C/m’
concentration, concentration, um-cm/s-V mv
uM uM

3.3 -1.51 -21.4+0.3 225 | -3.6:10°

4.9 -1.5 212412 223 | -3.510°

6.3 -1.41 -20.0+0.2 210 | -3.310°

7.8 -1.6 -22.6+0.4 237 | -3.810°

11.0 -1.39 -19.7+0.6 207 | -3.3-10°

Fibrillar 125 0 -1.29 -18.24+0.3 -192 | -3.010°
serum 0.4 -0.76 -10.7+0.7 -11.3 | -1.810°
albumin 0.7 -0.59 -8.440.3 -8.8 -1.410°
1.1 -0.54 -7.6+0.6 -8.0 -1.2-10°

1.4 -0.52 -7.3+1.3 -7.7 -1.2-10°

1.7 -0.55 -7.8+0.4 -8.2 -1.3-10°

2.4 -0.57 -8.0+0.1 -8.4 -1.3-107

3.0 -0.54 -7.6+0.5 -8.0 -1.2-10°

Native 125 0 -1.29 -18.2+0.6 -192 | -3.010°
serum 0.4 -0.98 -13.9+0.8 -146 | 23107
albumin 0.7 -0.88 -12.540.3 -13.1 -2.1-10°
1.1 -0.82 -11.6+0.8 -122 | -1.9-10°

1.4 -0.85 -12.1+1.5 -127 | -2.0-10°

1.7 -0.86 -12.2+0.7 -12.8 | -2.0-10°

2.4 -0.85 -12.0+0.7 -126 | -2.010°

3.0 078 -11.0+0.3 -11.6 | -1.8:10

Based on the measured values of electrophoretic mobility and ¢ - potentials of MLV and LUVcpa, we

calculated the surface potential and surface charge density of liposomes assuming that the plane of shear lies at the
distance 0.2 nm from the vesicle surface. The distance dependence of electrostatic potential is given by [28]:
w(x) = 2k,T In 1+ Bexp(—xx) |, _ exp(ey (0)/2k,T) -1 (8)
1— fexp(—xx) exp(ew(0)/2k,T)+1

here y(0) =y, . It appeared that y/ values determined from the experimental data for both uni- and multilamellar

liposomes are much less than the theoretical /| value predicted by the Gouy-Chapman theory (-153 mV). This may be

explained by the aforementioned effects of relaxation and retardation which reduce the rate of electromigration along
with other phenomena specific for soft particles like lipid vesicles [41], and render the classical double layer theory not
strictly applicable for the examined systems.

CONCLUSIONS
o The effect of the native or fibrillar lysozyme and serum albumin on the electrokinetic properties of negatively
charged uni- and multilamellar liposomes from the zwitterionic lipid phosphatidylcholine and anionic lipid
cardiolipin has been studied using the microelectrophoresis technique. In terms of the double layer theory the
parameters, such as the { - potential, the surface electrostatic potential and surface charge density of the lipid

vesicles have been determined upon varying the lipid-to-protein molar ratio.

e The nonmonotonous dependence of the electrokinetic parameters on the protein concentration and reversal of
the liposome charge observed for the multilamellar lipid vesicles have been interpreted as a manifestation of
multilayer protein adsorption on the liposomal surface.

e The predominant tendency in the electrokinetic behavior of unilamellar liposomes lies in the gradual decrease
of the ¢ - potential with increasing the protein concentration, suggesting the existence of a single layer of the

adsorbed protein.
e The revealed differences in the effect of the native and fibrillar protein forms on the charge of liposomal
membranes point to the distinct lipid-associating abilities of the monomeric and aggregated proteins.
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It is shown that for the system of Bose particles it can be obtained the chain of equations for the quasiaverages of the products of
field operators, being similar to the Bogolyubov-Born-Green-Kirkwood-Yvon chain in the theory of classical gases. For the case
when it is sufficient to confine ourselves to taking account of the quasiaverages of only one field operator and the products of two
field operators, the closed system of dynamic equations for Bose-Einstein condensate at zero temperature is obtained which accounts
for the one-particle condensate and pair correlations. A spatially homogeneous state in the absence of the external field is considered
and the spectrum of small oscillations of the condensate in this case with account of pair correlations is explored. It is shown that the
spectrum of collective excitations has two branches: the sound wave branch and the branch with an energy gap at zero momentum.
The first of the branches approaches the Bogolyubov spectrum at low momenta, and the second branch — at large momenta. It is
discussed the possibility of existence of the quasiparticle excitations with an energy gap in the superfluid helium in connection with
the experiment on the absorption of microwave radiation.

KEY WORDS: Bose-Einstein condensate, anomalous and normal averages, pair correlations, sound branch of elementary
excitations, elementary excitations with energy gap

JAHAMIKA BO3E-EMHINITEMHIBCbKOI'O KOHJIEHCATY
3 YPAXYBAHHSAM ITAPHUX KOPEJIALITIA
I0.M. HO.]IyeKTOBI’Z, AM. Apcnananien2
' Hayionansnuii naykosuti yenmp “Xapriscokuii (izuxo-mexuivnuii incmumym”
61108, syn. Akademiuna, 1, Xapxie, Yrpaina
Xapriscokuii nayionansuuii ynisepcumem iv. B.H. Kapaszina

nn. Ceoboou, 4, m. Xapxis, 61022, Yxpaina
Ioka3zano, 10 B cHCTeMi 003e-4aCTHHOK ISl KBa3icepeAHiX BiJ JOOYTKIB MOJBOBUX ONEPATOPIB MOXKe OyTH OTPUMAHO JAHIIOKOK
PiBHSHB, aHAJOTIYHUH JaHIIOKKY boromobosa-bopHa-I"pina-KipkByna-IBona B Teopii kiracuyHux rasis. s BumaaKy, KOJu JOCUTh
OOMEKUTHCS ypaxyBaHHAM TITBKM KBa3iCepenHiX BiJ OJHOTO IOJBOBOTO Omeparopa i MOOYTKiB ABOX OIEpaTOpiB, OTPHMAHO
3aMKHYTY CHCTEMY [MHaMiYHHX PIiBHSHb I 0603e-eHHINTEHHIBCHKOrO KOHIEHCATy NpPH HyJbOBIMl TeMmIiepaTypi, ska BpaxoBye
OJTHOUaCTHHKOBHUII KOHAEHCAT 1 mapHi Kopewswii. PO3ristHyTo IpocTOpoBO-0JHOPIAHUHN CTaH MpH BiJCYTHOCTI 30BHINIHBOTO MO i
JOCIIDKEHUI CHEKTP MaJHMX KOJHMBaHb KOHAEHCATy B I[bOMY BHIIAIKY NpH ypaxyBaHHI MapHUX kopeisniii. [TokasaHo, mo crexTp
KOJICKTUBHUX 30y/KEHb Ma€ IBi T'iJIKH, 3BYKOBY i TiJIKYy 3 €HEpPreTMYHOI LIUTMHOI0 NMpPH HyIbOBOMY immyibci. [lepma 3 rimox
HaOIMKAaeTbCad 10 OOroIr000BCHKOTO CHEKTPY NMPH MaluX IMITyJbcax, a JApyra - npu BeJMKuX. OOroBOPIOETHCS MOMIIMBICTH
ICHYBaHHs KBa3i4aCTMHKOBHX 30Yy/K€Hb 3 €HEPreTUYHOi IIUIMHOI0 Yy HAAIUNIMHHOMY Treqii y 3B'3Ky 3 eKCIHEpUMEHTOM IO
nornmuHaaHI0 HBY BUnpoMiHIOBaHHS.
KJIFOYOBI CJIOBA: 603e-eHHINTEHHIBCHKHI KOHICHCAT, aHOMaJlbHI i HOpPMaNbHI CepelHi, MapHi KOpeislii, 3ByKOBa Tilka
eJIeMEHTapHUX 30Y/UKeHb, eJIeMEHTapHi 30y/HKEHHS 3 CHEPreTHYHOIO IIITHHOO

JTAHAMMKA BO3E-3MHIITEMHOBCKOI'O KOHJAEHCATA
C YYETOM HAPHBIX KOPPEJIALIUIA
FO.M. ITomyskToB™? , A.M. Apcrananmes’
! Hayuonanvmuiii nayunsiii yenmp “Xaporoeckuil usuko-mexuuseckuii uncmumym”’
61108, Axademuueckas, 1, Xapvros, Yxpauna
2Xapbkogc;cml HayuoHanvuulll yHusepcumem um. B.H. Kapaszuna

nn. Ce0600v1, 4, 2. Xapvkos, 61022, Vkpauna
INoka3zano, 4To B cucteMe 003e-4acTHI[ A KBA3UCPETHUX OT MPOU3BEICHUI MOJIEBBIX ONIEPAaTOPOB MOXKET OBITH MOJIydeHa LEIouKa
ypaBHEHUH, aHanoruyHas nernouke boromro6oBa-bopua-I'puna-Kupksyna-lIBoHa B Teopun KiIacCHYecKHX ra3oB. /s ciaydas, korma
JIOCTATOYHO OrPAaHMYMUTHCS YYETOM TOJBKO KBa3UCPEAHUX OT OJHOIO IOJEBOrO OIeparopa M NPOU3BEAEHUH JBYX OIEpaToOpOB,
MOoJy4eHa 3aMKHYyTas CHCTEMa JUHAMHYCCKHX YPaBHCHHH ISl 003e-3MHIITCHHOBCKOrO KOHJICHCATa MPH HYJIEBOW TeMIIEpaType,
YUUTBHIBAIOLIAsT OJHOYACTUYHBIM KOHIEHCAT W IapHblEe KOppesuuu. PaccMOTpeHO HpOCTpaHCTBEHHO-OAHOPOIHOE COCTOSHHE B
OTCYTCTBHE BHELIHETO IOJISI U MCCIICAOBAH CIIEKTP MaJbIX KoJeOaHU KOHIEHCaTa B 3TOM CIydae MPH y4eTe MapHBIX KOPPEIALHUiA.
[TokazaHo, 94TO CHEKTP KOJUIEKTUBHBIX BO30YKICHUH MMEET JBE BETBU, 3BYKOBYIO U BETBb C SHEPIETHUYCCKON ILENBIO NP HYJICBOM
ummynbce. [lepBas U3 BeTBel mpuOIIMKaeTcss K OOroar000BCKOMY CIIEKTPY TPH MANbIX HMITyJIbCcaX, & BTOpas — MPH OOJBIINX.
OOcysxmaeTcsi BO3MOXKHOCTh CYIIECTBOBAHUS KBA3WYACTHUUHBIX BO30YXKACHHI C SHEPreTHYECKOH INENbI0 B CBEPXTEKydYEeM TeJIUH B
CBS3U C OKCIEpUMEHTOM 110 nornomeHuo CBY uznyuenus.
KJIFOYEBBIE CJIOBA: 603¢-3iHINTEHHOBCKUI KOHICHCAT, aHOMAIIbHBIC U HOPMAJIbHBIC CPEITHIE, TAPHBIC KOPPEISIIUH, 3ByKOBas
BETBb JIEMEHTAPHBIX BO30Y K/ICHHUI1, 2JIeMEHTapHbIE BO30YXKICHUS C SHEPreTHYESCKOMN LIETIbI0
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bo3e-3iHIITeHHOBCKUIT KOHJIEHCAT CHCTEMbl MaJllON IIOTHOCTH ClIa00B3aMMOJCHCTBYIOIIUX 003e-4acTul] Mpu
HYJIEBOW TemIlepaType oObIUHO omuchiBaeTcst ypaBHeHueM [ pocca-IluraeBckoro [1,2], KOTOpOE MIMPOKO MCHONIB3YETCS
JUTsl MCCIIEZIOBaHUs KOHJIEHCATOB, CO37aBaeéMbIX B MAarHUTHBIX M Jla3epHBIX JIOBymikax [3,4]. YpaBHenue ['pocca-
[TutaeBcKoro moyydyeHo B MPUONMIKEHHH CaMOCOTIIACOBAHHOTO II0JISl, KOTOPOE HE YYUTHIBAET KOPOTKOAEHCTBYIOIINE
KOppEeJALUH YacTUIl. B 3TOM MpuOIMKeHNN CHCTEMa OINMCHIBAETCS KOT€PEHTHBIM BEKTOPOM cOCTOsIHUS [5]. Mexay
T€M, Y4eT MapHbIX KOppeNaLuil, CyIeCTBEHHbIX Ha MalbIX PAacCTOSHUAX, OKA3bIBACTCS BAXKHBIM Jak€ B CHCTEMax C
MaJIOW TUIOTHOCTBIO, ITOCKOJIBKY TPHBOJUT K KAueCTBEHHO HOBBIM pe3yJibTaTaM. Tak B pPa3peKCHHOM Tase
KJIACCHYECKUX YaCTHI[ YYeT IApHBIX KOPPENSALMH IO3BOJISIET MOIYYUTh HHTETPAI CTOJIKHOBEHHWI B KHHETHYECKOM
YpaBHEHHH H, CIE0BATEIbHO, Bce 3 (eKThl, omrchBaeMbIe ypaBHeHHeM bonpnMana [6]. Ponp mapHBIX Koppersmuii B
paBHOBeCHOI 003¢e - crcTeMe ¢ KOHICHCaTOM HCCIefoBaiach B pabdore [7].

Ienpto maHHON pabOTHl OBUIO IOJTYYEHHE CHCTEMbl AMHAMHYCCKHUX YpPaBHEHHH IS 003e-3HHIITEHHOBCKOTO
KOHJIEHCaTa, C y4eTOM, KaK OJHOYACTHYHBIX aHOMAIBHBIX CPEIHMX, TaK M HapHBIX Koppemsauui. IlokazaHo, 4To B
cucrteMe 003e-4acTHI[ JUIS KBa3UCPEIHHUX OT IMPOM3BEICHUI IMOJIEBBIX ONEPaTOPOB MOXKET OBITH MOJyYeHa IErnouka
ypaBHEHMI, aHajornyHas 1enoyke boromo6oBa-bopHa-I'puna-KupkByna-lIBoHa B Teopu# KilacCHYecKuX rasoB. B
cllydae, KOrja JOCTaTOYHO OrPAaHMUYUTBCS Y4YETOM TONBKO KBa3UCPEJHMX OT OJHOTO IOJIEBOTO oOIeparopa U
MPOM3BEJCHUI JIByX OIEpPaTopoB, IIOJydeHa 3aMKHYyTash CHCTeMa JWHAMHYECKMX YpaBHEHHH Juisi  0o3e-
SHHINTEITHOBCKOTO KOHJEHCAaTa IIPU HYJIEBOH TeMIeparype, YUYWTHIBAaromlas OJHOYACTHYHBIN KOHIEHCAT W IapHBIE
Koppemsuu. B pabore mccienoBaHsl Majble BO3MYIIEHHs Ha ()OHE NMPOCTPAHCTBEHHO-OJHOPOIHOTO PaBHOBECHOTO
cocrosHUs. Iloka3aHO, YTO TIPH ydYeTe MApHBIX KOPPEIsuii B 003e-3WHINTEHHOBCKOM KOHJCHCATE BO3HHUKAIOT IBE
BETBH JJIEMEHTApPHBIX BO30YykneHui. OnHa M3 HUX HMMEEeT 3BYKOBOW 3aKOH AWCIEPCHUH, a Yy APYrod BETBH B
JUIMHHOBOJIHOBOM ~IIPEZENE€ HUMEETCd JSHEpPreTHdecKyro mienb. [lepBas u3 BeTBell CTAaHOBUTCS ONM3KOH K
00roIf000BCKOMY CIICKTPY MPH MajbIX HMITYJbcax, a BTopas — mnpu Oombmmx. OOCYkAaeTcs BO3MOXKHOCTh
CYIIECTBOBAHUS KBa3HMYaCTHYHBIX BO30YXKICHUI C DHEPreTHUECKOH MIETIbI0 B CBEPXTEKY4YeM TelIM, B CBS3H C
SKCIEPUMEHTOM 110 nornomenuto CBY uzmydenus.

YPABHEHUA JJIA CPEJHUX OT IMOJIEBBIX OITIEPATOPOB

H H
i—t —i—t
[Ipou3BonpHBI oOmeparop B TIel3eHOEPrOBCKOM IMPEICTABICHUN A(t) =el A(O)expe " momguuHseTCS
JTUHAMUYECKOMY YPaBHEHUIO

04
5 "], Q)

in
o
I7le B MPEICTABICHUN BTOPUYHOTO KBAaHTOBAHUS TaMHUIBTOHHAH MOXET OBITh 3alMCaH B BUAE CYMMbI OINEpPAaTOPOB

KMHETHYECKON SHEPTUM U SHEPTUM NapHOro B3auMoneicreua H = H, + H, , mpudem

H, = JdrldrzH(rl,rz V¥ (r,0) ¥ (1),
1 . N (2
H, :EJ.alrldrzUﬂrl —0,|) ¥ (5. 0) W (ry.0) W (1, 0) W (r,,0).
31ech
hZ

H(r,r,) = —EAlﬁ(rl —1,)+[U,(r) - u]S(r,—r,), 3)

a m - macca 6o3e-uactuuel, U, (r) - SHeprust Bo BHemHeM mone, U (|rl -, |) - IIOTCHIINA B3aNMO/ICHCTBUS YaCTHII, L

- XMMHYECKHH TOTEeHIHaN. [lojeBsle omepaTopbl MOAYMHSIOTCS CTaHIAPTHBIM KOMMYTALIOHHBIM COOTHOIICHHSAM JUIS
603e-gactuu. [lycts <‘P> - 3TO CpeHee 3HaueHHEe IOJIEBOTOo oreparopa. Toraa mojeBol omepaTrop MOXKEM 3aIucarh,
BBIJICIIUB B HEM C - YUCJIOBYIO U OIIEPATOPHYIO YaCTHU:

Y=(P)+E P =(F) +&. 4)
dopmyna (4) sBrseTcs onpeaenenreM oneparopos &, &', KoTophie OyIeM Ha3bIBaTh HaAKOHAEHCATHBIMU. OnepaTopHas
YacTh ONpe/elieHa TakK, YTO JUIsl Hee BHINOJHEHBI OYEBUHBIC YCIIOBHS:

(6)=(¢")=0. 5)
3n1ech ycpeqHEeHHE MMOHUMAeTCs B CMbICIe KBasucpeaHux [8,9] mis cucreMm ¢ HapylieHHOH (a3oBoii cumMmeTrpuei.
Bynem mnpennonarath OTIMYHBIMH OT HYJSl KaK HOPMalbHBIC CpPEJHUE, WHBAapHAHTHBIE OTHOCHUTEIBHO (Hha30BOIO
npeoOpa3zoBanus TONEBBIX omepatopos ¥ — W' =¢“W, Tak W aHOMalbHBIE CPEIHME, TJE JTa MHBAPMAHTHOCTDH

HapynicHa. OTMGTI/IM, YTO MMCHHO C CYHICCTBOBAHHWEM aHOMAJIbHBIX CPCIHHX M CBA3aHO CBOICTBO CBCPXTCKYYCCTHU.
BBCHGM CJIeayromee 0003HaUYCHHE U1 aHOMAJIBHOTO CPEAHETO OT IMOJICBOI'O OIeparopa:

n(r,t)z<‘1’(r,t)>, 77"(r,t)z<‘1’+ (r,t)>. (6)
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Cpennue OT TPOM3BEACHUM HECKOJIBKUX IIOJIEBBIX OIEPATOPOB MOTYT OBITH BBIPAKEHBI Yepe3 CpPEIHUE OT
npousseaeHuii onepatopos &£, £ . Hanpumep, NpousBeaeHus ABYX MOJIEBBIX OMEPATOPOB, C yUETOM (5), HMEIOT BUJL

(¥ () ¥ ()= (1) () +(&" (1) £(x")).
(¥ (r)¥ () =n(r)n(r)+(£(r)¢(r)), (7)
(¥ () () =" (0 () +{&" ()& ().

AHaJOrM4YHO MOTYT OBITH 3aIMCaHbl U CPEJHUE OT MPOU3BEICHUs OOJIBLICrO YKCIa MOJIEBbIX oneparopoB. OHK OyayT
collepkaTh TaKKe CPEJHHE OT OOJNBIIEr0 4YKMCIa HaJKOHIEHCATHBIX OIEPaTOPOB BHJA <§* (r)é(r,)é(r, )>,
< £ (r)E (1) E(r, )> , < E(n)E(r)é(n)E(r, )> u 1.71. IToynaras nocieI0BaTebHO B reli3eH6eproBCKOM ypaBHEHHH
(1) omeparop A4 pasupim ¥, V'V, ¥, PY'W", - u npoBoAs YCpEAHEHHE, MOJIYYUM CBI3AHHYHO OECKOHEYHYIO
LenouKy ypasHeHui amsi cpennx (W), <‘}’*‘}’>, (vY), <‘}’*‘P*>... . Tak ypaBHeHHE Ui CPEJHEro OT IOJIEBOro
onepatopa (6) uMeeT BUJ
50n(r) 677

JH r,r")n (" )dr" + IU(|r - r"|)<‘P* (r")¥(r")¥ (r)>dr" . (8)
a ypaBHEHHUs [I1 HOPMAJIBHEIX H aHOMAJIBHBIX TIAPHBIX KOPPENISIMIA 3aMUCHIBAIOTCS B BHJIE

a(qﬁ (r)w(r')>

in = = [LH () (2 (1) (")) = H” (r,07) (27 (x) W (1)) ] dr" - o
—j[ |r r”| |r -1’ )]<‘I’+ (r)w” (r")\l’(r”)‘}’(r’»dr",
ih%zﬂH(r,r"X‘P(r’)‘l’( )>+H(r r )< (r)¥(r ")>:|dr”+ (10

+U(r,r’)<‘I’(r)‘I’(r’)>—j[U(|r—r"|)+U(|r'—r” )]< (MY ()Y (r)Y (r’)>dr".
TTo00HbIE ypPaBHEHHS MOTYT OBITh MOJMYHY€EHbI U JUIS KBA3HCPETHIX <‘}’ (r)¥(r")¥(r" )> , <‘{’* (r)e” (r’)‘l’(r")‘l’(r"’» ,
<‘P+ (r)‘I’(r')‘I’(r")‘P(r”’)> , a TaKke KBa3sUCPEJHUX OT IIPOM3BEJEHHA OOJBIIEro YMclIa OIepaTopoB. TakuM

00pa3oM, MOJYYMM I[ENOYKy YpaBHEHWH, aHAIOTHYHYIO M3BECTHOW menouke boromoboBa — bopua — I['puna —
KupkByna — lIBoHa B KHHETHUECKOM TEOPUH KIACCHYECKUX ra3oB [6].

B nanpHeliemM koHjeHcar OyJeM ONMCBHIBATH C TIOMOIIBIO OJTHOYACTUYHBIX CPelHUX (6) M OrpaHUYMMCS yYETOM
TOJIBKO TTIAPHBIX KOPPEJSIIUiT HAaJIKOHCHCATHBIX ONEPaTOPOB, BBEACHHBIX COOTHOIICHUSMH (4), OTIPEAEINB ClIeTyIoNIHe

KOppeIsIUOHHbIC QYHKIHH:
g(rr)=(& (r) (),

r(r,r't)= <§ (r,t)g(r’,t», o' (r,r't)= <§* (r,1)&* (r',t)>.

CpeanuMu OT TIPOM3BEACHUN OONBINEro KOJIMYECTBA HAIKOHACHCATHBIX ONEpPaTopoB OyaeM mpeHedperarb, 4To, IMO-
BUJIMMOMY, JIOITyCTHMO B JIOCTaTOYHO paspekeHHoi cucrteme. @ynkumu (11) o0OnamaioT O4eBUAHBIMH CBOWCTBaMHU
CUMMETPUU:

an

g(rrt)=g (r',r,r), z(ryx,t)=7(r'r,e), " (r,x,t)=7"(r'rz). (12)
[Tpn yuere Tonpko mapHbIX Koppemsuuii n3 (8) - (10) ciemyer 3aMKHyTasi cucreMa ypaBHEHHMH JUIS (YHKIHNA
n(r,t), g(r.x',t) u(r,x'e):
2
AUl Sy S

r)—u]n(r)+

6t2 2m (13)
+jdr”U(|r - r”|)[|77(r")| n(r)+n (r)c(rx")+n(r")g" (r,x")+n(r)g (r",r")},
) (e () 0 () ()
_%(A+A [U —2y}r(r,r’)+ (14

+ar'v (jr-r” [ln(r")zdr,r')m(r)n*( e)e(r) £ () (F) g (7.6) ]+
et (=) (e (e ) () () (e en(e)n () g ()|
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_og(rr') w? , ,
ih———==-—(A-4)) )=[U, (1)U, (') Jg (r.r') -
Jar v (e )n (e g () e () e () s (1) ()2 () (15)

2
U (v =r) () g (rr)+n(e)n () g (e ) 0 () ()7 (1°r) |
OTMCTI/IM, yTO AJId ,I[aHHOﬁ CUCTEMBbI ypaBHeHI/Iﬁ BBITNIOJIHACTCS YCJIOBUC MHBAPHUAHTHOCTU OTHOCUTCIIBHO OIICpallun
00palleHHs BPEMEHH, TIOCKOIbKY Hapsay ¢ pewenusmu 77(r,t), 7(r,r',t), g(r,r',t) oHa Taxke MMeeT pelICHHs

n (r,—t), 7" (r,x',—t), g" (r,r',—t) . B npene6pexennn napusivu koppemsitmsmu 7 (r,r") u g(r,r") ypasuenne (13)

npuHUMaeT BUA ypaBHeHUs ['pocca-Ilutaesckoro [1,2]. B nampHeiimem, riae 3To He BRI30BET HEJOPa3yMEHHs, Kak U B
ypaBaenusx (13) — (15), st kpaTkocTH He OyAeM SIBHO yKa3bIBaTh 3aBUCHMOCTh CPEJJHUX OT BPEMEHH.
Cpennee ornieparopa MOJHOTO Yucia yacTull, N aaercs GopMyioi

(N)=I[n*(r,t)n(r,t)+g(r,r,t)}dr, (16)

a IUIOTHOCTB YHCIIA YACTHUIL eCThb, ouemaHo n(r,t)=n"(r,t)n(r,t)+g(r,r,t).

JOKAJBHAS ®OPMA YPABHEHMI
VYpaBuenust (13) — (15) sBisitoTcs uHTErpo-audepeHaIbHbIMU. [Ipy HM3yYeHHU COCTOSIHUM, MEIJICHHO
U3MEHSIOIMXCS Ha MaciuTadax, CPaBHUMBIX C XapaKTepHbIM pPaJMycoM JEWUCTBUS IIOTEHIMANA MEKYaCTHYHOTO

B3aumogeicreus U (|r—r’|), MOXeM TmepeiiTh kK anddepeHIUaIbHbBIM ypaBHEHUSIM. [lapHble KOppeNsIHOHHbIC

yHkumn (11) 3aBHCAT OT ABYX KOOPAMHAT T, ' . Y100HO IEpeHTH K HOBBIM KoopauHataM p=r—r' u R=(r+ r’) / 2,

TOorJaa
r(r,r') = (R+§R g) (R,ﬁ)ng(r,r’)zg[R+§R gj g(R,5). (17)

OT KOOpIMHATHI [IEHTpPa Macc mapbl R 3TH QyHKIWU U3MEHSIOTCS C1a00 Ha PACCTOSHUM NEHCTBHUS MEKYACTUIHOTO
noreHunuana #, . Koppensauuonusle GyHKINU MOKHO IIPEACTaBUTh B BUJIE

_ ikp -\ ikp
p)—ZTk(R)e p’ g(R,p)—ng(R)e . (18)
k k
B nanbHeiilieM B 5THX CyMMax OyIeM y4HTBIBATh TOJbKO craraeMoe ¢ k =0. DTo 03HAYaer, YTo BMECTO TOUHBIX
dynkumii 7(R,p), g(R,p) Oyaem nonb30BaThesi (YHKIMSIMH, YCPSIHCHHBIMH 10 MAKPOCKOIHYECKOMY O0OBeMy

3 .
Vo~L ,tne L>>7:

=V, [t(R,p)dp, g (R)~V,'[g(R,p)dp. (19)
Takoe mnpuOMKEHHWE JOMYCTUMO, €CIIM pPacCMaTpPHBAIOTCS BO3MYILEHHMsS Ha MPOCTPAHCTBEHHBIX MaciiTabax,
CYIIECTBEHHO MPEBOCXOAALINX PAJNYC ASHCTBUS MEKYaCTHYHOTO MOTEHIUANIA.

Crnenyer OTMETHTH, YTO B IOJNYYEHHBIX YpPaBHEHHUSX CYHIECTBEHHYIO pOJIb HMIPAcT IOBEJCHHE IOTEHIMAaNa
MEXYaCTHYHOTO B3aWMOIEHCTBUS Ha MaJbIX PAacCTOSHUSIX. BUI moTeHIMana 3/1ech M3BECTEH ILIoXo. boiee Toro, Bo
MHOTHX MOJICNIBHBIX TOTEHLMAJIaX TakuX Kak, Hanmpumep, noreHuuan JlenHapn-/[koHca, mpearnonaraercsi, 4ro Ha
MaJlbIX PAacCTOSHHUAX OH CTPEeMHUTCS K OeCKOHEYHOCTH. OTMETHM, YTO HCIIOJb30BaHHE MOJENBHBIX NOTECHIMAJIOB,
KOTOpBIE CTPEMSTCS K OECKOHEYHOCTH Ha MaJIbIX PACCTOSHUSX, IPUBOAUT K 3HAYUTEIBEHBIM TPYJHOCTSIM, TIOCKOJBKY Y
TaKUX MOTEHIUAJIOB OTCYTCTBYeT uX Pypbe-o0pa3. Mexay Tem, TpeOOBaHHE «HEMPOHHIIAEMOCTH» aTOMOB MPHU Kak
YTOJJHO BBICOKUX JIABJICHHSIX, KOTOPOE BBINOJHIETCS B 3TOM CIIydae, SBJSIETCS M3JIUIIHE KECTKUM, ITOCKOJIBKY JIOJDKHO
CYILIECTBOBAaTh JaBJICHWE, NPU KOTOPOM aroM OyJeT «pa3JaBlieH» W IepecTaHeT CyNIeCTBOBATh KaK OTJeNbHas
CTpYKTypHasi enuHMna. [losToMy, Ha Ham B3MIAA, (GU3MYECKH OOOCHOBAaHHBIM M ECTECTBEHHBIM SIBIISICTCS
UCIIOJIb30BaHKE MOTEHINAJIOB, IPUHUMAIOIINX KOHEYHOEC 3HAYCHHE Ha MAJIBIX PACCTOSHHAK. 3aMETHM TaKkKe, 4To H
KBaHTOBO-XMMHYECKUE PACUEThI JAFOT MOTSHIMANIBI ¢ KOHEYHBIM, XOTS U OOJIBIINM, 3HaueHHeM B Hyue [10,11].

B sTOM nmoxansHOM TipuOIIKEHNH cucTeMa ypasaeHuit (13) - (15) nmpuanmaet Bug

on(r) _ #
h%—t——ﬂAU(r)+[U0(r)_'u}’7(r)+ (20)

+Uy | () n(r)+ " (e)7(x)+ 2n(r) g (r) .

o = Ar () +U(0)r (r)+[U(0)+2U, (r)-2u]e (r)- @1

U4 £(r) 27 (1 ()]
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og(r . .
ih ga(t ) [ (1) () (1) ()], (22)

3xeck MBI BOCIONB30BamMCh obosHauenmsmu: 7, (R)—>7(r), g,(R)—>g(r), U,= IU (r)dr. Tlockomsky

MOTCHIMAJIIbHAsA SHEPIrusd B3aUMOJECHCTBUS aTOMOB Ha MaJbIX PacCTOAHUAX U(O) HU3BCCTHA IIJIOXO, TO OHa 6y;[eT

paccmarpuBaThcsl Kak (DCHOMEHOJOTWYECKMH IOJArOHOYHBIM mapamerp. Jl1s KOHKpPETHBIX pacyeToB Oyaem
WCIIOJIB30BATh ITPOCTON MOJEIBHBIH MOTEHIIHAT «IIOJTYTIPO3pauHoi cepbi»:

U(r)z{

ITapameTp u mpenmosaraercs MOJOXKUTEIbHBIM. B aTom ciywae U (O)=u, U, =uv, tne v=4zxr, /3 - «o0BemM

u, r<r,, 23)

0, r>.

atromay. [lorenuman (23) ucronb3oBaJICsS M paHee Npu aHanuze 0o3e-cucteM (cM., Hampumep, [12]). B nanpHeiiem
Oynem aHanM3upoBaTh cucTeMy ypaBHeHHH (20) - (22) u 715t OLIEHOK 110JIb30BaThCs OTEHIHANoM (23).

PABHOBECHOE ITPOCTPAHCTBEHHO-OJHOPOAHOE COCTOSHUE
PaccMOTprM paBHOBECHOE COCTOSHHE MPOCTPAHCTBEHHO-OAHOPOJHOM CHCTEMBI B OTCYTCTBHE BHEIIHEro mond. B

stoM ciiydae Bemmannbl 77(r)=7, 7(r)=7, g(r)=g He 3aBHCAT OT KOOPAMHAT M BpeMeHH. IIpu JIOCTATOUHO CraboM

B3aMMOJICHCTBHH TIPH HYJIEBOI TeMIiepaTrype OONBIIMHCTBO YaCTHIl HAXOAUTCS B OJHOYACTHIHOM KoHAeHcate [13,14],
nosToMy OyaeM moJylaraTh PaBHOBECHYIO HOPMAJbHYIO KOPPEIALMOHHYIO (yHKIMIO g =0, Tak 4TO paBHOBECHAS

2
IUIOTHOCTh YHCJAa YacTHI] 7 :|77| . Torma, B orcyrctBue BHemHero mois, u3 (20) - (22) cmenyrooT ypaBHEHHS,

OINPECACIIAIOIINE PABHOBECHOC COCTOAHUE!

—un+U, [|77|277+77*z'}=0. (24)
U(0)7” +| U (0)-2u+4U, [ |z =0 25)
nPt-n’t" =0 (26)

3anuuieM KOMILIEKCHbIC BETMYMHBI, BBLICTMB B HUX MOmyib u dasy: n=n,", r=r,e”. U3 (26) crenyer, uro
sin(2a - ,6') =0 . Takum o6pazom, uMeeTcst IB€ BOBMOKHOCTH 2 — =0 win 2« — f = 7. CaenyeT BbIOpaTh BTOPYIO

BO3MOXKHOCTb, TIOCKOJIBKY TOJIBKO B 9TOM Cilyyae ypaBHeHHs (24), (25) uMeroT pU3N4ecKu KOPPEKTHBIE PEIICHHS:

Mo |:,LI—U0 (77(?_2-0):|:09 (27)
U (0)7; ~[U(0)+4U5; ~2u]7, =0. (28)

[pu TakoMm BEIGOpE (pasbl 7 =—7,e” . UCKIIOUNB U3 3TUX yPABHEHUH XMMUYECKHH TOTEHIMALL, TIOTyYaeM
[U(0)-2U,z, |7, —-[U(0)+2U,z, |z, =0. 29)

3amMeTM, YTO HE CYIIECTBYET peIIeHHs CHUCTeMBl ypaBHeHuil (27), (28), korma cymecTBoBad OBl TOJNBKO
OIHOYACTHYHBIH KOHjeHcaT 7, # 0, a MapHbIi KoHAeHcaT oTcyTcTBoBal 7, =0 . Ha 5Ty ocoGeHHOCTh 603e-crcTeM
paHee yxe oOpamaiock BHuManue [15]. CreayeT Takke UMETh BBHIY, YTO B CHUCTEMaX ¢ 003e-3HHINITCHHOBCKHM
KOHJICHCAaTOM 3aBHCHMOCTh MAaKPOCKOITMUYCCKUX BEIIMYHMH OT TOTCHIIMAIA B3aUMOJICHCTBUS SIBIIICTCS, BOOOIIE TOBOPS,
HEAaHAIMTUYECCKOW M NpEAENBHBIA IEpexo] IO MHOCTOSHHOW B3ammMonekcTeua U, -0 B Takux cCHCTeMax, Kak,
HaIpuMep, U B CBEPXIPOBOAHUKAX, SIBIACTCS HEKOPPEKTHBIM. Bonee neTaabHO 3TOT BOIpOC oOCyxkmaercs B paborte
oHOTO 13 aBTOpoB [16]. 13 (29) cnemyeTt cBsI3b MEXY MIOTHOCTHIO M TAPHOU KOPPEIIIHEH

»  1+2u7,
0

= T,.
1-2vr, 0 (30)

3
37eck HCIIONB30BAHO BBEAEHHOE BBIIE JUIs TMoTeHnumana (23) cootHomenue U, =uv, rae v =4xr, /3 - «o0BeM
aroma». OTcrofa ciegyer orpanudenye vr, <1/2 . XuMuueckuil noreHuuan

2
vT
0

u=4———2— (1)

1-2vz,

OKa3bIBACTCS IOJIOKUTEIbHBIM. 3aBUCHMOCTH BCIIMYHMHBI napHoﬁ KOppeisiou  OT TIIJIOTHOCTH  ONPEACIIACTCA
COOTHOIICHUEM

2
ru—l nu+l +2no0 — nu+l 32
=7 > ik (32)
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3peck nv =v/Q, rae Q - 00beM, NPUXOSIIMIACA Ha OHY YacTully. B paspexenHol cucteme Q>>v u nv<<1.B

9TOM ClIydae n =7, .

CIIEKTP DJIEMEHTAPHBIX BO3BYXJIEHUI
PaccmoTpuM pacnpocTpaHeHre MaslbIX BO3MYILEHUM B IPOCTPaHCTBEHHO-OAHOPOAHOM cucteMe. [lomaras

n(r,t)=n,+6n(r,t), v(r,0)=7,+5r(r,1), g(r,t)=5g(r.1), (33)
morygaeM u3 (20) — (22) cucreMy THHEapU30BAaHHBIX YPaBHEHUI
., 00 " .
i 6_:7 = —2—A577 +U, [(773 + r0)§77 + (775 —70)577 +770§r+27705gJ , (34)
00t n
hW:—EAé'T+[U(O)+2UO(n§ +7,)|or+ -
+2[U(0)-2U,z, |n,6n—4U,m,7,6n" +2U,m1;0¢,
10 . .
8_tg:_U° [773 <5r—5r )+277010 (577—577 )] (36)
Y106HO TepelTH OT KOMILIEKCHBIX Bemmaut 677 (r,1), 57(r,t) K BEIECTBCHHBIM IEPECMEHHBIM:
Y (r,t)=6n(r,t)+6n" (r,t), OD(r —1[577 (r,t)-o6n"(r, )]
37
50(r,t)=67(r,1)+67 (r,1), SA(r —1[52' -6t (r, )] 37
B sTtnx NEPEMEHHBIX CUCTEMA JIMHEAPHU30BaHHBIX ypaBHeHI/II/I BBITJISIIUT TaK:
oY w
hWZEA&D U,[27,6®+1,6A], (38)
2
hw—q’}h—mwwo [ 27,6 + 1,00 +4n,0¢ ], (39)
ot 2m
06\ "
hF?EAa@{U(o)wUO(%+ro)](9®+ W)
+2 [U(O) _4U070]77051P + 4Uo’7§5g>
o I
h7=aA5A—[U(o)+2UO(n§+ro)]5A—2U(o)n0&D, (41)
1908 _ U (20,50 + 7, 0M] (42)

ot
[onaras, 4To 3aBUCHMMOCTb (IIYKTyallii OT KOOPJMHAT M BpPEMEHH HMEET BHI ~exp[i (kr—a)t)], U3 YCIIOBHA

paBeHCTBA HYIIO JETEpMHUHAHTA TIIONyYEeHHON OJHOPOJHOM CHCTEMbI JHHEHHBIX anreOpandeckux ypaBHEHHH,
MIPUXOJIUM K OMKBaIPaTHOMY YPaBHEHHUIO, ONPEICISIONIEMY 3aKOHBI UCIIEPCUU BO3MOKHBIX BO30Y KICHHN:

(ho)' - A(hw) +B=0. 43)
3nech
=(hao, )2 +ae, +%g,f,
o (44)
B=be, +bhe +be, +T",
HOpUYEM &, = 'k’ / 2m - sHeprus cBoOoaHON yacTuibl. Koadduinents: B (44) uMeroT BUA
a, =U(0)+4U, (n; +7,),
b =4Usn; [U(0)(3m +22,)+ 70,7, |,

by = U (0)+5U,U (0)(n2 +7, )+ Uz (672 +4n +172,m0), (43)

5 2
b, = U(0)+5U0 (75 +7,)-
Cucrema J011yCKaeT pOCTPaHCTBEHHO-OHOPOIHbIE K0OJIe0aHus € YacTOTOH @), onpezesisieMoit popMyJoii

(ha,)’ =U*(0)+ 6U,U (0) (s +7,)+8U;z, . (46)
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3aBHCHMOCTB 3TOH YaCTOTHI OT IUIOTHOCTH, OMpe/IeNIeHHAs ¢ y4eTOM cooTHomeHus (32) nokasana Ha puc. | (kpuBas 1).
bukBanparHoe ypaBHeHue (43) nMeeT Ba pelIeH s, ONpeIeISIIOINE IBE BETBH BO30YKIICHUIH:

(ho. ) =%[Ai\/A2—4B] (47)

Pemenne @ TpH ManblX BONHOBBIX UMCIAX JaeT 3BYKOBYIO BETBb @  =c'k’, THe KBAaipaT CKOPOCTH 3ByKa
onpenensercs GopMyIIoi:

203 [U(0)(3m +7,)+ U7, |
w0 (0)+6UU (0)(; +1,)+8U37; | 58

3aBHCHMOCTH CKOPOCTH 3BYKa OT IUNIOTHOCTH ITOKa3aHa Ha puc. 1 (kpuBasd 2).

2

3L -

(&)
3

b

no

Puc. 1. 3aBHCHMOCTH 4aCTOTHI OQHOPOIHBIX KoIebaHuit @, = ha, / u (xpuBas 1)
1 CKOPOCTH 3ByKa C = c/ ¢, (xkpuBasi 2) OT ILIOTHOCTH, Cp = \[UDR / m.

Pemenne @, oTBedaeT BETBH BO3OYXKICHUI C SHEPreTHUECKOH mmenbto. [Ipu Manbix k& 3aBHCHMOCTB YacTOTHI OT
BOJIHOBOTO YHCJIAa UMEET BUT

o} =} +a (K /2m), (49)
rae

o=

(U (0)+100° (0)U, (m; +7,)+4U (0)U; (875 +3n; +10m37, )+ 4oz, (7 +87,) |
U (0)+6U,U (0)(n; +7,)+8U,7; '
XoTsl, CTPOro roBopsi, pacCMaTPUBAeMbIe yPABHEHHs IPUMEHHUMBI ISl JUIMHHOBOJIHOBBIX BO30YIKICHHI, HO PELICHHS
(47) marot pazyMHBIe 3HAYCHUS U TIPH OOIBIIUX K :
ho,=¢, ho =¢g/2. (51)
OpHa U3 BETBEH B KOPOTKOBOJTHOBOM IIPEIENe EPEXOAUT B 3aKOH JUCTIEPCHH OXHON CBOOOIHON YaCTHIIBL, a APyras — B

3aKOH JIUCIIEPCHH Iaphl CBA3aHHBIX YacTHI. BeTBU sneMeHTapHBIX BO30YXIECHUH B 003e-CHCTEME C Yy4eTOM HapHbIX
KOppeNsiuiA MpeAacTaBleHbl Ha puc.2. Ha 3TOM jke pHCyHKEe TIOKa3aH OOTOMI0O00BCKHII 3aKOH IHCIIEPCHHU

hCOB =& (Sk +2MU7I) .B JJIMHHOBOJIHOBOM HIpeAcyIe 0OOror000BCKHI 3aKOH JAUCIICPCUN CTPEMUTCS K 3ByKOBOI7[ BCTBH

(50)

w_ = ck , a B IIPEACJIC KOPOTKUX BOJIH — K BCTBH @, , I/IMCIOH.ICﬁ OHEPIrCTUYCCKYIO LICIIb IPU k—0.

¥

s
o™

1 I 1
0 1 2 3 4

Puc. 2. 3akoHbI qucniepcun MajbIX KoJieOaHui 003e-3HIITEHOBCKOTO KOHACHCATa MIPH yUeTe MapHBIX KOPPEIIIHIA:
1) 3ByKoBas BeTBb @_ = ha / U ; 2) BETBb C SHEPIEeTHUYECKOH LIETIbIO 67)+ = ha)+ / U ; 3) 60roI000BCKHI 3aKOH TUCTIEPCUU

@y =hayfu, k= hk/«/ZmU(O) . Pacuer Bemonnen npu nv =0,1.
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3AK/IIOYEHHUE

B pabote nokazaHo, 4to B 603e- cucTeMe JUIs KBa3UCPETHUX OT MPOU3BEICHUH MOJIEBBIX OIIEPATOPOB MOKET OBITh
HalileHa TeTI0OYKa YpaBHEHWH, aHamornmyHas menoudke boromo6osa-bopHa-I'puna-Kupksyna-lIBora B Teopun
KJIaCCHYECKUX Ta3oB. [Ipm ydeTe TOJIBKO KBA3UCPEAHUX OT OJHOIO IIOJEBOIO OINEpaTopa M NPOU3BEICHHUH IBYX
OIIepaToOpOB, MONTyYCHA 3aMKHYTasl CHCTEMa AWHAMHUYECKHX YPaBHEHWH Uil 003€-3MHINTEHHOBCKOTO KOHJEHCATa NpPH
HyJIEBOW TeMIlepaType, yUUTHIBAIOIIas OJHOYACTUYHBIA KOHJEHCAT M MapHbele Koppeisanuu. IlomydeHHas cuctema
middepeHnraNbHEIX ypaBHeHUH (20) - (22), omUChBaeT TUHAMUKY 003e-3HHINTEHHOBCKOTO KOHIEHCaTa 1 00o0maer
ypaBHeHue ['pocca-IIuTaeBckoro ¢ yueToM KOpOTKOAEHCTBYIOUIMX MapHBIX Koppensuuil. VcciaeqoBaH COEKTp MalbIx
KosieOaHMi B IPOCTPAaHCTBEHHO-OHOPOIHON OTHOPOIHOM cucTeMe. [Ioka3aHo, 9To MMeeTcs JBE BETBH SIEMEHTapHbBIX
BO30YI)K/ICHHI: OJJHA CO 3BYKOBBIM 3aKOHOM JMCIIEPCHH B IpEJeiie JUIMHHBIX BOJIH, a BTOpasi, MIMEET B 3TOM MpeJere
SHEPreTUYECKYIO IIEIb.

Crnemyer OTMETUTh, 4YTO BOINPOC O BO3MOXKHOCTH CYyLIECTBOBaHHMSA B 003e-CHCTeMax BO30OYXKICHUH ¢
SHEPreTHYECKON MIENbI0 MMEET JABHIOI0 MCTOPUIO M 00CysKaaicss BO MHOTHX paborax (cM., Hanpumep, [17-22]). Ha
BO3MOXHOCTb CYIIECTBOBAaHHS B JOINOJHEHUE K (JOHOHHOW BETBH CIIEKTpa IPYrOH BETBH, HMEIOIIEH 3HEPreTHUECKYIO
111eJ1b, Ha KaYeCTBEHHOM YPOBHE 0OpalieHo BHUMaHue B kaure [ 14, c. 322].

B skcnepumenranbHoit pabdote [23] obHapyxeHo mnoriomenne CBY u3nydeHuss B CBEpXTeKy4deM TIelMd Ha
yactote okonmo 180 ITu. B pabGore [24] ObutO BBICKA3aHO MPEAINONIOXKEHHE, YTO ATO MOTJIOMIEHHE O00s3aHO
CYILIECTBOBAHHIO B CBEPXTEKy4YeM TelIMM BO30OYKIEHUN C 3HepreTHdeckod Imenbio. [lomyueHHBINH B maHHON paboTe
pe3ynbTar, AEMOHCTPHUPYIOIIMH CYyIIECTBOBaHHE IBYX BETBEH JJIEMEHTapHbIX BO30YXIEHHMH, OIHA U3 KOTOPBIX
3BYKOBasi, a Jpyras HMEET SHEPTeTHYECKylO0 IIeNb, MOKHO pacCMaTpuBaTh KakK IIOATBEP)KICHHE KaueCTBEHHBIX
apryMEHTOB B TOJB3Y MOJIU(HKAIMM 3HEPreTHYECKOr0 CIEKTpa B CBEPXTEKY4YeM TeJIMH, KOTOpble ObUTH
chopMyIHpoBaHkI B pabote [24].
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CLINOPTILOLITE WITH CESIUM IMMOBILIZATION TO POTASSIUM MAGNESIUM
PHOSPHATE MATRIX

S.Yu. Sayenko, V.A. Shkuropatenko, N.P. Dikiy, R.V. Tarasov, K.A. Ulybkina,
0.Y. Surkov, L.M. Litvinenko

National Science Center «Kharkov Institute of Physics and Technology»
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The possibility of potassium magnesium phosphate (PMP) matrix application for immobilization of clinoptilolite with simulator of
radioactive cesium isotopes was investigated. X-ray phase analysis of the natural clinoptilolite sample has shown that it includes two
main phases of clinoptilolite (Na,K),CaAlgSizo07,-24H,0, and mordenite (Na,Ca, K,) 4AlgSi40Og - 28H,0. In addition, impurities of
Si0,, Fe,O3 and TiO, phases are observed. To saturate clinoptilolite with cesium, 0.5 M solution of cesium chloride was used. A
chemical analysis of clinoptilolite after saturation with cesium has demonstrated that the content of cesium in clinoptilolite was about
2 wt.%. After the introduction of clinoptilolite with cesium in the PMP matrix, the obtained material was identified as potassium-
magnesium phosphate with the presence of clinoptilolite, mordenite, TiO, and unreacted MgO phases. The results of the electron
microscopy analysis have shown that cesium was dislocated between PMP matrix and clinoptilolite, incorporated into the PMP
matrix. Normalized leaching rate of cesium from PMP matrix with 25wt.% clinoptilolite was about 3.2.10* g / cm? per day after 7
days testing.

KEY WORDS: clinoptilolite, potassium magnesium phosphate matrix, cesium chloride, X-ray analysis, corrosion resistance.

IMMOBLIIBALIS KIWHONTHAJIOJITY 3 LE3IEM YV KAJIIM-MATHII ®OCOATHY MATPHIIIO
C.10. Caenko, B.A. llIxyponartenxo, M.II. Iukuii, P.B. Tapacos, K.A. Yauokina, O.€. Cypkos, JI.M. JINTBUHEHKO
Hayionanvnuii naykosuii yenmp «Xapkiecokuil Qizuxo-mexHiunuil iHCmumympy»
eyn. Akademiuna 1, Xapxis, Ykpaina, 61108

JloCIipKeHO MOJKIIMBICTh BHKOPHCTaHHS Kajiil - MmarHiid ¢ocdarnoi marpuni (KM®P) mms iMMoOimizamii KIMHONTHIIONITA, L0
MICTUTB IMITaTOp PaJioOaKTHUBHUX i30TOIIB Ie3it0. Pentrenoda3oBuii anami3 3pa3ka MPUPOJHOrO KIMHONTWIIONITA ITOKa3aB, IO B
WOro ckiaz BXOAUTh JBi ocHOBHI ¢a3u kmHonTmwiomT (Na,K)4CaAlsSizg07,-24H,0 1 mopaenit (Na,Ca, K;) 4AlgSiygOg - 28H,0, a
TaKOX CIIOCTEPIratoThest qoMitku a3z Si0,, Fe,03 1 TiO,. [y HacuueHHs KIMHONTUIIONITA 1e3ieM BHUKOpucTOBYBaiu 0,5 M po3unH
xjopuny uesiro. [IpoBemeHuit XiMiuHHMN aHami3 KIMHONTHJIONITA IICJAS HACHYCHHS II€3i€EM IOKa3aB, IO BMICT I€3il0 B
KJIMHONTWIONITI cTaHOBUTH ~ 12 Mac.%. Ilicnsa BBeneHHs kimHonTwioniTa 3 nesiem B KM® matpuifo orpuMaHuii Marepian
ineHTUdiKy€eThCs K Kamiii-mMarHieBuit gocdar 3 npucyTHicTio (a3 KIMHONTHIONITA, MopAeHiTa, TiO, i MgO, sikuii He npopearyBas.
PesynmpTaté  eNEKTPOHHO-MIKPOCKOMIYHHUX —JOCTIDKEHb TOKaszanmd, Ino nesid posmominuees Mk KM wmarpumero i
KITMHONTUIIONITOM, sIKHi iHKopriopoBanuii B KM® matpumro. HopmarizoBaHa MIBHIKICTH BHIYTOBYBaHHS Ie3iro i3 3paskie KM®
MaTpumi 3 25 Bar.% KIMHONTHIONITA CTaHOBUTH 3,210 1 / cM? 106. Ha 7-y 106y BHIPOGYBAHb.

KJIIOYOBI CJIOBA: xiIMHONTHIONIT, Kamiil - Mar"iit gochaTHa MaTpHIl, XJIOpUA Iie3il0, peHTreHoda3oBuil aHami3, Kopo3iitHa
CTIHKICTB.

AMMOBUJIN3ALUA KJIMHONTUJIOJHUTA C LE3UEM B KAJTUM-MATHUIN ®OCPATHYIO MATPHUILY
C.10. Caenko, B.A. llixyponartenxo, H.I1. luxuii, P.B. Tapacos, E.A. Yabi0kuna, A.E. Cypkos, JI.M. JIuTBuHeHKO
Hayuonanvnvrii Hayunweiii Llenmp «Xapvkogckuil pusuxo-mexHudeckuil uHCmumymy
ya. Axademuueckas 1, Xapvkos, Yxpauna, 61108
HccnenoBana BO3MOXXHOCTh HCIONB30BaHMs Kanuii- Marauii pochataoit Marpuisl (KM®) mis mMMOOHIN3aMK KIIMHONTHIONUTA,
COJIepIKAIIero MMHUTATOP PaJHOAKTHBHBIX H30TOMNOB He3us. PenTtrenoda3oBslii aHamms3 oOpasma HMPHUPOTHOTO KIMHONTHIIONHNTA
MOKa3aJl, 4TO B €ro cocrtaB BXOAWT 1Be ocHOBHble (aszer kmuHONTWIONHT (Na,K),CaAlgSizg07,24H,0 u  mMopaeHHT
(Na,Ca,K,)4AlgSi4009628H,0, a Takke Habmonarotes npumecu ¢as SiO,, Fe,0; u TiO,. J{nsa HachIneHNus KJIMHONTHIONNTA IE3UEM
ucnoias3oBanu 0,5 M pactBop xyopuaa uesus. [IpoBeieHHbIH XUMUYECKUN aHATU3 KIMHONTHIIONUTA TMOCJE HACBIIICHUS LE3UeEM
MOKa3all, 9TO COJEp)KaHUe Ie3Us B KIMHONTHIONUTE cocTaBisieT ~12 Bec.%. Ilocne BBeneHus kinHONTHIONNTA ¢ ne3ueM B KM®
MaTpHUIly TIOMyYeHHBIH MaTepuan HIACHTU(HIUPYETCS KaK Kanui-MarHueBblil ¢ocdaTr ¢ mpucyrcTBHeM (a3 KIMHONTHIONUTA,
mopaenuta, TiO, u He mpopearupoBaBmiero MgO. Pe3ynbTaThl 31E€KTPOHHO-MUKPOCKOIIMYECKUX HCCICIOBAHUN IMOKA3ajd, YTO
ue3ui pacrpenenuics mexay KM warpuneldl ¥ KIMHONTHUIIOIMTOM, KOTOpBIA uHKOpropupoBaH B KM® matpumy.
Hopmanm3oBaHHast CKOPOCTH BEIIIENaYNBaHUS 1e3us u3 00pa3noB KM® matpuist ¢ 25 Bec.% KIMHONTHIIONNTA COCTAaBISIET 3,210

r/cM*CyTKH Ha 7-ble CYTKH HCIIBITAHMIL.
KJIFOYEBBIE CJIOBA: KIMHONTWIONUT, Kaluii — MarHuil (¢ochaTHas maTpuia, XJOpUA IEe3Hsl, PEHTTCHO(A30BbI aHAIN3,
KOPPO3UOHHAsI CTOMKOCTb.

O}]HI/IM U3 OCHOBHBIX MCTOJOB H3BJICYCHUA PAJUOHYKIHMIOB U3 KUIAKUX PAAUOAKTUBHBIX OTXOJ0B, KOTOPLIC
o0Opasyrorcs B pesynbTare pabotsl ADC, sBiseTcs cCOpOIMOHHBIN MeTo]. B KauecTBe HEOPraHHMUECKUX COPOCHTOB,
Hapsay C JPYTUMH, WCIHOJB3YIOT MPHUPOJHBIC M CHHTCTUYECKHE ICOJMTHL. 1[eoNmuThI mpencTaBisOT CcoOOH
ATFOMOCHJIMKATHI, B KOTOPBIX KaxIblid aToM Si u Al OKpyXKEH YeTHIphMsS aTOMaMU KHCJIOpOJAa, o0pa3ys TeTpasiphl,

© Sayenko S.Yu., Shkuropatenko V.A., Dikiy N.P., Tarasov R.V., Ulybkina K.A., Surkov O.Y., Litvinenko L.M., 2017
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COE/IMHSIIOLIMECS JIPYT C APYTOM BEpUIMHAMHU U (GOPMUPYIOIINE YIOPSIJOYEHHYIO CTPYKTYPY € MOJOCTSMH M KaHaJIaMH.
[IpuponHble HEONUTHI 3HAYUTEIBHO JELIEBIIE, YeM CHHTETUYECKHE M 00JIaaloT TOCTaTOYHO BBHICOKOH MOHOOOMEHHOU
€MKOCTBIO M MEXaHNYECKOI MPOYHOCTHIO.

[TpupoHble LEOTUTHl IIUPOKO NPUMEHSIOTCS B aTOMHOM SHEPreTHKE B KayecTBE COPOCHTOB Ul OYMCTKU BOJ
GacceltHOB-OXJIaguTeNIe OTpaOOTAaHHOTO SAEPHOTO TOIUIMBA, AEC3aKTHBALMKM 000pPYJOBaHMS SIACPHBIX 00bekTOB. IIpn
JTUKBUAIAN TTOcTencTBIi aBapun Ha YADC MCoNb30BaIKCh TEONUTHI [1].

B macrosmee Bpems w3BecTHO Oonee 40 CTPYKTYpHBIX BHIOB TPHPONHBIX IICONHUTOB, Hamboiee
pacnpoCTpaHEHHBIMH U3 KOTOPBIX SABILSIFOTCS KJIMHONTWJIONHUT, TEHIaHIUT, MODPICHUT, MIa0a3nuT, aHAIBIUM H JIp.
KnunonTuinonuT 3aHMMaeT 0coboe MECTO CpeAn NPHPOIHBIX LEOIWTOB, OJaromaps €ro BBICOKOH pajuallMOHHON U
TEPMHYECKOH CTOHKOCTH. KIIMHONTHIIONUT SBISIETCS BBICOKOCENEKTHBHBIM COPOCHTOM I10 OTHOLICHHIO K KPYITHBIM
MOHAM, 4YTO JIeJIaeT ero MpPEeANOYTUTEIbHBIM MPU HCIOJIb30BAaHUU B KauecTBE COPOCHTA pPalMOaKTHBHBIX H30TOIOB
LIEJIOYHBIX U LIEJI0YHO3EMEIIBHBIX 3JIEMEHTOB C OOJBLIMM HOHHBIM paguycoMm [2].

HoHnooOMeHHbI# xapakTep copOIMH HaKJIaIbIBacT CBOIO CIEHU(UKY Ha CBOMCTBA Pa3IMYHBIX COPOEHTOB, B TOM
yucine u KimHontwionura. O0paTHMOCT HOHOOOMEHHOW PEakIy MPUBOJUT K CO3JIAHUIO YCIOBHH JUISi BBIMBIBAHUS
PanvOHYKIMIOB NPU XpaHEHHH OTpadboTaHHBIX copOeHToB [3]. IlosToMy M HameKHOW M3OJSAIMU OTPaOOTAHHBIX
COpOEHTOB HEOOXOANMO 00ECTICUNTh MX BKIJIIOUEHHE B MATPHYHBIH MaTepHal, 4To OyAeT TrapaHTHPOBATh JIOKATH3ALIUIO
PanuoOHYKJIHIOB B ITPOIIECCE XPAHCHNS U JATBHEHIIIETO 3aXOPOHEHHS.

B pa6ore J.M. Juoi, M.I. Ojovan, W.E. Lee [4] mpoBeneHBl HCCIEOOBAHUS BO3MOXXHOCTH HCIIOJIH30BAHUS
OOpOCWIIMKAaTHOTO CTEKJIA JUIi MMMOOWIM3aIMK KIMHONTWIONHNTA, coaepkamiero ne3nil. Co3maHne MaTpHIbl H3
OOpOCHIIMKATHOTO CTEKJa JOCTUTAIOCH CMEIIMBAHHUEM ITOPOIIKOB OOPOCHIMKATHOTO CTEKJA U LE3HUHCOEPIKAIETo
KIMHONTHJIONNTA B Pa3HbIX 00BeMHBIX oTHomeHusx oT 1:1 mo 1:10 (or 37 mo 88 Bec.%) c mocmemyromum
(dhopmoBanueM TabJIeTOK U uX crekanueM npu 750 °C, 2 yaca. Huskass CKOPOCTh BBINICIAYMBAHUS 113U COXPAHICTCS
npu 3arpyske KiIuHontwionutoM 1o 73% Bec. OmHako mpU 5TOM HEOOXOAWMO YUYUTHIBATH, YTO MPOIECC
OCTEKJIOBBIBAHUSI SIBJISIETCSI SHEPrOEMKUM M JIOPOTOCTOSIINM IIPOIECCOM NPH peain3alui B OOJbIIMX MaciiTabax.
Kpome Toro, ocrexiaoBbIBaHHME MOJPAa3yMEBAET HUCIONB30BAaHHE BBICOKMX TEMIIEPATyp, NMPH KOTOPBIX MPOUCXOAUT
JECTPYKIUSI CTPYKTYPbI KIMHONTHIIONNTA, U MOBBIIIACTCS BEPOSITHOCTH yJIETydUBaHUs 1e3us. [loaTomy, cymiecTByer
HEOOXOANMOCTD B TIOJTyYEHUH MAaTPHIL JUTT IMMOOIIIM3allui OTPaOOTaHHBIX COPOEHTOB NP HU3KHUX TEMITEpaTypax.

B Hacrosimee Bpems kanmid-marauii ¢ocdarnas xkepammuka KMgPO, 6H,O mpemioxkeHn uiss MMMOOMIH3aIMN
TBEPIBIX PATUOAKTUBHBIX OTXOIOB, KXHIKAX PATUOAKTUBHBIX OTXOAOB W muTaMoB [5-8]. Kammii-marauii docaTHyIO
KEpaMHKY, KOTOpasi UMEET KOMHATHYIO TEMIIEPaTypy CHHTE3a U BBHICOKHE KOPPO3MOHHBIC M PaAMAIlMOHHBIC CBOWCTBA,
MTO-BUIMMOMY, II€JI€CO00pa3HO NCTIONB30BATH ISl IMMOOMIIN3AINH OTpab0TaHHBIX COPOCHTOB.

Ienpto maHHOM pabOTHI SBISIIOCH HCCIACIOBAHWE BO3MOXKHOCTH HCIOJB30BAaHUS Kanuid- MarHuid (ocharHoi
MaTpHIIBI TSI IMMOOMIHN3AINH KIIMHONTHIIONNTA, COAEPIKAIero HIMUTATOP PaJHOAKTUBHBIX H30TOIOB IE3H.

MATEPHUAJIBI U METO/IbI

Jns cuntesa xanuii-maraueBoro ¢ocdara (KM®) mcnonp3oBanu CleayronMe peakTUBbL: okcun marHus MgO
(mMapka 4.), TepmooOpadorannsiii ipu Temmneparype 1300 °C B teuenne 1 vaca, suruapocdocdar kamms KH,PO,4 (Mapka
4.), muctuwuiupoBanHas Bonxa (pH = 5,5). HccnenoBanne Bo3moxkHOCTeH KM® Marpuibl Ui KOHIUIIMOHHUPOBAHUS
OTpabOTaHHBIX COPOCHTOB IPOBOMWJIM C HCIIOJNB30BaHHEM TNpHpoaHoro kiauHonTwiaonmuta (CokHMpHHUIIKOE
MectopoxaeHne). TepmooOpadorky KM® o00pasmoB OCymIECTBISUIM Ha BO3JAyXE€ B BBICOKOTEMIIEPATYPHOH
anektporieun  Nabertherm P310 (T'epmammsa). Jlins wW3Menb4eHHS MOPOIIKOB HCIIONB30BAM  IUTAHETAPHYIO
MoHoMensHHIY «Pulverisette 6» (I'epmanus). @a30BbIi cOCTaB MaTEPHAIIOB JI0 U MOCIE TEPMOOOPAOOTOK HCCIIEAOBAIN
METOJIOM PpEHTreHocTpyKTypHOoro anamusa (JJPOH - 1,5, Cu K, ¢ nukeneBeiM QuiubTpoM s ocnabnenus Kg
COCTABJISAIONICH XapaKTepUCTHIECKOro u3nyueHus ). Jias uaentudukanmu (a3 UCIoap30Bagack 0a3a TuPPaKIIHOHHBIX
maHHbIX ASTM. [lns ompeneneHuss MpPOIECCOB, NMPOXOAMBIIMX Ipu HarpeBaHnd KM@ mnoOpomKoB, MTPOBOIMIN
muddepernuanpio -trepmuueckuii ananu3 (JJTA) na Ttepmoanamusatope SDT Q600 V20.9 Build 20 (CHIA) B
nunrepBane Ttemmeparyp 20-1000 °C, ckopocts HarpeBa 10 °C/mMun. HccnenoBaHue MHKPOCTPYKTYpPbI 00pasiioB
MIPOBOAMIIA HA PAacTPOBOM (CKaHMpYIOIeM) 3i1eKTpoHHOM Mukpockone JSM-7001F (JEOL, Slnonust) ob6opynoBaHHOM
TEPMOIIOJIEBOH HJIEKTPOHHOM MYIIKOH. AHalM3 cocTaBa OOpaslOB IPOBENEH METOJOM 3HEProJUCIEPCHOHHOTO
PEHTTCHOBCKOTO MHUKpoaHanmu3a mnpu momomm aHamusatopa INCA  Penta FETx3 (Oxford Instruments,
BennkoOpuTanust). DneMEHTHBIN aHAJIN3 TBEPABIX 00Pa3LOB ONPEEISUIN ¢ ITOMOIIBIO JIa3€PHOT0 MAcC-CIIEKTPOMETpa
BEICOKOTO paspemeHust OMAJI-2 ¢ nBoitHOI (hoKycHpoBKOH. MeToIOoM aTOMHO-aOCOPOIMOHHON CHEKTPOMETPUHN
(ctrextpometp Ace 3000 pupmer Thermo Scientific) onpenemnsii KOHIEHTPAIHIO [IE3Us B BBIIIETATE.

PE3YJBbTATBHI U OBCYKAEHUE
[Mpuponuelil KMnHONTUIONUT COKUPHHUIIKOTO MECTOPOKACHHS 3aKapHaTCKOW O0NacTH C Ie3UeM HCIOIb30BAH B
KayecTBE HMHUTaTopa oOTpaboTaHHOrO copOenTa. Penrtrenodaszosenii anamus (PPA) obpasia OPUPOIHOTO
KJIMHONTHJIONNTA  IOKa3aj, 4YTO B €ro COCTaB  BXOJUT JBE OCHOBHbIE  (pa3bl  KJIMHONTHIIOIHMTA
(Na,K)4CaAlGSi3OO72'24H20 (ASTM Ne 24-0319) n MOpACHUTA (NazCa,K2)4AlgSi40096'28H20 (RRUFF R070524), a
Taoke Habmronatorest mpuMmecu ¢as Si0,, Fe,O; u TiO,. (puc. 1).
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JI71s1 HachIeHHsl KITMHONITHIIONNTA Lie3ueM ucnosb3oBaiu 0,5 M pactBop xiopuja 1e3usi. I3BecTHO, UTO CTENEHb
W3MEINbUCHHsT KIIMHONTHIIONNTA 3HAYUTENIFHO BIIMSET HA €ro COpOLMOHHBIE MPOLECCHl. YBEINYEHHE pa3Mepa rpaHyll
KIIMHONITHJIONINTA BEJNET K PE3KOMY CHIDKEHHIO COPOLMOHHBIX CBOWCTB IO OTHOIIEHHMIO K II€3MI0, HECMOTpsl Ha
BBICOKYIO CEJIEKTUBHOCTh K 11€3HI0. [103TOMYy KIIMHONTWIIONHUT NpPEeABAapUTEIbHO M3MENIbYald B CTYNKE W IPOCEHBAIN
yepe3 cuto ¢ pasmepom 100 mxwm. [lanmee, Anst OCYIIECTBIICHMS HACBIIIEHHS, W3MEIbUYEHHBIH KIMHONTHIIOINUT
CMEIIMBAJIN C BOJHBIM PAacCTBOPOM XJIOPHJA LE3US W BBIACPKUBAIH B TEUCHHE HEJENH MPU KOMHATHOM TemIiepaType.
Panee GBUTO MOKA3aHO, YTO HACHIIIEHHE TIPHPOTHOTO MEOMHTa AT '~ CS JOCTHraeT MaKCHMANbHOH BeudiHbl ipu pH
pasaoM 10 [9]. Hdns moBemmenns pH pactBopa xmopmzpa me3us o 10 moGasmsmm NaOH. Haceimenssni mesmem
KIMHONTHJIONHT TIOCIIE M3BJICUEHISI M3 pacTBopa cyummy npu temneparype 110 °C B Tedenue 24 gacoB. XUMUYIECKUN
COCTaB KJIMHONTHJIOINTA IIOCIC HACBHIMIEHHs I[IE3MEM OMNpEASNsUIA METOAOM JIa3epHOM Macc-CHEKTPOCKOIMM Ha
yctanoBke OMAJI-2. Kak BuaHO u3 Tabnuibl 1, cojepaHue 1e3usl B KIMHONTHIIONUTE cocTaBisieT ~12 Bec.% u
HaxXOAMTCSI B 00JIACTH 3HAUYEHHMH HACHIILEHMs KIMHONTUIONNTA ne3ueM 3,32 - 39,87 Bec.% [4]. [IpuBeneHHbId cocTaB
OCTaJIbHBIX KOMIIOHEHTOB CBUJETEIBCTBYIOT O TOM, YTO OHM MPHUHAAJEKAT B OCHOBHOM KIMHONTHUJIONHUTY U €ro
IpuUMecsiM, 4To monaTBepkaaeTcs aaHHeIMH PDA (puc. 2). IlpencraBneHHble pe3ynbrarhl POA KIMHONTHIONHTA C
LIe3MeM II0Ka3bIBalOT, YTO (ha30BBIA COCTaB HE M3MEHWICS, KpoMe rossieHus ¢assl xsopuna nesus (ASTM Ne 05-
0607), pacronoxxenue AU(GPAKIMOHHBIX MaKCHMYMOB KOTOPOTO HMPAaKTHYECKH COBINAAACT C peduiekcaMu OTpaskeHUH

KJIMHONITHJIOJINTA.
Tab6muma 1

XHAMHUYECKHUH COCTAaB KIMHONTHIIONNTA C IIE3UEM
CocraB Na20 MgO A1203 SIOZ K20 CaO T102 F€203 HzO CsCl

%sec. | 0,23 | 0,77 | 9,554 | 57,1 [245] 22 [ 02 | 2,1 | 100 | 15,1
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Puc. 1. POA npupogHOTro KIMHONTHIIONUTA Puc. 2. POA xmunonTHIOMHMTA ¢ CsCl

Ha puc. 3 npexncraBnensr JITA/TI" xpuBbie oOpa3sia KIMHONTWIONHTA B mHTepBane Temmeparyp 20-1000 °C.
Buagane na xpuBoit TI" mo Temneparypsr 650 °C HabmoaeTcss MOHOTOHHOE YMEHBIICHHE MacChl 00pasiia, a 3aTeM Ipu
MIOBBIIIIEHUH TEMIIEpaTyphl Macca NMpakTHYeCKH He u3MeHsercs. [lonoxeHwe sHmoTepMuueckoro muka (ot 25 10
300 °C) na xpuBo#t /ITA coorBercTBYyeT morepe Boasl. B nnTepBane remmnepatyp 300 — 1000 °C snpoTepMHUECKUX U
9K30TepMHUUECKUX MUKOB Ha KpuBoil ITA He Habmomaercs.
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Cpasnenue JITA/TT kpuBbIX KIMHONTHIONUTA C 1ie3ueM (puc. 4) u 6e3 Hero (puc. 3) mokaszaio 0ojiee MEAJICHHYIO
MOTEPI0 MacChl KIMHONTHIIONNTa 0e3 1ie3ust. OcoOeHHO 3TO KacaeTcs MHTepBaia Temieparyp 648 — 863 °C, koTopsIid

OTBCYACT TCMIICPATYPHOMY UHTECPBAJY IMOJHOT'O UCTIAPCHUA XJIOpUda HE3U (pI/IC. 5)
Bonpmas noTepd MaccChbl O6pa3Ha

0.15 120
e } KIMHONTHJIONATA C T[E3HEM B O3TOM
" 1004% - UHTEpBale TEMIEPATyp BBI3BaHa, IIO-
o104 BHIHAMOMY, BEIXOJOM €3S M3 KAHAIOB 1
|‘ N ™ HOIOCTER  CTPYKTYpHl  KIMHOIITHIIONHTA.
| e ! % Ilepen BBeAEHHWEM KIMHONTHIONUTA C

nesreM B KM® matpuily ObU10 IpOBEACHO
HU3MCIBbYCHUS B HHaHeTapHOﬁ MCJIIBHUIIC B
_— \| teuenue 4 wyacoB mpu 300 00./muH.
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Oosee 3HAYMUTENbHBIE pPA3PYLICHHS BO
Bpemsi m3MmenbueHus (puc. 6). M3BecTHO,
YTO IPOYHOCTH MOPJEHUTA MEHBIIIE [T0 CPABHEHHUIO C IIPOYHOCTHIO KIMHONTHIIONNTA.

Just monmyvenust kanuit marHuii QocdarHoit Marpunpl ¢ 25 Bec.% KIMHONTHIIOINTA, HACBIIICHHOTO IIE3HEM,
pactBop nmuruapodocdara Kaius JO0ABISUIM B NEPEMEIIAHHYI0 CMECh CYXHMX IIOPOIIKOB OKCHAAa MAarHus H
KJIMHONITHJIONNTa ¢ ne3ueM. Ha puc. 7 mpencrasieHa OJ0K - cxema JabOpaTOPHOTO TEXHOJOTHYECKOTO Ipolecca
W3rOTOBJICHHS KaJIMi MarHuii pocdaTHON MaTpHILIbl C BKIIOUCHUEM B HE€ KIIMHONTHIIONKTA C IIE3HEM.

Judpaxrorpamma obpasma KMgPO4,6H,0+ 25 Bec.% kmuuonTtmnonuta ¢ Cs mpezacraBieHa Ha puc. 8. U3
paccMOTpeHHs AUPPAKTOrPaMMBbI CIIEyeT, YTO MOTyYEHHbBIH MaTepualn HASHTHPUIPYETCs KaK KaJlui MarHui docdar
(ASTM Ne 35-0812) ¢ mpucytcTBreM (a3 KIMHONTHIIONUTA, MopaeHnTa, Ti0, u He npopearuposasiiero MgO.

Puc. 5. ATA/TT ananu3 CsCl
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Puc. 6. POA kimunonruinonura ¢ CsCl nociie nusMesnpuenus 4 Puc. 8. POA xomnozunuu KMgPO4-6H,0+ 25 Bec.%
yaca ipu 300 06./MuH xnuHonTunonuta ¢ CsCl
HX0HbIe KOMIOHEHTEI KaHii- [ KansonTaoamT ]
Marmmii pocpaTrOH MaTPHIEI (KMD) 1
H3Meab4enHe 10 Pa3Mepa YaCTHI
| H:0 | I KH;PO4* 2H;0 " Mgo | <100 MM
v
parotonenne Hacsimenne nesuem (1M pacteop
docgarroro pacrsopa xa0puaa nesus, pH = 10)
| Cymka mpi T =110 °C, 1=24 4. I
Puc.7. biok — cxema TEXHOJIOTMYECKOrO Ipoliecca
b W3rOTOBJICHHsT Kanuii MarHuid ¢QocdarHOil  MaTpuIBl €
Veasmmme B cpere -
i e T BKIIFOYEHHEM B HeE 25 Bec.% KIMHONTUIIONNUTA, HACBILIEHHOTO
nocae,:l_\'lonlerii:c)z'l:u:ﬁ T=95°C, ne3us
{
| ChemmBamme cyxH NOpOIMKOB |
)

[ nm m—— S— -]

I

®OpMOBAHHE NI0/TyERHOI MACTBI ¢ NOCTETYIOMEM OTBepAIeRHeM KM®
MATDHIEI ¢ KTHHONTHIOTHTOM, COEPRAMIEM He3uif
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[IpoBeneHHOE HCCIIEOBAHHE MHKPOCTPYKTYPBI M 3JIEMEHTHOTO COCTaBa OOpasloB Kanuidi Maruuii ocdarHon
MaTpuubl + 25 Bec.% KIMHONTHIIONMTA C IIe3MEM ITOKa3bIBaeT, YTO B PA3JIMYHBIX y4acTKax oOpas3ua HaOmopaercs
HEOHOPOAHOCTh CTPYKTYPHI OT BOJIOKHHCTBIX 00pa3oBaHMi /10 3epeH HenpaBuiIbHOM Gopmbl. BomokHucTas crpykrypa
(puc. 9a) mo pesynbTaTaM 3JEMEHTHOTO aHaK3a, B OCHOBHOM, NPE/ICTABIICHA KUK MarHuii ¢ocdarHoi MaTpuuei u
HE3HAYUTEIBHBIM KOJIMYECTBOM 3JIEMEHTOB KIMHONTHIONMWTa U nesus (~ 3,5 Bec.%) (tabm. 2). JnuHA BOJOKOH
cocraBiszeT oT 10 MxM 10 20 MKM, cedeHHe BOJIOKOH ~ 3 MKM. B cBoto ouepens 3epeHHas cTpykTypa (puc. 96) coctout
73 DJIEMEHTOB KaK Kaluil MarHui ¢ocdaTa, Tak ¥ KIMHONTHIONUTA M COACPKUT OOJblIee KOMUIEeCTBO me3us (~ 13
Bec.%) (Tabmn. 3). DTo 03HaYaeT, 9TO BEPOATHO, YACTH IIE3Ms BOIUIA B CTPYKTYpY Kaiauid MarHuil ¢ocdata, a apyras
4acTh OCTalach B KIIMHONTHIIONNTE, KOTOPBII BHEAPEH B (hochaTHYIO MaTpHILy.

_
dlsaxm FnectpoHHoe naofpasiewne 1

40mEm " Snextponkoe naolpaxenie 1

T T T
1 2
MNonHaa wkana 6704 wan. Kypoop: 0.000 cls) MonHaa wrana 5045 wan. Kypcop: 0.000 [f=ls]

o
=
4]
=1}

Puc. 9. COM KMgPO,-6H,0 + 25 Bec.% xnunonTtuinonura ¢ Cs

Tabnwma 2
OJeMEeHTHBII coCcTaB BOJIOKHUCTON CTPYKTypsl KM@ + 25 Bec.% KImHONTHIIONHTA C [Ie3ueM (CIeKTp 3)

DjeMeHT (0] Mg Si P K Cs Hroro
Bec. % | 46,99 12,24 0,39 19,44 | 17,63 | 3,31 | 100,00

Tabnuma 3
DJIeMEeHTHBIH coCTaB 3epeHHOH CTPYKTYpbl KM® + 25 Bec.% KIMHONTHIIONNTA C 11e3ueM (CrieKTp 4)

DneMeHT O Mg Al Si P K Cs Hroro
Bec. % | 45,91 8,80 0,96 6,58 | 14,46 | 10,67 | 12,62 | 100,00

Ha puc. 10 npencraneno COM uzobpakenne ydactka odopasna KM® matpuna + 25 Bec.% KIMHONTHIIONNTA C
LIE3MEeM U KapThl Paclpe/e/IeHNs] OCHOBHBIX 3JIEMEHTOB. XOPOIIO BHHA 00JIaCTh, COCTOSINAS U3 HE IPOpEarupoBaBIINX
MIOJHOCTBIO YacTUIl OKcujaa MarHus (puc. 9a). CpaBHEHHE KapT paclpeieieHHs LEe3us W JJIEMEHTOB, BXOSIINX B
coctaB KM® 1 KIMHONITHIIONNTA, TAK)KE TIOATBEPXKIAET BHIBOJ O TOM, YTO OOJIBIIAS YacTh II€3Hs HAXOANUTCS B KaHaJIax
kiuHONTHIONMNTA. OcTanpHas 4acTh mesust mpucyrcTByer B KM® marpuie, 9TO CBHAETEIHCTBYET O YAaCTUYHOM
cBa3biBaHuU 1e3uss KM® matpuuei.
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AlKat ' - SiKat Cs Lat
r I e
Puc. 10. Kaptsl pacnpenenenus anementos KM® martpuist + 25 % KIMHONTUIONUTA C LIE3UEM

[TpuMeHeHne pa3MuHBIX MaTepualioB B KayeCTBE MATPHYHBIX MM MMMOOWMIIM3ALMOHHBIX TPEOYeT OLEHKH HX
KOPPO3WOHHBIX CBOMCTB B pa3iMUHBIX YCIOBHSX M cpenax. i1 cpaBHEHHSI M OLEHKHM THX CBOMCTB pa3paOdOTaHbl U
HallUTH [IMPOKOE NMPHUMEHEHHE pa3jIndHble METOJbl MCHbITaHuH. Hambombliee npu3HaHWE y CHENMATNCTOB TIOJIYYHIT
tect CIIIA MCC-1 (Materials Characterization Center Static Leach Test, USA). TecT Ha BbIIeIaunBaHUC TPOBOIUIA B
JHMCTHIUTPOBAHHON BoJe corjacHo TpeOoBanmsM Tecta MCC-1, KOTOpBIH SBISE€TCS CTaTUYECKUM TECTOM IS
MOHOJIUTHBIX OOpa3llOB C W3BECTHON T'€OMETPHUECKON IMOBEPXHOCTHIO, pH Temreparype 90 °C B TeueHHe 7 CyTOK.
O6pas3nsr KM® wmarpuisr + 25 Bec.% KIMHONTWIONHWTA C [IE€3MEM IIOMEINAIH B BOJHYIO Cpedy B TE(IOHOBBIX
KOHTEHHepax ¢ IUIOTHO 3aKpBIBAIOIIMMHUCS KpbIIKamMu. KOHLEHTpauuro me3us B BBIENATE ONPENCISIIM METOIOM
ATOMHO-a0COPOLIMOHHOM CIIEKTPOMETpHHU ¢ moMoIikio mpudopa Ace 3000 dupmer Thermo Scientific. Konuentparust
1e3us B HWCXOJAHOM o0pasle 10 BBIIIENAYMBAHUS ObLa ONpeJelieHa pPAcueTHbIM ITyTeM Ha OCHOBE JIQHHBIX O
COZICpP)KAaHMHU XJIOpHAA Me3usi B KiIMHONTWiIonuTe. HopMann3oBaHHas CKOPOCTh BBINIEIAYMBAHMS PACCUUTAHA,
UCIIONB3YS ClIeyIolee YpaBHEeHNUE:

A (M
fio-S4-t,’
IJIe V — CKOPOCTh BBINIENAYHBAHHS OTACIBHBIX SIEMEHTOB (I/CM’-CyTKH), A} - KOHLEHTpalis i -ro snementa (r/i1) B

v

BBIIIENIATE 3a N-bI HHTEPBAI BDEMEHH, f; - MAccOBas KOHLEHTPALWS { -I0 JJIEMEHTA B MCXOHOM obpasue (1/1), SA4 -

IIOIAh OTKPHITOH TI€OMETPHUYECKONH MOBEPXHOCTH 00pasma (cM’), 1, — INPOJOKHUTEIBHOCT N-TO IEpPHOJA
BBIIIEIaYNBAHUSA (CYTKH).

3HayeHHe HOPMAaJIM30BaHHOW CKOPOCTH BBIMIETAYMBaHUA Ie3uss u3 obOpasma KM® wmarpmma + 25 Bec.%
KIMHONTHIONATA ¢ nesueM  coctasmser 9,310% u 3,210%  r/em®cyrku Ha 3-m M 7-ble CYTKH HCIBITAHHIA,
COOTBETCTBEHHO. BiM3KMe 3HAUECHNS HOPMATH30BAHHON CKOPOCTH Bbimenadnanms nesus (~107° — 10 r/em® - cyTu)
OBUTH MONYYCHBI IS HH3KO TEMIICPATYPHOH IIEMEHTHO-OCHTOHHTOBOM MATpHIbl ¢ 3arpy3koit 290-350 kr/m’
noHooOMeHHOW cmonel  [10]. B pabGore [4] HOpManu3oBaHHAsS CKOPOCTh  BBINICIAYMBAHUS —IIC3US U3
TepMo0oOpadoTaHHBIX Tpu 750°C 00pa3IoB CTEKIIA ¢ Pa3IMYHBIM OOBEMHBIM COICPKAHUEM KIIMHOIITHIIONUTA C [IE3HEM
(1:1 - 1:10) HaxomuTCS B AMANa30HE 3,37'10'3— 2,84'10'7 COOTBETCTBECHHO.

B manHO#1 pa®oTe mpoBEeIEHBI MCCIECIOBAaHHS IO BKIIIOYCHHIO 25 Bec. % KIMHONTHIIONHWTA C IIE3WEM B KAl
MarHuit gocdatHyr0 MaTpuIly, u3ydeH (Pa3oBBII COCTaB, MUKPOCTPYKTYpa M CKOPOCTH BBIMICTAYMBAHUS IIC3HS U3
MONy4YeHHOTO Matepuana. [lampHeimas pabora OymeT HampaBieHa Ha yBenndeHue 3arpy3ku KM matpuiist
KIMHONITHJIONNTOM C II€3WEM W IPOBEICHHUIO MCCIIETOBAHUN BIMSHUS 3arpy3Kd Ha MUKPOCTPYKTYPY ¥ KOPPO3HOHHYIO
CTOMKOCTh TOTY4YE€HHBIX MAaTCPHAIIOB.

BbIBO/bI

1. Ioka3aHo, 4To (ha30BBI cOCTaB 00pa3LOB IPUPOJHOTO KIMHONTWIOIMTA IIOCIE HACBHIIEHUS B PacTBOpE
XJIOpHJA 1I€3Ms1 U CYIIKH NPE/ICTaBICH KIMHONTHIOINTOM, MOPJIEHUTOM, puMecHbIMU (azamu SiO,, Fe,0O; u TiO,, a
Takxke xsopuaom nesus. Comeprkanue xuopuaa 1nesus cocrasmuser 15,1 sec.%.

2. VIHTeHCHBHOE N3MENbUEHNE IPUPOJHOTO KIMHONTHIIONNTA C [IE3HEM B IUIAaHETAPHOH MEJIHHIIE CO CKOPOCTBIO
300 06./MUH. B TeueHHE 4 4aCOB MPUBOIUT K YMEHBIICHUIO KOJIMYESCTBAa MOPJICHUTA.

3. IlpoBeneHO uCCIIEOBAaHHWE IO BKIIOYCHHIO KIMHONTHIONHTA, HACHILICHHOTO IIe3WeM, B KalWui MarHuii
¢docharayro marpuiry. Merogom COM mokazaHo, 4TO we3wil pacmpenemwics wmexnxy KM® warpureit u
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KIIMHOIUTMJIONIUTOM, KOTOPBIN MHKOpIiopupoBad B KM® maTpuity.

4. HpOBeI[eHHLIe KOPPO3MOHHBIC HCHbITAHHWA METOAOM BbILNICIIAYUBAHUA MAaTCPUAIOB o6pa3u03 KM®d

MaTpuna + 25 Bec.% kiIMHONTUIONUTA ¢ Lie3ueM. Hopmanu3oBaHHas CKOPOCTh BBIIIETAUYUBAHUA 1€3UsI HA 7-ble CYTKU
crbITanmii pasHa 3,210 r/em>cyTku.

10.
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LOW TEMPERATURE DEFORMATION AND STRENGTH OF POLYIMIDE FILMS
DUE TO THICKNESS AND DEFORMATION SPEED
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In work mechanical properties of polyimide films analogue kapton H (manufactures of the People's Republic of China) with different
thickness in the temperature interval 77-293 K and deformation speed interval 10#-107s™ are carried out. It is established, that the
films are in a forced elastic state at both temperatures of deformation. Contributions to total deformation such as elastic, high elastic
(reversible at temperature of test and delay) and irreversible components are determined. It is detected, that relaxation processes
which are connected with the contribution of elastic delayed deformation and are accompanied with reduction of their length, take
course at exposure at a room temperature of samples after destruction or preliminary deformation. Full removal high elastic delayed
deformation occurs after heat treatment at 623 K. Sensitivity of a limit of forced elasticity s, and the contribution of elastic
deformation which is reversible at test temperature to deformation speed are established. Influence of the scale factor (thickness of a
film) on the mechanical characteristics, which are amplified with downturn of temperature is registered.

KEY WORDS: polyimides, limit of forced elasticity, ultimate strength, deformability

HU3KOTEMIIEPATYPHASA JE®OPMAIUS 1 MTPOYHOCTDb NOJUMUMHUIHBIX IIVIEHOK B 3ABUCUMOCTHU OT
TOJIIIUHBI 1 CKOPOCTU JE®OPMUPOBAHUS
B.A. Jloroukas', J.®. Sikosenko', E.H. Anexcenxo', B.B. AGpanmos’, Wen Zhu Shao®
! Dusuxo-mexnuueckuii uncmumym Huzkux memnepamyp um. b.1. Bepxuna HAH Yxpaune
np. Hayku, 47, 2. Xapvros, 61103, Yxkpauna
2 Xapobunckuii Ilonumexnuyeckuti uHCmumym
2. Xapbun, KHP
B pabote n3ydeHBl MexaHHUECKUE CBOMCTBA (IIpeel BHIHYKIASHHON 3JIACTHYHOCTH, MPOJENT IIPOYHOCTH M CyMMapHas aeopManus
J0 paspylleHHs) NONMMMHUIHBIX IUIeHOK Tuna kapton H (mpomsBoacrBa KHP) pasHoif ToMmMHEI B MHTEpBale CKOPOCTEH
nedopmammu 10°-107 ¢ npu Temmeparypax 77 u 293 K. YCTaHOBIEHO, 4TO IUICHKH TPH OGEHMX TeMIepaTypax aedopMariii
HaxomsiTCs B  BBIHYXJCHO-3JACTUYECKOM COCTOSHHM. OmnpeneneHsl BKJIAAsl B CyMMapHylo JAeOopManuio  yrnpyroi,
BBICOKORJIACTHYECKON (00paTHMON IpH TeMIepaType HCIBITaHUs U 33/I€PKAHHON ), 1 HeoOpaTuMoi cocTaBisonux. [Ipu BeIIepxKe
00pa3noB mocne paspymieHds HIN TNpeaBapUTelIbHOW nedopmManuu mpH KOMHATHOH TeMmmeparype OOHapyKeHO NpOTeKaHHe
pellaKCannoOHHBIX IPOIIECCOB, CBA3aHHBIX C BKIAJIOM 3alepKaHHOM 2IacTHYECKOH AedopManny, COmpoBOKIAIONIEECs COKpPALIEHUEM
ux JuHBL. [loiHOE CHsTHE 3a/Jep)KaHHOW dIIaCTHYecCKOW nedopMamyu MPOUCXOMUT mocie oTxkura npu 623 K. Ycranoenena
YYBCTBHTEJIHOCTh MpEZAeTa BBIHYKACHHOH SJIaCTHYHOCTH G, M BKJIaJa OOpaTHMON NMpH TEeMIIEpaType HCIBITAaHHS >IaCTHYECKON
neopMalii K CKOPOCTH AeOopMaIii. 3apeTUCTPUPOBAHO BIMSIHAE MAacIITa0HOTO (akTopa (TONIIMHEI TUICHKH) HA MEXaHHYECKHE
XapaKTEPUCTHKH, YCUIUBAIOLIEECS C MOHIKEHUEM TEMIIEPaTypPhL.
KJIFOYEBBIE CJIOBA: nonmuumupl, Mpeen BEIHYKICHHON 3JaCTHYHOCTH, MPEJIeT MPOYHOCTH, 1e(HOpMHPYEMOCTh

HU3bKOTEMIIEPATYPHA JE®OPMALIS I MIOHHICTD NOJIIMIAHUX IJIIBOK 3AJIEZKHO BIJI TOBIIUHUA TA
HIBUAKOCTI JE®OPMYBAHHSA
B.O. Jlotouska’, JI.®. SIkosenko', €.M. Anekcenko’, B.B. A6paiM0132, Wen Zhu Shao?
! isuxo-mexniunuii incmumym Husbkux memnepamyp im. b.1. Bepkina HAH Ykpainu
np. Hayxu, 47, m. Xapxie, 61103, Ykpaina
2 Xap6incoruii Honimexuivnui incmumym
M. Xap6in, KHP
VY po6oTi BuBUEHI MeXaHiuHI BIACTHBOCTI mojiiMinHuX miiBok tumy kapton H (Bupo6uuursa KHP) pi3noi ToBImMHM B iHTepBaii
mBuakocteit nedopmanii 10%-107° ¢! mpu Temmeparypax 77 Ta 293 K. YcraHOBIEHO, IO IUTIBKM MpPH 0GOX TEMIEpaTypax
nedopmanii mepeOyBalOTh y BHMYILICHO €JacTHYHOMY cTaHi. Bu3HadeHi BHeckH B cyMapHy aedopmaliio HpyXKHOI,
BHCOKOENacTH4HOI (000pOTHOI mpu Temmeparypi BUNpoOyBaHHS Ta 3aTpUMaHoi) 1 He0OOpOTHOI ckimanoBuX. [Ipy BUTpHUMYBaHHI
3pas3kiB Iicis pyiiHyBaHHS a0o0 momepeqHpoi aedopmarii mpu KiMHATHIM TemmepaTypi BHSBIEHO MPOTIKaHHS pelaKcamiiHux
IIpoLeciB, MOB'SI3aHAX 3 BHECKOM BHMYIIEHOI elacTH4YHOI Jedopmariii, Mo cynpoBOMLKY€EThCS CKOPOUCHHAM iX NOBXHHU. [loBHE
3HATTSI BUMYIIEHOI elacTUYHOI Aedopmarnii BinOyBaeThes micis Bigmana npu 623 K. YcranoBieHa 4y TIIHBICTh TPAaHAL BUMYIICHOT
€IaCTHYHOCTI Oy, i BHECKY O0OOpOTHOi HpM Temmeparypi BUINpPOOYBaHHsS enacTH4HOi Aedopmanii g0 IBuAKOCTI Aedopmaii.
3apeecTpoBaHMi BIIMB MAacIITaOHOTO (hakTOpa (TOBIIMHM IUIIBKH) HAa MEXaHIYHI XapaKTepPUCTHKH, IO MiJACHIIOETHCS 31 3HIKEHHM
TeMIIepaTypH.
KJIIOYOBI CJIOBA: nomniimiay, rpaHULst 3MyIIEHOT eacTHYHOCTI, MeXka MIIJHOCTI, 1e()OpPMOBaHICTh
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3a nocniennue 30 et 0JHOI N3 OCHOBHBIX TEHAEHIMH B 00J1aCTH CO3JaHus KocMuyeckux ammaparoB (KA) HoBoro
TIOKOJICHHS SIBJISICTCS yBelW4eHue, npuonu3ntenabHo Ha 30%, NpUMEHEHUs MOJMMEPHBIX MaTepHaloB B 3JIEMEHTaxX
koHcTpykuuit KA u amnapatype. Ilpu stom BehenctBue Bo3pacTanusa Joiad KA, oCyIECTBISIOIIMX JJIUTENBHBIC
MUCCHH B IIpefieTax COJIHEYHOM CUCTEMBI, PaCIIUPSIETCs AUANa30H TEMIIEPATYp, IPU KOTOPBIX OHU 3KCILTYaTUPYIOTCS.

HawubGonpmee npuMenenue B aspokocmudeckoil texanke CIIA, Pocenn, EC n KHP Haxonst nonumeps! U3 Kiacca
MIOJIMAMHJIOB OJarosiapss yAa4HOMY COYETaHHUIO LENOro psifa (PU3MUECKHX CBOWCTB, OOECIIEUMBAIOIIMX TpeOyeMble
9KCIUTyaTaIl[IOHHBIE XapaKTepUCTHKU. [lomMuMuaHbIe MaTeprabl, IO CPABHEHUIO C IPYTHMH MTOJMMEPaMH, 00IagaioT
BBICOKOW TEPMO- U paJUallMOHHON CTOMKOCTBIO, XOPOLIMMU JUAJIEKTPUUYECKUMH CBOMCTBAMM, BBICOKOM IPOYHOCTHIO U
nedopMupyeMocThi0 B HHTepBajie Temmeparyp ~150+500 K. Bwmecte ¢ TeM, uccremoBaHMS MEXaHHMYECKHX
XapaKTEePUCTUK TMOJIMUMHIHBIX MaTepUaloB B OOJACTH HU3KHUX TEMIIEPAaTyp B HACTOSIIEE BpEMs €Ile HE HOCAT
CHCTEMaTH4YeCKOro xapakTepa. [lonnumuaHble MaTepuasbl, Ha KOTOPBIX H3Yy4alM BIMSHHE HU3KUX TEMIlEpaTyp Ha
MEXaHUYECKHE CBOICTBA, B OOJIBIIMHCTBE CBOEM HE OBUIM COMOCTABUMBI HE TOJILKO I10 XUMHYECKOMY CTPOEHHIO, HO U
10 TEXHOJIOTUH MOyYeHHUS U TeOMETPUYECKUM NapaMeTpaM, 4To 3aTpyIHSAET JeTaJbHOE CPaBHEHUE ITHUX PE3yJIbTaTOB
[1-9].

Llenpto HacTosimield paOOTHI SBISETCS MCCIIEOBaHHE 3aKOHOMEPHOCTEH JeopMalud M TPOYHOCTH JABYX
MOJIMAMHTHBIX TUICHOK pPa3HOW TOJIIMHBI, XapaKTePH3YIOIIMXCS OJHOW XHMMHYECKOH (OpMyJoH mnonmmepa u
M3TOTOBIIEHHBIX MO OJHOM TexHosoruu npu Temmeparypax 293 K m 77 K. Metox MeXaHMYeCKMX HCIBITAHUN -
OJIHOOCHOE PACTSIKEHHE B HHTepBase ckopocTeil aedopmarmn 107-107¢™.

MATEPUAJI U METOAUKA NCCJIEJOBAHUS
OOBEKTOM HCCIIEIOBAaHUS SIBISUINCH TEPMOIUIACTUYHBIC IICHKH apOMaTHYeCKOro MOMMMMHUAAa — Toid -4,4'-
TUPUHUICHOKCHATHpOMETUTHMHU A - ipou3BoacTBa KHP (anamor mienku ITM-A npoussozactsa Poccun u kapton H
npousBocTea CIIIA) tommmuoit 75 u 125 mkm. CTpoeHre MOHOMEpPA NPEACTABICHO CTPYKTYPHOH (hopmytoi

OO0pa3usl U1 UCHBITAHUS TOJIMUMUAHBIX IUICHOK MPU OJHOOCHOM pPAacTsHKeHUH (puc.l) moiydand ¢ HOMOIIBIO
crierraigbpHoro mramma. Och pacTsHKEHHsI COBIIaaia C HaIllpaBIEHHEM MPOTSHKKH IeHKn. dopma 1 pazmepsl oOpasna
6m3ku oopasiy tina 1 mo FOCT 11262-80, KoTopslii 1oTycKaeTcst K MCIIOIb30BAHMIO ISl HCTIBITAHUN Ha pacTsDKeHNE
IUICHOYHBIX monuMepHBIX 00pa3noB (I'OCT 14236-81). Kpemnenne o0pasna ocymecTBISACTCS B CIICIHATBFHBIX 3aXBaTax.
3axBaT COCTOHT U3 POJIMKA, BOKPYT KOTOPOTO OTHOAETCs JIOMmaTKa 00pas3na U ABYX NMPHXUMOB, 3aXBATHIBAIOIINX POIIHK

C JIOTTIaTKOM.
X
v

i

27

20

80

Puc.1. ®opma obpasua (tommuHa obdpasna t - 75 MkM wia 125 Mkm).

HedopmupoBanue o6pasnoB Ha Bo3ayxe (293 K) u B xunkom azore (77 K) B yCIoBHSIX OTHOOCHOTO PAaCTSKCHHUS
mpoBonmnd Ha paspeiBHOW Mmammae FPZ-100/1 B crmemmampHBIX 3axBaTaxX IIPH TPEX CKOPOCTAX II€PEMEIICHUS
aKTHBHOTO MTOKa V4= 0,85; 4,6 u 7,6 MM/MHH H, COOTBETCTBEHHO, NIPU CKOPOCTSX Ae(POPMUPOBAHMS & =7~10'4;
3,810° u 6107 ¢! (& =Vueo/Lo, THE L, - mcxommas pabouas mmmHa oOpasua). Ilepen Hu3KOTeMIEpaTypHBIM
HCIBITAaHHEM 00pasell, HaXOA[IIHics B Ae(OpMUpPYIOIIEeM YCTPONUCTBE, BRIACPKUBAICS B KPHOCTATE C KUIKAM a30TOM
He MeHee 30 MUH.

B mpomecce medopMupoBaHUs 3alHCHIBAN TUArPaMMy PACTSHKCHUS B KOOpAMHATaX «HArpys3ka P- ymmmHenne
AL», U3 KOTOpOH ONpeleNsuld CIASAYIOLIME MEXaHUYECKHE XapaKTEPUCTUKH: YCIOBHBIM IPEIEN BBIHYXIECHHOM
3IaCTUYHOCTH, COOTBETCTBYIOIINI HANpPsDKEHUIO, TP KOTOPOM BBICOKORJIACTHYECKass aedopmarus coctaBisieT 1%,
6,=P19/S,; TIpenes MpoYHOCTH (HanpskeHue paspbiBa oOpasua) 6,=P,/S, rae S, — HauanbHOE ceyeHne oOpasua; odee
yuiHeHHe ALgy, COOTBETCTBYIONEE MOMEHTY paspbiBa oOpasua; yanuHeHue ALy,,, COOTBETCTBYIOLIEE YIPYroMy
YYacTKy KPHBOH.

Cornacao [9] obmee ymmuHenne AL,g, MOTMMEpPOB, B 3aBUCHMOCTH OT TEMIEpaTypsl AeGOpPMHUPOBAaHUS U
CTPYKTYPHOTO COCTOSTHHSI, MOKET BKJIIOUATh B ce0s1 HECKOJIBKO Pa3IMYHBIX BKIIAZOB: oOpatumoe (YIpyroe) yAInHEeHHe
ALynp, CBA3aHHOE C HEPENAKCHPOBAaHHBIM MOJYJEM YNPYIOCTH MHOJMMEpa, yiaiauHeHHe AL,.i, 00ycloBIeHHOE
BBICOKO?JIACTUYECKOH nedopmanreii, 0OpaTUMON MpH TeMIepaType UCHBITaHusA, ymunHeHne AL, .., 00ycioBIeHHOE



46
EEJP Vol.4 No.2 2017 V.A. Lototskaya, L.F. Yakovenko...

3a/Iep’KaHHON BBICOKODIIACTHUYECKOH Aedopmanuei, n yanuaeHne ALyqqq, OTBEUaroniee HeoOpaTuMoit nedopmaryu, He
MCUe3arollel Ipy HarpeBaHUM BIIOTH JI0 TeMIepaTypsl miasieHus T,,. Takum obpaszom

ALo6m :ALynp + ALanacrl + AL’)J‘IaCTZ + ALueo6p: (1)

Bemnuunbel ALgsy M ALy, Kak yxke OTMEYanoch, ONpefeNsiM 1o auarpamme JedopmupoBaHus (puc.2).
OcTranbHble BKJIA[bl, CXEeMAaTHUYECKH IPEICTABICHHbIE HAa PHUC.2 Ha pas3HBIX YYacTKaxX AWarpamMMbl, H3MEpSIH IO
W3MEHEHHIO JUIMHBI paboyel wactu oOpasua mocie naedopmanumu. Ilepen ucnbitannem Ha paboueil yactu oOpasna
BOIM3M TanTeseil' HAHOCHIUCH PerepHbIC TIMHIH, PACCTOSHUE MEKILY KOTOPHIMHU (BETMUHHY HCXOIHOM paGoueii UTHHbI
obpasna L, u koHeuHyr0 JUIMHY mocne ucnbitanus L) n3Mepsiin Ha xkomnaparope M3A-2 ¢ TouHOCTBIO 10 +1 MKM.
Bemmunny AL mox Harpy3kod H cpa3dy IIOCIE CHATHS Harpy3kd IIpH TemIieparype JedopManudl H3Mepsuin
kareromerpoM KM-2 ¢ Toif xe TouHocThio. Ha oOpasmax, neopMHUpOBaHHBIX NPH KOMHATHOW TemIiieparype, Obul
OIpeZiesIeH BKJIaA 0OpaTHMOTO NP TEMIIepaType Onblta YATMHEHUS AL,u.c1. JUIs 3TOrO mpencraBuM mocieaHue 1a
Bknaga B ¢opmyne (1) Kak OCTaTO4YHOE yNJIMHEHME, BEMMYMHA KOTOPOTrO ALger = Al,juers + ALyeosy = (L - Lo).
BennunHy BBICOKO31aCTHYECKOrO YIIHMHEHHUS AL, onpexensimm u3 cootHoumenust (1). Hopmupys nomyueHHble
3Ha4eHns! ALggy, ALynp, ALy M AL, Ha BeMMYMHY HCXOAHOH pabodei amusel oOpasua L, nomydanu
COOTBETCTBYIOLINE 3HAUEHUS OTHOCUTENBLHON 1€(POPMALUH Eopim, Eymps Eocr M Exmacrl-

Jna ompeneneHus BKIaja WCTHHHOW HeoOpaTHMoil aedopmammu W oOIMIeH BETHYHHBI BBICOKOAJIACTHYECKON
nedopmManunt  (€,pacr1€omacr2) 00pasibl, AeOPMUPOBAHHBIE OO pa3pyllieHHs NpU 00EUX TeMmIeparypax, Obun
TepmooOpaboTanbl nipu 623 K (350°C) B Teuenne 2 yac Ha Bosayxe. CornacHo [9] Harpes 10 3TOM TeMIEpaTyphbl,
Haxojsekca BOJM3H BEPXHEH I'PaHULBI PabOTOCHOCOOHOCTH - TEMIEpaTypbl pasMsardenus noimmepa T,=650 K,
o0ecreunBaeT MONHYIO pPelaKcallio 3aJep)KaHHOH BBIHYKIEHHOH smacTudyeckod aedopmanuu. Bemmuuny AL,cosp
ONPECACIIAIN IO PAa3HOCTH PACCTOSAHUA MCEKAY PECHCPHBIMU JIMHHUAMU II0CJIE€ HCHBITAHUA W OTXHI'a U B UCXOOHOM
cocTOSTHUH (Lo~ Lo).

Bce yka3aHHble MEXaHWYECKHE XapaKTEPUCTHKH TIPEJICTABICHBI Jajiee KaK CPEJAHUE 3HAUCHHUS 0 pe3yJbTaTaM
HCIBITAaHUHN 2-4-X 00pas3IoB.

PE3YJBTATHI U UX OBCYXKXJIEHHUE
Ha puc. 3 mpeacraBieHsl THIMYHBIE JHAarpaMMBl PACTSDKEHMST 00pa3IoB MOIMUMHUIHON IJICHKH Pa3HON TOJIIHHBI
B KOOPJMHATAX «HATPSKEHHE — AeopMariis» npu Temieparypax 293 u 77 K u ckopoctu aepopmarmu 7-107 ¢,

1 3 3 3
£ _ =¢ =
obw“ynp € obw eynp+e anacr1 T8 anact2
szcs.u: yﬁ?ezansm & =g+ +¢ e
OBy ynp  amacti - anact2’ - Heobp
g
©
z 4 o, 8
2 = =
; ] :
5 2 3
9]
I
2 / H 300 K
7 2
f I
1 I
0, : omxur 350°C
omkur 350 C,
J | l = | U
1 B B AL 80 90
Cobw € og € o6 € &
o - o8 oy Decopmaums, %
Hecopmauus

Puc.2. JlepopmarionHas KpuBasi IpyU HaTrPy>KEHUH M Pasrpys3Ke Puc.3. TunuuHble KpUBBIE PACTHKEHUS HOTUUMUIHON MIIEHKH

MOJMMMHUIHON TICHKH TONIIMHOW 75 MKM, ne(opMHpOBaHHOH TommuHoM 75 MxM (1) n 125 MxM (2) npu pa3nu4HbIX
npu ckopoctr aedopmarm 710 ¢! 10 HekoTOpBIX HArpy30K TeMIepaTypax U CKOPOCTH AeOpMaIliH
(1,2,3,4) mpu 293 K 7-10% ¢!

B3anMHoe pacmoniokeHHe 3TUX JUarpaMM M HX XapakTep He 3aBHCAT OT CKOPOCTH pacTskeHHs obpasios. Bce
JUarpaMMBbl PacTsDKEHHs CoAepiKaT JBE€ CTaAUM - JIMHEMHYI0 M HelIuHeHHyro. [[ng BeIACHEeHMs aAeTayeil Ipolecca
neopMHUpOBaHMS IUIEHOK B 3THUX YCIOBHAX HECKOJIBKO 0Opa3loB ObUTM Harpy>XeHbl B Npenesiax JIMHEWHOH u
HEJIMHEHHOM CTaJuil AnarpaMMbl U 3aTeM pasrpyskeHsl (puc.2). [Ipu HarpyXeHUH HIDKE HANPSDKCHUS OTKIOHEHHS OT
JUHEHHOCTH Ha KpuBoil (6 - €) (1, puc.2) mpm obewx TemmepaTypax IUICHKH HCHBITBHIBAIOT TOJBKO YHPYTYIO
nedopmanuio M auarpaMMbl IpH Harpy»KeHHM U pasrpys3ke coBmnaznaiot. Ilocne HarpyxeHust oOpasua Ha HadaJIbHBIA
YYacTOK BTOPOW HENMHEWHOH cTaauu (2, puc.2) mpu nocieayiomeil pasrpyske 10 6=0 HabIIOmaeTCsl THCTEPE3NC X012
KpuBoii (G - €). Ilpm sTomM Bca nedopmanmsi, 3amaceHHas B oOpasiie, IPH pasrpy3Ke IMPOAOJDKAET OCTaBATHCS
MOJNHOCTBIO 0OpatiMoil. IIpu nanpHeieM HarpykeHHH BIUIOTH 10 6~90% G, (3,4, puc.2) THCTEpEe3nC X0/a KpPUBOi

! PCHepHBIe JINHUKM HAHOCHJIUCH T'ejieM 0e3 HapymI€Hus NEJIOCTHOCTU MOBEPXHOCTHU IJICHKH.
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IpU pasrpy3ke IpOJOJDKAaeT HaOIIogaThcsA, HO OOpaTHMON IHpH TeMIepaType 3KCIEPHUMEHTa OCTaeTCsl 4acTb
3amaceHHol jaedopMany. AHAJOTMYHBIM 00pa3oM BenyT cedsi oOpasubl, 1eGOpMHPOBAHHBIE IO 3THUX BEIMYHH
Harpy3ku npu 77 K. Ilnenkm mpm obemx TtemmepaTypax aedopMaiyu, TakuM o0pa3oM, HaxomsiTcs B 00JacTu
BBIHYX/ICHHOW 3JIaCTUYHOCTH.

P=90% P
o PO0%P, 04w ... P=90%P
50 T 3
P=00% P, 5] g e T, =293K
w0 T, =77K ]
P=0, T=293 K
2 H X 254 e
5 30 5
20 &
20 154 Y u
nocne oTtorpesa Ao .\.
— = =909
. T=293K ol @ P=90%P
10 TMC"= 77K
5 . Peo nocre otorpesa Ao
T=293 K
0 T T T T T T 1 O T T T T T
0 10 20 30 40 50 60 0 50 100 150 200
t, cytkm t, yac
a 0

Puc.4. 3aBucumoctu ocTaToyHOM Aedopmannu 0O6pa3noB MIEHOK TOMMUHON 75 MkM (a) u 125 mMxMm (0), nedopMUpOBaHHBIX TPH
293 Ku 77 K, oT BpeMeHH BBIACPKKHU IPH KOMHATHOM TeMIlepaType

Jlnst BBISICHEHMSI TIPHPOJIBI OCTATOYHOHN eopManny Ha TUICHKAX, Ae(OPMUPOBAHHBIX MPH 00EHX TeMIepaTypax
UCTIBITAHMSA, TIOCE PA3TPy3KH OBUIM NMPOBENEHBI SKCHEPHMEHTHI MO M3MEPEHUIO M3MEHEHHs BEIWYMHBI OCTATOYHOH
nedopmanun 00pa3oB OT BpEMEHH BBIJEP)KKU IPH KOMHATHOW Temneparype (puc.4 a,0). beuio oOHapyxeHo, 4To
IUICHKH 00€UX TOJIIMH, AeopMUpoBaHHbIe Kak rpu 293, tak u npu 77K, HaXxonsaTcs B HEPAaBHOBECHOM COCTOSIHUH, B
HUX TPOTEKAIOT peJaKCallMOHHBIE MpPOIlecChl W AJMMHA padouyeil yacTu cokpamiaercs. PermakcaliMoOHHBIE TNPOIECCHI
MOJKHO pa3AesiuTh Ha JBe rpymnmsl. K mepBoi rpyrine OTHOCATCS MPOLIECChl, MPOTEKAIOIIHe OBICTPO, B TE€UCHHUE MEPBHIX
4acoB, KO BTOPOH — Pa3BUBAIOIIMECS] MEIJICHHO M MIPOJIOKAIOIIIECs JTaKe IociIe BhLAEpKKH Oostee 60 CyTOK, T.€. 9acTh
OCTaTOYHOM JAedopMalMi MOXKHO paccMaTpHBaTh Kak 3aJep)KaHHYIO BBICOKOIJIAacTHUecKyro. [locie nedopmannu
rieHok npu T =77 K 4acTb 3anep:kaHHON TOCIie pa3rpy3KH BBIHYXIECHHOW 3JIacTHUECKO# JedopManuy pernakcupyer
y’Ke IIPU OTOTpEBE O KOMHATHOH TeMIIepaTyphl, YTO COTJIACYeTCsl C JIaHHBIMH, NpuBencHHbIMH B [8]. IIpu sTom B
o0pa3max IUICHKH TOJIIMHONH 75 MKM MEIUICHHBIC peJIAKCallMOHHBIE IPOIECCH NPOAOIDKAIOTCA TNPH KOMHATHOH
TeMmepaType, a B o0pa3nax IUIEHKH TONMHHONW 125 MKM ocTaTodHas nedopMaius Mocie OTorpeBa ONMM3Ka K HYIIO.
T.0., NCTIONB30BaTh U3MEPEHUE OCTATOYHOTO YIIMHEHHS NPH KOMHATHON TEMIlepaType IS BBIYMCICHUS BEJNYHHBI
AL, 0¢11, OTBEUAIOIIEH OBICTPBIM PEJAKCALIMOHHBIM MPOIIECCAM, MOXKHO TOJNBKO U1 00pa3loB, Ae(hOPMUPOBAHHBIX 10
paspymenus npu 293 K, a mns obpasmos, medopmupoBanHeix npu 77 K, HekoppekTHO. BenndawHBI 3amepKaHHON
BBIHYKJICHHOM 511aCTUYECKOH AedopMann OblIM, KaK yKa3aHO B METOJMKE, ONPEIEIEHb] I0Ce OTKUra BOIm3u T,

Ha puc. 5 npencraBieHsl 3aBUCUMOCTH CPETHUX 3HAYEHUH YCIOBHOTO Ipe/ieia BhIHYKIEHHON 3JIaCTUYHOCTH Gy,
npeziena MPOYHOCTH G, M CyMMapHOH OTHOCHTENbHON JAedopMaluM HO pPaspyIIEHHs Eugy HCCIEIOBAHHEIX
MOJMUMHJHBIX TIJICHOK OT TEMIIEPATYPhI U CKOPOCTH Ae(opManui.

W3 puc.5 BUOHO, 4TO UCCIELyeMbIe IUIEHKH IMPOSIBISIOT CHIBHYIO TEMIIEPAaTYPHYIO 3aBUCHMOCTh MEXaHHIECKUX
xapakTepuctuk. Ilonmwxkenue temnepatypsl oT 293 o 77 K compoBokaaercs BO3pacTaHMEM 3HA4€HUH G, U G, U
YMEHbBIICHUEM 3HAYCHUH E€,5,. B Ta0n.l mpuBeneHbl OTHOCHTENIbHBIC M3MEHEHHUS CPEIHUX 3HAUCHHH XapaKTEePUCTHK
npovHoCTH U aedopmanuu rpu Temieparypax 293 u 77 K. BuaHo, 4To OCHOBHOM BKJIa/l B HOBBIIICHHE MPOYHOCTHBIX
XapaKTEPUCTHUK IIPU [IOHMKEHUU TEMIIEpaTypbl BHOCUT POCT IIpeieia BbIHYKIEHHON IaCTUYHOCTH.

Bospacranue ckopoctu nedopmanmu (prc.S) MOTUMMHIHBIX TUICHOK IMOYTH Ha MOPSI0K Kak npu 293 K, Tak u npu
77 K NpHBOAUT K HE3HAYUTENILHOMY HM3MEHEHMIO 3HAUEHUH G, U Eooy. 1IpH BO3pacTaHMu ckopocTu aedopmaryu
3HAYEHUS G U Eooy KaK mpH 293 K, Tak u npu 77 K xonebmrores B mpenenax 5-8% (4ro He mpeBblmaeT pasbpoca
3HAQYEHUH OJTUX XapaKTepHCTHK JUIsi OTAENbHBIX oOpasuos). [Ipexmen o, sBusercss HauOojee YyBCTBUTEIBHOU
XapaKTEPUCTUKOM, ero 3HaAUEHUS IEMOHCTPUPYIOT ycToWYMBOE yBenuueHue a0 25-30% npu 293 K ans obenx mieHok u
10 ~17% npu 77 K ass1 6osiee TOJICTOM MIICHKH.

CreneHb BiausiHUS MaciTabHOro (akropa (TOJNILUHBI TUIEHKH) Ha MEXaHHYECKHE XapaKTePUCTHKU M3MEHSETCs ¢
TIOHMKeHHeM Temrepatypsl (puc.5). Tak, npu 293 K yBenuueHue TONIIMHBI IICHKHU BIMSAET, B OCHOBHOM, Ha G,
MOHW)KAsl ero MPHOIM3UTENBHO B 1,3 pa3a. 3HAUCHHS Gy U €q5, U3MEHSIOTCS HE Ooiiee, yeM Ha 5-8%. B 1o ke Bpems
npu 77 K yxe Bce M3ydaeMble XapaKTEPUCTHKH IUIEHKH TOJIIMHOW 125 MKM 3aMETHO CHM)KAIOT CBOM 3HA4YEHHUS I10
cpaBHEeHHIO ¢ Oosiee ToHKOW IuieHKo#. Ilpenen o, ymensmaercs npu 77 K-na ~17%, cymmapnas nedopmanus 1o
Pa3pyIIeHUs €q6y — HA 50%, OTHOCHTENBHOE YMEHBILIEHHE G, OCTAaeTcsA Ha MpekHeM ypoBHe. IIpu 3ToMm B 06pasmax
Oornee TONCTOM TIEHKH OTHOUIEHHWE G,/G, NpU 00enx TeMIepaTypax BBIIE M HMEET 3aMETHYI0 CKOPOCTHYIO
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ayBcTBUTENbHOCTS (Tabn.1). TIpu 77 K 1 ckopoctn nedopmarmu & 3=6-107 ¢ otHoweHNE G4/, B TIJIEHKE TOJIIMHON
125 mxm pocruraer 81%. MszBectHo[10, 11], 9To mommmep HadMHAET pa3pymIaTbes XPYNKo Oe3 3aMeTHOH
HpenBapuTeIbHON NeopManuy, eCli Ipenel BBIHYKASHHON 3JIaCTUYHOCTH CPABHHBACTCS C IPENETIOM IPOYHOCTH.
Torma HammM AaHHBIE CBUACTEILCTBYIOT, YTO IUIEHKA TOJINUHOM 125 MKM JODKHA JOCTUTHYTH TEMIEpaTyphl
xpynkocT Ty, (HHKHEH TpaHHUIBI 007aCTH BEIHYKICHHON 3IIACTUYHOCTH) IPH OoJiee BBICOKON TeMmIepaTtype, KoTopas
K TOMY JKe OyeT BO3pacTaTh C IOBBIILICHUEM CKOPOCTHU Jie(hOpMAaIIHH.
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B

Tabmuuna 1
OTHOCHTEIPHOEC U3MEHCHHE CPEIHUX 3HAYCHUH XapaKTEPUCTHK IPOYHOCTH U 1e(hOPMHUPYEMOCTH HCCICTOBAHHBIX
MOJIMUMUAHBIX IIeHOK npu 293 u 77 K.

Tommuaa O foliirs Ok O Emsic
IJICHKH t, MKM O o Ok O o3 O sk Enx

& =710" ¢
75 0,35 0,71 3,7 1,8 2.4
125 0,47 0,71 2,7 1,8 4,8

& ,-3,8107 ¢!

75 0,39 0,73 3,0 1,6 2,8
125 0,51 0,83 2,8 1,7 5,6

£ 76:10° ¢!
75 0,4 0,72 3,1 1,7 2,8
125 0,58 0,81 2,4 1,7 5,0

Temepp paccCMOTPUM BIIMSHHEC TOHIKCHUS TEMIIEPATypbl M YBCIHYCHHS CKOPOCTH JaeopMaidd Ha
COCTABIISIOMIME CyMMapHOW OTHOCHTENbHOH JedopMmaruu o0pasia [0 pPaspbiBa €.y, TAKHE KaK: YOPYTas Sy,
BBICOKO3JIaCTHYCCKAS ACPOPMAIUS €yy5cr1, OOpATHUMAs IPH TeMIiepaType ucnbitanust (T=293 K), mosHast BBIHYKIACHHAS
IACTHIECKAS (Enmacr1 T Esmacr2) M HEOOpaTHMAas NeOPMAIUS Eycopp. Ha puC. 6 1 TabN.2 MpeACTaBIEHBI 3aBUCUMOCTH
CPeIHHMX 3HAYEHUH 3THUX XapaKTEePHUCTHK OT TEMIIepaTypbl M CKOpocTH aedopmanuu. B Ttabn. 3 mis tpex ckopocreit
JedopManuy IPHUBEICHBI OTHOCHTEIbHBIE H3MEHEHHS 3HAUCHHH Eogy M €€ COCTABISIOMUX Eynp U (Exmacrit Esnacrz) TPH
HOHMXEHHHU TEMIIEPATYPHI, 4 TAKIKE COOTHOIIEHHUE BKIANOB Eqacrls (Exnacri T Esnact2) M Encodp B Eobur-

AHanmm3upys MPUBEICHHBIC PE3yIbTATHI, CICTyeT OTMETHTD, YTO NP 00EHX TeMIepaTypax MCIBITAHNS OCHOBHON
BKJIaJa B 00IIyI0 aehOpMAaIlHiO BHOCUT IOJHAS BBIHY)KICHHAS 3IaCTUUCCKAS COCTABIISIOMIAN (Epacr1T Enacr). SHAUCHUE
Eynp P 3TOM KOJIEOTIETCA HE3HAUMTENBHO M HE OKA3BIBAET 3aMETHOTO BIMSIHHSA HA M3MEHEHHE 3HAYCHUH Eogy. IIpu
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KOMHATHOU TEMIIEPaType OTHOCHUTEIBHBIA BKIAM (€ymacrit €smacr2)/€o6m HE 3aBHCUT HUA OT TOJIIHMHBI IUICHKA M HU OT
ckopoctu aedopmarmu (Tadmn.3), uyto coriacyercs ¢ gaHHbIMU [12]. OxHako Bkiaj nedopmanuu, oOpaTUMOW Npu
TEMIIepaType UCHBITAHUS, B TOJHYIO 3MACTUHUYCCKYIO Eyracrl 203K/ (Emact1 T Esmacr2)293k 3ABUCUT OT TOJIIIMHBI IUICHKH. [Ipn
9TOM, €CJIH B IUICHKE TOJIIUHON 75 MKM YMEHbBIIICHHE TAaHHOM BEIUYMHBI CO CKOPOCTHIO ehopMaliui C1adoe U MOXKET
TPAKTOBAThCsl KaK ClydalHOE, TO B IUICHKE TOJIIMHON 125 MKM BeTMYMHA 3TOTO BKJaJa JOCTATOYHO CYIIECTBEHHO
3aBHCHUT OT CKOPOCTH Je(hopMaIiK U PE3KO YMCHBIIACTCS C €¢ YBEITHUCHUECM.

I[lpu komHaTHOW Temmeparype B o00euX IUICHKax HaONromaeTcs Takxke HeoOpatumas —aedopMarus,
COXPAHAIOIAAC BIIOTh 10 T, KOTOpas MOKeT ObITh CBs3aHa JMOO C IUIACTHYECKHMHM, JUOO C BA3KO-TEKYYHMH

IIporeccamMy Npy HarpykeHuu. Bkian HeoOpaTnmoit nedopmanyu B o0mIyro nedopMannio He 3aBUCUT HU OT CKOPOCTH,
HU OT TOJNIIMHBI IJICHKH.
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Puc.6. 3aBUCMMOCTH CPEITHUX 3HAYEHUH YIIPYTOM £yyp, (), BRICOKOIIACTHIECKON 0OPATUMOM PH TEMIIEPATYPE UCHBITAHHS Expacri (0),
HOJIHOH BBICOKO3IACTHIECKOH (Esnacri TEsmacr2) (B) M HEOOPATUMOM IeDOPMALIMH Eyeopp (T) TOTMUMHU/HBIX ITIEHOK Pa3HON TOILIUHBL
0T CKOpOCTH Jepopmaru rpu temmneparypax 77 n 293 K

[Tpu 77 K BenuuuHBI CyMMapHOH W MOJHOW BBIHYK/IGHHOM 3J1aCTHYECKOW JieopMannii CHUKAIOTCA B HECKOJIBKO
pa3: B ~2,5 paza (Eogm M Espacri+2) B IWICHKE 75 MKM U B ~5 (€05 ) B ~0,5 (€ypacri+2) B MWICHKE 125 MxM. Bkman
HeoOpaTtuMoii eopmanuy OTCyTCTBYET B 00eHX IuleHKax. Bes ocrarounas nedopmanys, HaOltogaemMast Ipy OTOrpese
JI0O KOMHAaTHOM TEMIIepaTypbl, OKa3bIBaeTCs 33JEpXKaHHOW 3JacTHYecKoW (Mcuezaer mocie omxkura mpu 623 K).
[Mockonbky obmiast nedopmanus 10 paspymenus npu 77 K cymecTBeHHO HIKE (€46 =31%, 75 MKM U €46y =15%,
125 mxm), gem mpu 293 K, a HeoOpatuMmast jgedopmanusi HaunHAeT NMPOMCXOAWTH Ha HEJNMHEHHOH cTaguu mocie
3HAYUTEIHHOTO y4JacTKa IOJIHOCTBIO o0paTHMON aedopMamuy, TO, BIIOJIHE BepoATHO, uTo mpu 77 K aror ypoBeHb
nedopmanuii yxxe He mocturaercs. st mpoBepkr 00pasisl 00euX MICHOK ObIIM MpoaeOPMUPOBAHBI IPHU KOMHATHON
TeMIIepaType A0 BEIMYHH CyMMAapHOH Je(opManiy, COOTBETCTBYIOIINX CYMMapHOH nedopManuu 10 pa3pyIieHus Mpu
77K, u 3atem nposened omkur npu 350°C. YcraHOBIIEHO, YTO NPH 9TUX CTeneHsx nedopmaruu kak npu 77 K, Tak u
npu 293 K cymmapras nedopManus BKIIOYAeT, KPOME YIPYTOH, TOJIBKO BBICOKOAIACTHYECKYIO AedopManuio, 4To
cornacyercsi ¢ pesyiaptatamu [12]. BaxHO OTMETHUTH, YTO MPH 3TOM OTHOCHUTEIHHBIA BKJIAJ TOJHOW 3IaCTUYECKOM
JIeQOPMALIUH E,yacr1+2/€Eoy B TUICHKE TOJIIMHON 75 MKM HPH BCEX CKOPOCTAX AedopMalii COXPaHIETCs Ha TOM Ke
ypoBHe ~0,6, 4TO U MPY KOMHATHOM TeMIiepaType B 00eHX IUICHKaX, a B IUIEHKE TOJMIIMHON 125 MKM OH MOHMKAETCs 10
0,45. CxopocTHasi 4yBCTBUTEIILHOCTh BKJIaJa TOJIHOM amactudeckor nedopmanmu npu 77K, Tak ke xak u npu 293 K
OTCYTCTBYET.
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Tabmwuma 2
CpenHue 3HaYCHUS CYMMapPHOW OTHOCUTEIILHOM JiehopMaIiu J0 Pa3phiBa €gy M €€ COCTABIISIONIUX UCCIICAOBAHHBIX
MOJIMUMUHBIX TJICHOK Mpu TemnepaTtypax 77 u 293 K

TOJ'IHII/IHa Ta Eo6m> Eynps Esnacrl» Eonl +83n23 Eneobps
IIJICHKH t, MKM K % % % % %
i VAR
75 293 74 6,5 13,7 45 22,5
125 72 7,5 11 44 20,5
75 77 31 9,5 21,6 0
125 15 8,0 6,8 0
& ,=3,8107 ¢
75 293 87 9,5 13,0 51,4 26,1
125 78 8,0 5,5 47,2 22,8
75 77 31 10,0 21 0
125 14 8,0 6,2 0
& 5=6:107 ¢!
75 293 79 11,0 9,5 48 20
125 75 11,0 2.5 46 18
75 77 28,5 11,0 17,5 0
125 15 8,0 6,9 0
Tabmuma 3

CoOTHOIIEHHS CpeTHNX 3HAYEHHI CyMMAapHO# OTHOCHTENBHOM Je(hOpMaluy U €€ COCTABIAIONIMNX Eynp, Exnact M Eocr
WCCJIEJOBAaHHBIX MOJMUMHHBIX IICHOK MpHU Temrepatypax 77 u 293 K u pasHbIX cKOpoCTsIX ehopMaiuu

Tonmuua & oou293K & 293K & snaem(1+2)293K & saem(1)293K Eomaen(152293K | & suaem(2) 17K & o293k
IUICHKU t, E ook E vk E snaem(1+2)77K & sraem(1+2)293K & oou293K E oou11K & oou293K
MKM
& =710" ¢!
75 2,4 0,7 2,1 0,3 0,61 0,7 0,3
125 4,8 0,95 6,5 0,25 0,61 0,45 0,28
£ 73,810° ¢
75 2,8 0,95 2.5 0,25 0,59 0,68 0,3
125 5,6 1,25 7,6 0,12 0,61 0,44 0,29
£ 57610° ¢!
75 2,8 1,0 2,7 0,2 0,61 0,61 0,25
125 5,0 1,4 6,7 0,06 0,61 0,46 0,24

Wrak, B ncclenoBaHHOM HHTEpBaje CKOpOCTed aedopManuy W TEMIepaTyp MEXaHHYECKHE XapaKTepUCTHUKH
IUIEHOK c7abo 3aBHCAT CKOPOCTH JjedopManuu. UYyBCTBHTENBHOCTh K HM3MEHEHHIO CKOPOCTH JedopMaivn
O00Hapy»KHMBAIOT TOJBKO MpeNeN BBIHYXKICHHOW ODIACTHYHOCTH M BKJAJL OOpaTUMOH NpH TeMIepaType OIbITa
anmactrdeckord gedopmarmm. CormacHo [10, 11] ckopocTh pa3BHTHS BBIHYKACHHOW 3JAaCTUYECKOH nedopmanuu
(TIeperpynnupoBKA CErMEHTOB LIEMHBIX MOJEKYJ M LEJbIX MOJICKYJISPHBIX arperatoB MOA JIEHCTBHEM BHEIIHHUX CHII)
BKJIIOYAeT B ce0sl KOMIUIEKC peJIaKCallMOHHBIX ITPOLECCOB, CPEIH KOTOPBIX €CTh TAKHE, BPEMEHA PeJIaKCalliid KOTOPBIX
COIIOCTaBUMBI C BPEMEHEM MEXaHHYECKOTO BO3LEHCTBHSA M COOTBETCTBEHHO HMX Pa3BHTHE 3aBHCHT OT CKOPOCTH
I[e(l)OpMaI_[I/II/I. B Hamiem CJIydyac HaJIM4ue€ TpYyNIlbl NPOHECCCOB C MaJlbIMU BPEMCHAMU pPEIAKCAllMU IMOATBEPKIACT
XapakTep 3aBUCUMOCTH YJIMHEHHs 1e()OPMUPOBAHHBIX 00PA3II0B OT BPEMEHHU BBIIEPKKH MOCIIE PasTrpy3KH.

3aBUCHMOCTh MEXaHWYECKUX CBOWCTB OT TEMIIEPaTypbl CHJbHasi B 00eux IUieHKax. [Ipu 3TOM BiMsHHE pa3HOMN
TOJIIMHBI TUICHOK CYIIECTBEHHO IPOSBIISETCS NPH MOHIWKEeHUH Temneparypsl. [Ipu 77 K ¢ yBenuueHHEM TONIIMHBI
IUICHKH YBEJIWYMBACTCS CKOPOCTH pENaKCAIMOHHBIX MPOLECCOB MPH OTOIPEBE /0 KOMHATHOW TEeMIIEpaTyphl,
YMEHbIIAeTCsI OTHOCUTEIBHBIN BKJIA]] BBIHYKJCHHOH 3JIaCTHYECKOH JleopManyy B 0OLIyI0, BO3pacTaHUe Mpejena G, ¢
TIOHM)KEHUEM TEeMIIepaTyphl CYIIECTBEHHO OTCTAaeT OT TAKOBOTO B 0ojee TOHKOW IUICHKE, HO IPH 3TOM OTHOIICHHE
Gi/G, —1 ObICTpee M MMEET CKOPOCTHYIO 4YyBCTBUTENbHOCTb. Takoe IOBEIEHHE MOXKET OBITH OOYCIOBIEHO
HecKobKUMH npuurHamMH. C oxHOH cTOpoHEI, coryiacHo [10] BimsHMe MacmraOHOTO (hakTopa CBSI3aHO HPOCTO C
yBeIM4YeHneM dmncia nedexkToB B Oosee ToicToiM IuieHKe. OMHAKO IPpH KOMHATHOM TeMmepaTrype €ro BIHSHHE
nocratouHo cinaboe. C npyroii, HEOOXOAMMO Y4eCTh, YTO MPH M3MEHEHHH TOJIIWHBI IUICHKH [13] U oxnakaeHuu 1o
HU3KHX Temmeparyp [14] panee HaOmIOAaNOCh W3MEHEHHE CTEIICHH OPHECHTAIOHHON IEperpymIupOBKA THOKHIX
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MaKpOMOJIEKYJI TOJHUIUPOMEINTUMUAA B CTOPOHY OOJbIIEH YHOpPsAZO4YEeHHOCTH. Takke BO3MOXHO H3MEHEHHE
MEXaHM3MOB, KOHTPOJIMPYIOUIMX Je(pOpMalMIO IUIEHOK IPHU HU3KUX Temieparypax [9], 4To MOXeT 10 — pasHOMY
BIUATh MpPU Pa3IMYHONM CTENEHH YNOPSAJOYEHHOCTU CTPYKTyphl. Ilo3TOMy OCHOBHOW NpUYMHOM pa3Iuyus
MEXaHHYECKUX CBOMCTB mieHok npu 77 K mpennonaraercss Oomnblnasi CTENEHb YIOPSIOYEHHOCTH CTPYKTYPBI HpH
YBEIMUYCHNHN TOJIIMHBI TIJICHKH, YTO NPHBOAWT K TIOSBICHHWIO OoJiee BBICOKMX HHEPreTHUECKHX OaphepoB Ipu
MIePECTPOKE HaIMOJIEKYIISIPHON CTPYKTYpBl M CHJIbHEE INPOSBISCTCS NMPH YMEHBUICHHH TEPMHUUYECKUX (IIYKTyaIlHi.
Jnst MpoBEpKH THITOTE3BI B JATbHEHIIEM OyAyT IPOBEACHBI PEHTT€HOCTPYKTYPHBIE HCCIIEAOBAHUSI.

BbIBO/IbI

1. Onpenenenpl XapakTEPUCTHKU HNPOYHOCTH (G, M G,) M CyMMapHOH aedopManuu 10 PaspyllEHHs Eqgy ABYX
MOJUMMHUIHBIX TUIeHOK Tuna kapton H (np-Ba KHP) pa3uoii tosmmmast (75 u 125 mxm) npu Temneparypax 293 u 77 K
B wmHTepBame ckopocreil medopmarmm  10*-107° ¢!, VcramoneHo, d9To MeXaHMUeCKHE XapaKTEPHCTHKH
HCCIICAOBAHHBIX TMOJMUMHUIAHBIX TIJICHOK HWMCIOT CUWJIBbHYIO TEMIICPATYPHYIO 3aBUCUMOCTD. HpI/I IIOHW>XKCHUH
temrepaTypbl ot 293 K o 77 K xapakTepucTHKH IPOYHOCTH BO3PACTAIOT, @ BEJIMYHMHA JIeOpMaLIUU CHIKACTCS.

2. YCTaHOBIICHO, YTO KPUBbIE AcopMaIiy IMEIOT JIBE CTaJIUU: JIMHCHHYIO U HEIHHCHHYIO, a CyMMapHas IedopManus
€o6m TUIEHOK HMEET COCTABJIAIOIIME, CBA3aHHbIE C YNIPYToi nepopManuei &y, Npoucxosuieil Ha nuHeitHol cTanuy,
U BBIHYKJIEHHON 21aCTHYECKON (Espacri + Eoacr2) U HEOOPATHMOI ehopManUent €yeosp, MPOTEKAIONINX HA HETMHEHHOMN
craguu. [lomHast BEIHYK/IEHHas! dylacTUUecKas JieopMalnusi COCTOMT U3 BBICOKODJIACTHYECKOH NEePOPMAIUHN Eypaeris
00paTUMOM MPH TEMIIEPAType UCIBITAHUS, U 3aJICPIKAHHOM DIIACTHYCCKON NEPOPMALIUH E,qcrp. Hammuue B 0Opasiax
3aIep)KaHHOW 3JIaCTHYECKOW Je(opMalMy MPHUBOIUT K COKpAILEHHIO JUIMHBI 00pa3loB Npu Bblnepxkke mpu 293K
TocJie pa3pylIeHHs WK npeaBapurensHoil aedopmaryn. [TonHoe cHsiTHE 3aaep)KaHHOW AIacTHYecKol Jaedopmanuu
MIPOUCXOJUT Mocie oTxura npu 623 K.

3.00HapyxeHa CKOPOCTHAas YYBCTBHUTCIBHOCTh TIpENENa  BEIHYKICHHOH 3JacTHYHOCTH G, U  BKJIana
BBICOKOJJIACTUYCCKON  NeQOPMAIUN  E€,5cr;, OOpaTHUMON  mpu  Temmepatype  wucmbiTaHus. CKOpoCTHas
4yBCTBUTEIBHOCTb MpeJena MPOYHOCTH Gp, CyMMapHOH 1eOpMAIMU Eq5y M €€ COCTABIAIONIMX: YHPYTOH, MOTHOM
AJIACTHYECKON U HeoOpaTuMoi edhopMaliiy NPaKTUIeCKU OTCYTCTBYET.

4.00HapyXeHO BIusHHEe MacimtaObHoro Qakropa (TONIIMHBI IUICHKH) HAa MEXAaHHYECKHC XapaKTCPUCTUKU
TOJTMAMUIHBIX TUICHOK, YCHIHBAIOIICECS C IIOHIKECHHEM TEMITCPaTyPHI.

5.VBenuueHne BIUSHHUSA TOJINWHBI TUICHKA Ha MEXaHHYECKHE XapaKTepucTUkd npu 77 K, mMoBBIIEHHE CKOPOCTHOM
YYBCTBUTCIBHOCTH €,75¢;y B 0OJIEE TOJNCTOW IUIEHKE M Jp. TO3BOJIIIOT TIPEAINIONIOKUTH PA3UNYHYIO CTEICHb
YHOPSITOYCHHUS MOJICKYIISIPHOM CTPYKTYPHI HCCIIEIOBAaHHBIX TUIEHOK Pa3HOU TOJIIIMHEL.

Astoper npuzHaTensHbl Jlyoenmy C.B. m Hammky B.Jl. 3a mpouTeHme TekcTa CTaTbd W IICHHBIC 3aMEUYaHUS,
BBICKa3aHHBIE B MIPOIIECCE €€ 00CYKICHUSI.
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MEASUREMENT OF THE MAIN CHARACTERISTICS OF PuBe AND **PuBe
NEUTRON SOURCES USING BONNER SPHERE SPECTROMETER WITH A
3He-COUNTER

V.B. Ivanskyi, O.N. Letuchyy, A.N. Orobinskyi, H.V. Siroko
National Scientific Centre «Institute of Metrology»
42, Mironosickaya Str., Kharkov, 61002, Ukraine
E-mail: orobin61@gmail.com
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The energy and pulse height spectrum of PuBe and 238PuBe neutron sources are measured without taking into account scattered
radiation, taking into account this radiation (without the shadow cone) and own scattered radiation from these sources (with a shadow
cone) using a NEMUS spectrometer on Bonner spheres with *He -counter. An analytical solution of the likelihood function equation
is given, taking into account the fact that the counting rate of pulses obeys the chi-square distribution used to estimate the variances,
the discrete Poisson distribution, and the normal distribution, using the Bayes theorem and the Lagrange multiplier method. The
values of the main characteristics of neutron radiation are measured: neutron flux density, ambient dose rate equivalent, individual
dose rate equivalent and average neutron radiation energy. Extensive uncertainties were obtained in the measurement of these
characteristics with a confidence level of 0.95. Calculation of energy spectrum, basic characteristics of neutron radiation and
extended uncertainties is performed by the MAXED (maximum entropy and deconvolution) method using the UMG 3.3 software.
KEY WORDS: NEMUS spectrometer on Bonner spheres, *He neutron counter, shadow cone, neutron radiation spectrum, Bayes
theorem, response function, likelihood function, MAXED method, maximum entropy and deconvolution method, Shannon entropy,
Lagrange multiplier method, neutron flux density

BUMIPIOBAHHSI OCHOBHHMX XAPAKTEPAUCTHK PuBe TA **PuBe J’KEPEJI HEMNTPOHIB
3A JIOIOMOI' OO CHEKTPOMETPA HA C®OEPAX BOHHEPA 3 *He-JITMUJIbHUKOM
B.b. IBancbkuii, O.M. Jleryumnii, A.M. Opobincbkuii, I'.B. Cipoko
Hayionanonuii naykoeuu yenmp «Incmumym mempono2iiy,
42, eyn. Muponocuyvra, m. Xapxkis, 61002, Ykpaina

BuMipsiHi eHepreTHuHi Ta aMILTITY IHO-iMITy TheHi criektpi PuBe 1 2**PuBe mkeper HEeHTPOHIB 663 ypaxyBaHHS PO3CISHOTO BUIPOMIHEHHS,
3 ypaxyBaHHsM I[bOT0 BUIIPOMiHEHHs (0€3 TIHbOBOrO KOHYCa) i BIaCHE PO3CITHOTO BUIIPOMIHEHHS Bifl IaHUX JDKEpPEN (3 TIHBOBUM KOHYCOM)
3a gomomororo criektpomerpa NEMUS Ha cdepax Bomnepa 3 *He-niunmsHukoM. HaBefieHO aHamiTHUHE pilICHHS PiBHSHHS (yHKILi
MPaBJOMOJIOHOCTI 3 ypaXyBaHHAM TOTO, IO MIBHIKICTH JIYEHHS IMITYJIbCIB BIATIOBIZAE PO3MOILTY Xi-KBAaApaT, SIKE 3aCTOCOBYETHCS IS
OL[IHKHM JIHCIIepCiii, JMCKpeTHOMY posmnoziny ITyaccoHa Ta HOPMalbHOMY pO3IOJiTY, 3 BHKOPHCTaHHAM Teopemu baiteca i merona
MHOXHHKIB Jlarpamka. BuMipsHi 3Ha49eHHS OCHOBHHX XapaKTEPHCTHK HEWTPOHHOTO BHIIPOMIHEHHS: TYCTUHH IIOTOKY HEHTpOHIB,
TIOTY)KHOCTI aMOICHTHOTO €KBIiBaJIEHTA I03W, MOTY)KHOCTI IHIMBIZyaJbHOTO EKBIBAJIeHTa JO3M Ta CEpeIHbOi eHeprii HeHTPOHHOro
BunpoMiHeHHs. OTprMaHi po3MIMPEeHi HEBU3HAYEHOCTI NP BUMIPIOBaHHI IIMX XapaKTEPHCTHK 3a JOBip4oto iMoBipHicTio 0,95. Po3paxyHok
CHEePreTUYHHX CIIEKTPiB, OCHOBHHX XapaKTEPUCTHK HEHTPOHHOTO BHIIPOMIHEHHS Ta PO3IIMPEHUX HEBH3HAYCHOCTEH BHKOHAHO METO/IOM
MAXED (MakcuMasbHOI €HTPOMIi Ta JEKOHBOJIIOLIIT) 3 JOIOMOTO0 ITporpamHoro 3adesneyenns UMG 3.3.

KJIFOUOBI CJIOBA: crexrpomerp NEMUS Ha coepax Bounepa, ‘He-miunmibHHK HeHTPOHIB, TiHBOBHII KOHYC, CIIEKTp
HEHTPOHHOTO BWIIPOMIHIOBaHHs, Teopema baifeca, ¢yHkmis Biaryky, ¢yskmis mnpaBmomomiOHocti, Meton MAXED, wmeron
MaKCHMaJIbHOI eHTPOIIii Ta AeKOHBOJIOLII, eHTporis [IleHHOHa, METOZ MHOXXHHUKIB Jlarpanxa, TyCTHHA [TOTOKY HEHTPOHIB

N3MEPEHUE OCHOBHBIX XAPAKTEPUCTHK PuBe U ***PuBe HCTOYHHUKOB HEMTPOHOB
C IIOMOIIBIO CIIEKTPOMETPA HA COEPAX BOHHEPA C *He-CYHETYHMKOM
B.b. UBanckuii, A.H. Jleryunii, A.H. Opodunckmnii, I'.B. Cupoxo
Hayuonanvuwiti nayunsiii yenmp « Ancmumym memponocuuy,
42, yn. Muponocuykas, 2. Xapvxos, 61002, Yxkpauna

M3mepensl sHEpreTHUecKre U aMIUIMTYAHO-UMITYJIbCHBIE CeKTpbl PuBe u 2%puBe HCTOYHHKOB HEUTPOHOB 0€3 ydeTa paccesHHOTO
M3IIy9eHus], ¢ y94eTOM 3TOro m3mydeHHs (0e3 TeHEeBOro KOHyca) M COOCTBEHHO PAcCESHHOTO HM3TydeHHS OT JAHHBIX HCTOYHHUKOB
(c TeHeBBIM KOHycoM) ¢ ToMompio criektpomerpa NEMUS Ha coepax Bommepa ¢ *He-cuerdmkom. IIpuBeseHo aHanmuTHUECKOS
pemieHne ypaBHEHUs (DYHKIIMM IPaBONOAOOHS C YYETOM TOTO, YTO CKOPOCTh CUETa HMMITYJICOB ITOJUMHSCTCS PACIpPENSICHHIO
XH-KBaJpat, IPUMEHSIEMOMY /I OLEHKU JUCHEepCUil, AUCKPETHOMY pacrpeenceHuio IlyaccoHa U HOpMalbHOMY pacIpeeieHuIo, ¢
KCIoNb30BaHueM TeopeMsl balieca u Merona MHOXxuTenel Jlarpanxa. I3MepeHsl 3HaUeHUS! OCHOBHBIX XapaKTEPUCTUK HEUTPOHHOTO
W3JTy4eHUs!: TJIOTHOCTH OTOKA HEWTPOHOB, MOIHOCTH aMOMEHTHOTO SKBHMBAJICHTA JI03bI, MOIIHOCTH WH/MBHUIyalbHOTO SKBHBAJICHTA
J03bl M CpeqHedl »Hepruum HEUTPOHHOro wu3MydeHus. IlomydeHbl paclIMpeHHblE HEONPENSNCHHOCTH IPU W3MEPEHHH JaHHBIX
XapaKTepHUCTUK TPU JOBEpHUTENbHOH BeposiTHocTH 0,95. PacueT sHepreTHdyecKuX CMEKTPOB, OCHOBHBIX XapaKTEPHUCTHK HEHTPOHHOTO
M3JTyYeHUs] U PACIIMPEHHBIX HeolpeneNeHHoCcTel BeimonHeH meTogoM MAXED (MakcuManbHON SHTPONUHM M JEKOHBOJIOUWH) TIPU
TTOMOIIH TporpaMmMHoro odecrniedennss UMG_3.3.
KJIIOYEBBIE CJIOBA: cnekrpomerp NEMUS Ha cdepax bounepa, *He-cuerunk HEWTPOHOB, TEHEBOM KOHYC, CIEKTp
HEWTpOHHOTO M3IydeHus, Teopema baiteca, ¢pyHKIms oTKINKA, QyHKIUS mpaBromnonodus, meronr MAXED, Meron MakcHMaibHOM
SHTPOIUHU U JeKOHBOIIoNMY, sHTponus lllenHona, MeTon MHOXuTenel Jlarpanixa, IIIOTHOCTb IOTOKA HEHTPOHOB

© Ivanskyi V.B., Letuchyy O.N., Orobinskyi A.N., Siroko H.V., 2017
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OnHMM U3 OCHOBHBIX IpuMeHeHuit PuBe u ¥PuBe MCTOUHMKOB HEUTPOHOB SIBJISIETCA UX UCIOJIb30BAHUE IIPH
pEryJMpoBKe U KATMOPOBKE JOBUMETPOB U PaJIMOMETPOB HEHTPOHHOT'O U3ITyUYECHUSI.

B HacTosmee BpeMs U UCCIIEAOBAHMS CIIEKTPOB HEUTPOHHOrO U3Iy4EHUS HapsAAy C APYTMMHU IpUMEHSETCs
criekTpometp Ha cepax Bounepa [1 — 4] ¢ *He-cuerunxom [2].

Pacuer cmekrpoB BemomHeH MetogoM MAXED (MakcHManbHOW SHTPONMU W JCKOHBONIONWH) [5, 6], pUMeEHss
Teopemy baiteca [7, 8].

B m3BecTHO# Ham muTeparype [9 — 11] oTcyTcTBYIOT anHbIe 0 criektpax PuBe n ***PuBe HCTOYHHMKOB HEHTPOHOB C
YUETOM PacCEesTHHOTO M3IydeHns (0e3 TeHeBOTro KOHyca) M COOCTBEHHO PAaCCETHHOTO M3IY4eHHS (C TEHEBEIM KOHYCOM) OT
JAHHBIX UCTOYHHKOB.

B nanHoii pabote m3mepensl criekTpsl PuBe u 2¥pyBe HCTOYHUKOB HEWUTPOHOB C LENbIO:

- U3MEpeHHUs IUIOTHOCTH TII0TOKa HEHTPOHOB, MOIIHOCTH aMOMEHTHOTO SKBHUBAJICHTA 03B, MOIIHOCTH
WHIMBUIyalbHOTO OSKBUBAIEHTa J03bl, KoddduimeHToB mnepexoxa oT (¢uitoeHca HEHTPOHHOTO H3IY4YeHHs K
aMOMEHTHOMY M WHAWBHIYaJIbHOMY SKBUBAJICHTY JI03bl, CPEAHEH DHEPTUM CIIEKTpa HEHTPOHHOTO M3NIy4yeHHs Oe3 yuera
paccessHHOTO M3JIyYEeHUs, C y4ETOM 3TOro M3iydeHus (0e3 TeHEeBOro KOHyca) U COOCTBEHHO PacCesTHHOTO M3JIyYeHHS OT
JTAHHBIX NCTOYHHUKOB (C TEHEBBIM KOHYCOM);

- OLIEHKH PACIIMPEHHOI HEONPENEIEHHOCTY;

- cpaBHeHus criektpoB PuBe 1 “**PuBe HCTOUHHKOB HEHTPOHOB.

HEHUTPOHHBIN CHEKTPOMETP NEMUS HA C®EPAX BOHHEPA
W3mepenus cnextpoB PuBe u 2*PuBe MCTOYHMKOB HEUTPOHOB BBIMIOJHEHHI ¢ MOMOIIBIO criekTpomeTrpa NEMUS
(Neutron Multisphere Spectrometer) Ha cdepax bonnepa [2], paspaborannoro B Physikalisch-Technische Bundesanstalt
(PTB), Braunschweig, Germany, ¢ mpornopiuoHabHbiM “He-cuerdnkom HeiiTpoHoB SP9 (fanee 1o Tekcty — cueTank SP9)
npousBoycTBa pupmel «Centronic Ltd», UK. CTpykTypHas cxema crieKTpoMeTpa rnpuBejieHa Ha puc. 1 [12].

Puc. 1. CtpykrypHas cxema ciektpomerpa NEMUS Ha chepax bonnepa.

1 — cuerunx SP9 (muamerp — 32 mm) 6e3 chepsl — 0WO0iso (iso — u3otpomnnsiii, 0") (" — mroiim);

2 — ctepa 13 urcToro nomiaTIIeHa, mpuMensiercst 10 chep: 3WO (d = 3"); 3WS5 (d =3,5"); 4W0 (d =4"); 4WS5 (d =4,5"); SWO0 (d =5");
6WO0 (d=6"); 7TW0 (d=7"); SWO0 (d=8"); 10W0 (d=10") u 12WO0 (d = 12"); d — muameTp chepsr;

3 — yHHBepcalbHBIN aHaoroBei ciektpomerp AIOSAP-02;

4 — ananoro-mudposoii npeodbpazosatens ALIII FAST 7070;

5 — webMATE: Ethernet mynpTHKaHaTBHBI aHamn3aTop (MCA);

6 — NETGEAR FS108P: cuu Ethernet;

7 — mepcoHATBHBIN KOMIIBIOTEp € MPOrPaMMHBIM 00€CIIeueHHeM JUTs H3MepeHHs ClieKTpa HelTpoHHoro m3mydenns webMATE [13]
coBMecTHO ¢ WinTMCA32 [14] u mis ero pacdera UMG_3.3 [15, 16].

IIpuBenemM OCHOBHBIE XapaKTEPUCTHKH HCTOYHUKOB HEUTPOHHOTO u3nyueHus [17].
1. TToTOK HEMTPOHOB B TeTECHBIH yron 47 cp, ¢’ — B.

N . i . dB
2. CrieKTpasIbHbIil TOTOK HeiiTpoHoB, ¢ "MsB™! — B r = B rae E — sHeprus.

3. IInotHOCTh MOTOKA HeiTpoHoB (IIITH) Ha paccTosHMM R OT reOMETPHUECKOTO IIEHTpa UCTOYHHKA HEUTPOHOB,

2, -1 B -S-R S y
cMTCT - p=—re , Tle X — JIMHEHHBIH K03 GHULIMeHT ocabieHuss HEHTPOHOB B BO3IyXe.
47 R
. 2, -l -1 _dyp
4. CnexTpanbHas INIOTHOCTb IIOTOKA HEMTPOHOB, cM ¢ -M»dB™ — ¢f = i
5. droeHc HelTpoHOB, cM~ — @ .
. N 2 . do

6. CriexktpanbHbIil (Ir0eHC HEUTPOHOB, cM *MdB™ — O f = I

7. MomHoCcTh aMOMEHTHOTO dKBUBaJieHTa 10361 (MAD/T), Mx3pu! — H *(10).

8. AMOMeHTHbIH 3kBUBaneHT 103bl (AD]]), Mk3B — H *(1 0).
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9. Koshduument nepexoa ot ¢iiroenHca HeHTPOHHOTo mamydenns k ADJI, m3B-cm” — h; (10).
10. MoutHoCTh MHAMBUIYAIBHOTO 3KBUBaeHTa 10361 (MUDT), M3y — H » (] 0).

11. MuauBuyanbHbIN SKkBUBaNCHT 10361 (MD]), MK3Bu — H » (10).

12. Kosdduument nepexosa ot (uoeHca HeHTpoHHOro u3nyuenus k U1, n3s-cm” — A P (10).

13. Cpennss sHeprus ceKkTpa HeHTPOHHOrO u3nydeHus, MaB — E .
CrexTp HEHTPOHHOTO U3ITY4IEHHS NIPEACTABIIOT 3aBUCUMOCTEIO B, B, @;, 0p;, P; unu @ g; = f (El)

B nanHOIl paboTe cHekTp MpeAcTaBUM B BUIE @f; - E(; = f(E,-), rne @g-Eo = o5, =u¢i, up; = lnET -
Li i
neraprust; Eg; =4 E;y - E; — CpenHsisi SHeprus staeiiku pu Jioraprudmudeckom Maciirabe snepru (IgE).
Kak mpaBuio, And 3aBUCHUMOCTH @p; = f (E ,-) BBIOMpAIOT JorapuMUUYecKuii MacmrTad [0 SHEPruu; s
sagucumocteit gp; = f(E;) u ¢, = f(E;) — nuneiinsiii. [pu museitnom Macmrabe — Ejo; = 0,5+ (E; 4 +El~).
YToO6B! yUNUTHIBATH PACCESTHHOE HEWHTPOHHOE M3Iy4EHHE IIPH N3MEPEHUSX, IPUMEHSIOT TEHEBOH KOHYC (ayiee — 1o
TeKCTy KOoHyC) (puc. 2) [18, 19].

Puc. 2. PacmonoxeHue HCTOUHHKA HEHTPOHOB, TCHEBOTO KOHYca U chephl criekrpomerpa NEMUS.
1 — MCTOYHHMK HEUTPOHOB; 2 — YaCTh KOHYyCa M3 CTAJIM; 3 — 4acTh KOHyca U3 MonuITUIeHa; 4 — chepa; 5 — cuerunx SPI.

[110THOCTH MOTOKA HEHTPOHOB OT MCTOYHHMKA BBIYUCIIAM 110 (hOpMYyJIIe
Q=P — Pk (1)
IZie ¢y — CyMMapHas IIIOTHOCTh ITI0TOKAa HEWTPOHOB, BKJIFOYAsl PACCESIHHOE M3ITy4deHue (0e3 KoHyca);

@k — INIOTHOCTb IOTOKA Heﬁ’I‘pOHOB 3a CUCT paCCCAHHOI0 U3JIyYCHUA (C KOHYCOM).

I'eomeTprueckue pa3Mepsl KOHyca JTOJDKHBI yIOBICTBOPSTE YCIOoBHIO [ < <2-f (puc. 2) [18]. dna 10 chep u
cuetynka SP9 ¢ y4yeToM HaHHOrO YCIOBHs, HEOOXOAWMO NPHUMEHATh TPH KOHYCA, PACCUUTAHHBIC T€OMETPHUYECKHE
pasMepbl KOTOpbIX mpuBelneHbl B Tabmuume 1. CoOTBEeTCTBME KOHYCOB cdepaM YCTaHOBJICHO pPacueTHO-
9KCIEPUMEHTAIBHBIM METOJIOM.

Tabmuma 1.
I'eoMeTpuueckue pazMepbl KOHYCOB.

Konyc Coepa a , rpag D, MM D, , MM L. » MM
Komnyc 1 0WO0iso, 3W0, 3W5, 4W0 2,121 53,6 31,4 224,1
Konyc 2 4WS5, 5W0, 6W0 3,768 82,4 43,0 126,0
Konyc 3 7W0, 8W0, 10W0, 12W0 5,643 1154 56,2 84,0

IMpumeuanue — d,, =16,6 mm; L=500mm; L., =200mm; Lpg =300 mm; R=1620 mm.

[Ipu pacdere H3MEPEHHOTO CIIEKTPa HEUTPOHHOTO M3ITyUeHIsI IpUMEHNM TeopeMy baiteca [7, §].

Jist pe3ynpTaToB M3MEPEHUH CYIIECTBYET M3BECTHOE alpHOPHOE pacIlpeiielIeHHE BEPOSTHOCTH. B m3MepeHun
COZIEP)KUTCSL JOTIONHUTENbHAs HHpopMmanus. biaromaps ee HCHOJIB30BAaHUIO MOXKHO IIOJYYHTh AIllOCTEPHOPHOE
pacIpezeneHe BepoITHOCTH:

Py, 1)oc Plng|2,1)- PO(2)1),
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rae PO(/1|I ) — ampuopHast BEPOATHOCTH (M3BECTHBI HAYANBHBIA CHEKTP HEHTPOHHOTO M3IYYCHUS ¢)£,-S ‘Egi=f (El)
(Default Spectrum — DS);

P(nk|/1,1 ) — (QyHKIMS npaBaononoOus, Kotopas 3aBUCHT OT QyHKuMH oTkinka (Response Function — RF) nnn
MAaTpHLBI 9yBCTBUTEIBHOCTEH R; = Ry; = f(El) (puc. 3), tne k=1,2,...m —xommdectBo chep m = 11; i=1,2,...n —
KOJIMUECTBO JHEPTUif; R;; BBIUUCISIETCS NMPU MOMOLIM KOMIIbIOTepHOro koaa N-gactui, Monrte Kapno (MCNP) [20]

U4 MOHOBHEPIreTHUCCKUX HeﬁTpOHOB; C PpOCTOM JHaMCTpa C(i)epI)I OHCPrugd MaKCUMyMa (byHKI_[I/II/I OTKJIMKa
YBCJINYNBACTCA.

P(/1|n i ) — alloCTEpHOPHAs BEPOATHOCTH (M3MEPEHHBIN CIIEKTP HEUTPOHHOIO U3NydYeHus @p; = f (E ,-) ;

I — nomonmHuTENbHAS HHGOPMAIHS (IHTPOIHS, HEOTIPEACICHHOCTH NTPH U3MEPEHNH, PACTIPEAEIICHHUS CITyJaiiHBIX
BEITNIMH);

A — mapamerp;

nj, — W3MEpEeHHasi CKOPOCTb CUETa UMITYJIbCOB;

o< — CHMBOJI IIPOTIOPITMOHAIBHOCTH WIIH IpaBronoxodus (cumBoin Kaprma).

o) —
R/\,]- ,CM Cpepsi:
0WOiso
3Wo
3.5W0
4W0
4.5W0
SWo
6WO0
TW0
8Wo
10WO0
12W0

S

o

lg(E;, M3B)

Puc. 3. Oynximn otkmuka Ry; = f (E ) .

n
B KadecTBe HAYaJbHOTO CIIEKTPAa HCMOIB3YETCS HOPMHPOBAHHBIA CHEKTp (Y. ¢I-D S = 1) PuBe wucrounmka
i=1
HeliTpoHOB B auanasoHe suepruit 10° < E < 15 (MaB) [21].
B nuckpernom Buze utst k-cdepsl cripaBeiMBO BeIpaxkeHue ((QyHKIMS Tpasononoomus) [22]:

n
ng +e, = ZRki.¢i , (2)
i=1
rne &y =nyc — Ny ;
< DS _ % DS
ne= 2 Ry-@ u o me = Y Ri-o; — PpacCYMTaHHOE 3HAUYEHHWE CKOPOCTH CYETa HMITYJIbCOB JUIS
i=1 i=1
M3MEPEHHOTO U Ha4aJIbHOTO CIIeKTpa k-cpeprl, COOTBETCTBEHHO.
3HaueHus nyc U Ny NOAYUHSIIOTCA ;(2 — pacrpesneNeHnIo, IIPUMEHSIEMOe ISl OLICHKH AWCIIEPCHH, CO CTEIIEHAMH
cBoOoxbl m [22] ¢ yd4eToM TOro, YTO 3HAUCHUS 7, IPH HM3MEPEHUM NONYMHAIOTCS IUCKPETHOMY pacIpeleleHHI0

ITyaccona 1 HOpMaJILHOMY paclpeeIEHUIO.
3anuineM JOMOIHUTENbHBIE YCIOBUSL

2
m
S| L = 42, €AY
k=I\ Ok
m
Lk 9, (3.2)
k=10k

rac

[ 2 2
Ok =\Ojk4a tOpp (3.3)

CyMMapHas CTanJapTHas HCONPEACICHHOCTDb TP UBMEPCHUHN 1) W PACHUCTC My
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o =VN (3.4)

CTaHAapTHasl HEOMpeAeNeHHOCTh TUMAa A pe3yJbTaTOB M3MepeHuil (cpenHee kBaapaTuueckoe oTkiaonenne — CKO) ¢
yuetoM pacnpenenenus [lyaccona;

N — u3MepeHHOe KOJTHMYECTBO UMITYJIECOB;

Op — CTaHIapTHas HEONPEIENCHHOCTh THma B mpm wm3mepeHnmn n; (00yCIOBICHa HEHCKIIOYECHHOI
CHCTEMaTHYECKOM MOrPELIHOCTBIO).

VYpasuenue (2) ¢ yaerom ycnosus (3.1) permm meronom MAXED (Maximum Entropy Deconvolution) — MakCHMaTbHON
SHTPOIUH U ISKOHBOIIIOIHNH [5, 6].

2

Kpurepuii metona MAXED — £— =11 [15, 16].
m

OHTponuIo (Mepy HeolpeAeIeHHOCTH, BEPOSITHOCTH KaKOTr0-JIM00 COOBITHS) TIpEeICTaBUM B Bue [22]:
n o
— i DS
S=-2|¢ m—s+07" -0 |, *)
i=1 i
TIIe IepBoe ciaraeMoe — SHTportust IIIeHHoHa — Kpocc-3HTPOITHS, MOTyYeHHas IS IUCKPETHBIX pacnpesesneHui [22]; BTopoe

ciaraemoe obecrneuuBaer S = 0 npu ¢, :(pl-D S TPEThE CIIaraeMoe TapaHTHPYET, YTO MPH OTCYTCTBHUHM KaKUX-JTHOO
JIpYTHX OTPaHUYECHUH, ¢; = %_D S pu S = 0.
MakcuMalbHast SHTPOIHS 03HAYACT, YTO HEOMPEIENEHHOCTh CTPEMHUTCSI K MUHUMYMY, CIE€I0BATEIbHO, |S | — min .

Ypasuenue (4) ¢ yuetoM (2) u (3.1) permmmm Metonom MHOXuUTenel Jlarpanxka [22].
JlarpanxwuaH npeacTaBUM B Bue (pyHKI[HMOHAIA!

2
n ¢) m n m £
L(¢z’ ﬂgk”lk’ﬂ):'z ¢ In—5s +o -~ _zﬂk'{szﬁ(/’i _"k_gk}_ﬂ‘ Z(—kj -2 ®
i=1 ; k=1 i=1 k=N\ Ok

rae Ay, — mHOXuTenu Jlarpanxka (mapamerpbr).

Jist Toro, 4TOOBI HAWTH SKCTPEMYM (PELINTH 3aa4y ONTHMHU3aINH) (GYHKIMOHAIA L((pi S Ehks A ,u) OTHOCUTEIIEHO

oL oL JL
MHOXHTEIIA /’ik , 4aCTHbIC IPOU3BOAHBIC —— , —— U —— JOJDKHbBI OBITH PaBHBI HYJIIO.

dp, &  Ou

BbluniciiuB 4yacTHbIE IPOU3BOAHBIE U IIPUPOBHSAB UX HYJIO, IOJIyYUM

9,
In—% +Zﬂk'Rki:0’
k=1

or°
A -2k =0,
Ok
m 2
2(8_/‘] :/1/2.
k=I\ 9k
W3 nocnenHux Tpex ypaBHEHUH HailieM
- S hRy
o =g e ©)
1
2
kO _ X0k 4-7°
’ 2
> (4 o)
k=1
1
1 5 |2
M= 52 (o) |- ®)
4- 37 k=1

®yHKUMOHAN (5) NpeACTaBUM B BUE

L((pl- ,ek,/ik,,u)=—Z—1 ,
rae Z — moTeHnuan GyHKIHOHaJA.
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n
IToncraBus (6) — (8) B (5) nmpu ycnoBUAX, 9TO Z(piDS =1 u Z=0, noxyaum
i=1

m 1
n = 2 Ak Ry m 2 m
DS = 2 2 —
Z== ;" et {Z 3 (A o) } —2ng A =0. ©)
i=1 k=1 k=1
Takum 00pa3oM, HCXO/IHAs 3a/jada CBEICHA K PELICHHIO CHCTEMbI M ypaBHEHHH (9) ¢ m HEM3BECTHBIMH A , ..., A, .

Ipu pacuere criekTpa HEHTpOHHOTO M3ITydeHus npuMeHsieM noporpammy MAXED for Few-Channel (FC) (m <<n) —
MXD_FC33 u3 nporpammel UMG 3.3 [15, 16], B koTOopo#i, kKpoMme ypaBHeHHH (2), (6) — (9), m06aBineHO ypaBHEHNE
m n

m R, -©:
>k ol i %i_y, (10)
k=10 k=li=l Ok
KOTOpOE TIONydHM, OmpenennB &, u3 (2) m moxacrtaBuB B (3.2), W BBeAEH mapamerp Y, ¢ yderoM Koroporo (6)
npeoOpazyeM K BUILY
s -3 Rki'(/lkJrUl]
¢ =g et . (11)
Anroput™ pertenust ypaBHeHuH (2), (7) — (11), mpruMeHsist MaTpHIThI ¥ ISKOHBOIOIMIO (YHKIHH, puBeieH B [ 15, 16].
B anHOi paboTe KOCBEHHO M3MEpeHb! B auanasone suepruii 10° < E < 15 (MaB) creayiomme XapakTepHCTHKH:
o, H (10); Hp (10); h:D (10); hpo (10) u E , koTOpbie paccuMTBIBAIOTCA TIO hOpMYJIAM:
n
. . : 20 Ejoi
~ H{10) = _ 5
p=2¢, H00)=Yhp;(10)-¢;, ho10)=—=, E= , (12)
i=1 i=1 4 z ;
1

THC @y =@p;-up;-
[prvedanve: n3MepeHHBIE BEIMYHMHBI 0e3 KOHyca M ¢ KOHYCOM PAaCcCUUTHIBAIOTCA 10 aHATIOTUYHBIM (POpMyIIam.

PE3VJIbTATHI U3MEPEHH CIIEKTPOB PuBe u **PuBe HCTOYHUKOB HEUTPOHOB

B naHHO#t paGoTe GBUIH MCCIIEOBAHBI HCTOYHHKH HeiTpoHoB: PuBe tina MBH-9 (B = 3,47-10° ¢') u **PuBe
tuna UBH-8-7 (B = 3,34-10" ¢™).

W3mepenne crekTpa HEHTpOHHOro wu3MydeHHs c nomombio cnekrpomerpa NEMUS na cdepax Bonnepa
BBIMNOJIHAETCS B TPU 3Tamna:

- I3MEPEHNE aMIUIUTYAHO-UMITYJIbCHBIX criekTpos (AUC);

- 00paboTKka pe3ynpraToB m3MmepeHuii AVC;

- pacuer crmekTpa HeliTpoHHOro m3mydeHus merogoM MAXED c ucmonp3oBaHHeM TeopeMbl baiieca m meronma
MHoOuTenen Jlarpanxa.

Peakuuto B3anMoaencTBUsS HEUTPOHOB C AaTOMAMHU 3 He sanmmewm B BUJIE

SHe+n — *He+E wm >He+n — p+T+E,

rne p'H )~ nporon, T(3#) — purait, £ =764 1B, E,= %-E =573 0B, Er = %-E =191 xB.

AMC wucrounnkoB PuBe ¢ konycom n “*PuBe 6e3 KOHyca MpHBEICHBI Ha PUC. 4 U PHUC. 5, COOTBETCTBEHHO.
Hopmuposannsie o ammutyae AUC — Ha puc. 6 — puc. 8.

Anamz AVIC HeMTpOHHOTO U3Ty4eHUs], IPUBEICHHBIX Ha PUC. 4 — puUC. §, TOKA3bIBAET CIEAYIOIIee:

- CHEKTpBI OT Bcex cdep u cuerunka SPY KauecTBEHHO MOXOXKH; OTIIMYHME B TOM, YTO B 3aBHCHMOCTH OT JAWMaMETpa
cepbl U3MEHsIeTCS IUIOMIA b IO/ KPUBOH (puC. 4 U puC. 5);

- MaKCHUMaJbHas YyBCTBHTEIBFHOCTh K HEUTpOHAM Ui McTOYHMKA PuBe ¢ koHycoMm momyumnachk it cepbl SWO,
I ucTounMka PuBe Ge3 komyca — i cdepsr 7WO, criemoBaTenbHO, BTOpOH crektp (puc. 5) Goree
BBICOKOPHEPTETHYHBIH (pHC. 3), 4eM IMepBEIii (puc. 4);

- HopMHpOBaHHbIe 10 ammuTyae AVC ncrounnkos PuBe ¢ konycom i “**PuBe 6e3 KoHyca COBIAAaroT (puc. 6 —
puc. 8), cnenoBarenbHO, HOpMuPOBaHHEI AVIC HEHTPOHHOTO M3TyUeHHSI IOCTOSHEH U HE 3aBHCHT OT SHEPTHH HEHTPOHOB;

- CKO m3MepeHHOro KolmgecTBa UMITYIIbCOB Uil ncrounuka PuBe (puc. 4) Gonbie (= 4 pasa), ueM I HCTOYHHUKA
“*PuBe (puc. 5), Tak Kak 3uauenns N (puc. 4) MeHbIue (= 16 pa3), 4o COOTBETCTBYET pacnpesenenuo [Tyaccona (4.4).

Anammz AVC, npoBenennslii cnemmamuctamu PTB [12], mokaspiBaeT, 9TO UII HEUTPOHHOTO W3IYYCHHUS

AE =E - E; =20 1B (puc. 8).
CKOpPOCTh CY€Ta MMITYJILCOB BBIYUCIUM IO (hopMyJie
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N
n=———, (13)
tLT -N-T
600
rie N= YN j — CyMMapHOE KOJMYECTBO MMITyJIbCOB; j — HOMEp KaHaja; f;7 — paspeluaoiiee Bpems AIIT FAST
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Puc. 6. Hopmuposannsie AVC PuBe ucrounuka ¢ KOHycoMm. Puc. 7. Hopmuposanusie AUC ***PuBe ucrounuka 6e3 koHyca.
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CKkopocTh cyeTa HMITYJIbCOB OT HCTOYHHMKA HEWTPOHOB 0€3 ydera pacCesiHHOrO u3iydeHus: coriacHo (1)
BEIYUCIIAM TI0 (pOpMyIIe
N =Ny =Ky > (14)
rae n — o ¢popmyne (13).
CraHapTHYIO HEONPEIeICHHOCTh THITA A OMPEACIUM KaK Pe3yIbTaT KOCBEHHOIO H3MEPEHHS

1 = (2, P+ P as)

CraHzapTHBIC HEONPENCNCHHOCTH O, M O, ONPEICIIM IO ¢dhopmyne




60
EEJP Vol.4 No.2 2017 V.B. Ivanskyi, O.N. Letuchyy...

2 2
2 t 2 n 2,2 2
(0,,)° =| 5 | (o) +| ———| (0y,,) +ng (07 ),
(tLT—Nq’T) tLT_Nq'T
rae g —uHaekc, ¢ =Xk u g =Kk .

n O, 1
Tak xak N, -7<<t;r, t—q-O',LT <<t_q u o, = 0 (r= Const), To On, :t—-O'Nq. CrnenoBatensHoO, NpH
LT LT LT

tlLT = tZLT = tLT (15) HpeO6p33yeM K BUOY

Ol =#'\/(0Nzk )2 "‘(UNKk )2 )

TIe Oy, M O, BBIYHCIHM 110 dopmyne (3.4).
Ilpy M3MEpEHNHU CIIEKTPOB CYMTAEM, YTO OTHOCHTE/IbHAs CTAHIAPTHAS HEONPE/IENICHHOCTD Tita B pasHa o', , = 0,05.

CyMMapHYyI0 CTaHAApTHYIO HEOIPEIEIEHHOCTb O BbIYMCIUM 110 opmye (3.3).

CraHgapTHas. HEONpPEICICHHOCTh THMAa A coriacHo pacmpenencHuio IlyaccoHa ompeznensercs BpeMeHEM
H3MEPEHUS KONUYIECTBA UMITYIIbCOB.

CrangapTHas HEOIPEAENICHHOCTh THIIAa B omperensercs MOrpelIHOCTb0 Hpu pacuere Ry; [20]; IpaBIUIBHOCTBIO
pacdera TeOMETPUYECKUX Pa3MEpPOB KOHYCOB, Kaue€CTBOM HMX WM3TOTOBJICHHS, YHCTOTOM MaTepuasa, M3 KOTOPOrO OHH

W3rOTOBJICHBI, pa3MenieHrHeM cdepsl OTHOCHUTENHHO KCTOYHHMKA HEHTPOHOB; aHM3oTporuedl cyerunka SP9;
necrabmibHOCTEI0O AIOSAP-02 u ALIIT FAST 7070.

Tabnmma 2.
PesynpTaThl u3MepeHuii u pacuera jijisi PuBe u 238pyBe neTOYHNKOB HEUTPOHOB
HcrouHuk bes konyca C xoHyCOM
Ne Chepa | "0 | & | Ok Aes | Nz, | & Ok s | ngrs | Ek O A s
/i ¢! ¢! ¢! oM ¢! ¢! ¢! oM’ ¢! ¢! ¢! oM
1 2 3 4 5 6 7 8 9 10 11 12 13 14
la. OWOiso 0,003 - — - 0,332 | -0,003 | 0,017 | 9.83(2) ] 0,569 [ -0,011 [ 0,029 | -2,20(-1)
16. 0,002 — — 0,320 | -0,002 | 0,016 | 860(2) | 0,565 | -0,011 | 0,028 | 2.13¢-1)
2a. 3W0 0,208 | 0,032 [ 0,012 | 336(-1) | 0,744 | 0,021 | 0,037 1,37¢-1) | 1,134 | 0,049 | 0,057 | 239(-1)
20. 0,208 | 0,027 | 0,011 | 399(-1) | 0,728 | 0,022 [ 0,036 142(-1) | 1,134 [ 0,054 | 0,057 | 2,60(-1)
3a | gy | 0405 | 0,023 | 0022 | 765(2) | 0.981 [ 0,028 | 0,049 | -1.05¢1) | 1.401 | -0.017 | 0,070 | -529(2)
30. 0,408 | 0,016 [ 0,021 [ 6,25(-2) | 0,967 | -0,029 [ 0,048 | -1,10(-1) | 1,407 [ -0,018 [ 0,070 | -5,75(-2)
4a. AWO0 0,681 [ -0,005 [ 0,035 [ -7,02(-3) | 1,226 | -0,077 [ 0,061 | -1,82(-1) ] 1,631 [ -0,083 | 0,082 | -1,94(-1)
46. 0,669 | 0,005 [ 0,034 [ 7,19(-3) | 1,218 | -0,082 [ 0,061 | -194(-1) | 1,657 | -0,105 | 0,083 | -2,38(-1)
Sa. AWS 1,001 [ -0,013 | 0,051 | -7,73(-3) | 1,428 | -0,070 | 0,071 | -122(-1) | 1,754 | -0,080 | 0,088 | -1,62(-1)
50. 0,993 | -0,006 | 0,050 [ 442(-3) | 1,423 | -0,074 | 0,071 | -1,29(-1) | 1,774 [ -0,097 | 0,089 | -193(-1)
6a. SWO 1,319 [ -0,093 [ 0,067 | -334(-2) | 1,610 | -0,112 | 0,081 | -1.54-1) | 1,841 | -0,113 | 0,092 | -2,08(-1)
66. 1,306 | -0,079 | 0,065 | 3.02:2) | 1,581 | -0,090 | 0,079 | -127¢-1) | 1.820 [ -0,089 | 0,091 | -1,68¢-1)
7a. 6WO 1,795 | -0,073 | 0,090 | -145(-2) | 1,783 | -0,049 | 0,089 | -534(-2) | 1,805 | -0,069 [ 0,090 | -130(-1)
70. 1,852 | -0,126 | 0,093 [ -245(-2) | 1,790 | -0,055 | 0,090 | -6,13(-2) | 1,779 | -0,043 | 0,089 | -832(-2)
8a. | wo [12:129 | 0.060 | 0.107 | 841(3) | 1.819 | 0,007 | 0.091 [ 859(3) | 1.631 | -0.030 | 0.082 [ -695(2)
86. 2,127 | -0,053 | 0,106 | -7,58(-3) | 1,825 | 0,010 | 0,091 9,80(-3) | 1,634 | -0,033 | 0,082 | -7,63(-2)
9a. QWO 2,266 | -0,041 | 0,114 | -5,16(-3) | 1,731 | 0,063 | 0,087 [ 7,55(-2) | 1,382 | 0,021 | 0,069 | 6,76(-2)
90. 2,257 | -0,026 | 0,113 | -324(-3) | 1,742 | 0,066 | 0,087 [ 7,54(2) | 1,389 | 0,013 | 0,069 | 4,14(-2)
10a. 10W0 2,150 | -0,004 | 0,108 | -632(4) | 1,414 | 0,127 | 0,071 2,26(-1) | 0,919 | 0,088 | 0,046 | 6,52(-1)
100. 2,132 | 0,020 [ 0,107 | 2,79(-3) | 1,425 | 0,136 | 0,071 2,33(-1) | 0,921 | 0,084 | 0,046 | 6725(-1)
11a. 12W0 1,786 [ -0,005 | 0,090 | 9444 | 1,077 | 0,094 | 0,054 | 287(-1) | 0,594 | 0,054 [ 0,030 | 9,54(-1)
116. 1,807 [ -0,021 | 0,090 | 4,10(-3) | 1,101 | 0,089 | 0,055 | 2,57(-1) | 0,592 | 0,055 [ 0,030 | 9,89(-1)
IIpumeyanus
1 a—PuBe, 6 — ***PuBe.
2 B ckoOkax yka3aHa CTCIeHb SKCIIOHCHIIHAILHOMW 3aIMCH YHCIIA.
n n n
HopmupoBaHHble pe3ynbTathl u3MepeHuit (Y. @i, > @si, 2 Px; =1 em2 -c'l) — n; nmns PuBe u 28pyuBe

i=1 i=1 i=1

2 m
£

£ " Z—k MIpUBEJCHHI B Tabiuie 2 u
m k=10k

HMCTOYHHUKOB HEMTPOHOB M PACCUMTAHHBIC 3HAYEHUS &, O, A, M, ¥,
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tabmune 3; 3aBUCUMOCTH  Hxy, Mgy, Ny = f(d) — Ha puc.9-11 [23]; 3aBucuMocTH h;, (10)1- = f(Ei) "
hpo (10),- = f(El) — Ha puc. 12; cnextpsl PuBe u **PuBe ncrounnkos HeiiTporos — Ha puc. 13 (IIITH) [23] u puc. 14
(MADB[).

Tabunua 3.
2 m
£
3HavyeHus U, ¥, £ u Yk
m  j=10%
B HcTouank Bes konyca C xoHyCOM
2918
M, 7 2 M, 7 2 M, 7, 2
H3J1y4e- moe mE m g,
AR I TR BTV R (RS (o=l IS (VST ATV I - IV IS TOR IR =
om? em>c? n em? | em?c! n em? | emc! n
PuBe 7,97 3,72 1,103 0,053 4,46 -2,09 1,110 | -0,009 7,75 -7,88 1,103 -0,018
238puBe 8,22 -5,32 1,104 0,071 4,38 -1,96 1,103 0,118 7,78 -7,87 1,102 -0,028

1 : : I —— iy
Ay, C i Be3 konyca nKje, €
H H H =0 PuBe C koHycOM
2~O B H - R NNPUBC 2’0 i o e o ITuB::
] 24 . — { P e e puBe
1,5 ,@" 2 Y 1. =
1,0 - 1,0 v 9]
e
0,5 0,
2 3 4 5 6 7 8 6 1011 4, 0 01 s 1
Puc. 9. 3aBucumoctu nyy = f (d) 6e3 komyca Puc. 10. 3aBucumoctu ngy = f (d) ¢ xomycom
-1 *
> © hasis h s
2,0 2
0 n3s-cM O ISR i o7 e
CTOYHHK H
1544 O~ PuBe I S00F— hwl'(lo)
> o ::xPuﬂ 400 h*q.( 10
——— e ] R B
ot g 300 EE
200 ——
0.5 | (et A
100 : ’1 —
A F : FARN IR i i q Bt 7 = - et .M ‘_1 e d H
0 1 2 3 4 5 6 7 8 9 10 107 10% 107 10° 10° 10* 10° 107 10" 101g(E;, M>B)

Puc. 11. 3aBucumoctn 7y = f(d) PuBe u **PuBe

HUCTOYHUKOB HEHTPOHOB

Puc. 12. 3aBucumoctu h:;,(lO)i =f(Ei) u hpye (lO)i = f(El)

AHaNU3 JAHHBIX, PHBEJICHHBIX B TAGNHIE 2, 3aBHCHMOCTeH nyy,ngy,n; = f(d) (puc. 9 — 11) u crexrpos
(puc. 13, 14), moka3pIBaeT CICIYIOIIEE:
- 3aBUCUMOCTH 1, = f (d ) u ciextpsl PuBe 1 2*PuBe HCTOYHNKOB HEHTPOHOB (IPH 3a1aHHOM HAYATEHOM CIIEKTPE)

coBmagaroT (puc. 13 u puc. 14), MOXKHO caenaTh 000O0IIAIOIINI BRIBO: €CITH 3aBUCHMOCTH CKOPOCTH CY€Ta UMITYJIHCOB OT
JrameTpa cepbl COBIAIAIOT, TO COBINAAAIOT U CHEKTPBI HEHTPOHHOTO M3ITy4eHNS;
- CIIEKTpHI HelTpoHHOro M3Iyuerns MADJ] u MUDJI B auamasone suepruit 10° < E < 15 (M3B) KauecTBEHHO

COBI3JAIOT, TaK KaK KA4YECTBEHHO COBITAJIAl0T 3aBUCUMOCTH h(*I) (10)1‘ =f (El) u h,q (10)1- = f(E;) (puc. 12);

- pacmpenenieHre HEMTPOHOB 0 SHEPTHsiM Ut criekTpoB MAD/J] 1 MUD/] Ge3 yuera paccesHHOTO M3ITydeHus, 0e3
KOHyCa M C KOHYCOM IIpaKkTHUecKH He m3MeHsercs (puc. 14), B ornmune ot crektpos IIITH (puc. 13), uto cBs3aHo ¢

3aBICUMOCTSIMU h:; (lO)i = f(El-) u h,q (10)1. =f(El-) (puc. 12);

- st caetanka SP9 6e3 cdepst (0W0iso) ngpg = 1y << (15,...,7111) ; 3TO TIOATBEPKIAET TO, YTO TyBCTBUTEIHHOCTD
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cueryrka SP9 k HelitpoHam ¢ £ > 1 k3B (puc. 3) crpeMuTcs K HYJIIO;
- MakcMMyM 4yBCTBHTenbHOCTH PuBe u “*PuBe HMCTOUHHKOB HEHTPOHOB €3 ydeTa PACCESsHHOrO H3JIy4eHHS

cootBeTcTBYeT chepe 8WO, UTo cOBMAgaeT C JaHHBIMHU, IIPUBEICHHBIME B [21];

- MaKCUMyM 4yBcTBHUTENIbHOCTH PuBe u >¥puBe HCTOYHHIKOB HEUTPOHOB Oe3 KOHyca cOOTBeTCTBYeT cepe 7WO,
YTO COBITA/IACT C JaHHBIMH, IIPUBEJICHHBIMH Ha pHC. 5;
- MaKCHMyM 4yBCTBHTENbHOCTH PuBe n “**PuBe MCTOYHHMKOB HEHTPOHOB ¢ KOHYCOM COOTBETCTBYET chepe SWO,
YTO COBIA/IACT C JAHHBIMH, IPUBEICHHBIMH Ha PHC. 4.

PuBe

**PuBe

be3s konyca PuBe
be3 konyca **PuBe
C xoHycom PuBe

C xonycom ~“PuBe

PrLi»
em? ¢!
0.6
0,4
ool
0

|

10° 10° 107 10° 10° 10™ 10° 107 10" Ig(£;, MoB

Puc. 13. Cniextpsl PuBe n 2**PuBe ncTouHmKoB HelTpOHOB

(TTITH)

H7(10);,

m3e-c’!

200

150

100

PuBe

**PuBe

be3s konyca PuBe
be3 konyca **PuBe
C konycom PuBe
C KoHycom **PuBe

5
LS

50

0

10° 10

107 10° 107 10 107 107 10" 1g(E;, MaB)

Puc. 14. Cextpsr PuBe u »**PuBe HCTOUHIKOB HEHTPOHOB

(MAS]I)

Pesynwrate! m3mepenwnit [11TH, MAD]] u MUD/I npuBenens! B Tabmuue 4; h;, (10), & P (10) u E —B Tabmuax 5,6 1 7.

Ta6muua 4.
PesyawTare! uamepenwnii [11TH, MASJI u MUD /1.
UsmepenHas HcTounuk Be3 konyca C KoHyCOM
XapaKTePUCTHKA X | Ug(X),% Xs | Ué‘(Xz),% Xk Uy(Xg), %
PuBe; ¢, emc H*(IO) , Hp (10) , MK3B"4|
4 10,8 3,6 26,3 32 15,3 3,2
H(10) 15,0 4,0 26,3 4,6 10,0 5,4
H ,(10) 15,7 4,0 27,5 4,6 10,5 5.4
238Pul§’e; 0, CM_Z‘C_I; H*(lo) R Hp (10) R MK3BY!
% 96,6 3,6 227 3,2 128 3,2
H(10) 135 4,0 230 4,6 83,9 5.4
H ,(10) 141 4,0 240 4,6 87,1 5.4
IMpumewanne — Ug (X ) =k-u §(X ) — paclIMpeHHasi OTHOCUTENbHAsl HEONPEAEICHHOCTh INpU TOBEPUTEIHHON
BepositHocTt P = 0,95 (k = 2 — xo3ddumment oxsata); u 5()( ) — pacCuMTaHHbIE 3HAYEHHS OTHOCHUTEJIbHBIX
CYMMAapHBIX CTAHIAPTHBIX HEONMPEICICHHOCTEH.

Tabmuma 5.
PezynbraTel n3mMepenuit h;,(lO) , 13B-cM.
HcTounuk be3 xonyca C KOHYCOM
BI/I}I % % % %
neroummka | my(0) | Yo (). 1y (10), olia) . my0) | Yo 99 y0), | Yo s )

% % % %

PuBe 387 4,0 3711 4,3 278 4,6 182 5.4
238 pyBe 388 4,0 4,6 282 4,6 182 5.4
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Ta6nua 6.
Pesynbratel nsmepenuii A, (10) , I3B-cM’,
HcTounuk be3 konyca C KOHyCOM
Bun
Ugslh Ugslh s Usl\h N
UCTOYHHKA hp(l)(lo) s p<p)’ hpo, 5(hp<p) ’ hprb(lo)z sl e )Z hpCD(IO)K ol pq))K
% Y% % %
PuBe 405 4,0 388! 4.4 290 4,6 190 5,4
238 p) Be 406 4,0 4,6 294 4,6 189 54
Ta6numa 7.
Pe3ynbraTe! usmepenuii £ , MaB
Hcrounnk be3 konyca C KOHyCOM
B _ _ _ _ _ U,(E) _ Uy(E)
HNCTOYHHKA E U‘;(E),% E, 6 , % Es ‘50/ x> Eg 50/ K>
PuBe 3,648 5,4 3.504! 4,1 2,112 8,8 0,900 13,4
238 pBe 3,655 5,4 ’ 43 2,161 8,6 0,897 13,4

[Ipumeganus x Tabmumam 5, 6 u 7:

1) 8(X) — orkionenue ot X;

2) ! — 3HauEHMs MOTyYCHBI PACUETHBIM ITyTEM MO JaHHbIM Tabmuis 4. X1 [21].

AHanu3 TaHHBIX, IPUBEACHHBIX B Tabimiax 4, 5, 6 u 7 ¢ yaeroM opmyi (12), mokaseIBacT Cliemayroliee:
- BCE U3MEPEHUS] — KOCBEHHbIC, 3HAUCHUS ¢9; KOPPEIUPOBAHBI, MIO3TOMY IIPU PacueTe HEONPEASIICHHOCTEH MpH

u3mepennn @, H *(10); H » (10); h; (10); & P (10) u E yuursiBaor ko> durimentsr koppemsan [15, 16];

* n
- kooddummentst s (10) u hp(I,(IO) MOKHO ~paccuutaTh TPH YCIOBHH, 4YTO  .¢; =lem? ¢!

i=1
n .
(he (10) =>he (IO)i -¢; ), no3ToMy cornacHo (12) HeonpeaeneHHOCTH NIpU pacuere (10) u hg (10) paBHBI;
i=1
- MUHUMAJIbHBIE HEOMPE/ICJICHHOCTH TOJTyYeHBI IIPH U3MEPEHHH (s U (g , IOTOMY UTO 3TH U3MEPEHHSI — KOCBEHHBIC 0€3
npumenennst popmyael (14), usmepernst ¢ — kocBennsle ¢ npumenerneM (14): U,(px) = Us(es) < U,(0);

- MaKCHUMaJIbHbIE HEOIPEIETICHHOCTH TOJNYYeHbl NMPH M3MepeHHH FE ¢ KOHycoM, HOToMy 4To coracHo (12) E
paccuuTBIBaeTCs 10 OoJiee CII0KHOM (hopMylie, YeM JIpyrue XapakTepUCTHKH;

- Uylxg) > Us(Xxy) > Ug(X) IIPU U3MEPEHUH H*(lo); Hp(IO); h;,(lO); hpq)(IO) u E, IOTOMy 4TO

CIIEKTPHI 6€3 KoHyca U ¢ KoHycoM (puc. 13) Gonee mupoKomnonaocHbie (60MbIle COCTABIISIIONINX, HE PABHBIX HYJIIO) TIO
CPaBHEHHIO CO CIIEKTPOM UCTOYHHKA;

-cpoctoM E yBeNHUMBAIOTCS 3HAUCHHS h;) (10) 1 h,g (10);

o * -
- pe3ynbTaThl M3MEpEeHuH /fig (10); hp¢,(10) u E 0e3 ydera paccesHHOTO W3IIyYEHHs COTJIACYIOTCS CO

3HAYCHUSMH, TIIONyYCHHBIMH PAacUCTHBHIM ITyTeM T0 aaHHBIM Tabmuier 4.XI [21], B mpememax pacIIMpPeHHBIX
HeormpeneneHHocTei mpu P = 0,95.

OreHKa pacIMPEeHHON OTHOCUTENBHON HeotpeaeneHHocTy mpu P = 0,95, He npeBrIaeT, mpyu H3MEepeHIH:

-9 —£4%;

- H*(IO); Hp (10); h; (10); hpo (10) Ge3 yuera paccesHOro H3yUeHus — = 4 %;
- H*(lo); HP(IO); h;,(lO); hpq,(10) 6e3 koHyca —+ 5 %;
- H™(10); H,(10); he(10); ke (10) ¢ komycom —+ 6 %;

- E 6e3 yuera pacCesHHOro H3TyHUeHHs — £ 6 %;
- E 06e3 xonyca—+9 %;
- E c xonycom —= 14 %.
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BBIBO/IbI

1. HopMHpOBaHHBIH aMIIIUTYJHO-UMITYJILCHBIA CIIEKTP HEUTPOHHOTO U3ITy4YeHHs IIOCTOSHEH U HE 3aBUCUT OT SHEPrUn
HEUTPOHOB.

2. Ecnu 3aBHCHMOCTH CKOPOCTH CYETa HMITYJIbCOB OT JAuaMerpa cdepbl COBIAIAIOT, TO COBMANAIOT M CIEKTPHI
HEWTPOHHOTO M3ITyUCHUSL.

3. OmeHka pacHIMPEHHON OTHOCHTENBFHOM HEONPENeICHHOCTH TIPH TOBEpUTENbHOW BeposTHOcTH 0,95, He
MPEBBIIIACT, TP U3MEPEHHH:

- [IITH — £ 4 %;

- MASJI, MUD/, h;, (10) u h o (10) Ge3 yuera paccesHHOro H3MydeHus — = 4 %;
- MADJI, MUDB/I, h(*I) (10) u hpa (10) 6Ge3 komyca —+ 5 %;
- MADJL, MUDL, /g, (10) 1 /1,5 (10) ¢ kOHyCOM — 6 %;

- cpeziHel SHepruu Oe3 ydeTa pacCcessHHOTO M3IydeHus — + 6 %;

- cpenHeii sHepruu 6e3 KoHyca —+ 9 %,

- cpenHel SHepruu ¢ KoHycom — = 14 %,

4. HopmuposauHsle criektpbl PuBe 1 “**PuBe HCTOUHMKOB HEHTPOHOB B auanasone suepruit or 107 MaB 1o 15 MaB
IIPU 33JlaHHOM HAuajbHOM CIIEKTpE COBMAJAIOT B Mpenefiax paclIMpeHHOW HeompejeneHHoOcTH npu u3Mepenun IIITH,
MADS u MUDA.

5. Pacnipenenenue HEUTPOHOB 1O dHEPTHsiM TSt criekTpoB MASJl u MUD]1 PuBe u “*PuBe HCTOYHHKOB HEUTPOHOB
0e3 yJera paccessHHOTO U3ITydeHHs, 0e3 KOHyca M C KOHYCOM MPaKTUYeCKH He U3MeHseTcs, B oTandne ot crekrpos [1TTH.

B 3akmodueHWe aBTOPHI CTaThbH XOTAT BBIPA3UTh CBOIO IPH3HATENBHOCTh M OJArofapHOCTh COTPYTHHUKAM
Physikalisch-Technische Bundesanstalt (Braunschweig, Germany): Dr. Burkhard Wiegel, Dr. Marcel Reginatto,
Dr. Oleksiy Burda, Mr. Stefan Dette u Mr. André Liicke u corpymuuky ¢upmbr Centronic Ltd (Croydon, United
Kingdom) Dr. Bashwar Baral 3a o4yeHb XOpOLIO OpPraHU30BaHHYIO M IPOBEJEHHYIO y4eOy C MpelCTaBUTEIIMHU
HHII «MucTutyT MeTponorun» B pamkax mpoekta Kommccun EBpomnetickux Coobmiect «IloctaBka o6opyaoBaHUs
JUTA IPEAOCTaBJICHUA METPOJIOTHUYCCKUX YCIYT U YCIIYT 1O MPOBEACHUIO UCIILITAHUA» 110 U3YYCHUIO ITPUHIUIIA pa60T1)1
HeitponHoro cnekrpomerpa NEMUS Ha cdepax Bonnepa, nporpaMMHOro obecrieueHus, He0OX0UMOro JUIsl pacyera
U TIOCTPOEHHS CIIEKTPOB HMCTOYHMKOB HEHTPOHHOTO W3JIyYCHHWS, M OPraHM3aIMI0 IPaKTHYECKOH padoThl Ha
cnekrpomerpe NEMUS Ha chepax bonnepa.
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The paper presents the results of a study for compression deformation of cadmium samples of different purities at room
temperature.The analysis of hardening and recovery processes that influence the formation of the structure in the material is carried
out. Conditions for starting work and features of dynamic recovery and dynamic recrystallization in samples of technical and distilled
cadmium are considered, which result in softening of the material and grain growth in it. The differences in the course of these
processes are determined depending on the purity of the initial samples of cadmium. On the basis of the analysis of changes in
acoustic parameters (AE activity, amplitude distribution of signals in the AE spectrum, the contribution of signals of different
amplitudes to the integrated spectrum of AE),during deformation, we make assumptions about deformation mechanisms that occur at
different stages of cadmium deformation. It is shown that the course of dynamic recovery processes during deformation is much
more complicated than static recovery ones after deformation and subsequent annealing.

KEY WORDS: cadmium, deformation mechanisms, dynamic return, dynamic recrystallization, acoustic emission, amplitude
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Y poOoTi HaBemeHi pe3yNbTaTH NOCHIIKEHHS 3pa3KiB KaaMiro, sKki Oynu aedopMOBaHI CTHCKOM ITIPH KiMHATHIN TeMIepaTypi.
[IpoBeneHo aHami3 3MIIHIOIOUHX 1 BiXHOBIIOIOUMX IIPOIECIB, SIKI BIUTMBAIOTH Ha ()OPMYBaHHS CTPYKTYypH B MaTepiami. PosrisHyTo
YMOBH MOYaTKy poOOTH 1 OCOOIMBOCTI AMHAMIYHOTO BiHOBIEHHS 1 JUHAMIYHOI peKpHCTami3alii B 3pa3kaXx TEXHIYHOTO Ta
JUCTWIBOBAHOTO KaJIMil0, pe3yJIbTaTOM SIKMX € 3HEMII[HEHHs MaTepially i 3pOCTaHHS B HbOMY 3epHa. BcTaHOBIEHO BiIMiHHOCTI
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napaMetpiB (aktuBHOCTI AE, aMIutiTyiHOrO po3mnoniny curHainiB B criektpi AE, Bkiiagy CHrHaIIB pi3HOT aMIUTITYy U B iHTErpaJIbHU
cnektp AE) npu medopmarii Marepiany 3po0ieHi MPUOyIIEHHs PO MexaHi3Mu aedopmaltii, sKi MPOTIKAIOTh Ha PI3HUX CTaisx
nedopmyBaHHs KaaMmito. [loka3aHo, 1m0 nepebir AMHAMIYHAX 3BOPOTHHX IMPOIECiB MpH AedopMallii MPOXOoAATs 3HAYHO CKIIATHIIIE,
HDK CTaTU4HI micis e)OpMyBaHHS 1 HACTYITHUX BiTAIB.
KJIIOYOBI CJIOBA: xanmiii, MexaHi3MH aedopMarii, IMHaAMIYHE BiTHOBIEHHS, TUHAMIYHAa PEKpUCTAli3alis, aKyCTHIHA eMicis,
aMILTITYAHUH po3mnofin curHaniB AE
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B pabore mnpuBeneHB! pe3yibTaThl HCCIEROBAaHHS Ie(OPMHUPOBAHUS CXKATHEM OO0pa3loB KaaMUs Pa3IMYHOM YHCTOTHI IIPH
KOMHaTHOI Temmeparype. IIpoBeieH aHanM3 YNPOYHSIONIMX M BOCCTAHABIMBAIONIMX IPOLECCOB, KOTOPHIE BIHAIOT Ha
(dopMupoBaHuE CTPYKTYpbl B Marepuaie. PaccMOTpeHb! ycioBHsi Hadajga paboThl U OCOOEHHOCTH JMHAMHYECKOrO BO3BpaTa W
JUHAMUYECKOW PEKPUCTAUIM3AlUU B 00pa3lax TEXHHYECKOro M JUCTHUTMPOBAHHOIO KaJIMUsI, PE3yJIbTaTOM KOTOPBIX SIBIISETCS
pasynpoYHEeHHe MaTepuaia U pocT 3epHA B HEM. Y CTAHOBJIEHBI PA3JIUUMs MPOTEKAHUS ATUX MPOLECCOB B 3aBUCUMOCTH OT YHUCTOTHI
HCXOOHBIX 00pasnoB kagmus. Ha ocHOBe aHanmm3a W3MEHEHHUs] aKyCTHUECKHMX IapaMeTpoB (aKTUBHOCTH AD, aMIUIMTYAHOTO
pacmpenencHus CUTHAJIOB B CIEKTpe AD, BKJIaga CHIHAJIOB PAa3MYHON aMIUIMTYObl B HMHTETPANbHBIA CHeKTp AD) caenaHsl
MIPEANONOXKEHNS 0 MEXaHH3MaxX Ae(OopMalliy, KOTOpbIe MPOTEKAaIOT HA PA3IMYHBIX CTaAusAX AedopMupoBaHus kagMus. [lokasaHo,
YTO MIPOTEKaHUE JUHAMUYECKUX BO3BPATHBIX NIPOLECCOB P Ae(GOPMHUPOBAHUN IPOXOIAT 3HAUUTEIIHLHO CIOXKHEH, YeM CTaTHIecKue
nociie 1e)OPMUPOBAHNS U MTOCIIEAYIOMINX OTKHUIOB.

KJIIOUEBBIE CJIOBA: kaamuii, MeXaHH3Mbl Je(opMaliy, IMHAMHYECKMH BO3BpaT, AWHAMHYECKas PEKPHCTAILIM3ALNS,
aKyCTHYECKasi SMHUCCHsI, aMIUIUTYIHOE paclpeaeieHue CUrHainoB AD

Kagmuii 1MpoKo MPUMEHSETCS B Pa3IMYHBIX OTPACSX MPOMBIINIICHHOCTH. OCHOBHAs YacTh MPOMBIIUICHHOTO
MOTPEOJICHUST KaAMUs PUXOIUTCS HA KaJMHEBBIC 3aIUTHBIC MOKPHITHS, IPEAOXPAHSIONIUE METAIUIBI OT KOPPO3UH, U
© Papirov LI, Stoev P.I., Kovtun G.P., Shcherban A.P., Solopikhin D.A., Rudycheva T.Yr., 2017
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Ha Npou3BOJACTBO cruiaBoB. CIutaBel KaaMmus OOJIQAlOT JOCTATOYHOM IUIACTMYHOCTBIO W XOPOILO MOAJAIOTCS
MexaHn4yeckol obpaborke. CruiaBel KagMmus ¢ HeOOJbIIMMHU J10OaBKaMHU HUKENs, MEIU U cepedpa MCIONBb3YIOT JUIs
W3TOTOBIICHUSI TTOAIIUITHUKOB MOIIHBIX CYJIOBBIX, aBUAIIMOHHBIX W aBTOMOOWIBHBIX IBHUTATENCH M aKKyMYISTOPOB.
Kpome Toro kagmuii HCHIOJIB3yETCs B IOBEIIUPHOM JIeJIe 1 CTOMATOJIOTHH.

Bnaronmaps BRICOKOMY CEYEHHUIO 3aXBaTa TEILUIOBHIX HEHTPOHOB, YACTHIN KaAMHUN UCIOIB3YETCS IS M3TOTOBJICHUS
PETYIHPYIOMNX U aBApUIHBIX CTEP)KHEH SIIEPHBIX PEaKTOPOB Ha MEAJICHHBIX HEUTPOHAX.

HecmoTpss Ha 1OCTaTOYHO HIMPOKOE HWCIOIH30BAHME KaaMHsI OCOOEHHOCTH TIPOIECCOB €ro IUIACTHYECKON
neGopManuil ¥ PEKPUCTAUIM3ALNN HM3Yy4YeHBl HEIOCTAaTOYHO. BclencTBHEe HHU3KOHW TeMIIepaTyphl €ro IUIABJICHHUS
(320,9°C), oHm mMeTh pAO HMHTEPECHBIX ocoOeHHOCTell. B cmpaBouHOW nHTEpaType NPUBEAECHB MEXaHHUECKHE
XapaKTepHCTHKH KaaMust (IIpejies IPOYHOCTH MPH PacTskeHun 45 - 64 MH/M?, oTHOCHTETbHOE yanuaenue 15 - 20%,
TBepJocTh o bpunemmo 160 MH/M’. JlanHbIE TIO W3YYECHHUIO BIUSHHS CTPYKTYPHBIX (haKTOPOB Ha CBOMCTBa KaIMHS
MPaKTHYECKH OTCYTCTBYIOT.

Jnist uccnenoBaHusi KMHETHYECKMX 3aKOHOMEPHOCTEH IPOILIECCOB IIACTHYECKOW aedopManuy M pa3pylIeHHs
KOHCTPYKIMOHHBIX MaTepHaJIOB LIMPOKO HCIIOIB3YIOT CTPYKTYPHO HUyBCTBUTEIBHBIH METOJ aKyCTHYECKOH SMHCCHH.
[TosToMy 1enbio naHHOW palbOoThI ABJISIETCS M3y4YE€HHE OCOOCHHOCTEH IIACTHYECKOW JedopManuy M aKyCTHYEeCKUX
apaMeTpoB B Iporiecce aehopMauy KaaMus Pa3TUIHON YHCTOTHL.

MATEPHUAJI U METOAUKA UCCJIETOBAHUSI
MartepuanoM i UCCIIeAOBAaHUNA CITy>KiT Kaamuii Mapku UJIA u xaamuit BeICOKO# 9rcToThHl (> 99,9994 Mac.%),
MOJYYEHHBIH KOMIUIEKCHBIM METOJOM pPadUHHUPOBAHMUS, BKIIOYAIOIIAM IPOTPEB, (QUILTPALUI0 U AUCTHUISAIMIO B
BakyyMme [1]. CocTaB ucciae10BaHHBIX COPTOB KaIMUs IIPHBEICH B TabIHIIE.

Tabnuna
ITpuMecHBI cOCTaB UCXOIHOTO KaAMHUS U KaJMUS BBICOKOH YUCTOTHI, IOJyYCHHOTO KOMIUIEKCHBIM METO0M
paduHHpOBaHMS
Cogepskanue mpumeceii, ppm
OneMeHT HCXOHBIN paduHIPOBAHHBIN
KaJaMUH KaJaMUH

Mg 30 <0,5

Al 1,5 <0,1

K 8,3 <0,7

Ca 14 <0,5

Cr 0,2 0,1
Mn 0,2 0,1

Fe 4 0,2

Co 0,3 <0,03

Ni 30 0,3

Cu 4,7 0,3

Zn 12 <0,5

Ag 0,2 0,03

Pb 100 3

Cd, % ~99,98 > 99,9994

* ~ k3
COACPIKaHNE NPUMECCHU B KaIMUU ONPCACIIAIIN METOAOM JIA3€PHOU MACC-CIICKTPOMETPUU.

N3 TeXHHYECKOTo W IUCTHUIMPOBAHHOTO KAIMHUS TOMYYaIH CIMTKH JHaMETpoM 12 MM, KOTOpBIE IOJBEprain
BosioueHmio pu koMHaTHOH Temmeparype (T = 300 K) no muamerpa 5 mm. V3 monydeHHOH MIPOBOJIOKH C TIOMOIIBIO
IEKTPOIPO3MOHHON PE3KHU BBIPE3aIH 00pa3Iibl ATHMHON 6 MM M OABEPTAIN UX XUMHUYECKOMY TPABICHHIO.

JedopmupoBanue cxaTueM 00pa3IoB KaaMus IPOBOIMIN Ha YHHUBEPCATIFHOHN HCIBITaTeNsHON Mamae 1958-Y10
MpH  KOMHATHOH —Temmeparype co ckopocteio aedopmamun  5,5-10% ¢'. CHHXpPOHHO ¢ MeXaHHYECKHMH
XapaKTepPUCTUKAMH C MOMOUIBI0 aKyCTHYecKoro komiuiekca M400 perucTpupoBajii NapameTpbl aKyCTHYECKON
SMHCCHU (aKTUBHOCTh, OOILYI0 CyMMY HMMIYJIBCOB, CPEAHIOI aMIUIMTYQy W Jp.), aHaIW3 KOTOPBIX MO3BOJISII
OIpEeAEeNATh, 0COOEHHOCTH AedopMali MaTepHaia Ha pa3HbIX CTaauix JeopMaluy, a aMIUTUTYTHOE paclpe/iesieHne
aKyCTHYECKUX CHTHAIOB AD TO3BOJISUIO OLEHUTHh DHEPreTHKY Jedopmanuu. B kadecTBe paTumka-perucrparopa AD
HCIIONIB30BAIM TThe30KepamMudeckuii mpeodpazoBaresns u3 kepamuku L[TC-19 ¢ pesonancHoii uwactoroi 180 kIm.
Jarunk Kpermwin Ha oOpaTHON CTOPOHE HMCHBITATENIFHOTO CTOJAa COOCHO ¢ obOpasmoM. COop, 00paboTKy M aHam3
Pe3yIIbTaToOB, BKIIOYABIINX MH(POPMAIHIO 00 aKyCTHYECKONH 3MHCCHH W IapaMeTpax Ie(OpMHpPOBAHUS, TIPOBOIIIHN C
rmomotbio OBM 1 criermansHO pa3paOdOoTaHHBIX MporpaMM o0paboTKu JaHHBIX. MeTonKa perucTpanuy CUTHAIOB AD
1 00pabOTKH MOTy9IeHHBIX PE3yIbTaTOB pUBEACHA B paboTe [2].
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SKCHEPUMEHTAJIBHBIE PE3YJIBTATBI
Ha puc.] mpuBeneHbl KpHBbIE CKaTHsS B KOOpJIMHATaX «HANpspKeHue-fedopMaus» o0pasloB TEXHUYECKOU
YUCTOTHI (KpHBast 1) M MUCTHIUIMPOBAHHOTO (KpHBas 3) KaaAMUsL.

100

B (22] (o)
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Puc. 1. KpuBsie nedopMupoBaHus B KOOPIAUHATAX «HAMPsDKEHHUE-TEPOpMAIHsD» 00pa3loB TEXHIUECKOH YHCTOTHI (KpuBast 1) i
JMCTHJUTMPOBAHHOTO (KpUBasi 3) KaJIMHS U KPUBBIE KUCTUHHOE HampshkeHue-nedopmarus» (KpuBbie 2 U 4 COOTBETCTBEHHO)

1
0 10

O0pariaeM BHUMaHHE Ha CJIE/TyIONIe 0COOEHHOCTH ITOJTyYEHHBIX Pe3yIbTaTOB!

- mpezxen tekydectu (o = 27,4 Mlla, o, = 66,0 Mna) u HanpspKeHHe IS TOCTIDKCHUS CPaBHHMOM
nedopmanmy y IUCTWIUIMPOBAHHOTO MaTe€pHasia  CYIIECTBEHHO HIDKE, YeM Y TEXHHUYECKOro (Hampumep, uis
nedopmanun ~ 30% o™ = 54,3 MIla, a 6" = 85,4 MIla), T0o ecThb B TE€UCHHE MpoOIECCca CHKATHs [eHOPMHUPOBAHHUE
TEXHHYECKOTO KaJMHsl TPOUCXOJUT NpH Oojee BBICOKMX HANpPSDKEHUSX. OTO BBI3BAHO OOJBIIMM KOJHMYECTBOM
npUMecell B TEXHHYECKOM KaJMUH, KOTOPBIE 3aTPyIHSIOT ILTACTUYECKOE TEUCHHE MaTepHaa M MEHBIIUM Pa3MepoM
3epHa y UCXOJHBIX 00pa3LOB 0 CPABHEHHUIO C TUCTHUIMPOBAHHBIM KaqMueM (22 MKM U 44 MKM COOTBETCTBEHHO).

- Ha KpUBOH eOPMUPOBAHUS TEXHHYECKOTO MaTepHaia B 00JACTH Havala IUIACTHYECKOH nedopMamnuy 4eTKo
NPOSIBIISETCS 3y0 TEKy4eCTH;

- KpMBBIE 1e(OpMaIi CBUCTENLCTBYIOT O C1a00H MHTCHCHBHOCTH HapacTaHHs YIPOYHEHHUS B o0pas3imax KaaMus
U HMMEIOT BHJ MOJOOHBIH KPUBBIM JeQOpMaluU IPU CKATUM TAKHX METaIOB, KaK LHMHK, CBUHEN M Ap. (HO
panvKambHBIM 00pa30M OTIIMYAIOTCS OT KPHUBBIX Je(hOpMalMu JJIsl aHAJIOTMYHBIX 110 TeoMeTpun 00pasioB Tutana BT1-
0 ¥ Ipyrux MEeTayioB, KOTOPbIE MBI IIPEIBAPUTEIBHO MCIBITHIBAIM Ha CTaJJUA OTPAOOTKH METOAMKU Je(opMHUpOBaHHUS
cKaTheM).

[TockonbKy B Tpoliecce MCIBITaHHUS Ha CXKATHE CYIIECTBEHHO M3MEHSUIOCH cedeHue 00pasloB, ObLIM pacunuTaHBI
WCTUHHBIE HAIPSHKEHUsI, KOTOpbIE JEHCTBYIOT Ha 00Opaslbl M IOCTPOCHBI KpHBBIE JeopManuy B KOOpAWHATAX
«UCTUHHOE HampsDKkeHne-aedopManis» (cM. puc. 1, kpusble 2 u 4).

Ha »Tux kpuBbIX (KpHBBEIE 2 U 4) XOpOIIO BHAHO, YTO B MPOLECCe HATPYKECHHS MaTepHana Iocie TOCTHKCHHS
ompeneneHHol nedopmanuu (12% mis Texamgeckoro u 7% A TUCTHLTHPOBAHHOTO KaIMHUsI) HAOMOIAaeTCs MaJeHue
HCTUHHOTO HANpsHKEHHs TEYEHHs, TO ©CTh MaTepHall HaYMHACT PasyNpOuYHAThCA. B CBA3M ¢ MalbIMH CKOPOCTAMH
negopmaruin 3ToT 3PQPEKT Hemb3ss CBA3BIBATH C HArpeBOM 00pas3loB W IO3TOMY 3TOT YHHKaJIbHBIN 3¢¢exT
nehOopMaIMOHHOTO Pa3yNpOYHEeHHUs ObUT OAPOOHO U3YUEeH aBTOPAMH B HACTOsSIIIEH padoTe.

Ha puc. 2 mpuBeneHbl CTPYyKTypbl OOpa3loB KaJMHUS Pa3IMYHON YUCTOTHI B HMCXOJHOM COCTOSIHUH W IIOCIIE
nedopmanum c)xaTHeM Mpu KOMHAaTHOM TeMIiepaType.

AHan3 MUKpPOCTPYKTYp 00pa3oB TEXHUYECKOTO ¥ JUCTHIUTUPOBAHHOTO KaJMHUSI B HCXOHOM COCTOSIHUH U TIOCTIE
nedopmupoBanus (puc. 2) mokasai, 4To B Ipoluecce aedopMupoBaHus 00pasloB pa3InyHON YHCTOTHI POUCXOIUT HE
n3MenbueHue (Kak OOBIYHO), a POCT 3epeH (AMHAMHKA pOCTa M KOHEYHBIH pa3sMep 3€peH 3aBHCHT OT YHCTOTHI
Marepuana).

[Tosy4yeHHBIE pe3yNbTaThl MOKA3bIBAIOT, YTO JedopMariys 00pa3LoB KaaMHUs Pa3IMyHOW YUCTOTHI IPH KOMHATHON
TeMIepaType co CKOpocThio aepopmamun 5,510 ¢! compoBozkaercs uX pasynpouHEHHEM U yBelTHYEHHEM pa3Mepa
3epeH.
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Puc. 2. Ctpykrypa neopMUpOBaHHOTO TEXHHIECKOTO (@, 0) U AUCTUILIMPOBAHHOTO KaagMusl (B, T) B HICXOIHOM COCTOSIHUY (a, B) U
nocne nedopmarin mpu 20°C (6, B)

Takum 00pa3om, Hapsiay C paHee W3BECTHBIM SIBICHWEM IMHAMUYECKOW PEKPUCTALIM3ALUH IpU AedopMaIyn
METaIIOB OOHapykeH 3((EKT pocTa 3epeH, CBA3AHHBINA ¢ TpaHchopMarmeil SHepruu 1eopManyy B 3HEPTHIO pocTa
3epeH B YMCTBIX MeTaIax ¢ HU3KOU TeMIepaTypoil pekpucrauisanuu. [1ono0Hoe sBieHne paHee HaOIH0IaI0Ch JIULIb
IIpH BBICOKOW Temriepartype [3-5].

OBCYXJAEHHUE OJKCIHHEPUMEHTAJIBHBIX PE3YJIBTATOB
Jnsi aHanmu3a IMOJYYEHHBIX SKCIEPHUMEHTAIBHBIX PE3yJbTaTOB INPOAaHAIM3UPYEM HMEIOIIMECS B JIMTEpaType
JIaHHBIE 00 0COOEHHOCTSIX U3MEHEHHS CTPYKTYPBI B TIPOLIECCE XOIOIHOM JieopMalui METaIOB.

Cranus 1e¢opManiiOHHOT0 YIPOYHEHHUS

OfHUM 13 OCHOBHBIX MEXaHHM3MOB IUIACTHYECKOW Je(opMalii METaIOB SBIISIETCS BHYTPHU3EPEHHOE
CKOJIbKCHHE, BEAYyIlee K YBEINYECHHIO TUIOTHOCTH JAWCIIOKAINH Jieca W NMPHUBOJIIEE K yIPOUYHEHUIO MaTepraia [6-9].
ECITH y OTOXOKEHHOTO TIOJTMKPHCTAIIMYECKOT0 METAIUIa TUIOTHOCTh IMCIIOKaNmii 06brauo pasHa 10° — 10° M, To mpu
e opMaIIiH Ha HECKOJIBKO MPOIEHTOB oHa Bo3pactaeT 10 10° — 10°, a mpu cumbHoit nedopmarmu go 10" — 10" ev™.
CrenoBatenbHO, TNIOTHOCTE IHCIOKANH TIPH XOJIOAHON AedopMay B MaTepralie MOXKET BO3PACTH HA ISTh-IIECTh
mopsAKoB [7].

C pocToM Harpysku aehopMmarys 3epeH CONPOBOXKAAETCS M3TM0aMU U MOBOPOTAMH INIOCKOCTEH CKOJIBKEHUS.
3epHa BBITATMBAIOTCSA B HANPABICHWH IUIACTUYECKOro TedeHMs. KoHIeHTpanus aedekToB (IUCIOKAIMii, BaKaHCHH,
MEXy3eJIbHUX aTOMOB) BHYTPU 3€peH Bo3pactaeT. JledekThl 3aTpymHSIOT IBMXKEHHE NUCIOKAIMN: CONMPOTHBIICHHE
nedopmupoBanuio pacteT. [lpu crenensx aedopmaru npumepHo 5 — 10% y MHOTMX METAJUIOB U CIUIABOB HAYMHAKOT
(opMupoBaThCs sSUEUCTasl CTPYKTypa: CIUICTEHHS IUCIOKAIMH CBS3BIBAIOTCS MEXAy co00#, o0pasyst oObeMHBIE
rpaHuIBl  00JlacTei, BHYTPH KOTOPBIX IUIOTHOCTH JHCJIOKallMM CPaBHUTEIBHO HeBeduka. OOpasyrommecst Ipu
nedopmanum sueku OOBIYHO MMEIOT pa3Mep OKOJO0 | MHKpOHa M Ha ITOPSIOK MEHBINE TONIIMHY T'paHMIl (IecsThie
Jond MUKpoHa). HakomieHme pamcnokanuii M 0o0pa3oBaHHE SYEHCTBIX CTPYKTYP NPHBOAAT K CYIIECTBEHHOMY
3aTpyOHEHUIO Tporiecca 1eOPMIPOBAHUS U K YIPOUYHCHHIO METalia B X0JIe IuTacTuaeckoi pedopmarmu [9]. MHBIMEI
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ciioBamy, aedopMaloHHas 0o0pa0dOTKa MPUBOJMT METall B HEPAaBHOBECHOE COCTOSIHME C ITOBBIILIEHHOW CBOOOIHOM
SHEpruew.

CocTosiHME HaKJICMTAHHOTO MeTajlla SBISIETCS] TEPMOAMHAMUYECKH HEYCTOHYMBBIM, MTOTOMY IPH MEXaHWYECKOH
WM TEPMHUYECKOHN aKTUBALMK CHCTEMa CTPEMHTCS IepeiiTu B 6onee crabmibHoe coctosiHue [10].

Pasnuuaror ciemyronmme CTaaud BOCCTAHOBHTENBHBIX MPOLECCOB, YCTPAHSIOMMX Ne()EKThl KPUCTAILTMYECKOU
CTPYKTYpPBI, BHOCUMBIX JehopManuei:

- BO3BpaT (OTABIX, TOJTUTOHU3AIINA);

- pekpucTan3anus (IepBUYHAsA, coOnparenpHas, BTopuynas) [3,4,11-13].

JAnHamMuvecknii BO3BpaT

[TepBpIM BKIJIIOUAETCS Camblii HU3KOTEMIEPATYpPHBIN (HU3KODHEPTETHUECKH) PasyNpOoUHSIONUN Mporecc —
[ll/IHaMI/I'-IeCKI/lﬁ OTJbIX. V JIerkoruiaBKuxX MeTaJlJIOB npu KOMHaTHOM TeMIIEpATypE MOJABUKHOCTL aTOMOB JJOCTAaTOYHA,
4TOOBI 00ECTIEYNTh aKTHBHOE PAa3BUTHE BOCCTAHOBHUTEINILHBIX ITpolieccoB. HaunHatoT paboraTh pa3jinuHble MEXaHU3MBbI
YMEHBIICHNS] HAKOIUICHHOHW NpH JAedOpMalMy SHEPrHH. OTH MPOLECCHl HANpaBlICHbl HAa yMEHbIIEHHE OOILIero
KOJINYecTBa Je(peKTOB KPUCTAIMIECKON PEIIETKN M IIepepaclpeiefieHAI0 HX B KPUCTAJUINTAaX ¢ oOpazoBaHueM Oojee
PaBHOBECHBIX KOHGHTryparuid. MeXy3enbHble aTOMbl aHHWTWIMPYIOT Ha KPaeBBIX IUCIOKAIMAX W MpPU BCTpede ¢
BaKaHCUSIMH. BakaHCHMM MUTpHUpPYIOT K AMCIOKALMSIM W TPaHHIAM 3€pPEH M 3/1eCh aHHUTWIMPYIOT. Vet nokambHas
MeperpymINpOBKa AUCIOKALUHA U B3aMHAsl aHHUT MWLM AUCIIOKAINHA PAa3HOTO 3HAKA.

OcoOeHHOCTBIO  3TOTO mpomecca, KOTOPbIH MpPOTEKaeT IPH CPABHUTENBHO HHU3KHX TOMOJOTMYECKUX
temnepatypax (0,2 — 0,25 T,,;) sBnsgercs ToT (akT, 9TO BO3BpAT MpOTEKaeT 6e3 00pa3oBaHUS W MUTPALNHU CyOTpaHHII
BHYTpH 3€pEH.

Y Mmarepuana ¢ OONBIIMM KOJMYECTBOM HPUMECEH 3aTpyIHEHO MEpeMelIeHUEe BAaKaHCHH, MO3TOMY JHHAMHKA
BO3BparTa €CKOJIbKO 0CabeBaeT.

Wunukaropom pabOTBl TUHAMHYECKOTO OTAbIXa NPU YBEIMYCHUM BEJIUYMHBI Je(OpMaliM  SBISETCS
HE3HAYUTENIFHOE M3MEHEeHHE (Ia/IeHNe) HAaKIIOHa KPUBOH «HAIpsHKeHUe-Ae(OopMaIis», TO eCTh MPOUCXOANUT CHU)KEHHE
WHTEHCHBHOCTH YIIPOYHEHUS MaTepHaa.

C moBbIIEHNEM CTeTeHH JedopManuyl s;iercTas CTPYKTypa CTAHOBHTCS Ooliee SIPKO BBIpayKeHHOH. [ paHMIIBI
SMEEeK CTAHOBSTCS Ooyiee Y3KHMH, a W3 OOBEMHBIX OHM CTPEMATCS NPEBPATUTHCS B IUIOCKHE. SUEHKH IOIHOCTBIO
OKOHTYPHBAIOTCSI TPAHUIIAMH, W BHYTPH SIYEEK OCTAETCS COBCEM Mallo Auciokanuid. HaunmHaoT co3naBathes cyO3epHa
(xopomo oopMIIEHHBIE SIYEHKHU ¢ TUIOCKUMHU CTEHKaMH) U cy03epeHHas cTpykTypa. CpenHss IIIOTHOCTh AUCIOKAIIHi
TIPY YBEIHUYCHNH CTEIICHN Je(OpMalHi BO3PACTACT B PE3YNbTaTe POCTA UX IUIOTHOCTH B CKOIICHHSX HAa IPaHMIAX, a
He BHyTpu sueek. CocenHue sueikn M cy03epHa pa3OpHEHTHPOBAHBI HA YTJIbI, HAaXOJJIIUECS B HHTEpBAlC OT
HECKOJIbKUX CEKYH/ 10 HECKOJIbKHX IPaayCoB.

[Tpu pedopMupoBaHuM MaTepHasa Ipolecchl 00pa30BaHUs M3 SYEUCTOH CTPYKTYPBI CYO3€pEeHHOH CTPYKTYpBI
SIBJISIFOTCSI CBU/IETENILCTBOM TOTO, YTO B Marepualie MPOXOJUT AWHAMUYECKAs MOJMIOHHM3ALMs, KOTOpasi CYLIeCTBEHHO
yMeHbIIaeT JeGopMalMoHHOe yrnpodyHeHHe. Ha cramuM AMHAMHUYECKOW ITOJMIOHU3AMU ITPOXOJUT IIEPEecTpOrKa
JIMICIIOKAllMOHHOM CTPYKTYpBI, KoTopas cgopMmupoBanack mpu nedopmanuu. Ilepectpoiika NPOUCXOAUT IyTEM
riepepacrpeiesIeHus] UCIOKaluii MoNepeyHbIM CKONBXEHHEM M AU (Y3MOHHBIM HEPETON3aHneM C BBICTpPAaHBAHHEM
JUCIOKanuii B CTeHKH (0Opa3oBaHME IUIOCKMX JWCIIOKAIIMOHHBIX TPAHWI]), COINPOBOXKIAACh WX YaCTUYHOU
AHHUTWIAIMEH 1 00pa3oBaHNEM CyO3epeH BHYTPH KPHUCTAJUIMTOB, CBOOOAHBIX OT IUCIOKAIMN M OTIENCHHBIX APYT OT
JIpyra JIUCIOKAallMOHHBIMH MaloyriaoBeiMH rpaHunamu. CyO3epHa, KOTOpele CGOPMHpPOBaHBI B MpoIEcce
MIOJIMTOHU3ALUY, TPU ONPEAEICHHOW TeMIlepaType CTPEMATCS YKPYIHITHCS. ODKCIEPHMEHTAIBHO YCTAHOBJICHBI /1Ba
MEXaHHM3Ma 3TOr0 YKPYNHEHUS — MUTPALUsl CyOTrpaHuIl ¥ KOAJIECLCHIUS CyO3epeH.

IMpu cnusiHuM CcyOrpaHMI] M TEpeMelIeHUs] TPOWHOro CThIKa JBa cyO3epHa pacTyT 3a CYeT TpEeThero, a
pazopueHTanusi cy03epeH OKOJIO oOpasyromeiicsi rpaHullbpl yBenuuuBaercs. [Ipu KoanecueHIMu cy03epeH rpaHuia
MeX1y cy03epHaMH TOJHOCTHIO HMCHYE3aeT, TaK KaK UCIOKAIMU YXOISAT M3 Hee B CyOrpaHUIIbI, OKPYXKAIOUIME 3TH
cy03epHa.

Poct cy03epeH mpH NOJIMIOHM3ALMH TaKKe NPHUBOMUT K YBEJIMYCHUIO YIJIOB PA30PHEHTHUPOBKH COCEIHUX
cy03epeH. OpHako, Ha CTaJuM IIOJUTOHU3ALMH, TPAaHUIBI BCE BPEMsl OCTAlOTCS MAJOYTJIOBBIMH, a YTOJ
Pa30pHEHTHUPOBKH COCETHHX CyO3epeH He mpesbiaeT ~ 10 — 15° (Jamme coceanue 3epHa pa3opHEHTHPOBAHbBI Ha YToJI
He O6osee 1 —2°) [11].

ITpn nomuronn3anyy cBOOOAHAS HEPTHS KPUCTAIUIA JOJDKHA CHU3UTHCS, IIOTOMY YTO B PE3YNbTaTe NEPEeCTPOUKN
YMEHBIIAETCS] IUIOTHOCTh JIUCIOKAlMH, a OCTAIOMIMECs CTpeMsTcs o00pa3oBaTh yCTOHYMBBIE KOH(MUTypanu,
OTJIIMYAIOIINECS] MHUHHMAJIBHON 3HEPrued, HampuMep B BHUAE CTEHOK MM CETOK, SBIISIOIIMXCS MaOyTJIOBBIMU
TpaHHLIAMH.

Takum oOpazom, B mnpouecce aedopmanuu aehOpPMAIMOHHOE YIPOYHEHHE H3-32 MOBBILICHUS IUIOTHOCTH
JUCIOKAMH M yBeluueHHs: 3(PPEKTUBHOCTH HMX TOPMOXKEHHs OyJeT KOHKYpHUpOBaThb C pa3ylpOYHEHHEM H3-3a
CHHXKCHUS IIJIOTHOCTHU [[I/ICJ'IOKaLII/Iﬁ 1 COBCPIICHCTBOBAHUA JII/ICHOK&LII/IOHHOﬁ CTPYKTYPBI B PE3YJIbTATEC JTUHAMUYCCKOTO
Bo3BpaTta. llpm onpeneneHHoi creneHn nedopmanuy B Tpolecce JMHAMHYECKOTO BO3Bpara YHCIO BHOBb
00pa3oBaBIINXCS AUCIOKALUK Oy/JIeT MEHBIIIE, YeM YUCII0 aHHUTWIINPYIOLIHX, T0O3TOMY Ha KpUBOH aedopmanyu Oyaer
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HaOJr01aThCs IehOPMALIMOHHOE pa3ypodHeHue [9].

Kpome Toro, mpu mpoTeKaHWH BOCCTAHOBHTEIILHOTO Pa3yMpOUHSIIONIETO MpoIiecca AUHAMHUYECKOrO BO3Bpara, B
nporiecce AehOPMUPOBAHUS  CO3MAIOTCSA CTPYKTYPHBIE M DHEPreTHUECKHE YCIOBHS HEOOXOAMMBIC JUIS 3apOXKICHUS
LEHTPOB KPUCTAIUTN3AIMK U IIPOTEKAHUS MTPOIIECCa AUHAMUYECKON PEeKPUCTAIITA3AIIHH.

JAuHaMu4YecKasi peKpUCTAJIU3ALUs

Haunnas ¢ onpeneneHHoi creneHn nedopManny, y MeTajlula IPOUCXOANUT CYIIECTBEHHOE M3MEHEHUE CTPYKTYPHI
U MOXKET HAaYMHATHCS MPOLECC IWHAMHYECKOH pekpuctammu3anud. [Ipu 3ToM mpomcxoaut Hamboiee paguKaibHOe
YMEHBIICHNE 00beMHON PHEPruu 1e(OPMHUPOBAHHBIX KPUCTAJUIOB 32 CUET YMEHBIICHHUS YHClia Ae(EKTOB CTPYKTYpPHI,
BHECEHHBIX aedopmarmeii [12].

JBrKy1iel cuiiol MepBUYHON CTaJMKM JUHAMUYECKOW PEKPUCTAILIN3AIUY SBIISIETCS SHEPrusl, aKKyMyJIUpOBaHHAs
B HaKJICIIAaHHOM MeTaljIe, CBsI3aHHasi B OCHOBHOM C JMCIIOKALMSIMU M TOYEYHBIMU JIe()eKTaMH. Y MEHbIIEHHE INIOTHOCTH
JUCIOKALMN TpU MNEepexoAe CUCTEMbl B YCTONYHMBOE COCTOSHHE C HEUCKaKEHHOM KPHCTAIIMUYECKOW pPeleTKon
MPUBOJNUT K BBICBOOOXKICHUIO OCHOBHOW JOJIM 3TOM HAKOIUICHHOW »HEpruu. IMHaMU4YecKas pPEKPHCTAILIM3AIUS B
MeTauie Tpu  JaeopMalii  BO3HHUKAIOT IPH JOCTIDKCHHHM KPUTHYCCKOH IUIOTHOCTH JUCIOKAIWH, KOTOPOH
COOTBETCTBYET TaK Ha3bIBacMasi KPUTHUCCKAs CTEIICHB Je(OpMAaITiH.

Havano nuHaMUYeckod peKpHCTAILIM3AIMN OIPEACISICTCS COBMECTHBIM ICHCTBHEM HECKONBKHX (aKTOPOB,
TIPEXkKIE BCErO CTEIEHBIO AeopMaIlii U TEMIIEPaTypOi, KOTOPBIE COOTBETCTBEHHO 3aMal0T KPUTHIECKYIO ITIOTHOCTH
aucnokanuit u audPpy3noHHYI0 aKTUBHOCTH MaTepHaa.

Ha wnavampHOW CTaguM peKpUCTAUIM3AIUU HAET o0pa3oBaHHE IICHTPOB KPHCTALIM3AIMU M POCT HOBBIX
PaBHOBECHBIX 3€peH C HEUCKAKEHHOW KPUCTA/UIMYECKOM pemieTkoil. [JlaBHbIM B MeXaHU3ME 3apOXkKACHUS
PEKPHCTAJUIM30BaHHBIX 3epeH sBJseTcss (OpMHpOBaHHME Y4YacTKa C BBICOKUM CTPYKTYPHBIM COBEPLICHCTBOM,
OKPYKE€HHOI'0 BBICOKOYTJIOBBIMU I'PAHUIIAMH U OTACJICHHBIM 3TUMU I'paHULIaMH OT MATPHUIIbI. Hosrle 3€pHa BO3HUKAIOT
Ha rpaHMIax CTapblxX 3epeH W OJIOKOB, Te pelieTka Obula HamOoee nckakeHa. UeM Ooiblle CTeneHb IIacCTHYeCKON
nedopmanum, TeM 0oJbllle BO3HUKAET 3apo/IbIliel. 3apoAbIy pacTyT myTeM Auddy3un aToMoB OT 1e()OPMUPOBAHHBIX
yuacTkoB. Korga KoJIMYecTBO LIEHTPOB CTaHET JIOCTATOYHO MHOTO, TO M3-3a MOHMKEHHOW IJIOTHOCTH AMCIOKAIUi
BHYTPH 3TUX PEKPHUCTAIUIM30BAaHHBIX 3€peH 00pa3yeTcs yYacTOK pa3ynpovHeHus. [Ipu mpomoimkeHun aedopMamun
ATOT IPOIIEcca OXBATHIBACT BeCh 00beM 00pasIa.

KonrmdecTBo HOBBIX 3epeH MOCTENEHHO YBEIMYUBACTCS U B CTPYKTYpEe HE OCTAETCS CTaphIX Ae(hOpMUpPOBAHHBIX
3eper. [loka pekpucTalIM30BaHHBIE 3€pHA C TOHIKEHHOH NPOYHOCTBIO 3aHUMAIOT HEOONBIIYI0 YacTh OObeMa
MaTepuaiia, emle MpPOJOJDKACTCS POCT HAMpsDKEHHWS TEUYeHHS, HO C 3aMETHBIM YMEHbIICHHeM Kod(pduiuenta
ynpouHenus. C yBeIHYECHHEM CYMMAapHOTO 00BbeMa PEKPHCTAUIM30BAHHBIX YYAaCTKOB PAa3ylpOYHEHHE IEPEKPHIBAET
nedopmanmoHHOe YNpOYHEHHE, W HANpsDKeHWEe TEUCHUs] HaYHET YMeHbIIaThes. [Ipu 3TOM Hapsiay C BBITSHYTBIMA
nedopMHUpOBaHHBIMU 3€pHAMH TIOSBIISIIOTCS Oo0Jiee MM MEHEe PaBHOOCHBIE PEKPHCTAaUIM30BaHHbIC 3epHa. [liomanp
Marepuasa, 3aHATas HOBBIMH 3€pHaMHM, BO3pacTaer, a crapble JedopMHpOBaHHBIE 3epHa Kcue3aloT. HoBbie 3epHa
uMeroT 0oJiee COBEpILICHHOE BHYTPEHHEE CTPOCHHUE, C ITOHM)KEHHOM INIOTHOCTBIO IUCIIOKAITHH.

Pa3mep 3epHa K 3aBepIICHUIO HAYAIBHOW CTAIUM JUHAMHYECKON PEKPUCTAUIM3AMKU 3aBUCUT OT COOTHOILICHUS
CKOPOCTH 3apOXKICHUS UEHTPOB KPUCTAIUIN3ALUHN U TUHEHHON CKOPOCTH UX POCTA.

[lo oOKOHUaHWIO HAyalbHOrO JTana JUHAMHYECKOM PEKPUCTAJUIM3AlMM, KOTJa HCYE3al0T  CTapble
nepopMHUpOBaHHBIE 3€pHA, CTPYKTYpa OCTaeTCs HECTaOMIBFHON M3-3a OOJNBINON CBOOOTHOW HEPTUHU CHIBHO Pa3BUTON
TOBEPXHOCTH TPaHUL] PEKPUCTAIUIM30BAHHBIX 3€PEH M HEYPaBHOBEIIEHHOCTH IOBEPXHOCTHOI'O HATSKEHUS Ha 3THUX
TrpaHULIAX.

[locnenyromuM  3TanoM  AMHAMMYECKOM  PEKPUCTAIIM3ALMU  SIBJISIOTCS  NPOLIECCHl  pOCTa  OAHMX
PEKPUCTAJUIM30BAHHBIX 3€PEH 3@ CUET COCEIHUX PEKPUCTAINIM30BAHHBIX 3€PEH IIyTEM MUIPALUU BBICOKOYIJIOBBIX
rpanul. TepMOAMHAMUYECKMM CTHMYJIOM STOH CTaJud JUHAMHYECKOW PEKPHCTAaJUTU3alMU SIBISIeTCS CBOOOIHAs
OHEPIrusd IrpaHull 3€pcH, a 065133T6HI)HBIM YCIIOBUEM €€ Pa3BUTUA - HCYPABHOBCIHICHHOCTD IMTOBEPXHOCTHOT'O HATAXKCHUA,
CTPEMSIINETOCs BBIMPSIMHUTH MCKPUBJICHHBIC TPAHUIBI U CACIATh PAaBHOBECHYIO KOH(HIYpAIMIO TPAHHUI] B TPOWHBIX
CTBIKAX.

Pekpucrammm3oBaHHbie 3epHa PACTYT IYTEM OBICTPOH MUTpalHd WX TPAaHUI] B CTOPOHY Ie(pOPMHPOBAHHOU
MaTpUIBL. J[BIKYIIEH CHIION TaKOH MUTPALUH SBISIETCS Pa3HOCTh B YIPYTOW SHEPTHH KPUCTAIIIOB IO 00€ CTOPOHEI OT
TPaHULbl U3-32 Pa3HOM IUIOTHOCTH AMCIOKAUMi. J[BHXKyllas BBICOKOYIJIOBAas I'paHULA «BBIMETAET» HA CBOEM IyTH
neeKThl penieTku I1e(OPMUPOBAHHOW MATpPHIIBI, YBENUYMBas oO0BEM C Ooyiee COBEPIICHHOH CTPYKTYpOH, C pe3Ko
MEHBIIIEN INIOTHOCTBIO TUCIIOKAIIUH.

Iloxa pekpHCTaTN30BaHHBIE 3€pHa C MOHMKEHHOW TPOYHOCTHIO 3aHMMAIOT HEOONBIIYI0 YacTh o0beMa
Marepuanga, e€lle IMPOJOJDKAETCS POCT  HAIpPSDKEHUs teyeHuss. C yBeIMUYCHHEM CyMMapHOro obObsema
PEKpUCTAILIM30BaHHBIX YYaCTKOB  pa3ylpoOYHEHHE IepeKphiBaeT Je(GOopMalMOHHOE YINPOYHEHHUE, W HanpsHKEHHE
TCUYCHUS I1aaacT. Ha KPUBBIX ((HaHpﬂ)KeHPIe-I[e(bOpMaHI/IH» I[I/IHaMI/I'-ICCKI/Iﬁ BO3BpaT IMPOABIACTCA B CHUXXCHHUU
K03 dHUIKEHTa YIPOUHEHHSI.

[Ipn nuHaAMHUECKON PEeKPUCTAIUIM3ALMHM MOSBUBLIMECS PEKPUCTAUIM30BAHHBIE 3€pHA C HU3KOW IUIOTHOCTHIO
JIUCIIOKAIMA BO BpPEMsS CBOETO POCTa IMOCTEICHHO HAKJICTBIBAIOTCS H3-3a MPOJOJDKAIOIICHCS aedopMariu — B HHUX
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MNOBBIIIACTCA  IINIOTHOCTh ﬂncnoxaunﬁ. y'-IaCTKI/l, PEKPUCTAIUIM3OBABIINUCCA B IICPBYIO O4YEpCab, HAYWHAIOT
HaKJICTIBIBATLCSL PaHbLIE M B HUX OBICTpEE JIOCTHIAIOTCSl KPUTHYECKas IUIOTHOCTh JIUCIOKAlMid, HeoOXomumas Juist
3apOXKICHUSI HOBBIX PEKPUCTAJUIM30BAHHBIX 3€peH, KOTOphIE 3aTeM HakKJemblBaloTcs, © T4 Hakien
PEKPUCTAUIN30BAHHBIX 3€PEH YMEHBIIACT PAa3HOCTh B IIOTHOCTH JUCIOKAIMH 1O 00€ CTOPOHBI OT MHUIpUpYOLIeH
TPaHUIIBI, & TaK KaK 3Ta Pa3HOCTb SBIIETCS ABMKYIIEH CHIJIOW MHUTPALM, TO CKOPOCTh POCTa PEKPUCTAIN30BAHHBIX
3epeH yMeHbInaercsi. Uem BhINIE TeMIepaTypa M HIDKE CKOPOCTh aAedopMamnuy, TeM KpYIIHEe M COBEpIICHHEE
PEKpPUCTAIUIN30BAHHBIE 3€PHA.

MHOTOKpaTHO 4epeayIolie UKIbl JHHAMHUUECKON PEKPHCTAIUIN3AINN U HAKJIeNa PEeKPUCTAJUIN30BAHHBIX 3EPCH
COOTBETCTBYET yCTAHOBMBLIEHCS CTaJUN C HEU3MEHHBIM CPETHIM Pa3MepOM 3€pHa.

HckntounTenbHO CUJIBHO Ha pa3Mep 3€pHa B 3aBEpIUAONICH CTaguu HaydajJbHOM CTaguu JIMHAMHYECKOM
PEeKpUCTAILIM3AIMY BIUSIET CTeNeHb nedopmannu. B 3epHax, riae nedopmarust qocTuria KpuTHueckoit (00bIYHO OT 5 10
15%) Bemu4uHEI, BBIpacTaeT KPYIHOE 3EPHO.

B ompezneneHHblii MOMEHT AedopMalMi HACTyMaeT JUHAMHYECKOE PaBHOBECHE MEXKIY KOJMYECTBOM HOBBIX
JUCIOKalMi M MCYE3aloNIMX B pE3yJbTaTe HENPEPBIBHO IPOJOJDKAIOIICH ITUHAMHYECKOH peKpucTaIn3auei
(ycraHoBuBIIasics craaus aedopmarmn). OOBIYHO MEpexo]] K yCTaHOBHUBILIEHCS CTaJUH MIPOUCXOIUT MOCIIE UCTHHHON
nedopmanmu Ha 10 — 50% 1 3aBUCHT OT CKOPOCTH JIe)OPMUPOBAHUS U TEMITEPATYPHI [4].

Ha xpuBbIX nedopManyy AuHaAMHYECKas PEKPHCTAIUTM3alUs MaTepHaia MpPOSBISIETCS B MaJCHUU HAIPSHKEHHS
TEUSHHMS U 1OCIIe ONPEIETICHHON 1eopManyy IePEeXoI0oM K yCTaHOBHBIIEHCS cTagun Aedopmarun. Takum obpazom, B
mpounecce  nedopmMupoBaHMS ~ Marepuana, pabOTaOmMe  HapajuleIbHO — YIPOUYHSIONME W JAWHAMHYECKHE
pasynpovHSIOIINE POLECCH], IPUBOAAT K Pa3yNPOYHEHHUIO MaTepralla M poCTy 3epHa B HEM. ECTeCTBEHHO, yKa3aHHbIE
IPOLIECCHl BO MHOTOM OIPENENIOTCS TeMIlepaTypol nedopMaiyy, a TouHee — ee COOTHOIICHHEM C TeMIIepaTypoi
TUIABJICHHUSI MCCJIENyEeMOT0 MeTajuia. JTO CBA3aHO C TEM, HACKOJIBKO pa3BUTa Au(@y3uOHHAs IMOJBIIKHOCTH HPHU
TeMIlepaType UCIBITAHUI U ¢ BIUsIHUEM Ha AU((Y3MOHHYIO TIOIBUKHOCTD YPOBHS HATPSKEHHH.

PaccmoTpum Gosee moxpoOHO MoTyYeHHBIE B padOTe Pe3yIbTaThl.

[Tpn ananuze ocoOeHHOCTEW M3MEHEHHs CTPYKTYpHI KaJMHs B Ipolecce AehOpMUPOBAHUS CIEyeT YUUTHIBATh
cienyroniee. Kaamuii OTHOCHTCS K JIETKOIJIABKMM METallJIaM U TIO3TOMY BCE YCTAHOBJICHHBIE TEMIIEpaTypHBIE 00J1acTH
JUIE MHOTHMX METaJUIOB (TOMOJIOTHUECKHE TEeMIepaTrypsl B 4YacTaX OT 1,,) Hadaja NPOXOXKICHUS IPOLECCOB
CTaTHYECKOTO BO3BpaTa M PEKPHCTAJUIM3AIMK OKA3bIBAIOTCS 3HAYMTENHFHO HIKE KOMHATHOW TEMIIEpaTypbl, HpH
KOTOpOH aBTOPHI MPOBOJMIIH UCTIBITAHUS 00Pa3II0B KaaMusl.

WHpIMK cl0BaMH, B HAIlleM CIydYae TEPMHUYECKas aKTHUBALMS BOCCTAHOBUTEIBHBIX IPOIECCOB 3HEPrEeTHUYECKU
obecrieueHa Ha BCeM OJTarne JIeQOpMHUpPOBaHHMA KaJMHsS IIpH KOMHATHOM TeMIeparype, a Hadalo paboThI
PasynpoOYHSIOMINX HPOLECCOB ONPENEISIETCS TOIBKO YPOBHEM Ae(opMaliuy U BEIUIUHON CKOPOCTH Ae(hOPMHUPOBAHUS.

B mpomecce wucnbiTanusi 00pasloB KaJMHs Ha KPUBOW «HAarpy3ka — WCTHHHAs JaedopMaiusy Iocie
OPSIMOJIMHEHHOTO y4acTKa, KOTOpas COOTBETCTBYET CTaiWK YIpyrou nedopmaivd, HaOIHOMAIOTCS KPHUBOJIHHEHHBIC
YUYacTKH, KOTOPBIE OTPAXAIOT OCOOEHHOCTH MPOTEKaHHs IUIACTUYECKON JedopMalu. Y CIOBHO, 3TH YY4aCTKU KPUBOU
nedopmanuy paznensror Ha TPH CTaaAWMU: Je(OpMAalMOHHOTO YIIPOYHEHUS, Pa3ylNpoOYHEHUS W YCTaHOBUBILETOCS
Teuenus [8,9].

N3 puc. 1 (kpuBble 2 u 4) BUJHO, YTO B IIPOIIECCE HATrPY)KEHHs MaTepHasa IMOCNe TOCTH)KEHHS ONpelesICHHON
nedopmammn (12% s TexHuyeckoro M 7% JAMCTWIIMPOBAHHOTO KaaMUs) HaOmionaeTcs MajeHHe HCTHHHOTO
HaNpsDKeHNS TEYEHHS, TO €CTh MaTepHall pa3ylIpodHseTCs.

[Tpoananusupyem XapakTep W NPUYMHBI U3MEHEHUH KPUBBIX Ae(hOpMaIMy NPH CXKXATHH 00pa3IoB KaaMus MpH
KOMHATHOW Temrieparype. B HadanbpHBI MOMEHT CXaThs 00pasloB KaaMHs Ha KPUBOH JeOpMaluil perucTpupyeTcs
ynpyrag nedopmanus. B obmacti npenena TekydecTH HaGIIIOfaeTCS CYILIECTBEHHOE pas3sIMyMe B MOBEIEHHE KPHUBBIX
nedopmanuy 0Opa3oB KaaMHsA Pa3IMYHON YHUCTOTHL. Y 00pa3loB IUCTHIIMPOBAHHOIO KaJMHSA B 00J1acTH Ipenera
TEeKy4eCTH KpuBas JedopMalydd HMMeeT IUIaBHBIH Mepexoj K IUlacTHueckoMmy TtedeHuro. Ha kpuBoii aedopmarmu
TEXHHUYECKOTO KaJMHs XOPOIIO MPOCMAaTpUBaeTcsi 3y0 TEKy4eCTH, KOTOPHI OTCYTCTBYeT Ha KPHBOIl jaedopmaruu
JUCTHJUIMPOBAaHHBIX 00pa3uoB kKaamus (puc. 1, kpusble 1 u 3). Hanmume 3y0a TeKy4ecTH y TEXHHYECKOTO KaaMHs
00YCIJIOBJIEHO CKOIUICHHEM aTOMOB IpUMeced BOJNM3M AMCIOKaluil ¥ OJOKMpOBaHMEM WX IepemenieHus. Hexoropoe
TIOBBIIIICHUE HAIPSDKEHUsI, HaOJrojaeMoe Ha KpUBOH aedopmaiii, CBS3aHO C TEM, YTO OTPHIB AMCIOKALMH OT
CKOIUIEHHH aTOMOB IpuMmeceil TpeOyeT OoJiee BBHICOKMX HANPSDKEHWH, YeM MOCIeayoliee MX JBI)KEHHE B METajuie
[6,8,14].

W3 puc. | BuaHO, 4YTO NpM HANPSHKEHUSIX BBINE Ipefesa TEKydecTH B oOpasnax KaaMHus HaddHAeTCs
IDIACTUYECKOE TeUCHNE W HAOMI0aeTCs MPUCYIee 3TOMY Iporeccy aedopmarmonHoe ynpodnenue [9,14]. CpaBHenne
kpuBbIX 1 ¢ 2 u 3 ¢ 4 puc. 1 moka3bpIBaeT, 4TO XOA KPHBBIX AedopMarii HE TOIBKO OTIMYAETCS KOd(P(HHUIHEHTOM
YIPOYHEHUSI, HO M XapakTepoM ero usMeHeHus. Ha MammMHHBIX JuarpaMMax (B KOOpAMHATax «Harpyska-
nedopmarusiy) HaOrOIAeTCs 3aMETHBIM MOABEM KPHBOM Jedopmanny, KOTOpPBIH BBI3BAH POCTOM IONEPEHHOrO
ceueHus 00pasIoB, MPOUCXOIAIINM MPH AehopMupoBaHu. CHIBHOE BIUSHHE YBEIUUYCHHUS CEUCHHUS 00pa3iia CKphIBaeT
OYCHb BaXHYI0O OCOOEHHOCTh Ae()OPMUPOBAHUS, KOTOpas XOpPOLIO BWJHA HAa pACYETHBIX HCTUHHBIX KPHUBBIX
nedopmupoBaHMs: Malylo BeNMYMHY KOd(h(HUIMEHTa YIMpOYyHEHUs y oOpa3loB KaaMusi, a Iocje HeOOJbIIOH HX
nedopmanuy TEHACHINIO K MOCTOSHHOMY €r0 yMEHbIIeHHUI0. [0 HamieMy MHEHHIO, 9TO CBSI3aHO C Ha4alioM palboThI
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BOCCTAHOBUTCIIbHBIX JUHAMHUYCCKUX IIPOLECCOB — Ha HaJaJbHOM CTaluu TJIaACTUYCCKOTO TEYCHUSA OTHUM IIPOLECCOM,
BEPOATHO, SBISETCA JUHAMMYECKMH OTABIX. OTO CcaMblii HU3KOTEMIIEpaTypHBI (MajodHepreTudeckuil) wus
BOCCTaHOBHTEJIHHBIX ITPOIIECCOB.

C yBelIMYEeHHEM BEJIMYMHBI eopMalvy 00pas3noB KaaMus KO3 UIMEHT ynpoYHeHNs MOHOTOHHO CHIDKAaeTCsl,
BEPOSITHO, K TPOLECCYy ANHAMHUYECKOTO OTAbIXa MOIKIIIOYACTCS MPOIECC AMHAMUYECKON MoiuroHm3anuu. Kak Obuio
MIOKa3aHO BhINIE, paboTa 3THUX MPOIECCOB IIPUBOJHUT K CHI)KEHHIO KOHIIGHTPanuu A¢()EKTOB U IUIOTHOCTH JTUCIOKAIMH
(KoHIIeHTpamys KOTOPBIX B pe3yibTaTe NOeOpPMHPOBAHUS YBEIHYMBACTCS Ha 5-6 TOPSOKOB), (OPMHPOBAHUIO
CyO3epeHHONH CTPYKTYphl: O0JacTed KpHUCTaia, pa3AeieHHBIX MalOYIJIOBBIMH TpPaHMIAMH M CBOOOIHBIX OT
quciaokanuii. [ToMUMO IBMKCHHS OAMHOYHBIX JUCIOKaUWi, AWHAMWYECKas MOJMTOHHM3ALUs BKIIOYAcT Ha CTaIuu
(dbopMupoBaHusi CyOrpaHUIl MUTPALMIO JHCIOKAIMOHHBIX TPYNII W Ha CTaAMKU pocTa Cy03epeH — MHUTPALUIO
MaJIOYTJIOBBIX JUCJIOKAIIMOHHBIX I'PAHUIIL.

Takum obOpa3om, npu nanpHenmieil nedopmanmu oOpasua, mapajuiesibHO C MPOLECCOM YIPOYHEHUS HAaYMHAIOT
paboTarh /1Ba BOCCTaHABIIMBAMOLIMX MpoOIecca TUHAMHYECKOTo0 BO3Bpara (AMHAMHYECKHH OTIBIX M IOJIMTOHU3AINS),
KOTOpBIE CHIDKAIOT yIIPOYHEHNE MaTepHana.

JanbHeiimas nedopmaryst 00pasoB KaaMusi CO3/1aeT YCIIOBHS Ul POCTa M YBEIWYEHHS Yrila pa3opHEeHTALUH
cy03epeH. MoxHO yTBepkaaTh, 4To npu aedopmanun okosno 10% Kk mpomeccy MOAKIIOYaeTCs HayajabHAs CTaaus
JUHAMHYECKOW PEKPUCTAIIM3alUA. AKTUBHOCTh BOCCTAHOBHTEJBHBIX IPOIIECCOB CYIIECTBEHHO PACTET M 3aMETHO
MeHseT xapaktep KpuBod zgedopmammm. Ilpm medopmammax mopsaka 15% BriIrowaercst ciemyromas CTaaus
JUHAMHYIECKOH PEKPUCTAIUIM3ALNH: BO3HUKAIOT 3apPOABIIIN HOBBIX 36PEH U HAUWHAETCS UX POCT.

HoBele 3epHa MMEIOT Oo0Jiee COBEPIICHHYIO CTPYKTYpy M OTCYTCTBHE AMCIOKAIMi B Tene 3epeH. To ecTh B
Marepualle HHTEHCHBHO CO3/al0TCsI 30HBI Pa3yNpOYHEHHUs, KOTOpbIE OBICTPO PacIpOCTPaHIIOTCS HAa BECh MaTepHall.
AKTHBHOCTh BOCCTAaHOBHTENIBHBIX IPOIECCOB CYIIECTBEHHO pacTeT W 3aMETHO MEHSET XapakTep KpHBOH nedopmanun
obpastor kaamust. JlanpHeimuii xon kpuBoil AedopMariu OyIeT ONMPEeAeiaThCs MapauieIbHOW paboTOH MPOIECCOB
YIPOYHEHHUS! ¥ BOCCTAHABIIMBAIOIIMMH PAa3yNPOYHSIOIIMMH IPOLECCAMH.

B orimyme oT craTHYeCcKUX MPOLECCOB BOCCTAHOBJIEHHS CBOWCTB MaTepHaa nocie aehopMalMoHHOH 00paboTKu
IyTEM BBICOKOTEMIIEPATYPHBIX OT)KUTOB CO CTPOrO ONPEACICHHOW CTaJNHHOCTBIO, JAWHAMUYECKHE IIPOLECCHI
BOCCTaHOBJICHUS, KOTOpBIE WJIYT HEMOCPEACTBEHHO BMECTE€ C IHpoleccaMH Ae(OpPMUPOBAHUS W aKTHBHPYIOTCS
OIIpeIeTICHHBIM YpOBHEM aedopManuu (M, COOTBETCTBEHHO — Mu(pQy3HOHHON IMOABMKHOCTH) SIBISIOTCA Oosee
CJIOKHBIMH.

Crnenyer yduTHIBaTh, YTO CTATHUECKHE MPOLECCHl AKTHBUPYIOTCS TEMIIEPATYpOHl M 3aBHCAT OT BEIWIHHBI
TEMIIEpaTypbl W BpeMEHH O0O0pabOTKM, a AWHAMUYECKHE MPOLECCHl aKTHBUPYIOTCS IedopManuedl M 3aBUCSAT OT
BEITMYMHBI Jieh)OpMaLK ¥ OT CKOPOCTH Ae(HOPMHUPOBAHHUS.

Pa3nnuns npoTekaHus CTATHYECKUX U JMHAMHYECKUX BOCCTAHOBHTEIBHBIX IPOIIECCOB IPUBOIHUT K OCOOEHHOCTIM
(dbopMupoBaHusl CTPYKTYyphl Martepuaia. Tak NpH JUHAMUYECKOW pPEKPUCTAILUIM3AaLUK CO3[AeTCsl HEOJAHOPOIHAsS
CTPYKTypa 1o o0beMy MeTajja U BHYTPHU OTJCNBHBIX 3€pEH, CBA3aHHAs C TEM, YTO OJHU yYacTKU MaTepHajia TOJIBKO
YTO PEeKPHCTAIUIN30BAINCE, & IPyTHe paHee PEeKPUCTAJUIN30BaHHbIE YYaCTKH HAUMHAIOT YIPOUYHSTHCS, @ B TPETHUX HIYT
MIPOILIECCHl JAMHAMUYECKOTO BO3Bpara. MHOTOKpAaTHO dYepeayloliue IHUKIbl JHHAMHYECKOW pEeKpUCTAIUIM3AlNN U
HaKJIeNa PeKPUCTAJUIN30BAHHBIX 3€PEH B 3aBUCUMOCTH OT IPeo0iIajaHnsi OJJHOTO U3 3THX MPOLECCOB NPUBOAMT JINOO K
CHIDKCHUIO KO3()(HUIMEHTa YNPOYHEHUS W PasylNpOYHEHHWIO, JHOO K €ro IIOCTOSHCTBY, YTO TPHBOIUT K
YCTaHOBUBIIEWCS cTaIuH Ae(hOpPMAIIHH.

Craznust yCTaHOBHBIIETOCS TE€UYEHHS NTPOCMATPUBACTCA HA KPUBOH JeopMannil AUCTHILUIMPOBAHHOTO KaJMHUs MIPH
nedopmupoBarnu Ha 30 — 32% (kpuBas 4, puc. 1). Y KagMus TEXHUYECKOI YHUCTOTHI 3TON CTaANHU HET, BEPOATHO, U3-3a
TOTO, 4TO TPH Ae(HOPMUPOBAHUH 3TOTO COPTA 00PA3LOB KAAMUS MBI HE JOCTUTIH BEIHMYMHBI HEOOXOIUMOM MCTHHHON
nedopmaruy, npu KOTOPOIl MPOUCXOJUT MEPeXo] K CTaJUM yCTAHOBHUBIIETOCS TEUCHHMS (CUUTAETCS, YTO MEPEXOAd K
YCTaHOBMBIIICHCS CTaIUHU MPOUCXOAUT Tocite Aedopmarun Matepuana Ha 30-50%). Bo3aMokHO, mpuMecH CyIeCTBEHHO
BJIMSIIOT Ha JepopMallMOHHbIH OPOTr Havyaia JMHAMHUYECKOTO PABHOBECHSI HOBBIX U HCUE3AIOIINX AUCIIOKALUA [4].

HccnenoBanne akycTH4ecKOil IMUCCHI

Jlst Gonee Ti1yOOKOro MOHMMAaHUSI MIPOLIECCOB, KOTOPBIE NMPOTEKAIOT B 00pasnax KagMmus IpH 1eGopMHPOBaHUH,
CHHXPOHHO ¢ MEXaHHYECKUMH XapaKTEPUCTHKAMH PETHCTPUPOBAIIN TTApaMETPHI aKyCTHUECKOH SMHUCCHH.

Ha pwuc. 3 mpuBeneHBI COBMEIICHHBIC 3aBUCUMOCTH aKTUBHOCTH AD (KpuBast 2) ¢ KpuBoit nedopmarmu (kpuBas 1)
JUISL TEXHUYECKOTO U TUCTHIUIMPOBAHHOTO KaIMHSI OT YMEHBILICHHUS BBICOTHI 00pasiia Ipu CKAaTHH.

U3 puc. 3 BuaHO, 9TO aKycThueckas smuccus (AD) HAUMHACT PETUCTPHPOBATHCS YXKE HA CTaIWH yIPYTon
nedopmarun. TOT GakT MBI HEOMHOKPATHO HAOMIOAAIH MIPU UCIIBITAHUSAX PA3IMYHBIX KOHCTPYKIMOHHBIX MAaTEpHAIOB
(Be, Zr, Ti 1 ap.) ¥ OH CBSI3aH C perucTparyeil mMpoIeccoB MUKPOILUIACTHYCCKOM Aedopmanuu Marepuaios [2,15-17].

Crenyer oOpaTUTh BHUMaHHE Ha CYLIECTBEHHbBIE OTIMYMSI KPUBBIX 3aBUCHMOCTH aKTHBHOCTH AD oT aedopmaiiu
JUId 00pa3lioB TEXHUYECKOTO U JTUCTUIUIMPOBAHHOTO KaaMHs. Y TEXHHYECKOro KagMHs B 00JIaCTH Ipeaesa TeKy4ecTH
HaOJoaeTcst Konebanne akTUBHOCTH AD 0T MakCHMMalbHbIX 3HadeHui 500 1o MuHuManbHbIX — 50 nmm/c. BeposTHo,
9TO CBSI3aHO C OCOOEHHOCTSIMH OTpBIBA JWCIOKALMH OT INpHMeced M IOBTOPHBIM 3aKpEIUICHHEM JUCIIOKAIMH
MIPUMECAMH WM C TIpolieccaMu cOpocooOpa3oBaHusi, KoTopele u3y4dan OpoBaH M B cBOeH paboTe MOKasas, YTO
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NUIMHAPHYECKHE 00pa3libl KaJMHs IPU CKaTHU NPETEpPIEBAIOT JOKAIbHbIE U3IOMbI B BHAe cOpocoB [18]. IMoxock
cOpoca 00pa3yroTcs MOCTEHEHHO BO BPeMsl CXKATHA IIyTeM BO3PACTAIOIIEro IOBOPOTA PELIETKH, KOTOPBIH MOXKET OBITH
OT €MHUIIBI 10 HECKOJIbKHX JIECSITKOB I'PayCcoB.
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Puc. 3. 3aBucumocts HanpspkeHus (kpuBas 1) u akTuBHOCTH AD (kpuBast 2) y 00pa31ioB TEXHUYECKOTO (2) U AUCTUIIIMPOBAHHOTO
kaamust (6) OT yMEHbIICHHS BBICOTHI 00pasia npu AehopMHUpPOBAHUH

CyImiecTBeHHOE yBEIWYCHHE AaKTUBHOCTH AD 00OMX COpTOB KaJMHsA B 00JacTH Mpenesia TeKydeCTH SBISCTCS
XapaKTepHBIM OTKIMKOM IapaMeTpoB AD Ha Hadajo IutacTH4Yeckoro TeueHus marepuana [19,20]. C yBennueHueM
neopMaliui akTHBHOCTE AD y 00pa3lioB TEXHHYECKOTO KaaMHs YMCHBIIACTCS M MPOJOJIKAET OCTABAThCS HU3KOH B
TeueHue Bcero mnpouecca jedopmupoBanusi. Takoll BujA 3aBUCHMOCTH aKTUBHOCTH AD XapaKTepeH Il MHOTHX
KOHCTPYKIIMOHHBIX MaTepHajoB 1e(OPMUPOBAHHBIX PACTSIKEHHEM 1 OOBSCHSIETCS CYIIECTBEHHBIM HCUSPIIaHUEM YHCIIa
JBIDKYIINXCS AUCIIOKAIINH MOCIIe IPOX0XKICHUS TIpeJielia TEKYyYECTH, T HaOJII01aeTCsl MAKCUMYM KPHUBOH aKTHBHOCTH
AD [21,22]. A y IUCTUIIUPOBAHHOIO KaJAMHUSI AKTUBHOCTB IIOCIIE MPOXOXKICHUS MpejieNia TEKyYeCTH He YMEHbIIAeTcs,
a IPOJIOJDKAET OCTaBaThCsA HA JOCTATOYHO BBICOKOM ypoBHe (600 nmr/cex). Bo3MoxkHO, 3TO CBSI3aHO C TE€M, YTO YHCIIO
WCTOYHHWKOB CHUTHAJIOB HE yMEHBIIAETCS 3a CUET OCOOEHHOCTH IMPOTEKAHMsS INPOLECCOB, CBSI3AaHHBIX C HENPEPHIBHBIM
BO3HMKHOBEHHEM TIPH /1e(h)OpPMAIN HOBBIX MOJBIKHBIX JMCIOKAIMHA, KOTOPBIE MOIEPKUBAIOT BEICOKYIO aKTHUBHOCTh
aKyCTHYECKOT'O U3JTydCHUS.

Jlpyroe oObsicHEeHHE MpOSABICHUS TAaKOW 3aBUCHMOCTH AKTHBHOCTH TNpH AedopMalyu JaeT B CBOEH paboTe
P.O. KaiiOpileB mipu aHanu3e pocTa 3epeH MpH JWHAMHUYECKONW PEKPUCTAIUTM3AIlMM MarHueBbIX criaBoB [3]. OH
YCTaHOBUJI, UYTO BO BPEMs INIACTUYCCKOI'O0 TCYCHUA NMPOUCXOJIUT IIJIABHOC YBCIIMYCHUEC pasMEpa PCKPHUCTAIIM30BAHHBIX
3epeH. [IpuunHOi HEOOBIUHOW 3aBUCHMOCTH pa3Mepa PEeKPUCTAIUIU30BAHHBIX 36PCH OT CTEICHH nehopMaliui ABJISICTCS
o0pa3oBaHKe JIBYX pa3HBIX CTPYKTYPHBIX COCTABIIAIONIMX PEKPUCTAUIM30BAHHBIX 3€peH. VX MOSBICHHUE CBS3aHO C
Pa3IMYHBIMA MEXaHN3MaMH J1e(OpMaIIHH.

Ha paHHMX cTaamsx IDIACTHMYECKOTO TEYEHHs JeHCTBYeT JIBOWHHKOBaHME. B pesyibrare akTHBHU3UpYETCS
«IBOMHMKOBBII» MEXaHU3M JUHAMHYECKOH PEeKpHCTAJUIN3AIMN, KOTOPHIH MPUBOJUT K 00pa30BaHHUIO LEMOYEK HOBBIX
3epeH Ha MeCTE€ CTapblX JBOWHHKOB. (OpMHUpYIOLIMECS pPEKPHCTAUIN30BAHHBIC 3€pHA IEPBOW CTPYKTYPHOU
KOMIIOHEHTHI OJHM3KK MO CBOEMY pa3Mepy K TONIIMHE ABOWHUKOB. CIIeAyeT OTMETHTh, YTO "IBOHHHMKOBEIE" 3epHa
00pa3yloTcst TOJIBKO HAa paHHEH CcTaguM IUIACTHYecKoro TtedeHus. @DopmupoBaHHWE BTOPOH KOMIIOHEHTHI
PEKPUCTAIUIN3AMOHHOTO 00BheMa MPOMCXOAWT Ojaromaps ICHCTBHIO '"Cy03epeHHOro" MexaHW3Ma JWHAMHYECKON
PEKpHCTA/UIN3AlMU, KOTOPBIM CBS3aH CO CKOJIb)KEHHEM, HAKOIICHHEM M IlepepaclpelesicHueM, B 00beMe HCXOTHBIX
3€peH, TUCTOKALUMN.

Eme Oonee cuibHBble pasziuyus TMPOSBHINCH IPU aHAJIM3€ aMIUTUTYIHOTO DAaCIpelesieHns] CUTHaJoB AD u
3aBHCHUMOCTH BKJIaJla CUTHAJIOB PA3IMYHON aMIUIUTYJBI B crieKTp AD. I'MCTOrpaMMbl aMITUTYAHOTO paclpeieleHus
00pa3IoB TEXHUYECKOTO M MUCTH/UIMPOBAHHOTO KaaMuUs IpuBeneHbl Ha puc. 4. Ha puc. 5 mokasaHo m3meHeHue
cpenHel aMIuIMTyAbl HMIyidbca AD y 00pa3loB TEXHHYECKOTO M AMCTHUIMPOBAHHOTO KaJMHsS B TEUCHHE
nedopmupoBanus. M3 puc. 4 BHIAHO, 4TO B CIIEKTPE paclpeieieHuss aMIUIUTY]l Y 00pa3loB TEXHUYECKOTO KaJMHUs
MIpeo0IIaIaloT CUTHAIBI HU3KOM aMIUTNTY/a, @ Y JUCTHIUIMPOBAHHOTO KaJMHs OOJIBIIMHCTBO CHTHAJIOB B CIIEKTpe AD
BBICOKOAMIUTUTYAHBIE. OOpalaeM BHUMaHUE Ha TO, YTO Ha CTAIUU pa3yNpOYHEHUs (CTOIOMK 2 THCTOrpaMMBI) BKIIAJ
BBICOKOAMIUTUTYAHBIX CUTHAJIOB AD CyIIECTBEHHO OOJBIINHA MO CPAaBHEHHIO C paclipeieieHreM IpH nedopmanun Ha
cranguu ynpodyaeHus (cromoumk 1). V3 puc. 5 ciemyer, 4To B TEUSHHE BCEro Mporecca AeGopMUpOBAHHS CpeIHSSA
aMIUIUTYAa uMIyibca AD y 00pa3loB IUCTHIUIMPOBAHHOTO Kaamus B 2-4 paza Obuia OoJjiblie, 4eM aMILTUTYIa
umiynsca AD y 00pa3ioB TEXHUYECKOTO MaTepHaa.

AMHHI/ITyZ[a CHUT'HAJIOB A3, ABJIAACH DQHEPIE€TUYCCKUM IMapaMETPOM, IMO3BOJIACT YCTAHOBUTL IMMPUPOAY UCTOUYHHUKA,
reHepupytouiero curtaisl AD [19,21]. TloaToMy, MOXKHO NPEINONOKHUTE, YTO AedopMalusi 00pa3loB TEXHUIECKOTO
KaJMUsl pean3yeTcs HU3KOIHEPreTHYECKUMH IIPOIECCaMH, CKOpee BCEro AMCIOKALMOHHBIM CKOJIBKEHHEM. A Ipu
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Jne(pOPMHUPOBAHUK JAUCTHIUTMPOBAHHOTO KaJMHUS HUCTOYHUKA AD BBICOKOAMIUIUTYHBIC. Takke ciaenyer oOpaTHTh
BHUMAaHHE, YTO OHM HAYMHAIOT paboTaTh Cpasy ke nocie Havana aeopmupoBanus. 3 (hakTopoB, KOTOPEIC BIUSIOT Ha
TCHEPAIUI0 CUTHAJIOB AD OONBIION aMIUIMTYIBI, CICAYeT BBIICINTH: OONBIION pa3Mep 3epHa H Jedopmanus
nBoriHuKoBaHueM [19,20].
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Puc.6. CoBmemennslii rpaduk kpuBoi nedopmarun (kprBast 1) 1 3aBUCHMOCTH U3MEHEHHUS KOJIMYECTBa HU3KO- (KpuBas 2) n
BBICOKOAMIUIMTYAHBIX (KpHBas 3) uMiysbcoB AD npH 1ehopMUPOBAaHNH 00pa3IIoB KaJAMHS TEXHHYECKOW YHCTOTHI (a) 1
JTUCTHITHPOBAHHOTO (0)
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[TosTomy OonblMii pa3Mep 3epHa Y MCXOAHBIX 00pa3LOB JUCTHJUIMPOBAHHOTO KaJMHs U €r0 SHEPIrHYHBIH POCT
HEIOCPE/JICTBEHHO B Ipolecce Ae(OpPMUPOBAHUS MOXKET OBITh NPUYMHOW TI'eHepaluu CUTHAIOB AD ¢ Oosblieit
aMIuTUTyI0i. Bhicokas aMIuMTya CHTHaIOB AD, KOTOpas PETUCTPUPYETCS Ha HAYATbHON CTaauu Je(pOPMHUPOBAHUS
JUCTHJUIMPOBAHHOTO — KaJMHs, BEpOSTHO, CBs3aHAa C IPOIECCAMH JBOMHMKOBAaHWs, a TpH JalbHeHIIeM
ne(OPMHUPOBAHNN BBICOKAs AMIUIMTYIA SBISACTCS CICACTBHEM TeHEpAIlMd BBICOKOAMIDIMTYIHBIX CHTHAJIOB AD
Marepuaiamu ¢ 6osiee BRICOKHM Pa3MepOM MCXOJHOTO 3epHA M €r0 POCTOM B rpoiiecce AehopMUpOBaHUSI.

Panee mpoBeJeHHbIC HCCIEAOBaHUS NpU AeHOPMUPOBAHUM CKATHEM OOPA3IIOB MArHUS MO3BOJUIHU TONYYHTh
3aBUCHMOCTh U3MEHEHHS aKTHBHOCTH C MAKCUMYMOM B 00JIaCTH Mpejesia TeKY4eCTH U PE3KHUM CHUKEHHEM aKTHBHOCTH
AD mpu naneHeleM aedopmupoBanuu [15]. HampoTus, npu HHIAESHTUPOBAHUU cheprUIeCKUM HHIASHTOPOM 00pPa3IoB
LUPKOHUS U ero ciuiaBa Zr-1%Nb aktuBHOCTE AD TOCIe mpeena TeKy4ecTH Bce BpeMsl yBenmuuBaiack [2]. Iloatomy
BONPOC O MPHUYMHAX PE3KOT0 YMEHBIICHHS aKTUBHOCTH TEHEpalld CUTHAJoB AD HH3KOH aMIUTUTYABI B 00pa3max
KagMusl 1pU HANOPSHOKCHUAX YYTh BBIIIC IHpeAcja TCKYYECTU U OTCYTCTBHUE B CIICKTPE AD BBICOKOAMILJIUTY AHBIX
CUTHAJIOB, a TaKKe BBICOKAsl aKTUBHOCTh T'€HEPALUK HUCKIIOYHTENLHO BBICOKOAMIUIMTYHBIX CHUTHAIOB AD B TeueHHE
BCero nporuecca 1epOopMUPOBaHHS 00pa30B AUCTHILTMPOBAHHOTO KaJMUSI OCTAETCSI OTKPBITHIM.

3HAYNTENBHBIC PA3NIUYUS B XapakTepe M3MCHCHHS aKTHBHOCTH AD, aMIUTUTYJIHOM pPACHpEICICHHH W BKIAJC
AMITYJIbCOB Pa3INYHON aMIUTUTYABI B CIIEKTP CHUTHAIOB AD mpu 1e(OPMHPOBAHHU MOXKET CBUICTCIHCTBOBATH O
CUIILHOM BIIUSIHUM YMCTOTHI MCXOJIHOTO MeTa/Ula Ha OCOOCHHOCTH Iuiactuueckoi aedopmaiuu. CHUIbHOE BIHSHHE
XMMHYECKOT0 COCTaBa MaTepuaia U UCXOJHONW MUKPOCTPYKTYPBI Ha pa3Mep PEKPUCTAIUTU30BAHHBIX 3€PEH U KUHETHKY
JUHAMUYECKOHN PeKpUCTAIUIN3allii MarHUEBBIX CIIABOB Takke OTMETHI B cBoe padore P.O. KaitOpimes [3].

CyllecCTBEeHHBIE ~ pa3NM4usl  aKyCTUKO-DMHUCCHOHHBIX  XapakTepUCTHK Yy  00pa3loB  TEXHUYECKOr0 U
JUCTHJUTMPOBAHHOTO KaJMHUsl CO3/JaeT BIICUATJICHHE, YTO Mbl HCIBITHIBAEM JIBA Pa3HBIX Marepuala C pa3iInYHbIM
MEXaHHU3MOM }IG(I)OpMaHI/II/I, a HC OJMH M TOT X€ Mar€puali C HC6OJ'[I)I_HI/IM OTJIIMYHUEM B KOJIMYECTBEC HpHMeCGﬁ. JIJ'ISI
NPaBUJIBHON MHTEPIIPETAIMK MMOJYYCHHBIX PE3yJIbTaTOB HEOOXOAUMBI JAIbHEHIIINE MCCIICOBAHUS ¢ OoJiee IUPOKUM
MIPUBJICYEHHEM METOAOB CTPYKTYPHOT'O aHAJIN3a.

3AKJIIOYEHUE

[Momyuennbie B paboTe pe3yabTaThl OKA3EIBAIOT, UYTO AeopManys KaAMHUs Pa3INIHON YHCTOTHI IIPH KOMHATHOU
TemmepaType co ckopocThio 5,5-10% ¢ compoBoxaercs MX pasympouHeHHeM M pocToM 3epHa. DopMHpOBaHHE
CTPYKTYPBI B 00pasiax KajMus, KOTOpbie NeGOPMHUPYIOT CXKATHEM, MPOMCXOMUT MO BIUSHHEM 1e(GOpMAMOHHOIO
YOPOYCHUS] U BOCCTAHOBUTENbHBIX (Pa3yMmpoOUHSIONIMX) MPOIECCOB: JWHAMHUYECKOrO BO3BpaTa IEPBOTO poJa,
JMHAMHYECKOW TIOJIMTOHM3AIMN U TUHAMHYECKOH PeKPUCTAIUIU3AIINH.

B ominune oT 3aKOHOMEPHOCTEH MPOXOXKICHHUS ITHUX IIPOLECCOB IOCIE MNpeABapUTEIbHON aedopMaluu U
HOCJIEIYIOLUX OTKUTOB, 0COOEHHOCTH PabOThI ITUX MPOLIECCOB COCTOSAT B TOM, YTO OHM MPOTEKAIOT HEMOCPEICTBEHHO
B mpouecce aedopmupoBanus. Ilocie Havyana neoOpMUpOBaHHS M IMPOXOXKIEHHS CTaJUM YIPYroi Jedopmanuu
HAYMHACTCS IUIACTUYECKas naedopmaiius MaTepuana. Ilocie He3HaunmTenbHOW nedopmanuu Matepuana (3 — 5%) ¢
HEeOOJIBIIM HHTEPBAJIOM ITOCIIEAOBATEIFHO BKIIOYAIOTCS B pabOTy OTIBIX, IIOTOM MOJMIOHU3ALNS, 3aTEM [IEpBUYHAS U
coOuparenpHas PEeKpUCTAUIN3AIMS, KOTOpBIE TPOJOIDKAIOT COBMECTHO paboTaTh /0 OKOHYAaHHUS TIpolecca
nedopmarum.

OO0pamaeM BHUMaHHE HA TO, YTO MPOCTHIC MPEICTABICHHUA O CTAaTHYCCKOH PEKPUCTAIUIM3ANU W BO3BpaTe
HEI0OCTATOYHBI JUIsl OMTUCAHKSI KOMIUIEKCHOTO IEHCTBHS JMHAMUYIECKUX MPOIECCOB pasynpodneHus. Takxke 10CTaTOUHO
CJIOKHO YCTAHOBUTH TOYHBIC T'PAHUIIGI CMEHBI CTAJAUHHOCTH U OMPEACIUTh BKJIAA KAXKIOTO MPOIEeCca Ha Pa3sIHYHBIX
ydacTKax Ae(OpMUPOBAHHUS.

Crenyer OTMETUTbh, YTO Ha OCOOCHHOCTD MPOXOXK/ICHUS AUHAMUYECKUX Pa3ypOYHSIONIMX MPOIECCOB B Mpoliecce
CKaTHsl 00pa3loB KaJMHUs CUIIbHOE BIMSHHE OKa3bIBAET YUCTOTA MCXOIHOTO MeTaia. DTO BIMSHHE IPOSBISETCS Kak
Ha XapakTepe U3MEHEHHsI KPUBBIX JieopMaliny, TaK U Ha pETUCTPUPYEMBIX MapaMeTpax aKyCTHYeCKOW IMUCCHUH.
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The greenhouse is a tool for the accumulation of solar energy and its conversion into heat. The article investigates the heating of the
greenhouse caused by the difference in the transmissivity of glass in different wavelength ranges. Firstly, some facts from the history
of the phenomenon investigation are presented. The principle of greenhouse operation is considered. Then we explain the greenhouse
effect theoretically using a simplified model, and carry out an experiment. In our experiment, the heating of a 1 m? surface
greenhouse model has been observed. The temperature changes have been registered, and the ultimate temperature has been
measured. Further, a model of an ideal greenhouse is proposed in order to reduce heat losses. The main principles and generalizations
of the greenhouse effect are discussed. The role of the glass transmission spectrum, which is one of the most important factors
determining the maximum temperature is investigated. Maximum temperatures for different spectra are compared. We calculate
theoretically the maximum temperature, which can be achieved in an ideal greenhouse under ideal conditions. Then we consider
other factors limiting temperature growth. Finally, the ways of application of the greenhouse effect in the development of solar
collectors are indicated.

KEYWORDS: greenhouse effect, heating by radiation, idealized model, maximum temperature, solar collector

MAKCHUMAJIBHA TEMIIEPATYPA B ITEAJIbHOMY ITAPHUKY
O. IBamiTenko
Xapkiscorkuti Hayionanvuuti ynisepcumem im. B. H. Kapasina, Xapxkie, Ykpaina
nn. Ceoboou 4, m. Xapkis, Yrpaina, 61022

[MapHuk - 11e npucTpiit I aKyMyJsiLii COHsYHOT eHeprii i ii mepeTBOpeHHs B Teu1o. Y CTaTTi JOCHIIKY€EThCsl HArpiBaHHs MapHHKA,
00yMOBIICHE PI3HHLICIO TIPOHUKHOI 37]aTHOCTI CKJIa B PI3HUX Jiana3oHaX AOBXUH XBWIb. [IpencTaBieHi ¢akTu 3 icTopil BUBUCHHS
sIBULIA. PO3IIISHYTO NPUHIMIT pOOOTH HMapHUKA. 3a JOMOMOIOI0 CIIPOLICHOI MOJIEi MapHUKOBHH e(eKT IOCIHiIKEHO TEOPETHYHO, a
TaKoXX MPEJCTABJICHI Pe3ylbTaTH EKCIIePHUMEHTY. EKCIepHMeHTaIbHO MpPOCTEXKEHO HarpiBaHHA MOJENi NMapHHWKa IUIomero 1 M2
3apeecTpoBaHO 3MiHY TeMIeEpaTypd 3 4acoM i OTPUMAaHO 3HA4YeHHSA TIpaHMyHOl Temneparypu. Jlami 3ampornoHOBaHO MOJENb
iIeaIbHOTO TApHHKA JUIS 3MEHIIEHHS TeIIoBTpaT. OOroBOPIOIOTHCS TOJIOBHI IPHHIMIN Ta Y3arajJbHEHHS NMapHUKOBOTO €(eKTy.
JlocniKky€eTbes poib CIEKTpa MPOMYCKAaHHS CKJa, SIKMH € OAHMM 3 HaWBaXJIMBINIMX (AKTOPIB, 0 BU3HAYAIOTh MaKCHMAalbHY
TeMmneparypy. I[lOpiBHIOIOTBCS TpaHWYHI TeMHepaTypu Uil KUIBKOX CIeKTpiB. TeopeTMYHO po3paxoBaHO MAKCHMAIBHY
TEeMIIeparTypy, SKOi MOXKHA JOCSITH B iJieallbHOMY HMAapHHUKY 3a ifeanbHUX yMOB. Po3risiHyTo dakTopH, 1m0 0OMEXYIOTh 3pOCTaHHS
TeMreparypy. BkazaHo MIIIXH 3aCTOCYBaHHs ITAPHUKOBOTO e(EeKTy IPH PO3POOLI COHIIHHUX KOJIEKTOPIB.
KJIFOYOBI CJIOBA: mapHuKoBUi e(eKT, HarpiBaHHS BHIIPOMIHIOBAaHHSM, iJeali3oBaHa MOJeNIb, MaKCUMaJbHa TEMIIEPaTypa,
COHSIUHUI KOJIEKTOP

MAKCHUMAJIBHAS TEMIIEPATYPA B HIEAJIBHOM ITAPHUKE
A. UBamiTeHko
Xapvroeckuil Hayuonanvhwvill ynusepcumem umenu B. H. Kapasuna, Xapvkos, Yxpauna
ni. Ce0600wi 4, 2. Xapvros, Vkpauna, 61022

ITapHMK - 3TO YCTPOMCTBO IJIsl aKKyMYJISILIMK COJHEYHOW 3HEPIUU M €€ IpeBpalleHus B TeIlo. B craTbe nccnenyercss HarpeBaHue
MapHUKa, OOYCIOBIEHHOE Pa3MYHEM IPOIMYCKAIOIIEH CIIOCOOHOCTH CTEKIa B pa3sHBIX AWANa30HaX JUIMH BONH. IIpemcTaBieHs
(GaKkTel W3 HCTOPHM WCCIIENOBAaHMS SBIEHUS. PaccMoTpeH mnpuHIOUN paboTel mapHWKa. C HOMONIBIO YNPOIIEHHOH MOJIEIH
MIApHUKOBBIH S(PEKT HCCIENOBAaH TEOPETHUYECKH, a TAKXKe IIPEJCTaBICHBI PE3yNbTaThl IKCIIEPUMEHTa. OKCIIEPUMEHTAIBHO
HCCIIEA0BAHO HarpeBaHNWE MOJIENH ITapHHKa IUIomaasio 1 M2, 3aperucTpupoBaHo H3MEHEHHE TeMIIEPaTyPhl CO BPEMEHEM U ITOIy4IeHO
3HAUCHUE MpEeAeNbHOM Temmeparypbl. Jlasee IpeuiokeHa MOJIENb HICAUIBHOTO MapHUKA JUI YMEHBIICHUS TEIUIONOTEpb.
OOcyxnaroTcsi TIIaBHbIE HPUHIMIBI ¥ 0000mIeHHs napHUKoBoro 3¢dekra. Mccnemyercs poib CHEKTpa NPOIyCKaHHs CTEKIia,
KOTOPBI SIBISICTCS. OMHMM M3 CaMbIX B&XHBIX (DAKTOPOB, OMPEACISAIONIMX MaKCHUMAIbHYIO Temrepatypy. CpaBHHUBAIOTCS
Mpe/ieNIbHbIe TEMIIEPATYPhl MPH Pa3IUUHBIX CHEKTpax. TeopeTHYecKH paccyMTaHa MAaKCHMAallbHas TEMIEpaTypa, KOTOPOH MOXKHO
JOCTHYb B UJI€ATBHOM MAPHUKE IIPU UACATBHBIX yCIOBUAX. PacCMOTpEeHBI (hakTOPBI, OTPaHUIHBAIOLINE POCT TEMIIEPATYPHI. Y Ka3aHbI
ITyTH IPAMEHEHUS MTaPHUKOBOTO 3P deKTa IpH pa3paboTKe COMHEUYHBIX KOJUIEKTOPOB.

KJIIFOYEBBIE CJIOBA: mnapaukoBbiii 3Qdekr, HarpeBaHune W3INyYCHHEM, HICATH3UPOBAHHAS MOJCIb, MaKCHUMaJbHas
TeMIepaTrypa, COMHEYHbIH KOIIEKTOP

Greenhouses are used to promote the growth of plants and to increase temperature using only solar energy. The
same principle is extensively used to heat air and water. It also has prominent implications in the field of climate.

The study and explanation of the greenhouse effect phenomenon began in the 18" century. Natural philosophers
tried to understand the increase of the Earth’s temperature and established the analogy between the heat-conserving

© Ivashtenko O., 2017




79
Maximum Temperature in an Ideal Greenhouse EEJP Vol.4 No.2 2017

capacity of the greenhouse and that of the atmosphere. Joseph Fourier (1786-1830) studied the distinction between the
light heat (chaleur lumineuse) received on the Earth from the sun and the dark heat (chaleur obscure) reflected back into
the atmosphere. He also pointed at the lesser facility with which dark heat passes through the atmosphere, thus bringing
about higher temperatures than would otherwise have been the case. In describing this phenomenon, Fourier drew on
experiments conducted by Horace-Benedict de Saussure (1740-1799). De Saussure had constructed an instrument he
called a "solar captor" that consisted of a box with an interior covered with black cork, into which equidistant layers of
glass were inserted. He used his instrument in experiments around Mont Blanc to show that the temperature under the
glass was much higher than outside, and that it remained the same irrespective of the altitude [1] [3].

The incident solar radiation passes through the glass. The surface absorbs visible light and re-emits it in the
longwave infrared. Glass is a bad transmitter of the longwave infrared radiation, which is why it can not pass back
easily. It stays inside the greenhouse, causing the temperature to rise (Fig. 1(left)). Indeed, in the schematic we see that
the solar radiation spectrum is almost entirely in the glass’ transmission range, so most of this radiation penetrates freely
into the greenhouse. But the thermal radiation from the surface lies predominantly outside of the range of transmission,
so the radiation can not go out (Fig. 1(right)). The transmittance coefficient of glass k depends on the wavelength A and
is determined as the ratio of the transmitted radiation to the incoming radiation.

Robert Williams Wood (1868-1955) doubted that this effect played the key role in the elevation of temperature.
From his point of view, it appeared much more probable that the part played by the glass was the prevention of the
escape of the warm air heated by the ground within the enclosure [2]. We agree that the prevention of air convection
plays a key role in greenhouse heating at low temperatures. However, in this article we will focus on the study of the
temperature increase caused by the difference in glass transmittance. We will show that this effect is also important,
especially at high temperatures.

In general, the purpose of this work is to study the impact of the mentioned effect on heating of the greenhouse.
We try to find the maximal possible in principle temperature and to understand what is the reason for stopping of its
growth. Indeed, it is possible to eliminate the air convection and to reduce considerably the heat transfer by thermal
conductivity. So, other ways of heat losses become decisive. Imaging consequent optimizations, we will predict the
maximum temperature for different levels of idealization reaching finally the limit caused by the Second Law of
Thermodynamics. This work is rather an overview of concerned general principle that has many interesting and very
complicated details.
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Fig.1. A schematic that shows how a greenhouse operates (a). Sunlight (dashed arrows) penetrates into the greenhouse, then the
bottom absorbs it and reemits it in the form of infrared light (solid arrows). As the glass is opaque to this radiation, it cannot leave the
greenhouse. The emission spectrum of the Sun and of the greenhouse (b). The transmittance spectrum of window glass k(1) is shown
with a black line [4]. We see that the ordinary window glass is mostly transparent to the Sun’s rays, but opaque to the greenhouse
bottom’s low-temperature radiation. This is what causes the greenhouse effect.
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METHODS
Despite the fact that the glass delays radiation and prevents the escape of the heated air, there are heat losses
caused by emission of the heated surface and heat conductivity of the glass and the walls. Considering these losses, we
can write the heat balance equation for the greenhouse as follows:

PO=Pem+Pcond: (1)

where P is the energy coming from the Sun, P,,, is the energy emitted by the greenhouse’s absorbing layer, and P,y,4
is the energy loss due to heat conduction. Consider separately each component of this equation.

To find the radiation power received by the greenhouse’ absorbing layer, we should take into consideration the
spectral intensity of solar radiation on the ground level (Fig. 2) and calculate the total power received by the greenhouse
according to the value of the glass transmission coefficient k(4). Our model treats the window as a selective mirror, so
that it reflects the untransmitted radiation. Thereby we obtain the following equation

Pezf(l—A)~I®()L)~k(/1)d/1, Q)

where A is albedo of the surface, I is the solar radiation intensity at the Earth’s surface, and k is the transmittance of
the glass.

Now let us consider the heated greenhouse absorbing layer’s radiation. A part of it passes through the walls, the
floor and the glass, and so leaves the greenhouse. To reduce losses, it is necessary to cover the walls and the floor with a
foil. Some types of foil are capable of reflecting 99% of infrared radiation, so that the walls and the floor become
insulated. The emitted power transmitted through the glass is

P = f I () - k(A)dA. 3)

Here, k is the transmittance of the glass and I, is the intensity of radiation, I,(1) = f - (1 — A,), where f is the
black body spectral emissivity. According to the Planck’s law,

2mhc?
fAT) = ——F (7
A5 (ekT2 — 1)
Losses caused by thermal conductivity (glass, walls, floor) are estimated in the following equation
SAT
Peong = —2 I 4)

where @ is the thermal conductivity coefficient, S is the surface area, AT is the temperature difference, and [ is the
material’s depth.
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Fig. 2. A schematic showing the intensity of solar radiation at the Earth’s surface [6] (solid line).
The blackbody radiation spectrum (T=5700 K) is shown with a dashed line. Here we note that the impact of the atmosphere on this
intensity is very significant, especially at small wavelengths.
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EXPERIMENT
Let us observe the functioning of the greenhouse. We construct the experimental model taking into account the
above-mentioned equations and carrying out optimizations according to them (Fig. 3). We also pay respect to our
limited capabilities. During our experiment, the air temperature in the shade was approximately 5 °C, and the sky was
cloudless. The greenhouse bottom was oriented perpendicularly to the sun rays.

black paper

foil styrofoam

Fig. 3. Our experimental model (left). It is a rectangular box coated with styrofoam.
The interior walls of the box are covered with aluminum foil and black paper. In our experiment, we use conventional window glass.
Our greenhouse (right) constructed according to the schematic. The area of the bottom is just about 1 m? The wall thickness is 5 cm,
the glass thickness is 4 mm.

RESULTS
During the operation of our experimental model, the majority of heat losses were caused by the styrofoam’s and
glass’ heat conduction. The temperature in the greenhouse becomes constant due to the balance between the energy
coming in from the Sun and the energy transferred to the environment. Gradually saturating (Fig. 4), the temperature in
our experiment rose above 100 degrees. The maximum temperature we achieved was 111 °C.
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Fig. 4. Plot of greenhouse temperature versus time. The temperature increases and finally reaches saturation. The maximum
temperature achieved in the experiment was 111 °C.

Let us verify the suitability of the proposed balance equations for description of the experiment. The bandwidth of
the used glass in the visible range is about 87%, the surface albedo is about 0.05. The intensity of solar radiation at the
Earth’s surface is approximately 1.000 W/m?, but is subjected to large temporal and spatial variations, depending on the
weather conditions, the latitude, the altitude, the atmospheric pollution etc. We experimentally found temperature
differences: 3 °C near the glass, 95 °C near the bottom, and 65 °C near the sidewalls. We also know that the thermal
conductivity of styrofoam is 0.04 W/(m-K), that the thermal conductivity of the glass is 0.7 W/(m'K), the thickness of
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the styrofoam layer is 5 cm, and that the thickness of the glass is 4 mm. We plug the available data into the calculation
formulas and get the following result. Pg = 830 J/s, Py, + Peong = 5 J/s +705 J/s = 710 J/s (Eq. 1). The discrepancy is
about fifteen percent. However, this result confirms the applicability of such simplified theory.

DISCUSSION
Theoretical generalizations

In most ordinary garden greenhouses, the temperature increases mainly due to the glass or polyethylene film
preventing air convection. Our experimental model also provides styrofoam insulation, which reduces losses caused by
the thermal conductivity. However, the heating that results from this is relatively small. After the verification of the
proposed principle, we use it to predict the outcome in other conditions. Our task is to reach the maximum temperature.
Let us upgrade the model to minimize heat losses.

Separating the absorbing layer of the greenhouse from the shell, it is possible to eliminate direct heat transfer to
the walls and to the bottom. To avoid the transmission of heat through the air inside the greenhouse, let us evacuate it.
Now, the thermal conductivity losses are negligible. Only losses caused by the greenhouse’s radiation-absorbing layer
remain, and we cannot completely eliminate them because of the glass’ transmission properties. We imagine these
optimizations and present a model of an ideal greenhouse (Fig. 5).

glass

/

/

vacuu

carbon black metal

Fig. 5. A model of an ideal greenhouse.
It is a plate coated with carbon black, isolated from the environment, in which light penetrates through the glass. In this case, we are
maximizing the temperature of the plate itself.

Of course, ideally, the greenhouse could be placed in orbit, where the intensity of solar radiation is not influenced
by the atmosphere, and where heat losses via air convection and heat conductivity vanish. However, let us confine
ourselves to Earthly conditions. Now we rewrite the initial equation of heat balance for the ideal greenhouse.

f(1 CA) Iy (D) - k() dA = f]e ) - k(A) dA. 5)

After reaching certain conditions, the temperature in this greenhouse will also become constant. The reason for the
establishment of the balance is Wien’s displacement. Initially the greenhouse’s absorbing layer emits in the infrared
range, in which the glass does not transmit. However, as the temperature rises, the emission spectrum shifts toward
shorter wavelengths, where the glass becomes transparent. Then it reaches the state when the greenhouse emits as much
energy as it consumes. That is, it sets the balance between the absorbed and the emitted energy per unit time, and the
temperature reaches its maximum, ceasing to rise.
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Fig. 6. Transmittance coefficient k(1) (1); incoming solar energy (2), absorbed solar energy (3); energy emitted by the heated
surface (4), energy that passes through the glass and leaves the greenhouse (5). The incoming solar energy spectrum is simplified
and corresponds to the blackbody radiation spectrum at the temperature at 5700 K (we also take into consideration the distance from
the Sun). The radiation of the greenhouse’s bottom corresponds to a blackbody heated up to 680 K. In this case the area under the
line (3) equals the area under the line (5), that means the heat balance.
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What is the temperature, at which the heat balance will be achieved? Let us describe the spectrum of the
greenhouse bottom’s radiation that penetrates through the glass (Fig. 6). It is not difficult to verify that the integral of
this function equals 830 W/m? when the temperature of the plate is approximately 680 K. So, with the conditions in our
experiment, the temperature that we could ideally achieve is 680 K.

It should be noted that in the current model, the key role in the greenhouse’s operation is played by the glass. Its
transmittance area determines the temperature that can be reached by an ideal greenhouse. For example, if the
transmission coefficient is the same for all wavelengths (k(1) = const), the greenhouse can only be heated to 370 K
(Fig. 7). Our task is to find a glass transmission spectrum that would allow the greenhouse to reach the maximum
possible temperature.

Let us consider a new model: one that includes glass that transmits in a very narrow range, localized at some
wavelength (Fig. 8).
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Fig. 7. (left) The transmittance of the glass k(2) (1), sun (2) and greenhouse (3) radiation spectra.
When k(1) = const, the greenhouse can only be heated up to about 370 K only. This picture shows that if there is no difference in
the glass transmittance for visible and infrared radiation, we get lower temperature. That is, the prevention of the escape of the
heated air is not the only important function of the glass.
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Fig. 8. (right) Transmission k() localized at a specific wavelength (1), sun (2) and greenhouse bottom (3) radiation spectra. The
intersection point of the two spectrum curves reaches this wavelength where the transmission of the ideal glass is localized. This is
the equilibrium between the absorbed energy and the emitted energy.

In this case, the temperature in the greenhouse will increase until the intersection of the Sun’s radiation spectrum
curve (taking into account the distance to the Earth) and the greenhouse’s radiation spectrum curve reaches this
wavelength (in other words, until the two objects emit the same amount of energy at this wavelength). Then the balance
will be achieved, and the heating will stop. When the intersection point shifts to shorter wavelengths, we get a higher
final temperature. To simplify the calculations, we will not take into account the impact of the Earth atmosphere. If the
Sun and the greenhouse emit according to Planck’s law, we obtain the following equation:

2mhc? 3 r? 2mhc?
n Y) h ’
A5 (ezlch - 1) R A5 (elk;‘g — 1) (6)

where r is radius of the Sun, R is the distance from the Sun, T, is temperature of the Sun, and T is temperature of the
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plate in the greenhouse. From this, we get:

hc

2 _hc '
Ak In <f—2 (e’“‘To — 1) + 1) )

This dependence of the temperature in the greenhouse on the wavelength at which the transmission of the glass is
localized is shown on the graph (Fig. 9). For sufficiently small A we get = T, , and for sufficiently big 1 we get

2
T->T, ;—2. So, in the ideal greenhouse model, isolated from all heat losses besides radiation, with a delta-function glass

transmission localized at a wavelength of about one nanometer, neglecting the influence of the atmosphere, it is

theoretically possible to reach solar temperatures. Higher temperatures cannot be achieved because of the Second Law
of Thermodynamics.
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Fig. 9. Dependence of the greenhouse temperature on the wavelength at which the glass transmission spectrum is localized
(logarithmic scale). For sufficiently small wavelengths, the temperature in the ideal greenhouse tends to reach solar values.

In real life, the impact of the atmosphere and other factors is so significant that we cannot neglect them. The Sun’s
radiation spectrum is too different from the blackbody, especially in the short wave range that is considered in the case
of maximum temperature. That is why in reality it is impossible to obtain temperatures close to solar values. For the
same reasons, it is also impossible to find this maximum temperature analytically. We can only try to estimate its
possible value, assuming that at least the plate in the greenhouse radiates as a blackbody (Fig. 10).
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Fig. 10. Plank’s curve for the Sun (1), the actual solar radiation spectrum (2) and the tangent curve (3) of the blackbody radiation
spectrum (T = 2200 K).
As the Sun’s atmosphere-modified radiation spectrum differs from a blackbody, the considered intersection point cannot reach an
arbitrarily small wavelength. That is why in this case the temperature can only approach about 2000 K — quite below the solar value.

Dead-ends
As has been mentioned above, the influence of the heat conduction of the greenhouse walls and air convection is
practically very significant. The consideration of these factors greatly complicates the model and makes it much more
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interesting and comprehensive. Unfortunately, this is beyond the scope of the posed problem. We also can not get the
transmittance spectrum of the glass from first principles at the molecular level. There are many kinds of glass, each with
their own transmission spectrum, (see [4]), but there is no way to get glass with arbitrary desired properties. It also
should be mentioned that our reasoning is done under the assumption that the window reflects the untransmitted
radiation. What happens if the window absorbs it instead? Its properties may change, which is a possibility we haven’t
considered. From equations (2) and (3) we see that the contribution of the surface albedo is the same as the contribution
of the coefficient k. In our model, we treated the albedo as a constant. However, in reality, albedo depends on the
wavelength and affects the result in the same way as the coefficient k, whose influence is investigated in the paper.
Therefore, considerations in this case are similar. We can also consider an idealized model for albedo, but it is useless
because it is too far from reality. It serves only to understand the dependence of the temperature on various parameters
and to find the generalized abstract principles. Thus, many ways to control the temperature in the greenhouse are not
covered by our solution of the problem. This paper is only a qualitative, idealized overview of the greenhouse effect
principle.

Application

How can this result be applied? There are devices (called solar collectors) operating on the same principle that are
used to accumulate solar energy. Unlike solar cells that produce electricity directly, a solar collector heats a heat-
transferring material. There are some widespread types of collectors that are used for heating air and water: flat and
vacuum solar collectors. When there is no heat intake (the stagnation case), the flat plate collectors can heat water up to
190-210 °C. In vacuum solar collectors the heat transfer medium can be heated up to 250-300 °C. Reflectors, different
heat transfer agents, and Sun tracking devices are used to increase the efficiency of these installations. House heating
and hot water supply can be carried out with the help of collectors. Collectors are easy to use, environmentally friendly
and present a promising alternative energy source [5].

CONCLUSIONS

In our investigation, we have studied the principle of the greenhouse effect based on the dependence of glass
transmissibility on wavelength. Having done estimations of heat balance in the greenhouse, we conducted an
experiment, traced the change of temperature with time and obtained a maximum temperature of 111 °C. Then we
proposed an ideal model that eliminates heat losses by heat conductivity and found the maximum temperature in two
idealized cases. In the case of ordinary window glass and an ideal solar radiation spectrum, the maximum temperature is
about 680 K. For the real solar radiation spectrum and ideal glass, whose transmittance spectrum is localized at some
wavelength, the result is about 2200 K. We also noted that in solar collectors, which are used to convert solar energy
into heat, it is possible to obtain a stagnation temperature of 300 °C, which is not too far from our idealized estimation.
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