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THERMODYNAMICS OF THE FERMI GAS IN A NANOTUBE
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For the ideal Fermi gas that fills the space inside a cylindrical tube, there are calculated the thermodynamic characteristics in general
form for arbitrary temperatures, namely: the thermodynamic potential, energy, entropy, equations of state, heat capacities and
compressibilities. All these quantities are expressed through the introduced standard functions and their derivatives. The radius of the
tube is considered as an additional thermodynamic variable. It is shown that at low temperatures in the quasi-one-dimensional case the
temperature dependencies of the entropy and heat capacities remain linear. The dependencies of the entropy and heat capacities on the
chemical potential have sharp maximums at the points where the filling of a new discrete level begins. The character of dependencies of
thermodynamic quantities on the tube radius proves to be qualitatively different in the cases of fixed linear and fixed total density. At the
fixed linear density these dependencies are monotonous and at the fixed total density they have an oscillating character.

KEY WORDS: Fermi particle, nanotube, thermodynamic functions, low-dimensional systems, equation of state, heat capacity,
compressibility

TEPMOJUHAMIKA ®EPMI-T'A3Y Y HAHOTPYBIII
10.M. Hoayexros'?, 0.0. Copoka’
! Hayionanenuti nayxosuii yenmp “Xapriecokuti (isuxo-mexuiunuii incmumym”
61108, syn. Axademiuna, 1, Xapxis, Yrpaina
?Xapxiscokuii nayionarsnuii ynisepcumem im. B.H. Kapazina
nn. Ceoboou, 4, m. Xapkis, 61022, Vxpaina
Jns ineansHOro (epmi-rasy, KUl 3alOBHIOE TPOCTIP YCepeIHHI HAHOTPYOKH, y 3aralbHOMY BUIJIANL IUIS JOBUIBHUX TEMIIEpaTyp
00YNCIIeH] TepPMOTMHAMIYHI XapaKTEPUCTHKH, a caMe: TePMOJHMHAMIYHIN TTIOTEHITiall, eHEpTis, CHTPOIIis, PIBHIHHS CTaHY, TEIIOEMHOCTI
Ta CTUCIMBOCTI. Bci Il BenmmumHM BHpakeHI depe3 BBeIeHI cTaHmapTHI (yHKOIl Ta ix moximui. Paxmiyc TpyOkm po3risimaeTses sk
JIOIaTKOBa TepMOJMHAMiYHa 3MiHHA. [loka3aHO, IO NPH HU3BKUX TeMIlepaTypax B KBa3iOJHOBHMIPHOMY BHIIJKy TeMIeEpaTypHi
3aJISKHOCTI SHTPOIII] Ta TEIIOEMHOCTI 3aJIUIIAIOTECS JIIHIHHUME. B 3a1eXHOCTSX eHTpOoMii Ta TeMI0EMHOCTI BiJ XIMIYHOTO MOTEHIIATY
ICHYIOTb DIi3Ki MAakCUMyMH Yy TOYKax, ¢ IOYMHAETHCS 3alOBHEHHS YEProBOrO HCKPETHOTO pIBHA. XapakTep 3ale)KHOCTEH
TePMOAMHAMIYHHUX BEIUYHH BUSBISIETHCS SKICHO BIIMIHHUM mpH (ikcoBaHii JiHiiHIA abo moBHiN ryctuni. [Ipu dikcauii miniitHoi
TYCTHHH 1Ii 3aJIeKHOCTI MOHOTOHHI, a TIpH (iKcallii HOBHOI I'yCTHHI MarOTh OCLIIILIHUI XapaKTep.
KJIIFOYOBI CJIOBA: (depmi-yacTuHKa, HAHOTpyOKa, TepMOAMHAMI4HI (PYHKIil, HU3bKOPO3MIPHI CHCTEMH, PIBHSHHS CTaHy,
TEIUIOEMHICTB, CTHCIIUBICTh

TEPMOJUHAMUKA ®EPMU-T'A3A B HAHOTPYBKE
10.M. Hoayskros'?, A.A. Copoka'
! Hayuonanvnuiii nayunwiii yenmp “Xapbkoscxuii uauko-mexnuyeckuii uncmumym’”
61108, Axademuueckas, 1, Xapvros, Yxpauna
ZXapbkoecKmZ HayuoHanvHulll yHusepcumem um. B.H. Kapasuna

nn. Ceoboowi, 4, 2. Xapwvkos, 61022, Ykpauna
Jnst upeansHOTO (hepMHU-rasa, 3aloIHSAIOMET0 IPOCTPAHCTBO BHYTPH IMIMHAPHIECKOH TPpyOKH, B 00IIEeM BHIE IJISI IPOM3BOJIBHBIX
TeMIepaTyp BEIYHUCICHBI TEPMOJUMHAMUYECKHE XapaKTEePHCTHKU, a IMEHHO: TEePMOJMHAMUYECKUI MMOTEHINA, SHEPTHs, SHTPOIHS,
YPaBHEHHUS COCTOSTHHS, TEIUIOEMKOCTH M CKMMaeMOCTH. Bce 3TH BenmMuMHBI BBIpa)keHbI Yepe3 BBEJCHHbIC CTaHAApTHEIE QYHKIMN U
HX Npou3BojHble. Paguyc TpyOku paccMaTpuBaeTcsl Kak JOIOJHUTEIbHAs TepMOAMHaMH4ecKas nepeMeHHas. [loka3aHo, uTo mpu
HU3KUX TeMIlepaTypax B KBa3HOIHOMEPHOM Ciydae TeMIIepaTypHble 3aBUCHUMOCTH 3HTPONHU M TEIUIOEMKOCTH OCTAarOTCS
JUHEHHBIMU. B 3aBHCHMOCTSIX SHTPONMH U TEINIOEMKOCTH OT XUMUYECKOT0 MOTEHINAIa UMEIOTCS Pe3KHe MaKCHMYMBI B TOUKaX, e
HAYMHAETCs 3aMO0JIHEHHE OYEePEIHOr0 ANUCKPETHOTO ypOBHs. XapakTep 3aBUCHMOCTEH TEpMOJMHAMUYECKHX BEIUYUH OKA3bIBACTCS
Ka4eCTBEHHO DPAa3IMYHBIM NpH (UKCHPOBAHHOW JIMHEWHOW WM TOMHOM IUIOTHOCTH. [Ipm QuKkcanuy ITMHEHHOH IUIOTHOCTH 3TH
3aBUCHMOCTH MOHOTOHHBI, a TIPpU (PUKCAINH TTOJTHOH INIOTHOCTH UMEIOT OCIMILIIIMOHHBIA XapakTep.
KJIIOUEBBIE CJIOBA: ¢epmu-yactnna, HaHOTpYOKa, TepMOAMHAMHYECKHE (GYHKINM, HU3KOpa3MepHBIE CHCTEMBI, ypaBHEHHE
COCTOSIHUS, TEIUIOEMKOCTD, CXKUMAEMOCTh

The model of the ideal Fermi gas is the basis for understanding the properties of electron and other many-fermion
systems. In many cases it is also possible to describe with reasonable accuracy the behavior of systems of interacting
Fermi particles within the approximation of an ideal gas of quasiparticles whose dispersion law differs from the
dispersion law of free particles. It is essential that thermodynamic characteristics of the ideal Fermi gas at arbitrary
temperatures in the volume case can be expressed through the special Fermi functions, and thus it is possible to obtain
and verify all relations of the phenomenological thermodynamics on the basis of the quantum microscopic model.

© Poluektov Yu.M., Soroka A.A., 2017
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In recent time, much attention has been paid to investigation of low-dimensional systems, in particular of
properties of the Fermi gas in nanotubes and quantum wells, because apart from purely scientific interest the study of
such objects is rather promising for the solid-state electronics [1-6]. Thermodynamics relations for the Fermi gas in the
confined geometry have been studied much less than in the volume case [7] and require further investigation.
Thermodynamic properties of the Fermi gas at arbitrary temperatures in a quasi-two-dimensional quantum well have
been studied in detail by the authors in work [8]. A detailed understanding of the properties of such systems must serve
as a basis for the study of low-dimensional systems of interacting particles [9-11].

It is considered that strongly correlated Fermi systems, to which also low-dimensional systems of Fermi particles
are attributed, in many respects essentially differ from the usual Fermi liquid systems [12, 13]. At that the properties of
quasi-one-dimensional or quasi-two-dimensional systems are often compared with the theory of bulk Fermi liquid [12, 13].
However, as seen even on the examples of the quasi-two-dimensional system of noninteracting particles which was
considered by the authors in work [8] and the quasi-one-dimensional system considered in the present work, the
properties of low-dimensional systems can substantially differ, especially at low temperatures, from the properties of
the bulk system owing to the quantum size effect. For this reason, the theory of Fermi liquid itself in conditions of the
confined geometry must, generally speaking, be formulated differently than in the volume case.

The consideration of low-dimensional models of interacting Fermi particles leads to a conclusion about unique
properties of such systems [9-11]. It should be kept in mind, however, that real systems are always three-dimensional and
their low dimensionality manifests itself only in the boundedness of motion of particles in one, two or three coordinates.

In considering statistical properties of the three-dimensional many-particle systems one usually passes in results to
the thermodynamic limit, setting in final formulas the volume and number of particles to infinity at the fixed density. It
is of general theoretical interest to study the statistical properties of many-particle systems in which one or two
dimensions remain fixed, and the thermodynamic limiting transition is carried out only over remaining coordinates. In
this case the coordinates, over which the thermodynamic limiting transition is not performed, should be considered as
additional thermodynamic variables. The model of the ideal Fermi gas allows to build the thermodynamics of low-
dimensional systems based on the statistical treatment.

The aim of the present work is to develop, within a microscopic approach, the thermodynamics of the ideal Fermi
gas that fills the space inside a cylindrical tube. There are calculated its thermodynamic characteristics in general form
for arbitrary temperatures, namely: the thermodynamic potential, energy, entropy, equations of state, heat capacities and
compressibilities. All these quantities are expressed through the standard functions introduced in the work and their
derivatives. It is suggested the representation of thermodynamic quantities in the dimensionless “reduced” form, which
is convenient owing to the fact that it does not contain geometric dimensions of the system. The case of low
temperatures and tubes of small radius is studied more in detail. It is shown that at low temperatures in the quasi-one-
dimensional case under consideration the temperature dependencies of the entropy and heat capacities remain linear, the
same as in the quasi-two-dimensional [8] and the volume cases [12,13], except the specific points where the filling of a
new discrete level begins. Moreover, the dependencies of the entropy and heat capacities on the chemical potential have
sharp maximums at these points. The behavior of thermodynamic quantities with the tube radius proves to be
qualitatively different, depending on whether the linear or the total density is fixed. At the fixed linear density these
dependencies prove to be monotonous and at the fixed total density they have an oscillating character.

THERMODYNAMICS OF THE FERMI GAS IN A CYLINDRICAL TUBE

The model of the ideal Fermi gas is the basis for studying the bulk properties of Fermi systems of particles of
different nature. In the two-dimensional case an analogous role is played by the ideal Fermi gas contained between two
parallel planes, whose thermodynamics was considered in detail in [8]. In this work the thermodynamics properties of
the ideal Fermi gas enclosed in a cylindrical tube of radius R and length L are studied. The length of the tube is
assumed to be macroscopic, and no restrictions are imposed on the radius of the tube. The main attention is paid to
studying the properties of tubes of small radius, which corresponds to transition to the quasi-one-dimensional case, at
low temperatures. It is everywhere assumed that the spin of the Fermi particle is equal to 1/2. It is also assumed that the
potential barrier on the surface of the tube is infinite, so that the wave function of a particle turns into zero at the
boundary. The solutions of the Schrodinger equation in this case have the form

1 ikz _+*ina ( r j
q)'nv r,a,Z =" (_/—¢ ¢ ‘]n pnv_ >
ko (720:2) J!(p ) RNZL R (1
where p, are the zeros of the Bessel function of the order n, J, ( Lo ) =0,n=0,1,..., v=12,.... The energy of a particle:
hk? , R

+pr —— 2
o P @)

gk,n,v =
and the distribution function has the form

Sine =[expB(e0,, —p)+1] . 3)
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where S =1/T is the inverse temperature. Pay attention that the discrete energy levels with n =0 are nondegenerate,

and the levels with n>1 are twice degenerate in the projection of angular momentum on the z axis. Thermodynamic
functions of the Fermi gas both in the volume case and in the case of lower dimensionality [8] can be expressed through
the Fermi function defined by the formula

o, (,):;f@lz, @
ve +1
where s is an integer or half-integer positive number, F(s) is the gamma function. For calculation of the bulk
properties of the Fermi gas it is sufficient to know the functions (4) with half-integer indices s =1/2,3/2,5/2, and for
the quasi-two-dimensional case — with integer indices s =1, 2. For the quasi-one-dimensional case under consideration
in this work the functions with half-integer indices s =1/2,3/2 are required as well.

It is convenient to introduce the dimensionless temperature 7 =7/¢, and the dimensionless chemical potential
n = p/ &, , with normalization on the energy

hZ

2mR*>’
and to define the functions of these two dimensionless variables by the following relation

=33 0,0 (1,) =30, (1,)+ 22 30, (1, ). ©)

n=0 v=1 v=1 n=1 v=1

6]

Ep =

Here the parameter ¢,, = § ( U= P, ) = <f7 - p,fv) , and the factor g, =2-7,, accounts for the degeneracy order of

levels. It equals unity for the levels with n =0 and two for the rest of the levels.
After integration over momenta the thermodynamic potential 2, number of particles N, energy E and entropy
S are expressed through the functions (6) by the formulas
2LT

Q:_T\Pm (7,77), @)
2L
N===VW,,(z,n), (®)
A
T ov,, (7,
=—[ 3o (2.m)+2+ ‘Pl/z(f n)+2t ¥ (71) ”)}, )
A T
2 81P3/2 (T 77)
S= —, 10
|: 3/2( ’7) 3 or (10)
27z'h2 1/2
where A E( T j is the thermal de Broglie wavelength. The volume 7= N/zR’L and the linear n, = N/L
m
densities of particles are obviously given as
2 2
nzﬂ_R—zA\Pl/z (7977)’ ng ZX\Pl/z (7377)~ an

The thermodynamic potential (7) is a function of the temperature, chemical potential, the length of the tube and its radius:
Q= Q(T , ,u,L,R) . In contrast to the volume case when Q is proportional to the volume V/, in this case it is proportional
to the length L and depends in a complicated manner on the radius R . This circumstance is conditioned by the evident
anisotropy of the system under consideration, since here the motions along the tube and in the direction of radius are
qualitatively different. In statistical mechanics it is customary to pass in the final formulas to the thermodynamic limit:
V —>o, N >0 at n=N/V =const. In the present case it is more accurate to write down the thermodynamic limit

somewhat differently, namely
L—>o,N—>w at n, =N/L=const. (12)

It is thereby stressed that the transition to infinite volume occurs only owing to increasing the length of the tube, with its
radius R being fixed.
The differential of the thermodynamic potential (7) has the form

oY
J0-2 dL—4LT 77\11”2 oV, |[dR 2L

A or |[R A
Here it was taken into account that 0¥, , / on=7"Y,, and de, =—(2¢,/R)dR . Naturally, the usual thermodynamic

relations hold § = —(8Q/0T) —(0Q/ou), , . as wellas Q=E~TS—uN .

oY
=V, du- {3‘113,2 +2r—32 5 — }dT. (13)
T

u,L.R’
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PRESSURES
In a bulk system the pressure is connected with the thermodynamical potential by the known formula p =-Q/V .

In the considered quasi-one-dimensional case the system is anisotropic since the character of motion of particles along
the tube and in the direction of its radius is different and, therefore, the usual formula for the pressure is invalid. The
force exerted by the gas on the wall perpendicular to the z axis is different from the force exerted on the side wall of
the tube. These forces can be calculated in the same way as in the volume case [7]. The pressures on the planes

. . . . OE
perpendicular to the z axis and on the wall of the tube, on the basis of the relations p = _(ﬁj and ¥V = zR’L , are
N

given by the formulas

1 (OE 1 (OFE
i’ :_F(a_Ll,R’ b :_ﬁ(a_lel,ﬁ 1
or
1 (oQ B 1 (oQ
PR (aijR pR__Zﬂ'LR(aRj”L (15)
The differential of the thermodynamic potential (13) can be represented in the form
dQ=—p”7Z'R2dL—pRZﬂ'LRdR—Nd,U—SdT. (16)
Considering the form of the thermodynamic potential (7), we obtain the formulas determining the pressures through the
functions (6):
Pt pam o DT ) (7

The energy is connected with the pressures by the formula
1
E:EﬂRzL(pH—kZpR), (18)

which in the volume limit p, = p, = p turns into the known relation pV = (2/ 3)E for the Fermi gas [7].

REDUCED FORM OF THERMODYNAMIC QUANTITIES
It is convenient to introduce dimensionless quantities, which we will call “reduced” and designate them by a tilde
on top, for the entropy, energy, pressures, Volume and linear densities:

2z R 4\/—

E p” _ 27[3/2R5 P = 272 RS ﬂsz’

w2 h (19)
n= 71'3/2R3n, n, = x/;RnL =A.
The reduced quantities are functions of only two independent dimensionless variables — the temperature 7 and the
chemical potential 7 :
§=¢" {‘1’3/2 + 2. %% } E=7" [‘I’m +27 T, + 20 oy }
3 T or

(20)
6\P3/2

~ ~ 1/2
, h=n,=7 ¥,
T

ﬁll = qu'ls/z’ Dr = 7’ (77 V,+7

The use of the reduced quantities is convenient owing to the fact that they do not contain explicitly geometric
dimensions of the system.

HEAT CAPACITIES
An important directly measurable thermodynamic quantity is the heat capacity. In the geometry under
consideration heat capacities can be defined under various conditions different from those which take place in the

volume case. In order to obtain heat capacities, it is necessary to calculate the quantity C = T(dS/dT). For this
purpose, it is convenient to express the differential of the entropy through the reduced quantities:
on on
B _[51B _ O )y [ 5788 )y @1
S 67] on or or
In the volume case at the fixed number of particles, which is assumed here, the equation of state is p = p(T s V) . If the

chemical potential is used as an independent variable, then the equation of state is defined parametrically by the
equations p = p(T,V,u) and N=N(T,V,u). To obtain the heat capacity as a function of only temperature, one
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constraint should be imposed between the pressure and the volume. In the simplest case, it its possible to fix either the
volume or the pressure, thus obtaining the heat capacities C, and C, .

Under given conditions, owing to anisotropy of the system, there are two equations of state (17) for two pressures
Pr =P (T.R,L,pt) and p, = p (T,R,L,u), which at the fixed average number of particles should be considered

together with the equation N =N (T ,R,L,,u). To obtain the heat capacity as a function of only temperature, two
additional constraints should be set between the pressures p,,p, and the dimensions of the system R,L, namely
F (pR,p”,R,L) =0 and F, (pR,p”,R,L) = 0. In the simplest case, two of four quantities p,, p,,R, L can be fixed. Then
the heat capacity as a function of temperature can be considered under fixation of one of the following pairs of
quantities: (R, L), (pH,pR), (R’pu)’ (R, ) (L,pH) , (L, py) - Fixation of the first of pairs (R,L) corresponds to the
heat capacity at a constant volume in the volume case, and of the second ( Dy pR) — to the heat capacity at a constant

pressure. In calculations the following relations should be taken into account:
dn, _dR dL dr 1 2rdR

, =t
i, R L dT &, R dT (22)

2 R

Finally, we obtain the formulas for the reduced heat capacities C= _ZC under different conditions, being valid at

arbitrary temperatures:

. |as &S (an,/or)
Cun =7 {82’ on (6nL/677)} (23)

oS Sai,\. B . op aS S oi Py~ P
@ _ D09 PR*”—PH& LR puﬂ_pRJ
5~ \on n, on or or or n, Ot on on

PR ~ ~ ’ (24)
" 5 Pe_p Py 2 (OB Opy 0Py Oy
Ay on "*ony 5 \on or or on
6 (B8 _San) (a5 S on ) (/o) 05
Rpy or @, or on @, On (6[7“/677) ’
A0 (a5 S\ A, (o Son) s (5o, oSan,
& 2 on\or n, Ot 2 or\on n, On 2 Py on ot Ot 07 26)
=7 .
Aoy 5 o, (o, Oby _ o, OB,
2 0n 2p” on on or Ot 0On

The heat capacities C Rox and C 1p, are determined by formulas (25) and (26) with account of the replacement Dy = D~
Note that the formulas for the heat capacities (23) — (25) coincide with the corresponding heat capacities of the Fermi gas
enclosed between two planes under the replacement therein R — L,, i1, — 7i,, where L, is the distance between planes,
7, is the reduced surface density [8]. The heat capacity (26) goes into the formula for the two-dimensional case under the

replacement 71, — 271, [8], manifesting the quasi-one-dimensionality of the considered case.

COMPRESSIBILITIES
Another directly observable quantities are compressibilities. We define the “paralle]” and the “radial”
compressibilities by the relations
v = on p [ on j @7)
H apu ’ ! Pr ),

The reduced compressibilities will be defined by the relation 7 = (hz [27°mR® ) y . Compressibilities can be calculated

under the condition of both constant temperature (isothermal) and constant entropy (adiabatic). For the reduced
compressibilities in isothermal conditions, we obtain:

(onfon)

1
R (e jon) =
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P (on/on)
B )E (1 29)
2 Pr or Jon \2 0Ot)on

The adiabaticity condition consists in the invariance of the entropy per one particle (and therefore of the total entropy in
the system with a fixed number of particles). In the considered case the adiabaticity condition has the form:

S 1 3 oV, (7.m)
2o~ 2y (g BT~ @ (7.7) = const.
N ‘Pl,z(r,ﬂ){Z w0+ or (7.17) = cons (30)

o

Together with the equation for the number of particles (8), the equation (30) determines relationships between the density,
temperature and pressures in adiabatic processes. The adiabatic compressibilities are given by the formulas:

(6@8@@%}

on ot Ot oOn
Yo = - s (3D
[ 00 Py _ 06 opy
on 0t 0t On
2(5(95'7_5@9'5]
- on 0r Ot On
Vo = . » . sl (32)
55 (0000 000 ) .00, 00 P,
M oenor oron on 0r ot on

Certainly, at zero temperature the isothermal and adiabatic compressibilities coincide.

ANALYSIS OF FUNCTIONS V¥, (7,7) AND ¥, ,(7,7)

As shown above, all thermodynamic quantities are expressed through the functions W, , (z,7), W5, (z,7) and their

derivatives. In this section we study some properties of these functions. Note that when studying oscillations in the Fermi
gas with quantized levels, usually the Poisson formula is used for the extraction of the oscillating part of thermodynamic
and kinetic quantities [7]. But a detailed analysis undertaken by the authors shows that it is more convenient to calculate
the functions, by which thermodynamic quantities are expressed, without use of the Poisson formula. This, in particular, is
connected with the fact that the possibility of extraction of an oscillating part in some function does not at all mean that the
total function is oscillating, and the contribution of non-oscillating part should be analyzed as well [8].

At fixed particle number density and at high temperatures, the same as in the volume case, the chemical potential is
negative. With decreasing temperature it increases and at some temperature 7 turns into zero (77 = 0 ), becoming positive

at T <T,. There is one more characteristic temperature 7, at which x = pj.e, (7= p;,), P, is the lowest zero of the
Bessel function J, ( Lo ) = 0. The dependencies of the dimensionless chemical potential 77 on the dimensionless temperature

7 are shown in Fig. 1. The characteristic temperatures 7, =7, /&, and 7, =T} /&, are determined from the equations:
~ 1/2 ~ 1/2 2
n, =71, \PI/Z (T()’O)’ n, =1t LI11/2 (TR’:DOI) . (33)

The region where u< py e, (17<pg) will be for convenience called the high temperature region, and the region
u>poe, (7> pg) — the low temperature region.

It is convenient to arrange the zeros of the Bessel function in ascending order with the help of a single new index
r=(n,v),sothat p,,, > p,, where 1=(0,1) corresponds to the lowest value at which the Bessel function becomes zero

P, = Py, - The inequalities hold [14]:

Pt < Pousig < Puz < Puiip < Pus < Ppaiz <-ee- (34)
In Table I the ten first zeros of the Bessel function arranged in ascending order are given for reference. In this notation, the
functions (6) are written in the form

0

¥, ()= Y g [" (1) (35)

r=l1

where g, =latn=0and g, =2 at n>1.
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7716:

Fig. 1. The dependencies of the chemical potential on temperature n(r) at different values of the reduced density:

(1) /i, =0.5 (7, =0.68,7,=3.96) ; (2) i, =2.0 (z, =4.76, 7, =7.68) ;

37, =(2YN7)(p2 =) =337 (7, =720,2,=10.10); (4) i, = 6.0z, =10.98, 7, =13.87)..

Table I
The ten first zeros of the Bessel function
Pi=Poy | Pr=Puy | Ps=Pu | Pa=FPop | Ps=Psy
2.40 3.83 5.14 5.52 6.38
Ps =Pz | P71 = Pay Ps=Pap | Po=Posz | P~ Psy
7.02 7.59 8.42 8.65 8.77
In the high temperature region 77 < p/ the functions (6) can be calculated by the formula
S ()7 )
‘Ifs(r,n)=; E > ger . (36)

r=1
In the low temperature region 77> p; there can be obtained asymptotic expansions for the functions (6), valid in the
limit 7 — 0. Let us represent the functions (6) in the form

¥, (r.)= rﬂZ__::g,@S [ (n-07)]+ ﬁ‘,zgﬂ)s [ (=0 g0 (n=0) [r g [ (n-200) | 9

Here the index 7,, enumerating zeros, is defined by the condition: p; <n< p,iﬂ . We singled out the third and the

fourth terms, important at 7 > ,0,,2n and 77 < pri ., - At 7 <1 the contribution of the second term is exponentially small,

and for calculation of the first sum one should make use of the expansion being valid to within exponential corrections:

o, (1)= Srtzs){sziS(S‘1)~--(s—2k—1)(1—2“1);(2k+2)}_

e (38)

Finally, we obtain the asymptotic expansion valid in the limit 7 — 0:

1 (r-1) 2 —2k-1 22— (1)
Y (r.,n)=———7, n)+——=> b (2k+1)(1-2 S(2k+2)7 Z 0, (n)+
() =g 2 ) T R (12 ) 2k 2) 2 ) -
+gr0 (Ds |:T71 (77 - [)rzU ):| + gr0+chx |:T71 (77 - p;i+l ):| s
where
2" (=g (n-p7). (40)
r=1

b,(m)=]](s—1) at m>1, and b (0)=1. In particular, for the functions required in calculation of thermodynamic
-1

quantities, at 7 — 0 it is sufficient to use the following approximations:
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v, (Ta 77) = Lz(m-l) (77)+gr0q)1/2 |:771 (77 _p:, ):| + gr0+l(Dl/2 |:Til (77 _péﬂ ):|,

Tz
4 Ty— : = - -
Y (7’77) = 3\/;7|:Z§/02 ) (77)+%72sz/21) (77):| +g, D |:T 1 (77 _przo ):|+gy0+1q)3/2 [7 1 (77 _p,?)n ):|

In fact, at 7 <1 these formulas approximate well the exact functions defined by the formula (6). Thus, at 7 =0.1 the
error does not exceed 0.01%, and even at 7 =1 — 1%. The dependencies of these functions and their derivatives on the

chemical potential are shown in Fig. 2. As seen (Fig. 2b), the function ¥,, (1,77) and its derivative monotonically

(41)

increase with increasing the chemical potential. The function ¥, (1,77) also monotonically increases but the behavior

of its derivative has an oscillating character, besides the derivative has sharp maximums at the points corresponding to
the zeros of the Bessel function (Fig. 2a). Note also that, since =7, =7"*¥ ,(z,7), the function ¥, (7,7)

describes the dependence of the reduced density, divided by 7'"*, on the chemical potential.

200 (@) 1 (b)

40000 |-

180 -

30000 -

120 -
20000 |

10000 +

Fig. 2. Graphs of the functions ¥, ,(7,7),¥,,(7,7) and their derivatives at 7 =0.1.
(a) The functions ¥, ,(z,7) (1) and 8¥,,(z,7)/0n"* (2); (b) The functions ¥, (z,7) (/) and &Y, ,(z,n)/on"* (2).

The dashed lines correspond to the zeros of the Bessel function 7> = p, .

THERMODYNAMIC QUANTITIES AT LOW TEMPERATURES
The most interesting range where the quantum effects may manifest themselves on the macroscopic level in the
behavior of thermodynamic characteristics is the range of low temperatures. Let us consider the behavior of observable
quantities at low temperatures such that 7 <« 1 using the formulas (41). For the reduces densities of particles we have
n=n, = z-I/Z\I’l/z (7977) =
2 ) i 42)
= ﬁzl(/z ) (77)"‘ " {groq)l/z |:T l (’7 _p;f, ):| + gr0+l(Dl/2 |:T 1 (77 _przun ):|}

Here with a good accuracy the density can be considered independent of temperature and the formula
n=rn, = (2/ Jr )Zf,’g) (7) can be used. The reduced entropy is determined by the formula

S= 27[93/2 ZSU/?) (77)7 + 7' {gru(l)_?/z |:Zrl (77 _pri ):| _%T*I (77 _'Ori )groq)”z |:Til (77 _'0’20 ):| *
(43)
+g’b+1(1)3/2 [T_] (77 —/O,.ZDH )i| _gf_l (77 _przﬂﬂ)grﬂﬂq)l/z [T_] (77 _p’?ﬁl )j|}

The terms which contain the functions @ in (43) can be significant when 7 =~ p; or n= pfo ., - It should be noted that

in the quasi-one-dimensional case, the same as in the volume and the quasi-two-dimensional [8] cases, nearly
everywhere except the specific points there remains the linear dependence of the entropy on temperature (see Fig. 3),
and the following formula can be used

S=(2777/9) 2% (n)z . (44)
The slope of the lines (44) and the width of the range where this formula is valid depend on the closeness of the
chemical potential value to the square of the Bessel function zero. As the chemical potential approaches the square of
the Bessel function zero from the side of greater values 7 — pri +0 the slope angle of a line increases (curve 2 in Fig. 3)
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and at the very point 7 = ,02U , as it follows from the formula (43), S ~ Jr (curve 1 in Fig. 3). As the chemical potential

approaches the square of the Bessel function zero from the side of smaller values 7 — pri —0 the slope angle of a line

tends to a finite value (curve 3 in Fig. 3), at that, however, the temperature range where the linear dependence is
realized proves to be quite narrow.

03F

02F

0.1F

0.0 L
0.00 0.05

1
0.10
T

Fig. 3. The dependence of the reduced entropy S (1,77) on the temperature 7 at a fixed value of the chemical potential:
() n=p," =p, =14.68 (i, =3.37); (2) n=14.72 (7, =3.81); (3) n=14.60 (i1, =3.35);
(4) n=5.98 (i1, =0.5); (5) n=20.0 (7, =9.46); (6) n=10.0 (7, =2.32). The density 7, is givenat 7=0.

The dependence of the reduced entropy on the dimensionless chemical potential is presented in Fig. 4. As we see,
the entropy has sharp maximums at the points where the chemical potential equals the square of the Bessel function

zero. At calculation by means of the approximate formula (44) while approaching the point 77 = p; from the right there

~ -1/2
is the root singularity S ~ (77— pri) , and while approaching this point from the left the entropy takes a finite value.

The calculation by the more accurate formula (43) eliminates the singularity and allows to obtain the entropy value at
the maximum S

max

which with a good accuracy is determined by the formula

S =S (7o, ) = 2”9 2% (n, )+, (1-2"7)¢ (3/2)Vr (45)

where & (3/ 2) ~2.612 is the Riemann zeta function. Pay attention that the values of maximums for the nondegenerate

levels with n =0 turn out to be less than the appropriate values for the neighboring levels with the two-fold degeneracy
at n# 0 (see Fig. 4).

S

0.8
0.7+
06
0.5}

0.4

0.3

02}

0.1+

0.0

2 3 4 5 6 711
Fig. 4. The dependence of the reduced entropy S (1,77) on the chemical potential.
The curve / is plotted by means of the formula (43), and the curve 2 — by the formula (44) at 7 =0.1.
The dashed lines correspond to the zeros of the Bessel function 7> = p, .

In the quasi-one-dimensional case under study the dependence of the entropy on the chemical potential is
qualitatively different from the quasi-two-dimensional case [8], i.e. the entropy has a sharp maximum rather than
undergoes a jump at the beginning of the filling of a new discrete level. One more difference of the given system from
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the quasi-two-dimensional case is the irregularity of the values of chemical potential, specified by the Bessel function
zeros, at which the entropy has peculiarities [8].

In the main approximation all introduced above heat capacities (23) — (26), as it had to be expected, prove to be
identical and coinciding with the entropy. Thus, in the quasi-one-dimensional case, in the same way as in the quasi-two-
dimensional [8] and the volume cases, all heat capacities prove to be proportional to temperature:

3/2
G=2 g0 (n)z. (46)

9 -1/2
Only at the specific points, at 7 — pf“ +0, similarly to the entropy case, there appears the dependence C ~ Jr.

The temperature dependence of heat capacities and their dependence on the chemical potential are similar to the
dependencies for the entropy shown in Figs. 3 and 4.

It is interesting to consider the transition from the formulas (44), (46) to the volume case, when the radius of the
tube becomes large as compared with the de Broglie wavelength. It can be done, if one takes into account that in order
to make the transition from the dispersion law of particles in the tube (2) to the dispersion law of free particles it is
necessary to make the substitution

2 Wk +k
LA b} (47)
2mR 2m
The same rule of transition to the continuous spectrum can be obtained by means of the asymptotic expression for the
Bessel functions.
Performing formally the same substitution at calculation of the functions (41) and replacing the summation over

the Bessel function zeros by the integration over the wave vector in the (x, y) plane, we obtain

ﬁm3/2y3/2R3 ml/zlLll/zR
Z]/2 (I]):T, Z—l/2 (ﬂ):w. (48)

Finally, we come to the known volume expressions for the particle number density » = (Zm,u)y2 / 3771 and also the

entropy and the heat capacity S =C = ( m*?(2u)"? 31 ) VT.

Let us give the results of calculation of the reduced pressures at zero temperature. In this case the pressures are
determined by the formulas:

4

P zmzs(/z) (n). (49)
~ 2 L o
P =12 ()= 238 (n)]. (50)

The dependencies of the pressures (49) and (50) on the chemical potential are shown in Fig. 5. As seen, the parallel
pressure smoothly increases with increasing the chemical potential, and the radial pressure undergoes breaks
(discontinuities in the derivative) at the points where the filling of a new discrete level begins. In the volume case,

considering the formula Z, , (1) =2"m*? "> R® /5> , the both formulas (49) and (50) lead to the known expression

for the pressure of the Fermi gas at zero temperature: p = (25/2/1 57° )mw,um/h3 .

ﬁl,ﬁk 2

1500 -
1000 -

500 |

0 I N
3 4 5 6 7

12

n

Fig. 5. The dependencies of the reduced pressures on the chemical potential at zero temperature: (1) p, (7); (2 by (77)
Dashed lines correspond to the zeros of the Bessel function.

Let us proceed to consideration of the compressibilities. The reduced compressibilities at zero temperature are
determined be the formulas:
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~ :ﬁ Zf:ﬂ/)z (77) - \/;ZEIO/)Z (77)

7/H ﬁ’ 7R - T T i T L 2 ) (51)
Yz )] anzyly) (n) 245 (m) =528 (1) 25 (n)+[ 2% (n)
The dependencies of the compressibilities (51) on the chemical potential are shown in Fig. 6.
N %]

0.10}!

0.06 ||

0.04 1

L

0.00 L

172

n

Fig. 6. The dependencies of the compressibilities on the chemical potential at zero temperature: (/) 7, (77); ) 7, (77)

Dashed lines correspond to the zeros of the Bessel function.

While approaching the point where the filling of a new level begins from the side of smaller values of the chemical

potential the parallel compressibility has a finite value, and while approaching the specific point from the side of greater

values of the chemical potential — it tends to infinity. The radial compressibility has finite maximums in the specific

points, such that the magnitude of peaks rapidly decreases with increasing the chemical potential. In the volume limit
the both compressibilities coincide, being given by the formula
o> w

7||=7R=4ﬁm3/2ﬂ5/2 . (52)

Since the square of speed of sound u* =m™' (ap/ﬁn) and the compressibility are connected by the relation u* =1/mny,

then from (52) it follows the known formula for the speed of sound in the Fermi gas at zero temperature:

w2 = (2/3)(safm).

Vip (@)
5L

L : 1 i 1 0 : 1 : 1 : 1: |: :I : L
15 20 25 30 ~ 0 10 20 30 40 50 60 ~
& &

Fig. 7. The density of states for the quasi-two-dimensional quantum well and the nanotube:

o A(mAY & i : , .
(@) Vyp(8)=vyp (5)[%) = 29(5 -n’ ), E=¢le,, & =n"W’[2mL,, A isthe area, L, is the distance between planes [8];
T n=1

-1
®) V5 (8)=vp (5)(2::1;2RJ =z (£) at p; <&<p; ., £=¢/s,. The dashed lines correspond to & = ..

The peculiarities considered above in the behavior of the entropy, heat capacities, pressures and compressibilities
of the quasi-one-dimensional system and their difference from those of the quasi-two-dimensional system are connected
with the form of the density of states v(g) , which is shown in Fig. 7 for the quasi-two-dimensional quantum well and

the quasi-one-dimensional tube. In the case of the quantum well the density of states is constant and changes by a jump
at the beginning of the filling of a new level (Fig. 7a). In the quasi-one-dimensional case the density of states tends to
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infinity v (&) ~ (5 —-ple, )7”2 at &£ > p g, +0 (Fig. 7b). Such a dependence of the density of states on the energy is

similar to that which takes place for electrons in magnetic field. The difference consists in that in magnetic field the
peculiarities are distributed regularly with the intervals multiple of odd numbers of half the cyclotron frequency. In the
considered case the distribution of the peculiarities is irregular and is determined by the zeros of the Bessel function.

DEPENDENCIES OF THERMODYNAMIC QUANTITIES ON THE TUBE RADIUS

If thermodynamic quantities are taken in the reduced form (19), and the dimensionless chemical potential 7 and
the dimensionless temperature 7 are used as independent variables, then as it was shown the geometrical dimensions
fall out of the thermodynamic relations, in particular the radius of the tube R falls out. Meanwhile, exactly the
dependencies of the observable quantities on the tube radius are of interest in experiment. To obtain such dependencies,
the relations derived above should be presented in the dimensional form. At that, the form of dependence of the
thermodynamic quantities on the radius will essentially depend on what quantity is being fixed when studying such
dependence: the total density n or the linear density n, . Let us show it on the example of dependence of the chemical

potential on the tube radius. In the dimensional form the formulas for the densities can be presented as follows

2
7?Rn=7x""Rn, :—Z(“)(n) , (53)

\/; 1/2

and, according the definition, the chemical potential is expressed through the parameter 77 by the formula
hZ

=——7. 54

p=o il (54

The formulas (53) and (54) define parametrically the dependence of the chemical potential on the radius in the domain

of variation of the parameter p; <n< pri .1 - As we see, the dependence of R on the parameter 7 will be different

depending on what is fixed — the volume or the linear density.
At the fixed linear density n, = const in the domain p; <n< pj] ., the dependence of the chemical potential on

the radius is parametrically defined by the equations

=—>7"—,  R=Z\)(n). (55)

where
2
— 7n 2m| 2
R=—"LR, o= p— . 56
3 H=n— (ﬂm ] (56)
At the fixed total density n = const the similar dependence is defined by the equations
—_ n »_| 70 3
p=—t—r, R=[Z ()] (57)
Zl(/;) (77 ):|
where

(58

Fig. 8. The dependencies of the chemical potential on the tube radius:
(1) at the fixed linear density n, (z,R are defined by formulas (56); (2) at the fixed volume density n (z,R are defined by

formulas (58)). The dashed line shows the chemical potential zz;, = %im i = 6" of volume system of density 7.
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The dependencies of the chemical potential on the tube radius are shown for both cases in Fig. 8. As seen, at the fixed
linear density the chemical potential monotonically decreases with increasing the radius (curve / in Fig. 8). The oscillation
dependence on the radius is realized at the fixed total density (curve 2 in Fig. 8). The amplitude of oscillations rapidly
decreases with increasing the radius, at that the chemical potential quite slowly approaching its volume value
B, = lim 1= 6™".

Let us also give the dependencies on the radius of such a directly measurable quantity as the pressure. At the fixed linear
density n, = const in the domain pfo <n< p; ., the dependencies of the radial and the parallel pressures on the parameter

n are defined by the formulas:

_ o nzB -z () 2z (n) (59)
- ) 5 [ [0 57
(21 (n)] 2]
where
2 5
_ m
Py :”ZF(WJ Pry 0
L

and the dependence of the radius on 7 is given by the formulas (55), (56). At the fixed total density » =const the

similar dependencies are defined by the equations

5, = Uzl(/rg) (77)_23(702) (77) P, = %M (61)
R = 5/3 > I 5/3°
[zl(/’;) (;7)] 3 |:Zl(/r;) (77)}
where
ml 2 V?

and the dependence of the radius on 7 is given by the formulas (57), (58). The dependencies of the pressures on the
tube radius are shown for both cases in Fig. 9.

Dg
2 1
3L
3
21 4
ﬁ?D """"""""""""""""""""""""""""""""""
1k
° 1 2 3 2 =

R

Fig. 9. The dependencies of the pressures on the tube radius:
(1) Pr=Dx (ﬁ) and (2) p, = p, (E) at the fixed linear density n,;
(3) pPr=Ds (ﬁ) and (4) p, = p, (E) at the fixed volume density n.

The dashed line shows the pressure p;, = }%im Dry = (2/ 5)62/3 of volume system of density 7.

Here also, the oscillations exist only under condition of the fixed total density, so that qualitatively the situation in
this quasi-one-dimensional case is similar to that which takes place in the quasi-two-dimensional quantum well [8]. At
the fixed linear density », with increasing the radius the total density n approaches zero, so that the both pressures

approach zero as well. In the opposite case R — 0 the total density increases unlimitedly and therefore the pressures
also tend to infinity (curves /, 2 in Fig. 9). At the fixed total density n with increasing the radius the both pressures

approach, oscillating, their volume value p,;, = lim p, , = (2/5)6”°.In the limit R — 0 it should be L — oo, and so the

linear density n, — 0. Hence the parallel pressure also approaches zero p, — 0. The radial pressure with decreasing the

tube radius tends to infinity p, — o due to the zero-point oscillations in the radial direction (curves 3, 4 in Fig. 9).
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CONCLUSION

The exact formulas for calculation of the thermodynamic functions of the ideal Fermi gas that fills the tube of an
arbitrary radius at arbitrary temperature have been derived in the work. It is shown that all thermodynamic quantities,
written in the dimensionless reduced form not containing geometric dimensions, can be expressed through some
standard functions (6) of the dimensionless temperature and chemical potential and their derivatives. The
thermodynamic potential, energy, density, entropy, equations of state, heat capacities and compressibilities of the Fermi
gas at arbitrary temperatures in the considered quasi-one-dimensional case are calculated through the introduced
standard functions. It is shown that owing to the anisotropy of the system the Fermi gas has two equations of state since
the pressures along the tube and in the direction of its radius are different. Due to the same reason the system is
characterized by more number of heat capacities than in the volume case.

At low temperatures the entropy and all heat capacities are linear in temperature everywhere except the specific
points where the chemical potential coincides with the square of the Bessel function zero and the filling of a new
discrete level begins. At these specific points the root dependence of the entropy and heat capacities on temperature
appears. The dependencies of the entropy and heat capacities on the chemical potential have sharp maximums at the
specific points. This differs the quasi-one-dimensional case from the the quasi-two-dimensional where the heat
capacities and entropy undergo jumps at the beginning of the filling of a new discrete level. The dependencies of the
pressures and compressibilities on the chemical potential at zero temperature are calculated. It is shown that the
character of dependence of thermodynamic quantities on the tube radius essentially depends on whether this
dependence is considered at the fixed linear or the fixed total density. At the fixed linear density the thermodynamic
quantities vary monotonically with the radius, and at the fixed total density they undergo oscillations. We believe that
the results of this work and work [8] devoted to the quasi-two-dimensional system can serve as a basis for further
consistent study of low-dimensional systems of interacting Fermi particles.
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Multiplicity distributions are the most general characteristics of hadronic multiparticle production processes. The multiplicity
distribution of hadronic positron-electron annihilation is investigated using group method data handling (GMDH) technique up to the

highest available center of mass energy (\/; ) (from 14 GeV to 206 GeV). We have obtained an empirical physical equation for the

multiplicity distribution as a function of \/; and the charged multiplicity (ny,) i. e. P (n ch» \/; ) Based on the obtained equation,

we have also calculated the energy dependence of average multiplicity (7) i.e. n = ﬁ(\/; ) . Our results are compared with the
available experimental and theoretical values.

KEYWORDS: hadronic positron-electron annihilation, charged-particles multiplicity distribution, empirical modeling, neural
networks, group method of data handling (GMDH).

The charged particle multiplicity (the total number of charged particles produced in an event) in positron-electron
annihilation into multi-hadron final states is one of the most fundamental observables in the fragmentation process
during which quark-antiquark pairs are produced [1-5]. For example, the interactions among the elementary particles
are represented by Feynman diagrams such as those in the following Figure [1].

et1e 3 y/Zq]

elecron

W

positron
hadrons

Fig. 1. Feynman diagrams for the annihilation of an electron-positron (e+e_ ) pair into a virtual ¥ photon or Z boson and its decay
into a quark-antiquark ( ¢g ) pair: e*e” —)(ZO /7/) —>qg+q [1].

The e*e” annihilation process is well understood by the creation of a quark-antiquark pair, branching of these
pairs in accordance to perturbative quantum chromo-dynamics (QCD) and finally hadronization [5]. The analysis and
investigation of multiplicity production is the first step for understanding the particle production mechanism, especially

in e"e” annihilation, it can provide additional information on hadronic final states [6-11]. Multiplicity distributions can
be characterized either in terms of probability, P, , of producing , n.,, charged particles at energy ,E, i.e. P, (E ), or by

the moments of these distributions. The normal method of studying the charged-particle multiplicity distribution and its
shape, is to calculate its moments. The common behaviors of the charged-particle multiplicity distribution are obtained
using low-order moments, such as the mean, 7, the dispersion, D, which estimates the width of the distribution, the
skewness, S, which measures how symmetric the distribution is, and the kurtosis, K, which measures how sharply
peaked the distribution is [8]. The multiplicity distribution are treated experimentally (see e.g. [12-20]) and theoretically
[21-24]. However, due to the lacking of fundamental theory, a number of phenomenological models have been
proposed to characterize the charged-particle multiplicity in high energy hadron processes [1, 9], starting with early
investigations by W. Heisenberg and E. Fermi [19, 20]. Furthermore, because of the shortage of the fundamental theory
to describe the experimental data on multiplicity distribution, the investigation of charged particles production in

© El-Dahshan E.A., El-Bakry S.Y., 2017
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hadronic collisions is still phenomenological and based on a wide class of models and some theoretical principles. We
shall study the distribution of the number of charged particles produced in positron-electron hadronic annihilation 1i. e.
the charged multiplicity distribution and the average multiplicity (first order moment). The probability of producing a
given number of charged prongs in an inelastic collision can be written as [1, 8]:
P= O-n — i s (1)
Cinel %Un

where o, =the topological cross-section for n-prong events, and o,,, = the total inelastic cross-section.

inel

The average charged multiplicity , 7 , is defined by [9-11]:
= snP. @)

n=1

Recently, computational intelligence (CI) methodologies have become one of the most efficient techniques for the
analysis of the charged particles in positron-electron annihilation (High energy physics “HEP” particle interactions)
[25-31]. Generally, CI is a broad term covering a wide range of computational methodologies and approaches (such as
artificial neural networks (ANNs), Genetic Programming (GP), ...... ) and most of them are nature-inspired algorithms.
CI approaches have been used in many fields in particles and nuclear physics as in the other fields, such as studies of
event selection problems with Genetic programming (J. M. Link; et.al. 2005) [25], re-discover certain laws of physics-
such as Hamiltonian, Lagrangian, and other laws of geometric and momentum conservation (M. Schmidt, H. Lipson,
2009) [26], estimation of the fission barrier heights of the nuclei (A. Serkan, and T. Bayram, 2014) [27], estimations of
beta-decay energies through the Nuclidic Chart (S. Akkoyun et al., 2014) [28] and searching for exotic particles in high-
energy physics (P. Baldi et al.2016 and 2014) [ 30, 31].

In the light of this, ANNs are considered as nonlinear and highly flexible models that successfully model and
analyze any nonlinear problem such as particle physics problems. Given enough data, they can approximate the
underlying function for the given problem with high precision [32]. However, the main drawback of ANN approach is
concentrated on the neural network architecture. In addition to that, the required time of learning causes difficulties for
using ANN in real time system for modeling and regression. Group method data handling (GMDH) type Neural
Networks enables restoring the unknown nonlinear regression in parametric form (as an empirical equation). The basic
idea of the GMDH is the utilizing of feed-forward networks depending on short-term polynomial transfer functions
whose coefficients are obtained utilizing regression combined with the self organizing activity behind neural network
[33-36].

The ANN and the GMDH are inductive algorithms able to build non-linear connections between a set of input data
and the output, without need for complex theory [36]. The two algorithms (GMDH and ANN) are combined to develop
GMDH-Neural Network paradigm. The GMDH can be used for demonstrating and approximating any nonlinear
complex system. It has been found that, the GMDH is an accurate simplified model for inaccurate or noisy data sets.

In the present work, we have used the GMDH-neural network (to obtain empirical physical equation) to model and

analyze the charged distribution in hadronic positron-electron annihilation at center of mass energy, Js , le.
P (nch,\/; ), ranging from 14 to 206 GeV [12-20] as well as the energy dependence of average multiplicity, N The

obtained results are compared with the ones from other models [21-24]. The success of the approach used here is
promising for modeling systems for which the relationships between the interaction parameters are not well understood
and for which precise data is not available.

The paper is organized as follows: section GROUP METHOD DATA HANDLING (GMDH) gives brief
introduction on the GMDH approach. Details of the polynomial model for charged particles multiplicity distribution in
hadronic e'e” annihilation are described in section PROPOSED MODEL FOR THE CHARGED-PARTICLES
MULTIPLICITY DISTRIBUTION IN HADRONIC POSITRON-ELECTRON ANNIHILATION. The results
obtained are presented in section RESULTS AND DISCUSSION. Finally, the main conclusions of this study are
formulated in section CONCLUSIONS.

GROUP METHOD DATA HANDLING (GMDH)

One of the potential issues of using ANN based approaches in any domain is the possible choice of different
architectures, network types, learning paradigm, layer topologies and sizes. Trials and errors paradigm are often used to
choose the type and topology of a network for a given problem, and this can give poor performance. The utilization of
GMDH neural networks can guide users with these choices and diminish the requirement for a priori knowledge about
the model for the problem to be solved [33-36]. The GMDH is able to extract knowledge about the system under
observation directly from data sampling. GMDH was developed by A.G. Ivakhnenko in the end of 1960s for identifying
non-linear relation between input and output variables. A.G. Ivakhnenko was inspired by the form of Kolmogorov-
Gabor polynomials which is the discrete analogue of Volterra Function series [33-36]. The central idea behind the
GMDH technique is that it tries to build a mathematical function (called polynomial model) that behaves as closely as
possible to the way the predicted and the actual values of the output would. The GMDH problem consists of
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constructing a polynomial function f’ that could simulate and model the actual one, f, in order to predict output £ for
a given input vector X = (x1,X; X3,......X,) ; as close as possible to its actual output y. Therefore, given M observations

of “multi-input single-output” pairs, the problem consists of finding y, as follows:
Vi =f(.xl'1,xl'2, Xj3yeunenn Xin ) (i=1,2, ..... M) (3)

In the next step, GMDH-type neural network is trained in order to approximate the output values for a given input
vector:

V= (XX, XX, ) ((=1,2,....M) 4)
The function f is determined so that the sum of square difference between predicted values and actual ones is

minimized as follows:
M ~
Z[f(x,.l,xiz’ XgpeenX,, ) =¥, —> min (5)
i=1

Ivakhnenko employed Kolmorovo-Gaborov sentence [33], which proves that every function y, = f(x) can be
represented by an infinite Volterra-Kolmogorov-Gabor (VKG) polynomial [33-36] of the form:

n n n n n
a;x; + 'Zl Z ai]-xl-xj + Xz Zl aiikxixjxk +o (6)
=1

n
yzf(xl-l,xl-z,xl-3, ...... ,x,-n):ao-i-Z
j= =1 i=lj=1k=

i=l
where X = (x1,x; x3,.....x37 ) is the vector input variables and 4 = (a;,a;; ajji.,......) is the vector of coefficients of

weights. This mathematical form can be characterized by a system of partial quadratic polynomials (referred to as

Partial descriptor “PD”) consisting of only two variables (neurons: each neuron is considered as the partial model) as
follows:

Y=G(x,,x;) = a, +a,x; + a,x, + a;x,;x, + a,x’ + asx‘f @)

Thus, such PD is recursively utilized in the network of connected neuron to establish the general mathematical

form of the inputs and outputs variables given in equation (6). The coefficients @, in equation (7) are calculated using

regression techniques during the learning process. Also, the GMDH network model is constructed during the learning
process based on the experimental data. The experimental data, including inputs “independent variables”
(x1,x3, X3,......x,, ) and output (one dependent variable “y”) is split into a training and testing set. During a learning

process a forward multi-layer neural network is developed (see Fig. 2). The GMDH network learns in an inductive
manner and builds a function (called a polynomial) model) that results in the minimum error between the predicted
value and expected output. The resulting network can be represented as a polynomial of polynomial system in the form
of explicit mathematical equation. This inductive approach to determining the model structure notably reduces the
amount of a priori knowledge required from the user and allows selecting structure that best follows the given dataset.
For further details, the authors refer to read [33-36].

X1

Output

oW D 3 -

3rd hidden layer

2nd hidden layer
X4

Input Layer
1st hidden Layer

Fig. 2. General structure of GMDH polynomial neural network

PROPOSED MODEL FOR THE CHARGED-PARTICLES MULTIPLICITY DISTRIBUTION IN
HADRONIC POSITRON-ELECTRON ANNIHILATION
The analysis of hadronic positron-electron annihilation founded by a mathematical models based on the traditional
methods is complicate. Today, advances in information technology and data analysis approaches have forced the
physicists to use the computational intelligence (CI) in modeling and analyzing physical phenomena, especially in high
energy physics (HEP). Moreover, computational intelligence methodologies have become one of the most efficient
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techniques for the analysis of the charged particles in positron-electron annihilation. CI, such as ANN, was first
proposed by Bezdek [37] and it has gained much attention. CI is a set of “nature-inspired” computational algorithms
and paradigms to model complex real-world problems for which conventional mathematical modeling can be useless. It
also offers us automatic modeling techniques using the measurements of system behavior.
In the last few years, GMDH neural network has become one of the most efficient inductive learning algorithms in the
family of computational intelligent techniques for computer-based mathematical modeling of non-linear complex
phenomena. GMDH neural network tends to automatically generate a computer program in the form of polynomial
equations when it is applied to estimate highly nonlinear complex phenomena. This approach has many privileges: it
gives the user knowledge about the system and the way of verification of models constructed by human experts, as well
as it saves a lot of time used for manual derivation of model equations.

GMDH models developed in the present work mainly aim to generate the mathematical functions for the

prediction and analysis of multiplicity distributions, Pln,, ,x/; , of positron-electron hadronic annihilation. According
to this model, we have obtained empirical physical equation to calculate and predict the charged-particle multiplicity
distribution which takes the form P(n[h,\/; ) leading to the calculation of 1. Once we obtain the equation for P nch,\/; ,

it is easy to obtain the calculation of 77 , since 77 is a function of +/s .
In order to demonstrate the prediction ability and evaluate the generality of GMDH type neural networks,

experimental data from several collaboration [12-20] has been used to construct the P(nch,\/g ) model (GMDH)

(empirical physical equation). In the present study, experimental data from different Collaborations [12-20] has been
used for the model development. The experimental data are divided into training (calibration) set and testing
(validation) set (A 10-fold cross-validation method [32] was used to evaluate the estimation error, that is, all the
experimental data are randomly divided into 10 folds. 9 of them are used to train the model and the remaining one is
used to test it). When the learning stage is finished, the built model is utilized to calculate and predict the output values
for data which never been seen during the training stage.

Three different classes of polynomials, namely linear, quadratic, and cubic are utilized, resulting in the proposed
model. The functions used in the network are as follows:

Quadratic: 2 variables y=q+qx + q3x12 +quxy + q5x22 + qex1%
Logarithm: 1 variable y=q+q; log(xl + q3)
Exponential: 1 variable y=¢;+¢, exp(q3 (xl +qy ))

Where, q, qp, ..., are the coefficients of the polynomial functions (estimated the GMDH model during the learning
process) and X, X, are the variables. Some network parameters (free parameters) must be specified before the learning
process (e.g. the maximum number of layers, polynomial type and order). In this study; the number of layers in the
neural network that the model may contain is specified as 20, and the polynomial order of a variable that a polynomial
may contain is specified as 16). Convergence tolerance that will stop the training algorithm from adding a new layer
when it reaches the specified value and detects from adding a layer will not improve the model. The number of neurons
in each layer of the network is specified as the same number of neurons in the input layer. Network layer connections
method controls how neurons in the network are connected together. In this paper, only the type of connection to the
previous layer is chosen (This tells DTREG [38] that the inputs to one layer may come only from outputs generated by
the next lower layer).

Based on minimum error performance in validation sets the corresponding polynomial representation of the

present GMDH model for P(nch As ) is obtained (empirically) as:

[Cl(dﬁgl(h*InLh)Nl)*klj
P:P(nch,x/;):al-'rble Is

, (®)
where,
[cz(d2+g2(h—l%)N2)+k2j
Nl =ay+ b2 e
[03(d3+g3(h71%)/\/3)+k3]
N2 =ay+ b3 e

-((N 4)—0.267503)2
0.040062

N; = —0.042996+0.286515e[
Ny =—0.116698 +4.027115N5 —32.31281N2 +1.599191N +4.039759N2 —16.22014N5N¢
N5 =-0.193252 —0.027337 log(v/s +37.73184)
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Ng =-0.008245+11.02105N, N
N7 =0.168889 +2.940838 N, —88.85973N 7 +6.973632N +22.60074 N7 +102.1841N N

2
n ne n
Ny = ag +by+ (h=176) ~ca(h=1") d4N9+g4Ng‘+k4(h—I—C;7)N9

s Js

Ng = as +b 2 vdo(h—1"¢ (h—l"#’)2 ksn _y (h— 1<k
g =das+bstnypcsney +ds(h—1—=)=gq ("= jo) +ksnep(h=1—=)

Js Js
-

Njp =-0.072627-0.002561-"-
Nep

Npp =0.06004 +0.002546n,;, —0.00008212,

a; =-1.296707, b= 1.298148, ¢, = 0.722543, d; = -0.000534, g, = 16.88877, h = 0.061227, I = 0.004658,
k= 0.097891, a,=-1.273491, b,=1.274938, c,=0.735137, d,=-0.000559, g,= 16.89868, k,=0.098519,
az=-1.358375, by=1.359726, c3= 0.692116, d; =0.00059, g;=16.90984, k; =0.099141,
as=-19.93856, b,= 684.3732, c,= -5870.185, d4= 17.87208, g,= 7.419097, k= 308.3482,
as=-10.78599, bs= 0.244696, cs= -0.000064, ds= 453.8323, gs=4544.448, ks=4.099441.

The center-of-mass energy dependence of the average charged-particle multiplicity, 7 , according to our model
GMDH is obtained as:

fi=Ae 13 4+(B+C{D+Glog(\s+H)}))~k{D+Glog(\s +H)\*, 9)
where
A=-1.921449,B=-0.17183, C=1.019804, D =- 24.50703, G =9.628115, H=9.628115, K = 0.000532.
The criteria of root mean square error (MSE) and coefficient of determination (R*) are used for evaluating the
performance of the GMDH models.

RESULTS AND DISCUSSION
Hadron production in positron-electron annihilation is created from the yield of quark-antiquark pairs which can
generate gluons, the exchange particle of the field theory of the strong interactions and QCD. The produced gluon
depends on the center of mass energy. Based on the GMDH, the general form empirical equation can be represented by
a system of particle description using some type of order polynomial such as, linear, equations, quadratic equations and
cubic equations (see equations (8) and (9)).

We investigate the general features of hadronic decays in ee” —>(Zo/ 7/)—) q+q reactions at the highest
available centre-of-mass energies. We analyzed the multiplicity distribution of hadronic decays in

ete” —>(Zo/ ;/)—) q+q reactions up to the highest available centre-of-mass energies\/_ =206GeV . Due to the

physical phenomena correlated with the non-linear characteristics of multiplicity distribution of the e"e” hadronic
collision, it may be tricky to establish explicit mathematical equation for multiplicity distribution. By adequate
operations of mathematical analysis, deduction of highly nonlinear physical equations for multiplicity distribution is of
utmost interest.

In this paper, by using group method of data handling (GMDH), we have constructed mathematical functional
form for the charged particle multiplicity distribution of e*e” hadronic annihilation

The GMDH model is developed by running DTREG software [38]. The simulation results are conducted on a

pentium4, with 1.4 GHZ, 2G RAM and Windows XP. With these configurations, the predictive results are obtained in
few seconds. A 10-fold cross-validation is used to create and test the model [32].

The proposed GMDH model is tested after training. As shown in Fig. 3, the GMDH technique was able to

perfectly model and simulate the charged particles multiplicity distribution, P(”ch» s) as well as the center-of-mass

energy dependence of the average multiplicity distribution, # = ﬁ(\/; ) of the e'e” interactions at high energies. This
gives the GMDH the proven ability of wide usage in the modeling of high energy physics.
Figure 3 demonstrates the calculated charged multiplicity distribution at Js =14,29,34.8, 43.6,....,206 GeV' which
have been compared with the corresponding experimental and theoretical ones [21-24]. The comparison between the
charged particle multiplicity distribution calculated by the generalized multiplicity distribution (GMD) model for e*e”
collisions at \/; =14, and 206 GeV is shown in Fig. 3. This Figure shows that the proposed model gives a good
agreement with the experimental [12-20] and theoretical [21-24] data especially at 183 and 206 GeV.

Fig. 4 demonstrates the comparison between the multiplicity distributions for different Vs . From this figure, we
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notice that the maximum probability of production “ng,” charged particles decreases with the increase of Vs as well as
shifts towards the increase of “ng,”. Further, we notice that the width of the distribution is broadened with the increase

of\/;.

V5= 14 GeY V5= 29 GeY

P(nch, + s)

P(nch, =)

P(nch, + s)

o
hrd

=

o
£
i

nch
Y o= 206 GeV

5 B0 X/ !B N H N

Fig. 3. Demonstrates the calculated charged multiplicity distribution P(nch,\/;) at \/s =14,29,34.8,43.6,....,206 GeV those

have been compared with experimental [12-20] and theoretical ones “GMD Model” [21-24]. (-) GMDH model, experimental data (o)
and (*) theoretical ones.

V¥ s=14 GeV : 206 GeV
0.25 - :

—— 14 GeV
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—+—43.6 GeV |
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——133 GeV
—&—161 GeV | |
—4—163 GeV
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P(n_.s)

0.1

0 T 10 20 30 40 ‘ 50 60

Fig. 4. The calculated charged multiplicity distribution P(nch,\/g) at \/s =14,29,34.8,43.6,....,206 Gel .

Based on the obtained equations (eqs. (8) and (9)), the values of energy dependence of the average charged
multiplicity in e*e” collision for /s ranging from 14 to 206 GeV are calculated and compared with corresponding
experimental and theoretical results as shown in Fig. 5. Also, From Fig.5 we notice that, n, increase with the increase
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of 4/s which shows the same trend as the experiment.

The average multiplicity of charged particles at a hadronic energy at the highest centre of mass energies in
e*e” interactions, up to 206 GeV has been calculated to be n . When compared to other models, the value calculated is
consistent with the evolution predicted by GMD method [21-24]. When +s =206 GeV 7 =27.5, and so on for the
lower energies. The results prove that the proposed GMDH model has impressively learned well the nonlinear behavior

of the charged multiplicity distribution and the average charged multiplicity in e e collision.

% The dependence of 72 on 4/s.

251

< Exp.Data
—— Theo.calculation
GMDH Model

20

Fig. 5. The comparison between the experimental and theoretical values of the energy dependence of the average charged multiplicity
in e'e annihilation: (0) experimental data, (¢) GMDH model, and (-#-) theoretical ones [21-24].

CONCLUSIONS
We have obtained an empirical physical equation for the description of the charged particles multiplicity
distribution in hadronic positron-electron annihilation based on GMDH approach. We have used the obtained equation

to calculate and predict P(n s ) through the energy range 14 GeV to 206 GeV. The average multiplicity, 7, is

ch
calculated using our empirical physical equation. The comparison between our results and the experimental and
theoretical ones explores a good agreement. Based on our GMDH model, we present an empirical equation
corresponding to physical phenomenon in a mathematical form, we are still faced with the challenge of justifying and
giving words to their meaning. These models define input-output relations based on experimental data and use
mathematical and statistical concepts to link input to model the output. Our results are in a good agreement with the
experimental and theoretical ones. These results confirm the reliability of our models. Scientists may use such
approaches to focus on interesting phenomena more rapidly and to interpret their meaning. This represents one of the
key challenges for computational Intelligence techniques in high energy physics modeling.
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The energy of disruption generated runaway electrons can reach as high as tens of megaelectronvolt and they can cause a serious
damage of plasma-facing-component surfaces in large tokamaks like International Thermonuclear Experimental Reactor (ITER). The
synchrotron radiation diagnostic allows a direct observation of such runaway electrons and an analysis of their parameters and
promotes the safety operation of present day large tokamaks and future ITER. Only this diagnostic will be applied in ITER. In the
paper detail analysis of the synchrotron radiation spectra of runaway electrons for the recent Experimental Advanced
Superconducting Tokamak (EAST, Institute of Plasma Physics of Chinese Academy of Sciences) experiment parameters has been
presented. The calculations are carried out on the base of precise expression for synchrotron radiation spectral density. They make
more precise spectra analysis of the previous paper by Zhou R.J., Pankratov .M., Hu L.Q., et al. (Physics of Plasmas, 2014, Vol. 21,
No. 6, 063302). Obtained results are important for correct interpretation of runaway EAST experiments and runaway experiments in
other tokamaks.

KEYWORDS: synchrotron radiation, diagnostic runaway electrons, tokamak safety operation, EAST tokamak

AHAJIN3 CHEKTPOB CUHXPOTPOHHOI'O U3JTYUYEHUSA YBEI'AIOIIUX 3JTEKTPOHOB JIUISI HEJABHEI'O
IKCHEPUMEHTA HA TOKAMAKE EAST
H.M. IMaukpatos'?, B.JO. Bouko®
" Hnemumym gusuxu naaswer, HHI] “Xapvkosckuii pusuko- mexuuteckuii uncmumym”
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DHeprusi yOerarouux 3JICKTPOHOB, 00pa3yIOIMXCs HPH CPbIBaX pa3psia, MOXKET IOCTHraTh JECATKOB METralJIeKTPOHBOJBT, YTO
MIPUBOAUT K CEPHE3HBIM INOBPEXKICHUSIM 3JIEMEHTOB MOBEPXHOCTH MEPBOH CTEHKHM B OONBIIMX TOKAaMakKaX, 3TO - MOTEHIMAIbHAs
yrpoza i MEXIyHapoIHOTO TEPMOSAEPHOTO 3KclepuMeHTanbHoro peakropa (UTOP). [lmarHocTmka, OCHOBaHHas Ha
CHHXPOTPOHHOM W3JIy4eHHH YOEraromux O>JEeKTPOHOB, IO3BOJSIET KaK HEMOCPEACTBEHHOE HX HAOMIOJeHME, TaK W aHaJW3
IapaMeTpoB THX IEKTPOHOB, UTO CIIOCOOCTBYET Oe30macHoi paboTe CyIIeCTBYIOMUX OOIBIINX TOKAMaKOB M OyIyIIero TokaMmaka-
peakropa UTOP. WmenHno sta mmarHoctwka Oyzer ucmonbs3oBaHa B WTOPe. [lpemocraBieH aeTanpHBI aHANIHW3 CIEKTPOB
CHHXPOTPOHHOTO HM3JIy4eHHUs YOErarolux 3JIeKTPOHOB VIS IMapaMeTpoB HelaBHero skcnepuMmenTta Ha Tokamake EAST (MuctutyT
¢mukn mia3Mel Akagemun Hayk Kurtas). PacueTsl mpoBeneHBI Ha OCHOBE TOYHOTO BBIPKEHUS UISI CHEKTPAIBHOH IUIOTHOCTH
CHHXPOTPOHHOTO M3iTydeHUs. OHM YTOUHSIOT aHanu3 cnekrpoB crtatbu Zhou R.J., Pankratov .M., Hu L.Q., et al. (Physics of
Plasmas, 2014, Vol. 21, No. 6, 063302). [Tony4yeHHbIe pe3yIbTaThl BAXKHbI 151 IPABUIBHOM HHTEpIIpETalny SKcrepumenTa Ha EAST
1 3KCTIEPUMEHTOB C yOeralomuMHy 3JeKTPOHAMH Ha APYTUX TOKaMaKax.

KIHKOUYEBBIE CJIOBA: cHHXpPOTpOHHOE HM3Iy4YEHHE, AUArHOCTHKA yOErarolux 3JeKTPOHOB, 0e30MacHOCTh pabOTHl TOKaMaka,
tokamak EAST

AHAJII3 CHEKTPIB CUHXPOTPOHHOI'O BUITPOMIHIOBAHHS EJTEKTPOHIB — BTIKAYIB JIJIA
HEIOJABHBOI'O EKCIIEPUMETY HA TOKAMAII EAST
I.M. l'[amcpaTonl’z, B. 10. Bouxko’
Inemumym gisuxu naazmu, HHL] “Xapriscokuii Qisuxo-mexuiunuii incmumym”
8yn. Akaoemiyna 1, 61108 Xapxis, Ykpaina
*®isuko- mexuniunuii @axynomem, Xapxiecvxuil HayionanvHuil ynieepcumem imeni B.H. Kapaszina
M. Ce0600u 4, 61022 Xapkis, Yxpaina
EHeprisi eNekTpoHIB-BTIKaUiB, sIKi YTBOPIOIOTHCS IIiJ] Yac 3pPUBIB PO3PSAMY, MOXKE JOCATATH JECATKIB MEraeleKTPOHBOJIBT, IO
MIPU3BOAUTH IO CEPHO3HUX IMOIIKO/PKEHb €JIEMEHTIB IIOBEPXHI MepIoi CTIHKYM Y BEIMKUX TOKaMaKax, e € HOTEHIIHHOI0 3arpo3010
Ui MikHapomHOTO TepMosiaepHOro ekcrnepuMmenTanbHoro peakropa (ITEP). JliarHoctuka, mo 0a3yeTbcs Ha CHHXPOTPOHHOMY
BUIPOMIHIOBAaHHI €JIEKTPOHIB - BTiKauiB, JO3BOJISIE SIK Oe3rocepeiHe X CHOCTEPEKEeHHsI, TaK 1 aHali3 IMapaMeTpiB LUX eJIeKTPOHIB,
mo cnpuse OesneyHid poOOTI cyyacHMX TOKamakiB Ta MalOyTHbOro Tokamaky-peakropa ITEP. Came wns niarHocruka Oyne
Bukopucrana B ITEPi. IlpencraBieHo neTanbHUI aHami3 CHEKTPIB CHMHXPOTPOHHOTO BUIIPOMIHIOBAHHS ENEKTPOHIB-BTiKadiB IS
mapaMeTpiB HemoaBHbOro ekcnepuMmenty Ha Tokamani EAST (Inctutyt ¢isuku miasmu Axanemii Hayk Kutaro). PospaxyHku
MIPOBEAEHI HAa OCHOBI TOYHOTO BHpa3y ISl CIEKTPANbHOI TyCTHHH IIOTYXHOCTI CHHXPOTPOHHOTO BHIPOMiHIOBaHHS. Bonun
YTOYHIOIOTH aHami3 cnekTpiB ctarti Zhou R.J., Pankratov .M., Hu L.Q., et al. (Physics of Plasmas, 2014, Vol. 21, No. 6, 063302).
OtpuMaHi pe3ynbTaTH BaXKJIMBI AT IPaBHIBHOI iHTepnperamii excriepuMenTy Ha EAST Ta excrieprMeHTIB 3 eIeKTpOHaMH-
BTiKayaMH Ha iHIIUX TOKaMaKax.
KJKOUYOBI CJIOBA: cuHXpOTpOHHE BUIIPOMIHIOBAaHHS, AialrHOCTHKA CJICKTPOHIB — BTiKaviB, Oe3Meka poOOTH TOKaMaka, TOKaMaK
EAST
© Pankratov I.M., Bochko V.Y., 2017
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Runaway electrons can be a potential threat to the safe operation of large tokamaks, especially ITER. The strong
electric fields induced during the tokamak disruption can generate a lot of runaways. The energy of these electrons can
reach as high as tens of MeV and they can cause a serious damage of plasma-facing-component (PFC) surfaces in large
tokamaks like ITER [1]. Therefore an effective monitoring of the runaway electrons is an important task.

The synchrotron radiation is a powerful tool for direct observation and investigation of runaway electrons in large
tokamaks [2]. For the first time, this diagnostic was used in the TEXTOR tokamak [3]. The established methods of
runaway electron monitoring (HXR, photoneutron emission) will be difficult to apply in large machines like ITER
because of the high gamma and neutron background and the very thick wall (vessel shielding). Only the diagnostic
based on the runaway electron synchrotron radiation measurements will be possible in ITER [4]. The theoretical bases
of the analysis of synchrotron radiation spectra of runaway electrons in the curved magnetic field with the finite value
of the transverse velocity were considered in [5].

The experiments on investigations of runaway electrons are carrying out in JET (Joint European Torus), JT-60U
(Japan), DIII-D (USA), Tore Supra (France), KSTAR (Republic of Korea), etc. (see for example [6-9]). Recently the
investigation of runaway electron generation was started in the EAST tokamak (China) [10-11] and the synchrotron
radiation diagnostic detecting the runaway electrons is used there. The aim of these experiments is to find tokamak
operation scenarios that will reduce runaway current as much as possible (or fully suppress) to avoid damage of PFC.

This paper is a continuation of paper [12], where spectrum analysis was done only for expected runaway electron
parameters in EAST. They are differing from parameters obtained in recent runaway EAST experiment [10]. The aim of
this work is to provide more detail analysis of synchrotron radiation spectra for this recent runaway EAST experiment

(shot #28957).

MONITORING OF RUNAWAY ELECTRONS
In Ref. [5], the theoretical analysis of the synchrotron radiation spectra of runaway electrons was carried out. The
features of the relativistic electron motion in a tokamak (the motion along the tokamak helical magnetic field, the
cyclotron gyration motion around the guiding center with a frequency @, = eB/mcI" and the vertical centrifugal drift of
guiding center motion with velocity v, =v”2 / R, ) were taken into account. The local nature of electron orbits was

involved: only a small part of the electron trajectory in a tokamak is effective to produce the radiation observed in the
detector. Recall that highly relativistic particles emit radiation in the direction of their velocity vector. Here B is the
local value of confinement magnetic field, I'>>1 is the relativistic factor, R is the major radius of runaway electron

position, ViV, are the longitudinal and transversal components of velocity with respect to the confinement magnetic
field, v, >>v, , e and m are the charge and rest mass of electron, ¢ is the light velocity. In case of the EAST tokamak,
the confinement magnetic field was taken in the form

B(r,0) =[-Be_+ B,(r)e,]/R, (1

where By/R and By(r)/R are the toroidal and poloidal magnetic field components, respectively, R = 1 —(#/R)cos8, r and
R, are the magnetic surface minor and major radii, respectively, 8 is the poloidal angle.
In Ref. [5] the expression for instantaneous spectral density of the emitted power was derived (4 is the

wavelength):
2zece? | ¢ du 3 u’
P o(AN)=iZ=2— [ ZZ(1=-2u%)1 } - i
Y (A) =1 112 {i u ( “ ) O(au )eXp|: 24:(” 3 j} 2)
4n 3 w
Tl idu'”ll(“”3)exp{_5§(u_?ﬂ}’
where
4R
én 3)

a= , &= .
1+7° 3AC 1+ 7

The integration path is taken along the line of steepest descent from a saddle point [13], /o ;(z) is the modified Bessel
function. A key parameter of the radiation analysis is

pel s eBRHP’ o
v, m,c’T

r e

where the pitch angle 8, is defined as:
017 - vi/ i )
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Correct estimation of the ratio 6, = v, /VH during the experiment is an important part of spectra analysis.

Uncertainties during measurement of the ratio v / v, may cause large errors during spectra analysis.

The single-electron spectral density of the synchrotron radiation P(4, &) depends on cyclotron gyration phase o
(d¢ ~ —w, ) and oscillates strongly with a. In tokamaks the radiation of many runaway electrons is observed in the

detector simultaneously. In this case, it is possible to introduce an averaged spectral density of the emitted power:
1 2z
P(2)==— [ daP(i,a). (6)
27 s,

There is a difference between Eq. (2) and Schwinger’s result [14]:

4rce® T
R = j K, (x)dx, (7)
where
w=4znR,, /3AT°. 8)

curv

Here R, is the instantaneous curvature radius. Equation (7) describes the emission of a single electron, meanwhile Eq.
(2) describes the radiation of many runaway electrons whose distribution function is independent on the phase of
cyclotron gyration a i.e., distribution function has the form /'(p, p, ,) .

The asymptotic approximation of integral (2) simplifies the spectra analysis. Integral (2) can be easily integrated
by saddle point method (see, e.g. [13]) when &>>1,

5:(4;;/3)(R/,1r3)(1/(1+772)1/2) >>1. ©

Two limit cases are possible (see [5]). In the first case (the saddle point is u, = (1,0))

2
P(A) = meet | 1 () + i (a) [exp| - E e (10)
A°RT 1+7 3 v

when

a=(47[/3)(R//1F3)(77/(1+772)3/2)S1. (11)

The asymptotic expression (10) for P, (4) is valid for 17 >>2 or 1 << 0.5 as it follows from the inequalities (9) and
(11).
In the second case (the saddle point is u, = (\/1+7° / (1+17),0))

_BeeT(1+n) 4r R 1 .
PasZ(ﬂ')NT lzR\/; exp( 3F1+77j (12)

when
auy =(47/3)(R/20°)(n/(1+ )" ) > 1. (13)

Expressions (10) and (12) have a maximum values at 4,, [5]. The asymptotic expressions Eq. (10) and Eq. (12)
describe correctly the features of the spectrum in the range A < 4,, only, where the value of ¢ is large, £ >> 1.

When 7 is the order of several units (# ~ (1 — 2)), equation (12) has to be used. The analysis of experimental
conditions (runaway shot #28957) shows that it is just a case of the EAST tokamak. Note that an application of Eq. (10)
is discussed only in the review paper [2].

In Egs. (2-4) and Eqgs. (9-13) the value of major radius R corresponds to the runaway electron positions. Note that
for simplicity of analysis in Ref. [5] and Ref. [11] the value of R, was used in the same expressions. The spectrum is
shifted toward shorter wavelengths with increasing of parameter #. Recall that the experimental measurement of the
spectrum in the region A < 4,, where P (1) decreases exponentially fast, is very important because it allows estimating
the maximum energy of runaways in the discharge.

The integral (2) can be taken numerically without additional simplifications. It has been taken numerically along
the contour C (a hyperbola x?-y*/3=1 passing through the saddle point (x=1, y=0), where x and y are real and imaginary
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parts of the complex number respectively) in the complex plane to calculate accurately the spectrum near the maximum
position. This integration path provides the most rapid convergence of the integral.

RUNAWAY INVESTIGATION IN EAST

The EAST tokamak is a non-circular advanced steady state experimental device. The EAST first plasma discharge
was successfully achieved in 2006. The scientific mission of the EAST project is to study the physical issues involved
in steady state advanced tokamak devices. The engineering mission of the EAST project is to establish the technology
basis of fully superconducting tokamaks in support of future reactors.

The investigated runaway discharge was an ohmic discharge #28957 [10, 11] and was performed in the limiter
configuration, with toroidal magnetic field By = 2 T, plasma current /, = 250 kA, central line-averaged density
<n> =22 x 10 m>, plasma major radius Ry = 1.86 m and minor radius a = 0.45 m. At the plasma center, electron
temperature 7. = 0.55 keV was obtained from a soft x-ray pulse height analysis (PHA) system during the plasma current
flat-top phase. Runaway electrons were created during the start-up phase of the discharge by the ohmic coil. Runaway
electrons were located around the g = 2 rational magnetic surface (ring-like runaway electron beam), where ¢ is the
safety factor. A visible CMOS camera of the EAST tokamak operates in the narrow (0.38 — 0.75) um wavelength
range. The camera was located in the equatorial plane looking tangentially into the direction of runaway electron
approach.

In Ref. [11] on the base of synchrotron radiation spectra and synchrotron radiation spot shape joint analysis the
values of runaway electron parameters were obtained. It was deduced that the energy £ of runaways was £E=30 MeV
and pitch angle 6, was 6, =0.16 (Fig.9-11 in Ref. [11]). But in Ref. [11] for this runaway shot #28957 the analysis of
runaway electron parameters was carried out on the basis of the asymptote Eq. (12) only.

ANALYSIS OF SYNCHROTRON RADIATION SPECTRA FOR THE EAST SHOT #28957

The presented calculation of the synchrotron radiation spectra was based on precise expression for spectral density
Eq. (2) for parameters of runaway electrons obtained in the recent EAST experiment (shot #28957, [11]). The numerical
integration of Py, was carried out by the method of the steepest descent [13]. For these parameters, the comparison of
radiation spectra obtained from precise expression Eq. (2) with data of asymptotic expressions Eq. (12) was carried out.
Results of comparison for energy £ = (26, 30) MeV and for pitch angles 6, = 0.16, 0.18 are shown in Fig. 1. The
wavelength operation range detected by the EAST visible light camera (0.38 — 0.75 um) is shown in these figures also.
The spectrum moves to the smaller values of wavelength not only with energy increasing but also with pitch angles
increasing [5]. In the case of runaway energy £ = 30 MeV, the intensity of synchrotron radiation is much higher in
comparison with energy E =26 MeV.

x107®

1k |
— Pru
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Fig. 1. Synchrotron radiation spectra analysis for runaway electron parameters in the EAST experiment: (1) £ = 26 MeV, 0, = 0.16,
(2) E=26MeV, 6,=0.18,(3) E=30MeV, §,=0.16, (4) E = 30 MeV, 6, = 0.18. The wavelength operation range for the visible
light camera (0.38 — 0.75) um is marked with vertical dashed lines.

For wavelength region A<< 4,, (4,,is the wavelength at which spectrum of runaway electrons has a maximum) the
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precise (Py) and asymptotic (P,,;) curves practically are coincided for all cases. Hence, the validity of using asymptotic
expression Eq. (12) in Ref. [11] for analyzing of synchrotron radiation spectra during recent runaway EAST experiment
near the wavelength operation range (0.38 — 0.75) um of the CMOS visible light camera has been confirmed, it is the
main conclusion from data presented in Fig. 1. When the energy of runaway electrons is £ = 30 MeV this difference
between Py, and P, is a little bigger but still negligible. As it was declared in Ref. [11], the synchrotron radiation is
barely visible for runaway electrons with £ =26 MeV.

However, we notice that with increasing of wavelength the difference between asymptote and precise expression
increases. A comparison of precise expression for synchrotron radiation spectrum of runaway electrons Eq. (2) with
asymptotic expression Eq. (12) for wide wavelength range shows that the difference between Py, and P, becomes
more significant when the wavelength is approaching to 1,. Hence, for wavelengths in the range of 1 ~ 4,, precise
expression Eq. (2) should be used instead of asymptote Eq. (12) for investigation of runaway electron parameters.

CONCLUSIONS

For recent the runaway EAST experiment parameters (Ref. [11]) detail analysis of synchrotron radiation spectra of
runaway electrons using precise expression for spectral density Eq. (2) has been presented. For wavelengths A<< 4,, the
validity of using asymptotic expression Eq. (12) for analyzing of synchrotron radiation spectra parameters in wavelength
operation range of the EAST visible light camera (0.38 — 0.75 um) has been confirmed, 4, is the wavelength at which
spectrum of runaway electrons has a maximum. It is emphasized that if for analysis to use the wavelength range near
maximum value of spectra, where / is close to 4,,, the precise expression of spectral power density Py, should be used.

Obtained results are important for correct interpretation of runaway EAST experiments and runaway experiments
in other tokamaks.
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The reactions '>C(y,n)*He2a and "*O(y,n)*He3a is investigated by a method that employs a diffusion chamber placed in a magnetic
field and irradiated by a beam of bremsstrahlung photons with an end-point energy of 150 MeV. In the excitation curve for the 2a
system, a resonance is found, and this resonance identified as the ground state of the *Be nucleus. The parameters of the y-quantum
and neutron are calculated, and the partial channels '>C(y,n)*He®Be, and '°O(y,n)’HeaBe, reactions are singled out. It is shown that
these reactions proceed according a sequential-type scheme with the formation of one or several unresolved excited states of ''C and
150 nuclei at the first step. The total cross section of the reactions was determined and a similarity in their behavior was found for E,
> 55 MeV. A jumplike change in the dependence of the kinetic energy of the neutron on E, in different energy intervals of the y-
quantum was observed.

KEY WORDS: diffusion chamber, photodisintegration, the excitation energy, ground state of the *Be nucleus

JOCJIKEHHS (y,n)-PEAKIINA ¥ KAHAJI BATATOYACTUHKOBOI'O ®OTOPO3UIEILIEHHS SIIEP *C TA 'O

C.M. AdanacreB

Hayionanenuti Hayxoeuii Llenmp «Xapkiscokuti Qpizuxo-mexuiunuii incmumymy, Xapkis, Yxpaina
8yn. Akademiyna 1, m. Xapxis, Yxpaina, 61108

BukoHaHo aHani3 peakiiit '*C(y,n)*He2a ta '°O(y,n)*He30, oTpuMaHix MeTomoM AuQys3iiHOT KaMepH B MATHITHOMY TTOJTi Ha ITydKy
raneMiBHEX QoToHiB 3 E,"“=150 MeB. V kpusiit 30y/uKeHHs CHCTEMH 2 O-4aCTHHOK BHSBJICHO PE30HAHC, ifeHTH(dIKOBAaHMH SK
OCHOBHMH cTaH sapa ‘Be. OOGUMCIEHO KiHEMATHYHIi MapaMeTpH Y-KBAHTA i HeTpOHA, Ta BMIICHO NApIialbHi KaHAIH
2C(y,n)*He®Bey Ta '°O(y,n)’Heo®Be,. Bymo mokasamo, mo peakiii MarmTh MOCITIXOBHHI JBOYACTHHKOBHIl THII DO3IALy 3
YTBOPEHHAM OJHOTO a00 IEKiMBKOX HEPO3MiNbHHX 30ymikeHMX cradiB suep 'C i '°O Ha mepmomy erami possany. BusmaueHo
NOBHUH MEpeTHH peakiiil i BusABIeHa Mof00a B iXHbOMY HOBOMKeHHI mpu E, > 55 MeB. Bussneno pisky 3MiHy 3aleKHOCTI
KineTu4Hoi eneprii neifrpona Bin E, y pisHuX iHTepBanax eHeprii y-KBaHTa.
KJIKOUOBI CJIOBA: muysiiina kamepa, GOTOPO3IIEILICHHS, CHeprist 30yIKEHHS, OCHOBHHH CTaH spa "Be

UCCJEJOBAHME (y,n)-PEAKIIANA B KAHAJIE MHOTOYACTUYHOI'O ®OTOPACIIENJIEHUS SIIEP '>C U 0
C.H. Apanacren
Hayuonanvnouii Hayunweii Llenmp «Xapvkogckuii gpusuxo-mexnudeckuil uncmumymy, Xapvkos, Ykpauna
ya. Axademuueckas 1, 2. Xapvxos, Ykpauna, 61108

Beimonsen anamms peakmmii ' 2C(y,n)*He2o 1 "®O(y,n)*He3a., momydeHHbIX MeTog0M Au(y3HOHHON KaMepE B MATHHTHOM TIONE Ha
mydke TOpMO3HbIX (oroHoB ¢ E," =150 MbdB. B kpuBoii BO30OYXICHHS CHCTEMBI 20-4acTHII OOHApYy)XeH pPE30HAHC,
HICHTHGUIMPOBAHHBIA KAK OCHOBHOE COCTOSHHE sApa 'Be. BEIMHCICHEI KMHEMAaTHUECKHE NMAPAMETDHI Y-KBAHTA M HEHTPOHA, U
BBIIENCHB TapumansHsie Kamamsr ' 2C(y,n)’He®Be, m '°O(y,n)’Hea®Be,. BeuIo mOKasaHo, 9TO B pEaKiMsAX MPOMCXOIUT
MIOCJICIOBATENBHBIA TBOXYACTUYHBIM THII pacraza ¢ o0pa3oBaHHMEM OJHOTO WM HECKOJIBKHX HEpPa3IeNICHHBIX BO30Y)KIEHHBIX
cocrosumii agep ''C u "’O Ha nepeom stane pacmanga. ONpeeNeHO MONHOE CEUEHHE Peakiili M oOHAPYKEHO MOjobHe B HX
nosesienuy npu E, > 55 MaB. O6HapyeHO pe3koe W3MEHEHME 3aBUCUMOCTHM KMHETHYECKOH 3HEpruu HelrpoHa oT E, B pasHBIX
HHTEpBalax YHEPIHH Y-KBaHTA.

KJIIOUEBBIE CJIOBA: mubdy3uonnas kamepa, GoTopaciielieH e, SHepris Bo30YKIeHHs, OCHOBHOE COCTOSIHHE Apa *Be

The development of models for the photodisintegration of light nuclei with knockout of one nucleon fell to its way
from the model of the direct mechanism in base of which lie one-particle currents and impulse approximation to the
absorption models of the y-quantum by nuclear substructures: quasideutron and quasia-particle. However, the reaction
mechanism for nucleon knockout from a nucleus has yet to be clarified conclusively.

Calculations in the nonrelativistic approximation [1] revealed that the direct-knockout mechanism cannot explain
the equality of the cross sections for (y,p) and (y,n) reactions or an identifiable shape of the angular distributions in these
reactions. It was concluded [2] that, at intermediate energies, a dominant contribution comes from the process of photon
interaction with a nucleon pair. In addition, it was concluded that the role of exchange currents is small if the residual
nucleus is in the ground state and increases with growth of energy of its excitation. However, this conclusion is at odds
with the results of the calculations performed in the relativistic approximation [3], where it was shown that the
direct-mechanism contribution to (y,N) reactions is greater than that in the nonrelativistic approximation, ensuring
agreement with experimental data.

Therefore, the experimental data on photoproduction of high-excited states of nuclei were important. As a rule,
© Afanas’evS.N., 2017
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these nuclei break up to hadrons forming multiparticle photonuclear reactions. Analyzing decay modes it is possible to
select a certain excited states of residual nuclei almost without a background. The problem of exclusive event selection
could be solved by means of a track 4n-detector registering all charged particles in a final state. The decay products
have small energies. The diffusion chamber combining a gas target with a detector became the effective instrument for
research of multiparticle photonuclear reactions. The reactions '*C(y,n)’He20. and '®O(y,n)’He3a (in what follows, they
will shortly be designated as '>C(y,n) and '®O(y,n) reactions, respectively), which are studied here, proceed with the
formation of highly excited states of the residual nucleus.

At present, there are no calculations have been performed so far for the ?C and 'O nucleus photodisintegration
accompanied by neutron escape and the formation of a final nucleus in a highly excited state. However, in a line of
experimental studies on the "mirror" reactions of “He(y,p)’H and *He(y,n)’He [4, 5], '*C(y,pa)’Li and "*C(y,na)'Be [6],
C(y,p)’H2a and "C(y,n)’He2a [7], the cross sections of the (y,p) and (y,n) reactions were found to be equal. The
experimental data of the "mirror" reactions were compared with the calculations for (y,p) reactions. Further, in work [8]
a comparison is made between the asymmetry coefficients of the differential cross sections in the '“C(y,p)"'C and
"®0(y,p)"°N reactions and also their similarity was found as a function of the energy of the y-quantum. But comparisons
of (y,n) reactions on different nuclei in channels with the formation of several particles in the final state have not been
carried out at the present time.

Thus, the "*C(y,n) and '®O(y,n) reactions proposed for the study corresponds to several criteria for testing the
models of interaction of the y-quantum with the nucleus:

- similar channels of multiparticle decays on different nuclei,
- the formation of photoneutrons in a channel with highly excited states of residual nuclei,
- formation of a system (n+'He) corresponding to a quasioparticle.

Here we present the results from studies into the reaction '*C(y,n) and '®O(y,n). The experiments were made using
a diffusion chamber in the magnetic field, exposed to bremsstrahlung y-quanta that had a maximum energy of 150 MeV
[9]. The chamber combined a target and a detector with a large-acceptance solid angle. The reactions y+'*C—3o and
y+'®*0—4a, respectively, was the main source of background. Events featuring doubly charged particles were measured
simultaneously. The reactions being studied was separated on the basis of the transverse momentum P, which is equal
to the sum of the transverse momenta of the final particles involved. The procedure used to separate the y+'>*C—3c. and
y+'°O—4a. reactions in question was described previously in [10, 11].

The aim of this work is the comparisons of (y,n) reactions on different nuclei (**C and '°0) in channels with the
formation of several particles in the final state. This information is an important component of information for
understanding the y-quanta absorption processes at energies below giant resonance.

EXPERIMENTAL RESULTS
Ground state of the *Be nucleus
We will touch upon special features of the detection of the relevant the '“C(y,n)’He2a. and '°O(y,n)*He3a
reactions. The chamber used operated in a mode that made it possible to separate singly and doubly charged particles
visually and to compare the ionization density and the width of a track after measuring its radius of curvature. However,
we were unable to identify *He and *He nuclei by this method. The error in measuring the photon energy and the angle
of neutron escape is determined by the error in measuring the momenta of visible particles and the error because of the
indistinguishability of *He and *He particles. Therefore, a method was proposed for identifying a- particles from the
formation of the ground state (GS) of the *Be nucleus. The resonance corresponding to the formation of a GS in
experimental data is manifested in the form of a narrow near-threshold resonance and in many-particle nuclear reactions
with several a-particles in the final state [12, 13] its formation is most probable in the intermediate stage.
The excitation energy of a system of two a-particles was determined as [14]:

Ey(aa) = M(*Be) - 2m,, (1)

where M*"(®Be) is the effective mass equal to the total energy of the system in the rest reference system, m, is the rest
mass of a-particles.

In this and the following figures, the experimental results are presented: for the '?C(y,n) reaction by light circles
(0), for the '®O(y,n) reaction by dark circles (e).

It is not possible to select from of several combination of a-particles pairs of every event a pair that was produced
as a result of *Be disintegration. Therefore, for the distribution of the in-pair relative energy of two a-particles, all
values of Ey(aa) for every event are plotted in Fig. l1a at energy E (act) < 0.5 MeV. The histogramming step was
0.025 MeV, and the points were placed in the middle of intervals; the displayed errors are pure statistical. Data on the
reaction '*C(y,n) are normalized to the '°O(y,n) reaction in area.

The concentration of events in the 0.1 MeV regions can be explained by the formation of the ground state of *Be.
The width observed experimentally is of instrumental origin. It is well known from [15] that the mass of the *Be nucleus
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exceeds the mass of two alpha particles by 0.092 MeV and that the resonance FWHM is I' = 6.8 eV. Because of
insufficient energy resolution and low statistical validity, this experiment does not attempt to refine the parameters of
the excited states of the *Be nucleus. The resonance observed in the oo-system is identified with the known data. Two
a-particles corresponding to the formation of the GS are reliably identified. Subsequently, only the partial channels for
the formation of the GS of the *Be nucleus ('*C(y,n)*He®*Be, and '°O(y,n)*Hea*Bey) will be analyzed.

For the '2C(y,n) reaction, all particles are identified. In the case of the '®O(y,n) reaction, there are two particles that
do not form the *Be nucleus. The particle momentum determined from the track curvature is independent of the particle
mass. Therefore, arbitrary assignments of a particle type to a track lead to the same total momentum P. By
consecutively identifying the particle with the final nucleus *He, we arrive at two values for the of E, and Py: Eyl, Ef
and Pnl, P,2. The average value of these two is taken to be the result of a measurement.

The photon energy was determined by the formula:

_ m’+P>-(M-E)?
B =" )
2-(M-E+P,)

where m and M are the neutron and target-nucleus masses (*C or '°0), E and P are, respectively, the total energy and
the total momentum of the visible particles in final state; and P, is the projection of this total momentum onto the
direction of the photon momentum.

Excitation-energy distribution in the system of charged particles
For both reactions, we have measured the excitation-energy distribution in the system of visible particles
(*He+"*Be, for the '*C(y,n) reaction and *He+a+"Be, for the '®0(y,n) reaction), defining as:

E.=M_M, 3)

where M is the effective mass of charged particles and M is the ground-state mass of the ''C or 0, respectively. For
comparison of distributions in Fig. 1b are represented the value of Eg,,, = E, - Q, where Q is the threshold of the decay
of ''C or '°0. The excitation functions of the excitations have a similar form.

The curves (1 is 12C(y,n) reaction, 2 is '®O(y,n) reaction) in Fig. 1b represent phase-space distribution [14]:

3,5 3
33 3(n-k)-1
f(E, )« B, 2 2-(EM¥™.E_ )2 ),

sum sum

“4)

where n is the number of final particles, k is the number of particles forming a resonance (k <n), ET?* is the maximum

possible excitation energy of a system of k particles equal to the maximum energy of a y-quantum in a given interval
minus the reaction threshold. For a continuous photon spectrum, phase-space distributions were calculated step by step.
First, this was done for photon-energy intervals 1 MeV wide. The area under the curve was normalized to the number of
events per interval. After that, summation of probabilities was performed for identical intervals of energies Eg,.

A comparison of the distributions in question with the phase-space distributions is indicate of the formation of one
or several unresolved excited states of the ''C or O nuclei. It is well known from [16, 17] that, at such energies ''C and
"0 nuclei have broad levels decaying to final state involving *He and *He nuclei. However, the observed resonances do
not coincide with some specific level. Therefore, the reactions being studies are of a sequential type: the initial step
involves nucleon knockout and the formation of excited states of the ''C or O nuclei.

The total cross section for the reactions 12C('y,n)3HesBe0 and 1(’O('y,n)3He(x,8Be0

We have measured the total cross section for the reactions '*C(y,n) and '®O(y,n) in the photon-energy range
between the energy threshold of the reaction and 120 MeV with a variable step — specifically, with a step of 2 MeV at
E, < 60 MeV and a step of 5 MeV at higher energy. The results are shown in Fig. 2a at the midpoint of a step. The
displayed errors are purely statistical.

The measured cross sections exhibit a broad maximum at the near-threshold area. The rate of decrease in cross
section undergoes a change in the region around 55 MeV. The histogram represents the total cross section for the
*He(y,n)’He [5] reaction, and the measurement results are normalized around 40 MeV. The experimental cross section
at different nuclei ((‘He, '2C and '°O) have the same slope at E, > 55 MeV (Fig. 2b). The change in the rate of decrease
in the cross section may possibly be due to a change the mechanism interaction of y-quantum with nuclei.

No cross-section calculations have been performed so far for carbon and oxygen nuclei photodisintegration
accompanied by neutron escape and the formation of a final nucleus in a highly excited state; therefore, a comparison
with data on the “mirror” reaction '>C(y,p)*H2a [7]. The total cross section was obtained within the mechanism of direct
proton knockout from the s-shell [18]. After normalization at the maximum cross section for the reaction '*C(y,n), it is
represented by curve 1 in Fig. 2b. The calculation within the model assuming photon absorption by an alpha-particle
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cluster [19] is shown by curve 2. The total cross section for the relevant 'C(y,n)''C reaction was calculated in [2]
within the self consistent random-phase approximation. The nucleon—nucleon interaction was simulated by Skyrme
forces (Sk3). The cross section obtained after normalization in the region around 40 MeV is represented by curve 3. All
calculations at E, > 55 MeV decreases faster than its experimental counterpart.

45 - o "C(y,n)’He"Be
] 160(}/ n)3HeochOe 031 a)
# , ’ a) 1 o 12C(y,n)3HegBe0
304 % % 0.2- e O(yn) Hea'Be,
1 # % 1 —_— 4He(y,n)sHe
15- b
g | W Mmﬁtiﬁﬂﬁi e
> 0 T T T T 1 :
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5 90 Ex((xoc), MeV S
Nea)
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g 60
301
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Ey, MeV

Fig. 1. Distribution of events with respect to the excitation Fig. 2. Total cross section for the reactions '*C(y,n) and '®O(y,n)
energy: a) system of two o-particles at Ey(aa) < 0.5 MeV, as a function of the photon energy: a) all spectr, b) at E, >
b) system of visible particles. The notation is explained in the 45 MeV. The histogram is the reaction 4He(y,n)3He [5]. The
main body of the text. displayed curves in the main body of the text.

The dependence of the average energy of the neutron on the total energy
In Fig.3 we show the dependence of the average
; % 90 kinetic energy (T*) of the neutron on the total kinetic
2) b) # energy equal to Ty = E, - Q (Q is the energy threshold of
| ﬁf % the reaction). The average energy T"' was determined for
particles corresponding to an interval Ty, of 1 MeV. The
results are shown in Fig. 3 by points placed at the
midpoint of a step. The displayed errors are purely
30 statistical. We have measured T* in the T, range with a
variable step — specifically, with a step of 2 MeV at T, <
: — ' ' 0 24 MeV (zone a) and a step of 10 MeV at Ty > 24 MeV
0 10 20 30 60 90 120 (zone b).
TO=Ey—Q, MeV There is agreement in the form of distributions for
both (y,n) reactions. Also, we should note a fast increase
Fig. 3. The dependence of the average energy of the neutron 1121 the depend.ence at Tp > 2?6 MeV. The l.ines (1 for the
(T™) on the total energy Ty = (E, - Q). The displayed curves C(y,n) reaction, 2 for the “O(y,n) reaction), shown in
were calculated in (5). Fig. 3, are corresponded to the statistical distribution [20]:
A-M
) :(n-l)'A'TO’ )
where A, M — are the atomic number of the target and of the neutron, respectively, and n is the number of particles in
the final state. In the case of direct knockout of a compound nucleus, the energy distributions of the particles must
correspond to the statistical distribution calculated on the assumption of a "symmetric" distribution of the total energy
between all reaction products.

The distribution of the neutron T*" above the statistical distribution (lines 1 and 2, respectively, for the reactions
"2C(y,n) and '°O(y,n)) in both energy intervals.

A fit by the linear function T* = a.T, to the experimental data is executed and the coefficients a; (‘*C(y,n)
reaction) and a, ('°O(y,n) reaction) were determined for both reactions in two energy intervals. At T, < 24 MeV (zone
a): a;" = 0.503 £ 0.012, and a," = 0.465 + 0.011. At Ty > 24 MeV (zone b): a," = 0.891 =+ 0.065, a," = 0.923 =+ 0.059.
Qualitatively, the results for the first energy interval have been explained on the basis of the model of photon absorption

, MeV

=
o=
Tav
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by a quasi-deuteron pair. Upon its decay, the neutron escapes from the '2C or '°O nucleus with half the energy (Ty/2),
while the remaining particles form an excited the ''C or '*O nucleus, which is observed experimentally. In the case of
the second energy interval, the data can be explained within the framework of the direct knockout mechanism of the
nucleon, where by (5) T* = T, (A-1) / A. Here, it can be expected that is for the '>C(y,n) reaction is T* = 11T, / 12, and
for the '®O(y,n) reaction is T* = 15T, / 16. Qualitatively, the experimental data consistent with this assumption.

CONCLUSION

A detector of large acceptance in solid angle has been employed to study the multi-particle photodisintegration of
carbon nuclei (the reactions *C(y,n)’He2a) and oxygen (‘°O(y,n)’He3 o).

The distribution of events with respect to the excitation energy of the subsystem of two alpha particles has been
measured. A resonance that has a maximum at Eo = 0.1 MeV has been found and was identified as a ground state of
¥Be. Events have been separated into channels of ground state formation (12C(y,n)3He3HegBeo and 1(’O(y,n)3Heocheo
reactions). The photon energy and kinematic parameters of the neutrons was determined.

The energy dependence of the total cross section for the partial reaction '*C(y,n)*He*Be, and '°O(y,n)*Hea*Be, has
been measured in the photon-energy range between the energy threshold of the reaction and 120 MeV. The measured
cross sections exhibit a broad resonance at the near-threshold area. The rate of decrease in cross section undergoes a
change in the region around 55 MeV.

The dependence of the average kinetic energy of the neutron (T*) on the total kinetic energy of the system (Tj) is
measured. The data on the >C(y,n)’He*Bey and '®O(y,n)*HeaBe, reactions behave identically. At Ty <24 MeV — T* ~
0.5T,, with the growth of T,, the neutron carries away most of the total energy. This behavior can be explained by a
change in the mechanism of interaction of the y-quantum with the nucleus.
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INFLUENCE OF COLD ROLLING
TO THE TEXTURE PARAMETER OF PURE HAFNIUM AND ZIRCONIUM
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Results of X-ray investigations of dependence of the crystallographic texture of hafnium and zirconium on degrees of cold rolling are
presented. To obtain numerical principles, the method of inverse pole figures (IPF) with calculation of the texture parameters of
Kearns (TP) for a chosen direction has been used. Measuring was carried out in the plane of the plates, as well as in the other two
directions relating to rolling. The trigonal diagram of TP changes with degrees of deformation was built. Two stages of TP changes
with deformation degrees are revealed: rate of the TP changes at the initial stage and, in part, characteristics of the subsequent stage
depend on the initial texture of the materials. The second stage is characterized either by achievement of a minimum of TP in the
rolling direction of the plates, or by moderate and even slight changes of them. In an example of hafnium, it has established that the

increased rate of initial changes in TP is exclusively associated with intensive twinning predominantly by the {1012}(1011) system.
Arguments for dominance of twinning in the texture formation in hafnium and zirconium on the subsequent stage of rolling defor-
mation are given.
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BILTHUB XOJIOJHOI IPOKATKH HA TEKCTYPHHUI ITAPAMETP YUCTOI'O TA®HIIO TA HUPKOHIIO
I'.Il. KoBtyHn, K.B. KoBTyH, /I.I'. Maauxin, T.C. IOpkoBa, T.1O. PynuueBa
Hayionanenuii naykosuii yenmp « Xapkiecokuil Qizuxo-mexHiunuil iHcmuniymy
Yxpaina, 61108, m. Xapkis, eyn. Akademiuna, 1

HaBezneHo pe3ynbTaTé peHTI€HIBCHKHUX JOCHTIIPKEHb 3aJIeKHOCTI KprucTanorpadiqHoi TeKCTypHr raHiio i HIUPKOHIIO BiJl CTYIEHS XO-
noaHoi aedopmanii npokaTkoro. st OTpUMaHHsS YHCICHHUX 3aKOHOMIPHOCTEH BHKOPHCTaHO METO]| 3BOPOTHHX IMOJIOCHHX (iryp
(3I1®D) 3 po3paxynkom TekcTypHUuX napameTpiB Kepuca (TII). 3iioMku mpoBeneHO B IUIOUIMHI IUIACTHH, & TAKOX B JIBOX 1HIIUX Ha-
MpsIMKax, MOB'A3aHUX 3 MpokaTkow. [loOyxoBano TpuroHansHy miarpamy 3miH TII 3i ctynenem nedopmarii. Bussineno agi cranii
3miH TII 3i crymenem nedopmarii: Temn 3min TII Ha mepmiii cranii i, HOYacTH, XapaKTEPUCTHKU JPYTOi CTasil 3amexaTh Bij moyar-
KOBOI TEKCTypH MarepiaiiB. Jlpyra cTajis XapakTepu3yeTbesi JOCSATHEHHSIM MiHiMyMmy TII, BUMipsSHHX y HampsMKY MPOKATKH ILIac-
THH, a00 MOMIPHOIO0 4K c1a0Koro ix 3MmiHo0. Ha mpuxiani radHiro BCTaHOBICHO, IO MiABUINCHUH TeMN nmodaTkoBuX 3MiH TII BH-

KJIIOYHO TIOB'S3aHU 3 IHTEHCHBHUM JIBIHHUKYBaHHAM MepeBakHo 3a cuctemoro {1012}(1011)..HaBeneHo apryMeHTH Ha KOPHCThH
JOMiHYBaHHS JIBIHHUKYBaHHs y ()OpMyBaHHI TeKCTYpH radHiro i IUPKOHIIO Ha ApyTiil cTaii eopmarii mpoKaTKoro.

KJIIOUOBI CJIOBA: peHTreHOCTpYKTYpHUIl aHali3, TeKCTypa, 3BOPOTHI MOIOCHI (irypH, TeKCTYpHHI mapameTp, XOJ0AHa Hpo-
KaTka, radHii, TUPKOHIN, NBIHHUKYBaHHS

BJIMSIHUE XOJIOJHOM NPOKATKH HA TEKCTYPHBIN ITIAPAMETP YACTOI'O TA®HUA U HUPKOHUSA
I'.Il. KoBtyHn, K.B. KoBTyH, /I.I'. Maauxin, T.C. IOpkoBa, T.1O. PynuueBa
Hayuonanvneiii Hayunwtit yenmp «Xapokosckuil puzuko-mexuudeckuii UHCmumymy
Yrpauna, 61108, 2. Xapvkos, yr. Akademuueckas, 1

[IpuBeneHs! pe3yabTaThl PEHTTCHOBCKUX HCCIIEIOBAaHMN 3aBHCHMOCTH KpUCTA/UIOrpad)uueckoi TEeKCTYpbl TaQHUS M LUPKOHUS OT
CTENCHH XOJIOAHOW edopMaliin poKaTKoH. J{is moayyeHHs YHCIICHHBIX 3aKOHOMEPHOCTEH MCIOIb30BaH METOJ 0OPaTHBIX MOJIFOC-
HbIX Guryp (OIID) ¢ pacuérom Tekctypubix nmapamerpoB Kepuca (TII). ChéMKH HpOBeIeHbI B IUIOCKOCTH TUIACTHH, a TAKKE B ABYX
JIpPYTUX HaNpaBJICHUAX, CBA3aHHBIX ¢ MpokaTkoil. [locTpoena TpuronangpHas auarpamMa usmeneHuil TI1 co creneHbro aedopMaum.
Bruasneno nBe craguu m3merneHnit TI1 co crenensto aedopmanun: remn n3MeHeHuit TI1 Ha HaYaBHOM CTaTuM U, OTYACTH, XapaKTe-
PHCTHKH IIOCIIEMYIOMEH CTauM 3aBUCST OT MCXOJHOH TEKCTYyphl MaTepHanoB. Bropas cragus xapakTepu3yeTcsl JOCTIKCHHEM MH-
HuMmyMa TII, n3MepeHHBIX B HaNpaBIEHUU MPOKATKH IUIACTHH, MO0 YMEPEHHBIM WM Aaxke c1aOblM MX m3MeHeHneM. Ha mpumepe
rayHUsl YCTaHOBJICHO, YTO HOBBIIIEHHBIA TEMI HA4YaJIbHBIX N3MeHeHUH TI1 NCKIIIOUNTENbHO CBSI3aH C HHTEHCUBHBIM JIBOWHUKOBAaHH-
eM mpenmMyecTBeHHO 110 cucteme {1012}(1011). [IpuBeneHsr apryMeHTHI B MOJIB3Y TOMUHAPOBAHHS ABOMHUKOBAHHUS B (POPMUPO-
BaHUH TEKCTYPbI TadHUsI U LUPKOHMS HA MOCIeAyolIeil cTaanu nedhopMannuy NPOKaTKOM.

KJIOUEBBIE CJIOBA: peHTreHOCTpyKTYpHBIN aHAJIN3, TEKCTYpa, 0OpaTHbIE MOMIOCHBIE (GUIYpPBI, TEKCTYPHBINH HapaMeTp, X001~
Has MPOKaTKa, TadHUH, TUPKOHUH, TBOMHIKOBAHHE

Zirconium and hafnium are the basis of materials intended for use in the construction of nuclear reactors. Products
made of such materials, especially from zirconium-niobium alloys, undergo a special thermo-mechanical treatment
aimed to maximize their satisfactory performance. Their crystallographic texture is an important characteristic on which
the mechanical and radiation properties of these materials depend, as well as concerning to other hcp metals. Obtaining
skills to predict its development after a necessary cycle of treatments is of practical interest. Study of principles of its
changes after elementary processing cycles and analysis of the structural mechanisms responsible for these changes is
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of scientific interest.

The aim of these studies is to reveal principles of changes in the crystallographic texture of pure hafnium and
zirconium in process of cold rolling deformation, starting from annealed state of their plates. An exceptional feature is
the subject of research — the Kearns texture parameter (TP) [1], which characterizes the general directionality of the
crystallographic axes "c" of grains in hcp metals towards the investigated direction of the sample.

The world experience of research of this kind is practically absent. At present, the X-ray method of direct pole
figures (DPF) is widely used for crystallographic texture research. The advantages of this method is simplicity of
texture representing — in the form of a spatial distribution of orientations of the "c" axes, and the disadvantages are the
difficulties of obtaining them due to limitations in the orientation of the samples and other technical reasons. This
greatly reduces accuracy in the event of subsequent data processing. In fact, the DPF is a qualitative result of such
studies.

In contrast, the suggested approaches described below make it possible to determine with satisfactory accuracy the
TP as a characteristic convenient for both quantitative analysis and revealing numerical principles. This aspect also has
no precedents and is therefore of especial interest.

The second exceptional feature of the research is the determination of TP in three orthogonal directions associated
with rolling of plates.

Results will obtained can give some information about laws of rolling texture developments in the materials, and
about accompanying structural mechanisms of it.

TECHNIQUE AND MATERIALS
To determine the TPs of hafnium and zirconium plates, the X-ray analysis of their texture by inverse pole figures
(IPF) is used [2-4]. In contrast to the DPF method, in this approach, a usual X-ray optical scheme with Bragg-Brentano
focusing is used. In particular, the present investigations were carried out using an X-ray diffractometer DRON4-07 in
the radiation of CuK,. To eliminate the vertical divergence of the X-ray beam, the pair of Soller slits was used.
According to this method, for the selected measuring direction (j), the pole density values P; (i.e. P;yu)) are
calculated — this is an analogue of the distribution of crystallographic orientations (4ki/) in this direction. These
quantities are proportional to the experimental values of the integral intensity /;. The corresponding coefficient (R;), in
turn, is proportional to the flux of radiation incident on the sample. In general, the values of P; may be determined
according to the following formulas:
11,
P=—->; R=)4
g Rj 101' ! ZI:

where /i, is the standard set of integrated intensities of reflection from an ideally non-textured (crystallographically
isotropic) sample of such material; 4; is the quote of own orientation space (of a grain) for the i-th reflection, is used as
the statistical weight [4]. In fact, the pole density is normalized to unity and would equal to unity for such non-textured
material. Values /, either may be measured in advance, if there is a non-textured sample, or calculated [5].

The TP may be determined on the basis of the calculations of P;; (1) using the following formula:

f; :<cos2 ai>/ = ZA,.PJ.I. cos’ a;; ©)

n.n

where o; (o) is the angle between the "c" axes of crystallites and the normals (/4kil) in their reflecting position, i.e. in
the direction of measuring. The meaning of the TP can be explained by an elementary example: the TP of a grain is
equal to 1, if its axis "c" is oriented in the measuring direction, — is equal to O if it is perpendicular to them, and takes
intermediate values in other cases. The TP of the material is averaged over all the plurality of grains.

The method was tested at its application to the Zr-2.5% Nb alloy texture investigations. So, the refined intensities
Iy; were obtained by averaging the results for the samples of this alloy, obtained in three projections [6]. After
comparing the results with the calculated values, the final set of values was obtained, the error of each of them is
estimated at a limit of 5%. The values of 4; were calculated mathematically. Their set may be applicable to titanium,
hafnium, zirconium and its industrial alloys.

Texture measurements of hafnium and zirconium samples were carried out in the rolling plane (normal direction, —
ND), in the cross-section (rolling direction, — RD), and in the longitudinal section of the plates (transverse direction, —
TD).

As samples for three-dimensional studies, hafnium plates HFE-1 (of Ukrainian specification) 2 mm thick annealed
at 850°C for 1 hour, with a residual zirconium content of less than 0.2 wt. %, and other impurities — less than 0.1 wt. %
are used. For the studies, samples were obtained by subsequent rolling up to 5, 15 and 30%.

Plates of iodide zirconium (99.9 mass%) with a thickness of 5 mm are also investigated in “3D” after both
annealing at 600°C for 1 hour and subsequent deformation by 6, 10, 15, 20, 30 and 50%. Measurements in RD and TD
were carried out from the surfaces of the central cut of plates to eliminate the boundary effect of rolling.

Additionally, the TP parameter in the normal direction of hafnium plates 5 mm thick, of the same kind and
annealing mode, deformed to 5, 10, 15, 20, 30 and 50%, is investigated. For this material, the designation “Hf®” will be
further used, as well as “Hf'"” for its previous analogue.

The investigated surfaces of the plates were preliminary processed by grinding and etching.

1,
Jt .
I()" (1)
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RESULTS
In Figure 1, the IPFs of the Hf'" plates are shown in three measuring directions. The values of the pole density

(0002), (1010) and (112 0) are displayed.
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deformation are indicated.

In Figure 2, with the same designations, IPFs of zirconium plates are given.

Fig.1. IPFs in three measuring directions for the original and deformed HfY plates. The directions and the degree of

Based on the results of measurements from the plane of the initial and deformed HY, Hf(z), and Zr plates, the
graphs are given for the TP values in the ND direction (fyp, Fig. 3) calculated by the formula (2).

The TP values determined for the three directions of the Hf" and Zr plates are displayed using a trigonal diagram
(to be continued in the context). The diagram is built according to the principle of representing sections of ternary phase
diagrams. The basis of this building is the trigonometric regularity:

;wﬁ%:L»;ﬂzloﬂ@ﬂ 3)
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Fig.2. IPFs in three directions for the original and deformed plates of zirconium with indication the directions and the
deformation degrees.

ANALYSIS OF THE RESULTS AND DISCUSSION

First of all, an ambiguity of the results obtained on the Hf") and Hf'” samples (Fig. 3) attracts an attention. This
circumstance, apparently, is due to differences in the making of the original plates.

A common principle of the graphs (Fig. 3) is moderate changes of the TPs for deformations of more than 5%. In
the region below it and somewhat higher, the commonality of the graphs run is absent. The rate of the changes at up to
5%, as can be seen, depends on the initial values of the TPs. Partially, this also relates to changes at increased
deformations, as can be seen in the example of the Hf(".

Existence of such differences is confirmed by figure 4, where the arrows indicate the direction of the changes,
starting from the initial state. So, on the one hand, it can be seen from the figure that the texture parameters of the
original Zr plate fit in the direction of their further change, although at the same time, there is an increased initial rate.
In part, this circumstance can also be noted for the Hf'” (Fig. 3). Probably, the original plates of the Hf» and Zr were
made by rolling, as well as subsequent samples, and at the same time — with achievement of high texture. On the other
hand, for the Hf" (Fig. 4), the initial stage is more clearly detected, due to both the lower initial fi, value (Fig. 3) and
the increased TP in the RD (fxp; Fig. 4).
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Fig.3. Changes of the fy, with deformation degrees of the Hf(" () Fig.4. Diagram of the TPs changes for the Hf" (#) [7]
[7], H® (®) and zirconium plates (O). and zirconium plates (O) at the cold rolling.

In general, there are two principles in the obtained results. Firstly, in the changes of TPs with deformation degree
of hafnium and zirconium, the stationary (moderate) stage exists. Its feature is small changes in frp (Fig. 4). In
zirconium, for example, this parameter at such stage practically does not change, taking on value 0.06. Secondly, in the
changes of TPs, at depending on their initial values, the initial stage as a rule can exist, differing by an accelerated run
and a differed direction on the texture diagram. Partly, it is observed on the plates of Zr and is especially obvious for the
Hf" plates (Fig. 3.4), and even is noticeable for Hf® (Fig. 3).

To define the structural nature of changes of TPs, first of all, their evaluation was carried out from the standpoint
of homogeneous deformation at the scales of grains and higher. It was understood that such deformation is provided by
the dislocation slip mechanisms. It was assumed that the contribution of slip to the formation of a typical rolling texture,
if this could be, can be due to the binding of both the basal planes (0002) of the crystallites and their "¢" normals — to
the geometry of such kind deformation. According to this principle, during deformation, these planes are permanently
approaching to the rolling plane by their orientation. In this calculation, changes of the normals "c" incline are taken:
a; — oy The texture features of the initial and deformed plates allow us to use for estimation such formula:
tana’; = ktano,;, — where & depends on the deformation degree € and takes the value (1 - €)". The value # is equal to 2 for
the longitudinal section of the plates (RD<«>ND), and to unit for the cross section (TD«<>ND) [7].

According to this scheme, the evaluation was carried out on a sequence of values of the pole density (404 1),
aligned along the cos’a scale. In this regard, in Fig. 5, the deformation dynamics of the experimental sequence of values
P(cos?n;) and calculated one — P(cos®a’;) — are given. The values of P,(cos?a’;) were calculated on the basis of the data
for the initial sample.

As can be seen from figure 5, the experimental and calculated data significantly differ. In view of this, it should be
assumed that at the rolling process of the plates, dislocation slipping in the grain body is distributed irregularly. In such
cases one considers that it develops a tendency to localize in the grain boundary region. Such a state, apparently, has
little effect on the changes in the crystallographic orientations of grains. The reason of the texture changes in this case
remains to be attributed to twinning. Data from other studies confirm formation of twins in zirconium during rolling [8].

From what has been said, in particular, it follows that in the initial changes in the HfD texture, which are the most
evident in comparison with other ones (Fig. 3, 4), preference should also be attributed to twinning.

For a detailed explanation of this, a calculation of the frp(%#4i0) values, characterizing the directionality of normals
to the prismatic planes along the RD (instead of the "c¢" axes, as is accepted for TP), has been carried out. Practically it
has taken in account the directions within 30° around the RD. An analogue of formula (2) has been used with the
replacement cos?o,; — sin’a;:

Sup (hKi0)= Z AP sin’ a;, @)

where A’; is the statistical weight of the poles, additionally bounded by the such angular limits and so equal to either 4,,
or zero, or intermediate values. All values refer to the RD.

The meaning of this task is to analyze the juxtaposition of quotes of prismatic — (#ki0) — and basal (axis "c")
orientations along RD, and their changes during deformation.

In this regard, in Figure 6 the graph of correlation of fxp with fip(%ki0) for all deformation degrees of the Hf"
plates is presented. As can be seen, the graph obviously represents a linear correlation of these values. Significantly, its
course is extrapolated to coordinates (1; 0). So, if frp(#4i0) could reached its maximum, i.e. unit, then the parameter frp
(i.e. frp(0002)) according to formula (3) would vanish.
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Fig. 5. Graphs of changes in the experimental (upper figures) and calculated sequences of values of the pole density (lower
figures) measured in normal direction of the deformed Hf'” (left) and Zr samples (right-hand).

It follows from this that the initial rotation of the "c" axes from the RD towards the ND (and a slight reverse for
deformations above 5%) is done with immediate exchanges (0002) <> (%£i0). In other words, the turn acts are made
practically on 90°. It is meant, intermediate orientations do not participate in this. By the way, they are practically

absent (Fig.1, RD).

This shows that the changes of the TPs at the initial stage of deformation of the Hf" are carried out exclusively by

fro
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Fig.6. Correlation between frp and frp(hkiO)
parameters at all the deformation degrees for the Hf(".
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0,95

intensive twinning, and predominantly by the {1012}(1011)
system, which rotates the axes by 85° [9.10].

For the Hf® and zirconium, the conditions for this are
insufficient. Evidently, such a process in these materials could
end at the stage of making the original plates. An initial stage of
TPs changes in pre-annealed zirconium plates can be expected
if the initial frpp parameter will noticeably exceed a value of
0.06.

The results obtained are in general consistent with existing
concepts, according to which twinning exhibits high activity at
deformation of hcp metals [11], significantly affects their
texture [10-12] and plays an exclusive role in texture formation
in zirconium alloys [13]. Moreover, it does a significant
contribution to the mechanical properties of hcp metals [14].

CONCLUSIONS
By the method of inverse pole figures, X-ray studies of
dependence of the crystallographic texture of hafnium and

zirconium plates, in particular, the texture parameter of Kearns (TP) on degree of cold deformation by rolling are
carried out. Measurements are done in the rolling plane of plates and in two other orthogonal directions.

In the changes of TPs with the degree of deformation of hafnium and zirconium, the presence of two stages has
been revealed. Unlike the initial one, the subsequent stage is characterized by a moderate rate of change of TPs, in

particular, by small changes in the rolling direction.

The level and rate of changes of the TPs at the initial and, in part, the characteristics of the subsequent stage
depends on the initial state of the material, in this case on degree of difference of the initial TPs from their expected
values in the subsequent stage.

Using the example of hafnium, which is characterized by a relatively high value of the initial TP in the rolling
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direction, it is found that the increased rate of initial changes of this parameter is exclusively associated with intensive

twinning, predominantly of its {1012}(101 1) system. The arguments for dominance of twinning in formation of the
texture of hafnium and zirconium in the subsequent stage are given.
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The study of phase transformations in intermetallic phases, which are released in the form of fine-dispersed inclusions in binary
alloys based on zirconium Zr - 1.03 at. % Fe; Zr - 0.51 at. % Fe; after ion irradiation and subsequent isothermal annealing was carried
out. Méssbauer spectroscopy on *’Fe nuclei in backscattering geometry with registration of internal conversion electrons, X-ray
spectral analysis, X-ray diffraction analysis and electron microscopy were used. As a result, the observed segregation and phase
composition of the intermetallic phases in the surface layer change under ion irradiation. Subsequent isothermal annealing after
irradiation leads to a change in the concentration of inclusions of intermetallic phases and phase modification in the surface layer.
KEY WORDS: zirconium, alloys, phases, segregation, ion, irradiation

®OPMYBAHHS NOBEPXHEBHUX IIAPIB B Zr-Fe CIIVTABAX ITPY IOHHOMY OINPOMIHIOBAHHI
B.I'. Kipiuenko, B.A. Koouasnuk, T.O. KoBanenko, O.0. YcatoBa
Xapxiscoruti Hayionanvhutl ynigepcumem imeni B.H. Kapazina
61022, Xapxis, m. Ce0600u, 4

VY po6oTi npoBeieHO 1OCIIKeHHS (a30BUX NEPETBOPEHb B iHTEpMeTaliuHUX (a3ax, AKi BUAUISIOTHCS y BUIVII APiOHOANCIEPCHUX
BKJIIOUEHb B OIiHApHUX CIUIaBaX HA OCHOBI IMPKOHIIO MiCis iOHHOTO ONPOMIHEHHA 1 MOAANBUIOTO 130TEPMIYHOTO Biamamy.
BHKOPHCTOBYBaIH MeccOayepiBChbKy CIIEKTPOCKOMiI0 Ha sapax - Fe B reoMeTpii 3BOPOTHOrO pOSCIIOBAHHSA 3 PEECTPALii€ro
CJIEKTPOHIB BHYTPILIHBFOI KOHBEPCii, pEHTTC€HOCNIEKTPAIbHUN aHaJi3, peHTTCeHOCTPYKTYPHHI aHaJi3 1 eJIEKTPOHHY MiKpocKorito. B
pe3ynbTaTi BHUSBICHA cerperamis i (a3oBUil CKal WHTEPMETAUTMUECKUX (a3 B IOBEPXHEBOMY IIapi 3MIHIOETbCS MPU iOHHOMY
onpoMiHeHHi. [lomanpmmii i30TepMIUYHME Bifmag MiCHs ONPOMIHEHHS NPH3BOMUTH JIO 3MIHH KOHIIGHTpalil BKIIOYECHb
HHTepMeTajuTdeckux ¢a3 i Moaudikanii Gpa3 B moBepXxHEBOMY IIapi.

KJIFOYOBI CJIOBA: nupkoHiii, cruiasu, (asu, 3picT, cerperaiiisi, ioH, OpOMiHEHHS

O®OPMUPOBAHMUE ITOBEPXHOCTHBIX CJIOEB B Zr-Fe CIINTABAX TP HOHHOM OBJIYYEHUH
B.I'. Kupuuenxo, B.A. KoobL1bHuK, T.A. KoBasnenko, O.A. YcaroBa
Xapvrosckuil HayuonanvHwill yHugepcumem umenu B.H. Kapazuna
61022, 2. Xapvros, ni. Ceo600vl, 4

B paGore mpoBeneno ucciemoBaHue (a30BBIX INPEBPAICHUII B HWHTEPMETAUIMYECKUX (ha3aX , KOTOPHIC BBIICISIIOTCS B BHUJE
MEJIKOZMCIIEPCHBIX BKJIIOUYCHUH B OWHApHBIX CIDIAaBaX Ha OCHOBE IMPKOHMS II0CIE€ HOHHOTO OONY4YeHUs U IIOCIEAYIOLIEro
H30TEPMHYCCKOr0 OTHKHTa. VICIOIb30Bati MeccOayIpOBCKYIO CIEKTPOCKOIMIO Ha sSpax ° Fe B TeoMETpHE 0OpaTHOIO PaCcCessHHs ¢
peructpanueil 3JeKTPOHOB BHYTPEHHEH KOHBEPCHM, PEHTI€HOCHEKTPAJIbHBIM aHaINW3, PEHTTCHOCTPYKTYPHBIM aHalmu3 H
JNIEKTPOHHYI0 MHKpPOCKOIHMIO. B pesynbrare oOHapykeHHast cerperauds M (pa3oBbli COCTaB MHTEpMETalIM4eckux (a3 B
MOBEPXHOCTHOM CIIO€ M3MEHSAETCSl IpH HOHHOM obOmyuenun. [locnenyromuii n30TepMUdecKuii OTKHUT Tocae 00IydeHHs IPUBOAUT K
HM3MEHEHUIO KOHIICHTPALUH BKIIOUEHNI HHTEpPMETAIUTHIECKUX (a3 1 MoanduKanuH (a3 B HOBEPXHOCTHOM CIIOE.

KJIFOYEBBIE CJIOBA: nupkoHHii, CIUIaBbl, CErperanus, HoH, 00Iy4eHIe

Zirconium alloys such as E-110M, E-125, E-635, Zry-2, Zry-4, M5, ZIRLO have been widely used in nuclear
power engineering [1]. The basic problems in the operation of zirconium alloys under irradiation are due to the presence
of radiation growth and radiation creep due to anisotropy of a - zirconium. Used zirconium alloys differ with radiation
growth, radiation creep, corrosion resistance, high temperature strength [2]. The experimental results on the formation
of gradient corrosion-resistant structural-phase states in materials and fuel claddings of thermal reactors have been
considered and summarized [3]. The action by high-temperature pulsed plasma flows is effective for changing the
surface layer of materials. For example, as applied to E110 and E635 zirconium alloys, new structural-phase states
formed by the method of “ion mixing” [3].

Such effects are associated with recently discovered gradient materials with high technological properties [4].
Optimization of gradient materials is realized by introducing nanoparticles into the surface layers. In [5] it is found that
an increase in the surface concentration of iron atoms in zirconium alloys in a layer up to 0.3 pum thick is associated
with an increase in the size of inclusions with an increase in the annealing temperature of the deformed alloys. The
amorphization alloys based on zirconium under ion irradiation was observed [6]. The formation of amorphous
intermetallic phases on the surface of zirconium alloys after ion irradiation can be attributed to the viscosity of zircaloys
and the influence of the viscosity of the metallic matrix on the crystallization of amorphous phases during annealing
after irradiation [6].

© Kirichenko V.G., Kobylnik V.A., Kovalenko T.A., Usatova O.A., 2017
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The purpose of this work is the research after ion irradiation of surface layers of zirconium alloys with Fe’’
additions by Mossbauer spectroscopy on Fe*’ nuclei.

EXPERIMENTAL METHODS
For the study alloys Zr - 1.03 at. % Fe, Zr - 0.51 at. % Fe was made. The procedure for their preparation is
described in [6]. Mdssbauer spectroscopy on °'Fe nuclei was used in the backscattering geometry with registration of
internal conversion electrons (CEMS). An X-ray spectral analysis of the surface of annealed zirconium alloy samples
was carried out on a Camebax MBX 268 spectrometer. X-ray study of alloys was carried out on the DRON-3.0. X-ray
diffraction analysis showed that at all stages of thermo mechanical processing of alloys the matrix phase composition is
represented by the alpha-phase of Zr.

RESULTS AND DISCUSSION
The solubility limit of Fe in a-Zr decreases from value 0.0154+0.001 % at 943 K to value 0.004+0.001 % at 713 K
[7,8]. Consequently, when doping zirconium with iron in the metallic matrix of alloys the precipitates of intermetallic
phases of complex composition are formed. In a binary Zr-Fe system 5 intermetallic compounds was found: Zr,Fe,
Zr;Fe, Zr,Fe, ZrFe, and ZrFe; [9]. The equilibrium Zr-Fe phase diagram is shown in Fig. 1 [10].
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Fig. 1. The equilibrium Zr-Fe phase diagram

Parameters of Mossbauer spectra of formed intermetallic phases in Zr-Fe system are given in the Table.

Table
The Mossbauer parameters of the phases in the binary system Zr-Fe

Phase Isomer shift, 5, mm/s Quadruple splitting, Composition, at. % Fe Crystal structure
A, mm/s

ZrFe, -0.22(1) 0.46(1) 67 C15 type

ZrFe -0.31(1) 0.75(1) 33 CuAl type

Zr,Fe -0.12(1) 0.30(1) 33 TiNi type

Zr;Fe -0.33(1) 0.91(1) 25 Re;B type
a-ZrsFe - 0.34(D) 0.85(1) 20 hexagonal structure
B-ZrsFe -0.3(D) 0.75(1) 20 orthorhombic structure

ZrFe (solid solution) 0.04(1) - 0.02 a-phase

CEMS scattering spectrum of the surface of the Zr-1.03 at % Fe alloy after annealing at 970 K for 5 h is shown
on Fig. 2. The spectrum has a doublet structure with doublet parameters characteristic for the phase Zr;Fe.
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According to experimental data the stable phase Zr;Fe is formed after high temperature annealing (1100-1200 K)
and has the orthorhombic Re;B type structure with a=3.326 A, 5=10.988 A, c=8.807 A. Fe atoms in this structure have
only one position and with 6 Zr atoms as nearest neighbors [9].

Deformed alloys characterized broadened X-ray reflexes due to the increase in the dislocation density in the
surface layer, furthermore, the formation of segregations of a second phase on the formed defects.

Analysis of the scattering spectra of annealed deformed alloys in the Zr-Fe system leads to the conclusion that the
surface layer is enriched with intermetallic inclusions, which contain in its composition Fe atoms.

The degree of enrichment of the surface layer due to the creation of a gradient layer as a result of thermal
annealing of deformed alloy is shown in Fig. 3. Experimental data are presented as the diagram in the coordinates C-T
to describe the surface segregation of intermetallic phases inclusions, where C — concentration °'Fe atoms composed of
intermetallic phase; T — the annealing temperature (Fig. 3). The concentration of >'Fe atoms increase with temperature
of annealing emphasizing the greatest increase in iron concentration and consequently the presence of gradient of
intermetallic phases in the surface layer.
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Fig. 2. CEMS scattering spectrum of the surface of the Zr-1,03 a1% Fe Fig. 3. Dependence of iron concentrations in the
alloy after annealing at 970 K for 5 h surface layer Depth 300 nm of the alloy from the thermal
annealing temperature of the deformed layer Zr-1.03
at.% Fe

The results of calculations using the program SRIM-2008.04 of damages cascade and ion profile of the
distribution of iron atoms in the Zr-1.03 at. % alloy under irradiated with iron ions with an energy of 600 keV are
shown in Fig. 4,5.
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Fig. 4. Damage cascade with energy of 600 keV ions Fig. 5. Ton distribution under energy of 600 keV ions

The results of the calculations indicate that there is a weak dependence of the diameter of the cascade band d and
the energy ranges R on the alloy composition and the strong dependence on the ion energy.

The calculations carried out with the help of the SRIM-2008.04 program will make it possible to make an effective
choice of ion irradiation regimes in imitation experiments. The results of calculations of the effect of ion irradiation of a
layer of zirconium-iron alloy which contain 12 at% iron in a layer 300 nm and 600 nm deep, respectively, are shown in
Fig. 6,7.

CEMS spectrum of Zr-1.03 at% Fe alloy surface layer, which enriched up to 12 at. % Fe, after iron ion irradiation
with an energy of 600 keV and after addition annealing at 970 K for 5 h is shown in Fig. 8. This spectrum consists of
two components belonging to the amorphous phase (with a smaller value of quadruple splitting), which was formed
after irradiation and the crystalline phase into which the amorphous phase turns during annealing. The spectrum of the
crystalline phase has a higher value of quadruple splitting.

The dependence of the concentration change AC in the 300 nm layer on the iron content C in the layer and the
additional annealing temperature T after irradiation is shows In Fig. 9. This 3D —diagram demonstrate the dependence
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of the iron content on the annealing temperature in the surface layer 300 nm deep after ion irradiation and after additive
annealing. This data demonstrate the possibility of the controlled formation of gradient layers after thermal annealing
and ion irradiation. Additional annealing reduces the spatial scale of the created gradient structures in the concentration
range of 14-16% and the annealing temperature range of 670-720 K.
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for 5h

Another important problem is the amorphization of intermetallic phases in surface layer under the irradiation by
ions of the amorphous state of alloys, metastable and crystalline phases are formed after further annealing, while the
crystallization temperatures and the entropy of crystallization activation depend on the composition of the alloy.

CONCLUSIONS
Thus, a layer of 300 nm depth enriched with intermetallic inclusions before irradiation of the surface of the
zirconium-iron alloy was created by thermal annealing of the deformed alloys. Irradiation by Fe** ions with energy 600
keV of surface enriched layer leads to transformation of crystalline Zr;Fe to amorphous phase. It is possible to create
multi component gradient structures under ion irradiation of the alloy surface. The growth and disintegration of
inclusions under thermal annealing after irradiation is not controlled by bulk diffusion and the migration of iron atoms
can be associated with the presence of inter phase boundaries was found
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PHASE STATES OF MACROPARTICLES IN PLASMA WITH HOT ELECTRONS AT
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The evaporation possibility of micro sized metallic particles during them passage through the region of a magnetized plasma with a
Maxwellian velocity distribution with the electron temperature in the range T.=1...100eV at presence of an ion beam with the energy
in the range &,=1...6keV is studied theoretically. The floating potential of a macroparticle is obtained using the OML theory, the
effect of the electron temperature and the energy of the ion beam on its magnitude is studied. The equation of energy balance on the
macroparticle surface is obtained, such energy exchange mechanisms as collisions of particles of an ion beam and plasma particles
with the macroparticle, thermal radiation of the macroparticle, as well as cooling due to the evaporation of substance from the
macroparticle surface are taken into account. The effect of the temperature of plasma electrons and the ion beam energy on the
stationary temperature of the macroparticle is studied. It is shown that for the given plasma and ion beam parameters, the temperature
of the copper macroparticle is below the boiling point so that the evaporation of the macroparticle occurs at temperatures below the
boiling point. The dependences of the macroparticle evaporation time on the electron temperature and the energy of the ion beam
have been obtained.

KEYWORDS: macroparticles, dusty plasma, ion beam, evaporation, electric potential

®A30BBIE COCTOAHUA MAKPOYACTHUI B IIVIABME C 'OPAYUMHU DJIEKTPOHAMMU B NIPUCYTCTBUU
HMOHHOI'O ITYYKA
A.A. Busokos, A.JI. Ynoucos, A.U. Kyrenko
Xapvroeckuii HayuonanibHulld ynusepcumem umenu B.H. Kapasuna
61022, 2. Xapovkos, na. C60600vi, 4

TeopeTnuecku n3ydaeTcss BO3MOXKHOCTh HCHAPEHHS METAIMYECKUX MAaKpOUaCTHI[ MUKPOHHBIX Pa3MepoB HPH MPOXOXKICHUH Uepe3
00J1aCTh 3aMarHNYEHHOH IIA3MBI C IEKTPOHAMH, HMEIOINMH MaKCBEIIIOBCKOE paclpeieNieHue 0 CKOPOCTSAM € TeMIepaTypoi B
muamna3one T.=1...100 5B, u B mpuCYTCTBUN HOHHOTO ITyYKa C SHEPTUel B Anuama3oHe &,=1...6 kaB. B npubmmxennn OML teopun
BBIYHCIISIETCS TUIABAIONIMN MOTEHIIMA MaKpOYACTHUIIEI, N3y9YaeTcsl BIMSHUE TEMIIEPaTyphl SJIEKTPOHOB a TAKKe YHEPIUH HOHHOTO
Iy4ka Ha ero BenuuuHy. [lomydeHo ypaBHeHHe OanlaHca SHEpPrHi Ha ITOBEPXHOCTH MAaKPOYACTHIIBI, TIPH 3TOM HMPHUHHUMAIOTCS BO
BHIMAaHHE TaKHe MEXaHM3Mbl OOMEHa dHEeprueH, Kak CTOJIKHOBEHHE YAaCTHI] HOHHOTO ITy4YKa M YacTHIl IUIa3MBl C MaKpOYacTHIEH,
TEIJIOBOE U3JTy4YeHHE MaKpOYaCTHIIbI, a TAKXKe OXJIAKICHUE 3a CUET UCIIAPEHUs BELIECTBA ¢ IIOBEPXHOCTH MakpodacTulsl. M3yudaercs
BIIMSIHUE TEMIIEpaTyphl IUIa3MEHHBIX JJIEKTPOHOB M SHEPIUM HOHHOTO MydKa Ha CTAIl[MOHApHYIO TEMIIEpaTypy MaKpOUYacTHI[BI.
INokazaHo, 4TO HpH 3aJaHHBIX MapaMeTpax IUIa3Mbl M HOHHOTO IMydYKa TaKas paBHOBECHAs TeMIIepaTypa MEJHOW MaKpOYaCTUIIBI
HaXOAUTCS HIKE TOUKH KUIIEHHS, TaK YTO UCTIAPEHNE MAaKPOYACTUIIBI IPOUCXOANT MIPU TEMIIEPaTypax HIDKE TEMIEPATyphl KUIICHHUS.
[NomydeHs! 3aBHCIMOCTH BPEMEHHU HCTIAPEHMST MEIHBIX MAKPOYACTHI] OT TEMIIEPATyphl AEKTPOHOB U SHEPTHH HOHHOTO ITydKa.
KJ/IFIOYEBBIE CJIOBA: MakpouacTuLbl, IblIEBAs IIa3Ma, HOHHBIA IIy4OK, UCIIAPEHUE, DIICKTPUYECKUH OTEHIUAT

®DA30BI CTAHU MAKPOYACTOK B IIJIA3MI 3 TAPSAYUM EJIEKTPOHAMHU B MIPUCYTHOCTI IOHHOI'O
IMYYKA
0.A. bizokos, O./1. Yidicos, O.I. Kyrenko
Xapxiecvruil Hayionanvuuil ynieepcumem imeni B.H. Kapaszina
61022, Xapxis, m. Ceo600u, 4

TeopeTHYHO BHBYAETHCSI MOJIIMBICTD BHUIIAPOBYBAaHHS METAJIEBUX MAaKpOYacTOK MIKPOHHHX PO3MIpiB HpPH TNPOXOMKEHHI yepes
o6J1acTh 3aMarHiueHoi IIa3Mu 3 eJIeKTPOHAMH, 1[0 MAlOTh PO3MOJLUI MaKCBENa 3a MIBUAKOCTSMU 3 TEMIIEpaTypolo B fiama3oHi T, =
1... 100 eB, i B mpucyTHOCTI i0HHOTO ITy4Ka 3 €HEpri€lo B Aiama3oHi g, = 1 ... 6 xeB. YV Habmmkenni OML Teopii o6uucIIOETECS
TUIABAIOYMI ITOTEHI[ia]l MaKpOYAacCTKH, BHBYAETHCS BIUIMB TEMIIEPAaTypH EJIEKTPOHIB a TAaKOX €Hepril i0HHOTO Iy4yka Ha HOro
BenmuuHy. OTpHMaHO PiBHSHHS OajlaHCy eHepriii Ha MOBEPXHi MAaKPOYACTKH, NIPU IIbOMY OepyThCs 0 yBaru Taki MeXaHi3MH 0OMiHy
SHEepri€lo, K 3ITKHEHHs YaCTHHOK 10HHOTO Iy4YKa i YaCTUHOK IIJIa3MH 3 MaKpO4acTKOIO, TEIUIOBE BUIIPOMIHIOBAHHSI MaKpOYacTKH, a
TaKOX OXOJIOZKEHHS 332 PaXyHOK BUIIAPOBYBAaHHS PEHOBHMHHM 3 IIOBEPXHI MakpoyacTKU. BUBYa€eThCs BIUIMB TEMIIEPATypH IIa3MOBUX
CJIEKTPOHIB 1 €Heprii I0HHOTO MyYKa Ha CTalliOHApHY TEMIIEpaTypy MakpodacTku. [lokasaHo, o IpH 3aaHUX MapaMeTpax Iuia3MH i
10HHOTO TydYKa Taka PiBHOBa)KHA TEMIIEpaTypa MiIHOT MaKpOYACTKM 3HAXOAUTHCS HIDKYE TOUKM KHIIIHHS, TaK IO BUIIAPOBYBAHHS
MaKpOYacTKU BiOYBAa€ThCS IPH TEMIICPaTypax HIDKYE TeMIepaTypd KumiHHA. OTpUMaHO 3aJIeKHOCTI 9acy BUIIAPOBYBAHHS MiJIHHX
MaKpOYacTOK BiJl TEMIIEPATypH €JICKTPOHIB i eHeprii I0HHOTO ITydKa.

KJIIOYOBI CJIOBA: Makpo4acTKH, TUJIOBA IU1a3Ma, IOHHUH ITy4OK, BUITAPOBYBAHHS, €IEKTPHYHUI HOTEHIIa

Plasma which contains micron sized particles of a substance (dust plasma) in the laboratory is mainly formed as a
result of plasma sources operation, as well as a result of erosion of surfaces of a vacuum chamber. In technological
processes, such as deposition of coatings, plasma treatment of surfaces, at creating of microelectronic devices, etc., the

© Bizyukov O.A., Chibisov O.D., Kutenko O.1.,2017
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presence of dust particles (macroparticles or MPs) in plasma is a negative factor, as it leads to deterioration of such
properties of the treated surfaces as porosity of coatings, adhesion of coatings and surface roughness [1-3]. In practice,
the most of ways of decreasing the droplet flow on the processed surface are based on separation of the ion flow and the
droplet flow by the magnetic fields [3-7].

The aim of this paper is the considering of the possibility of decreasing of the droplets flow due to evaporation of
the macroparticles by the heating of plasma electrons at presence of the ion beam.

CHARGING OF THE MP

It is known that the MP immersed in the plasma is charged as a result of absorption of electrons and ions of
plasma, as well as various types of electron emission from the MP surface. The magnitude of the charge determines
which way MP interacts with the plasma and is one of the key parameters affecting on the energy balance of the MP.
Charge of the MP is determined by the condition that the sum of the electrical currents on the surface of the MP is equal
to zero. Calculation of the currents from plasma on the MP at presence of the magnetic field is a difficult problem,
however in some cases various approximations are used successfully. In particular, if the magnetic field is not strong
enough such the condition

r>>2,>>a, (1

is correct, where 7, is the Larmor radius of electron, 4, is the Debye length, a is the MP radius, in a collisionless
plasma, for describing of the ion and electron currents on the MP Orbital-Motion-Limited (OML) theory is used [8]. In
this paper we consider plasma with the magnetized electrons which temperature T, is in the range 10-100eV, ion
temperature T; is 1€V, plasma density ng is 10'° —10" c¢m ™ . Ion beam energy varies in the range 1-6000eV. Strength of
the magnetic field B is such that the condition (1) is correct and we can use the OML theory.

According to the OML theory, electron and ion currents from the plasma to the MP surface have the form:

_ oML __
Loy =<engv, oy, >=e-T'y,, 2

2 . . . . .
where o, =7a’ [1 ie—w‘;] is the absorption cross section of ions (electrons) in the OML theory,
m[(e)vl(e)
[, =v8ra’ny, (1-ep,/T)),
and
T, =~8ra’nyv, exp(—ep,/T,)
are the flows of the ions and electrons on the MP surface, ¢, is the potential of the MP surface, v, = /7., /m,.(e) is

i

the ion (electron) thermal velocities. Electric current of a secondary electron from the MP surface can be found by
averaging over all energies of the electrons:

170 =< 11061/801,0[‘“5H >, 3)

- E—ep E+ep
0 =0, ——*exp| 2(1- f—"

is the secondary emission yield, E is the kinetic energy of primary electron, E, is the electron energy which

where

corresponds to the maximum of secondary emission yield o, . lon beam current in terms of OML theory is:

i - b

I,.h = enov.UfML =el 4

where v; is the ion velocity, I', is the flow of the ions on the MP surface.
Secondary electron emission produced by the ion impact (for energies about 1 keV) we can express through the
emission yield vy as:

I =ef,. (&)

Taking into account the charging processes described above (2) - (5), the MP potential can be found by solving the
equation of electric currents balance:

IE(@,)+ 15 (0,)+ 1 (0,)+ 1) (90,) - 1" (9,)=0. (6)

Results of numerical solution of the equation (6) for cooper MP is shown in the Fig. 1,2. From the Fig. 1 it can be seen,
that when the electron temperature is increasing, absolute value of MP potential is increasing as well. It can also be
seen, that curve 4 has a local minimum which is caused by the increasing of electron yield from the MP surface. Fig. 2
shows, that when ion beam energy increases, absolute value of MP potential decreases. Thus, increasing of the ion
beam energy leads to increasing of electron flow onto MP surface.



50

EEJPVol.4 No.32017 O.A. Bizyukov, O.D. Chibisov...
0 20 40 60 80 100
20 T T T T T 20
-40 -40
-60 4 -60
-, -80 3 -80
£ R ~— -
-100 2 -100
L \
-120 1 -120
-140 \ -140
0 20 40 60 80 100
T, ev

Fig. 1. The dependencies of the MP potential on the electron temperature at different energies of the ion beam
(1-¢g=1keV,2- g =2keV,3- ¢, =3keV ,4- ¢, =6keV)
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Fig. 2. The dependence of the MP potential on the ion beam energy at different electron temperatures
(1-T=100 eV, 2-T;=50 eV)

HEATING AND EVAPORATION OF THE MP
Absorption of the plasma ions and electrons as well as beam ions leads not only to charge transferring but also
energy transferring from the plasma and ion beam that causes intensive heating of the MP. Consider the processes that
are involved in energy exchange. In plasma with a Maxwellian velocity distribution of particles in the OML theory,
energy flows are described by:

P=T,-QT +ep, +1), )
])bzrh.(gb-}_ewa-}_l)! (8)
P =T,-2T, ©)

where [/ is the ionization energy of an atom. The power radiated from the MP surface is described by the Stefan—
Boltzmann law:

P =47m20'Ta4, (10)
where o is the Stefan-Boltzmann constant. Energy flow due to evaporation of MP substance is described by:

P =T, -(2k,T, +p), (11)
a B a

evpr
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where

[, =4za’n ksl exp| ——2
27mm, k,T,

is the flow of the evaporated atoms from the MP surface, n' is the concentration of the atoms in the metal, p is the heat
of evaporation of an atom.

Stationary temperature of the MP 7" can be found as a result of solution of the balance energy (7)-(11) equation on the
MP surface:

P(¢,.T))+P.(9,.T.)+ B, (p,.¢,)-P.(T)')-P,, (T.") =0. (12)

Equation (12) have been solved numerically. There were obtained dependences of stationary temperature of the MP as a
function of electron temperature (Fig. 3) and ion beam energy (Fig. 4).
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Fig. 3. Stationary temperature of the MP as a function of the electron temperature
(1-¢, =1keV , 2-¢, =2keV , 3-¢, =3keV , 4- ¢, =4keV , 5- ¢, =5keV, 6- ¢, = 6keV )
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Fig. 4. Stationary temperature of the MP as a function of the ion beam energy
(1-T,=50eV , 2-T, =100eV )

Numerical calculations of (12) were performed for copper, however similar results can be obtained for other
metals. Fig. 3,4 show that stationary temperature strongly depends on the ion beam energy and slightly depends on the
electron temperature at current parameters. The performed calculations show, that at all energies of the ion beam and
electron temperatures, stationary temperature does not reach the boiling point (for cooper). Such strong cooling is
achieved due to the intensive evaporation of the MP substance.
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During the evaporation (vaporization), changing of the mass of the MP substance is described by the equation:

P T - dt

dm: var((oa a ) , (13)
H

where P, (¢,.T.",) = 13i(¢a,7;)+Pe(wa,JL)+P,,(¢7a,gb)—R(T:’) is the power which is spent to evaporation of the

MP substance, H is the heat of evaporation. Time of evaporation of the MP with a radius @ is calculated by
integrating of the equality (13):

3
te’vpr = 47[61 pH sty (14)
3Pevpr (wa ’ T; )

Results of the numerical calculations of (14) are shown in the Fig. 5,6.
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Fig.5. Dependence of the evaporation time of the MP (@ =10um ) on the electron temperature
(1-¢,=1keV, 2-¢g, =2keV , 3-¢, =3keV , 4- ¢, =4keV , 5- ¢, =5keV , 6-¢, =6keV )
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The obtained results show that total evaporation time of 10mkm cooper MP is in the range 4-10"'-5-107s and
depending on the electron temperature and ion beam energy. Evaporation of the MP takes place at temperatures below
boiling point at all values of ion beam energy as well as electron temperature. Increasing of the ion beam energy
significantly decrease the MP evaporation time, whereas increasing of the electron temperature gives the slight effect
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on the evaporation time at considered parameters. The ion beam provides heating of the MP by two ways: by direct
transferring of ion kinetic energy due to impact with the MP surface and the following recombination; indirect way due
to decrease of MP electric potential and consequently increasing energy transfer caused by the electron flow.

CONCLUSIONS

The possibility of evaporation of micro sized metallic particles in the magnetized high temperature technological
plasma at presence of an ion beam in terms of OML theory has been studied. The dependencies of electric potential of
the MP on the electron temperature as well as energy of the ion beam have been obtained. It has been shown that
increasing of the ion beam energy leads to increases of electron flow onto MP surface since absolute value of MP
potential is decreasing. The interaction of the MP with the particles of the plasma and ion beam causes intensive heating
and following evaporation of the MP. Evaporation of the MP takes place at temperatures below boiling point at all
considered values of ion beam energy as well as electron temperature due to intensive cooling by the evaporated atoms
flow. It has been shown that total evaporation time of 10mkm cooper MP is in the range 4-10'-5-107s and depends on
the electron temperature and ion beam energy. Increasing of the ion beam energy significantly decrease the MP
evaporation time, whereas increasing of the electron temperature without ion beam gives the slight effect on the
evaporation time at considered parameters.
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The interactions between a mitochondrial hemoprotein cytochrome ¢ (cyt ¢) and the model lipid membranes composed of
zwitterionic lipid phosphatidylcholine (PC) and anionic lipids phosphatidylglycerol (PG), phosphatidylserine (PS) or cardiolipin
(CL) were studied using the method of molecular dynamics. It was found that cyt ¢ structure remains virtually unchanged in the
protein complexes with PC/PG or PC/PS bilayers. In turn, protein binding to PC/CL bilayer is followed by the rise in cyt ¢ radius of
gyration and root-mean-square fluctuations. The magnitude of these changes was demonstrated to increase with the anionic lipid
content. The revealed effect was interpreted in terms of the partial unfolding of polypeptide chain in the region Alal5-Leu32,
widening of the heme crevice and enhancement of the conformational fluctuations in the region Pro76-Asp93 upon increasing the CL
molar fraction from 5 to 25%. The results obtained seem to be of utmost importance in the context of amyloidogenic propensity of
cyte.

KEYWORDS: cytochrome c; protein-lipid interactions; amyloid, molecular dynamics

MOJIEKYJISIPHO-JUHAMIYHE JOCJIIKEHHA KOMILVIEKCIB HUTOXPOMY C 3 JIIIIIJJAMUA
B. Tpycosa, I'. I'op6enxo, Y. Tapabapa, E. Byc, O. PuxoBa
Kageopa soepnoi ma meouunoi ¢isuxu, Xapxiecokuii hayionanvruil ynieepcumem imeni B.H. Kapasina
nn. Ceoboou 4, Xapkis, 61022, Vxpaina

MeTtonoM MOJIEKYNSpHOI AWHAMIKMA OCTI[HKEHO B3aEMOJII0 MITOXOHIPIAIBHOTO TEMONPOTEIHY LUTOXPOMY € 3 MOJIECIBHHMHU
MeMOpaHaMH, IO CKJIANAUCh 13 HBiTTepioHHOTO Jimiay ¢ocdaruamnxominy (OX) ta aHIOHHHX THiAiB (ochaTHIHITTILEPUHY
(@), docharnmmncepuny (DPC) um kapmiomiminy (KJI). ITokasano, mo CTpyKTypa LOUTOXPOMY ¢ 3aJUIIAETHCS IMPAKTHIHO
HEe3MIHHOIO y Kominiekcax Oimka 3 OX/OI' uyn OX/OC Gimapamu. Y cBoio depry, 3B’s3yBaHHs Oinka i3 OX/KJI Gimapamu
CYIPOBOKYEThCS 30UIBIICHHSAM pajiycy iHepuil Ta cepeAHbOKBagpaTHIHHUX (IIyKTyauiil muroxpomy c. I[IponeMoHCTpoBaHO, IO
BEJIMYMHA IMX 3MiH 3pPOCTa€ i3 BMICTOM aHIOHHOro Jiminy. BuHaiifeHi epekTn Oynu iHTEpPNpEeTOBaHI y paMKaX YacTKOBOTO
PO3ropTaHHs MOJINENTHIHOTO JaHIora B obuacti AlalS-Leu32, po3ummpeHHs reMOBOTO KapMaHy Ta IMOCHJICHHS KOH(opMaliiHux
¢duykryaniit Ha AunsHOI Pro76-Asp93 mpu 3pocranHi momspHoi wactku KJI Big 5 mo 25%. OTpumani pe3ynbTaTH BaXKIuBi y
KOHTEKCT1 aMiJIOITOTeHHO1 3[aTHOCTI IUTOXPOMY C.

KJIFOYOBI CJIOBA: nutoxpoMm c¢, OLTOK-TiTiIHI B3a€MOJIi1, aMiJIOi, MOJNEKYJIIpHA THHAMIKa

MOJIEKYJISIPHO-JUHAMHUYECKOE UCCJIEJOBAHUE KOMIIJIEKCOB IUTOXPOMA C C JIMIIUJAMH
B. Tpycoga, I'. I'op6enko, Y. Tapabapa, E. Byc, O. PoikoBa
Kagheopa soeproii u meouyunckou guzuxu, Xapvrkosckuil Hayuonanvhviil yHueepcumem umenu B.H. Kapaszuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna

MertogoM MONEKYISPHOH AWHAMHKM MCCIEIOBAHO B3aMMOJAEHCTBHE MHUTOXOHIPHATBHOTO TEMOMPOTEMHA LUTOXpOMa ¢ C
MOJICIBHBIMA MEMOpaHaMH, COCTOAIIMMH M3 IBUTTEpHOHHOTro smnuaa ¢ocharnaunxonnHa (PX) u aHUOHHBIX JHUIHIOB
¢docharnmunrnuepuna (PI), docharnmuncepuna (PC) mmm kapauonunuua (KJI). IlokazaHo, 9To CTpyKTypa LOUTOXpOMa ¢
ocTaeTcs MPaKTHIeCKH HeM3MeHHOH B komintekcax Oenka ¢ @X/OI" umm OX/DC 6ucnosmu. B cBoto odepens, cBI3bIBaHHE OeNKa C
@®X/KJI GucnosiMu conpoBOKIAETCS YBEINUSHUEM palyca HHEPIIMU U BETMINHBI CPEHEKBAAPATHYHBIX (MIyKTyaIuii TUTOXpoMa C.
[IponeMoHCTpUPOBaHO, YTO BEJMYMHA ITUX W3MEHEHUH BO3pacTaeT ¢ COAEp)KaHHEM aHWOHHOTO JHmuja. BeisBieHHBIE (derTs
ObLIM MHTEPIPETHPOBAHBI B paMKaxX YacCTHYHOTO Pa3BOpAuyMBAaHUs MONUIENTUAHON Lenu B obmacti AlalS-Leu32, pacmmpenue
reMOBOr0 KapMaHa M yCHJIeHHe KOH)OPMAIIMOHHBIX (QIIyKTyauuid Ha yuactke Pro76-Asp93 npu Bo3pacranuu moispHoit noiau KJI ot
5 10 25%. IlomyueHHBIE TaHHBIE BaXKHBI B KOHTEKCTE aMUJIOUIOTEHHOM CIIOCOOHOCTH IIUTOXPOMA C.

KJIFOYEBBIE CJIOBA: nutoxpoM ¢, 6e10K-TUIHIHbIE B3aUMOACHCTBUS, aMHUIION, MOJIEKYJISIpHAs TUHAMUKA

One-dimensional crystallization of the proteins and peptides into highly ordered fibrillar structures, termed
amyloids, is a key factor in etiology of a number of disorders, including Alzheimer's, Parkinson's, Huntingtons diseases,
type II diabetes, rheumatoid arthritis, spongiform encephalophaties, etc [1]. Amyloid fibrils are distinguished by a core
cross-p-sheet structure in which B-strands run perpendicularly to the long axis of the fibril, while B-sheets propagate in
its direction [2]. Amyloid assembly is a hierarchical process that is currently regarded as alternative folding [3], since
both the intrachain and interchain contacts are governed by the common forces, viz. hydrophobic effect, hydrogen-
bonding, charge attraction and van der Waals interactions [4]. Protein oligomerization followed by amyloid formation is
commonly initiated by the transition of polypeptide chain into unstable aggregation-competent conformation [5]. Since
the compactness of native state is compromised by the loss of configurational entropy during polypeptide folding and
repulsive electrostatic interactions, the native protein structure is only marginally stable and any variation in
physicochemical properties of polypeptide environment may prove critical for protein transition from monomeric to
aggregated state [6]. In vitro, fibrillization-favoring conditions are created by lowering pH, elevating temperature,
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adding organic solvents or denaturants, etc., while in vivo, aggregation-competent conformation may arise from
mutations, oxidative or heat stress, or destabilization of the protein structure upon its adsorption at interfaces. It is the
presence of large amount of interface, formed by cellular membranes, that determines the principal difference between
in vitro and in vivo amyloid growth. Lipid bilayer, a basic structural element of biological membranes, may act as an
effective catalyst of fibrillogenesis, providing an environment where protein molecules accumulate and adopt
conformation and orientation promoting their assembly into protofibrillar and fibrillar structures. The problem of
membrane-mediated fibrillogenesis has been approached in a number of works, demonstrating the complexity and
multiplicity of factors which may control fibrillogenesis in membrane systems [7-9]. It has been hypothesized that
anionic phospholipids represent the main membrane component responsible for the enhancement of fibril formation, as
shown, particularly, for a-synuclein [10], AP peptide [7], amylin [11], tau [12], lysozyme, transthyretin, cytochrome c,
insulin, myoglobin [13]. An increasing number of studies provides support to the idea that lipid bilayer can lower the
activation energy barrier for protein unfolding [14]. Partial unfolding in a membrane environment has been reported, for
instance, for phospholipase A2, bacterial toxins, acetylcholinesterase, pheromone-binding protein, recombinant human
prion protein, etc [15]. The role of lipids as a structure-forming environment is not restricted to electrostatic phenomena
(lowered interfacial pH or neutralization of the protein surface charge by anionic headgroups), other bilayer
characteristics may have an impact on the protein structure as well. It is becoming increasingly apparent that
development of effective anti-amyloid strategies is impossible without elucidating the mechanisms by which lipids
promote transition of the protein molecule into aggregation-competent conformation. One of the powerful modern tools
to address this problem is the method of molecular dynamics (MD). This method is highly suitable for uncovering the
atomistic level details of polypeptide conformational changes in solution and in a membrane environment [16,17],
protein folding and misfolding [18,19], the assembly of prefibrillar and fibrillar aggregates [20], etc.

The aim of the present study involves the use of MD simulation to gain insight into the role of acidic
phospholipids in the occurrence of potentially amyloidogenic conformations of cytochrome ¢ (cyt ¢), a basic protein
playing an essential role in the electron transfer in the respiratory chain of the inner mitochondrial membrane and
programmed cell death, apoptosis [21,22]. It has been demonstrated that cyt ¢ is capable of forming amyloid fibrils in
vitro, although the physiological significance of this property is not clear [23-25]. Nevertheless, a-synuclein and cyt ¢
have been found to be colocalized in Lewy bodies of patients with Parkinson’s disease [26]. It has been hypothesized
that there exists yet unknown link between apoptosis and neurodegeneration [23,26]. Therefore, examining the
conformational dynamics of cyt ¢ in various environments is of great importance for understanding the determinants
and physiological role of amyloidogenic propensity of this protein.

MATERIALS AND METHODS

Molecular dynamics simulations were performed with GROMACS software (version 5.1) using the CHARMM36
force field [B33]. The calculations were done at a temperature of 310 K and a pressure of 1 bar. The crystal structure of
horse heart cytochrome ¢ (PDB ID: 1HRC) was used as a starting structure for simulations. The orientation of the
protein with respect to the lipid/water interface was predicted using the PPM server [B34]. The input files for MD
calculations were prepared using the web-based graphical interface CHARMM-GUI [B35]. The lipid bilayers were built
from phosphatidylcholine (PC) and varying proportions of one of the anionic phospholipids, cardiolipin (CL, 5, 11 and
25 mol%), phosphatidylglycerol (PG, 10, 20 and 40 mol %) or phosphatidylserine (PS, 10, 20 and 40 mol %). The
protein was solvated in the rectangular box with a minimum distance of 10 A to the edges of the box. The TIP3P water
model was used. To obtain a neutral total charge of the system a necessary number of counterions was added. For
correct treatment of long-range electrostatic interactions, Particle Mesh Ewald algorithm was employed [B36]. The
minimization and equilibration of the system were performed during 100 ps and 1 ns, respectively. The time step for
MD simulations was 2 fs. The trajectories and coordinates were saved every 2 ps for further analysis. The whole time
interval for MD calculations was 100 ns. The analysis tools included in GROMACS were used to calculate the root-
mean-square deviations (RMSD), root-mean-square fluctuations (RMSF) and radius of gyratio (Rg). The evolution of
the secondary structure was followed using the VMD program. The contact maps were generated with the CMView
software [B37]. The analysis of cyt ¢ three-dimensional structure after the simulation was performed using PyMOL.

RESULTS AND DISCUSSION

Cytochrome ¢ is a globular protein composed of 104 amino acid residues, with a high o-helical content and
minimal B-sheet structure (Fig. 1). Under physiological conditions there exists an equilibrium between a soluble native
and membrane-bound states of cyt ¢ [32]. Biological functions of cyt ¢ are mediated by its interaction with cardiolipin,
an anionic mitochondrial phospholipid with unique physicochemical properties [33]. The cyt ¢ molecule has been
assumed to contain two types of binding sites for anionic phospholipids, accounting for electrostatic interactions
between the residues Lys72, Lys73 and deprotonated phosphate group (A-site) and hydrogen bonding between Asn52
and protonated phosphate (C-site) [34].

Moreover, it has been supposed that upon cyt ¢ — CL association through C-site one of four CL acyl chains
extends outwards from the lipid bilayer into the protein hydrophobic channel close to Asn52, thereby ensuring the
hydrophobic protein-lipid interactions [34]. The idea of extended lipid anchorage initially put forward by Rytomaa &
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Kinnunen [35], was further developed by Kalanxni & Wallace who proposed that CL acyl chain accommodates in the
nonpolar pocket situated in the vicinity of Met80 loop [36], while Sinibaldi et al. suggested the insertion of two fatty
acid chains of CL into two different hydrophobic channels of cyt ¢ surrounding Met80 and Asn52 [37]. Along with the
diversity of the binding modes, another characteristic feature of cyt ¢ — CL interaction is the heterogeneity of the protein
conformational states [38-40]. CL was reported to produce the loosening of cyt ¢ tertiary structure, destabilization of the
secondary structure, loss of Metg, — iron ligation and opening of the heme crevice, eventually leading to the increase of
the protein peroxidase activity [41-43].

Recent studies provided evidence for the existence of multiple
conformations of CL-bound cyt ¢ differing in the degree of protein
unfolding and undergoing the conformational exchange between the
extended and compact subpopulations [38,44]. Remarkably, the
alterations in the protein structure are strongly coupled with the
molecular reorganization of CL-containing lipid bilayers [45-47].
Similar to other basic proteins, cyt c is capable of gathering the anionic
phospholipids into microdomains, but cyt ¢ — CL systems display
particular behavior due to decreased energetic barrier for the formation
of the inverted hexagonal (Hy;) phase [46] and toroidal lipid pores [47].
All the above phenomena are conjectured to be of importance for both
electron transfer and apoptotic functions of cyt ¢ and may contribute to
its amyloidogenic propensity. Notwithstanding considerable advances
in molecular-level understanding of cyt ¢ — CL interactions, the precise
mechanisms of this process still remain to be fully elucidated. One of

Fig. 1. Crystal structure of the horse heart ;he unresolveq qu.estions is hgw specific fegtures of CL distinguishing it
cytochrome ¢ (PDB code 1HRC). Shown in red rom othe.r anionic p.ho.sphohplds operate in determining the structur'(.ll
and functional peculiarities of cyt ¢ — CL complexes. To address this
question, we performed the molecular dynamics simulation of cyt ¢
complexes with PC/CL, PC/PS and PC/PG bilayers. Fig. 2 illustrates the disposition of cyt ¢ molecule relative to the
negatively charged lipid/water interface predicted by the PPM server. Remarkably, the protein orients in such a way that
the residues Lys72 and Lys73 face the membrane surface and this orientation is generally retained during the MD
simulation.
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Figs. 3 and 4 represent the time course evolution of the two structural parameters of cyt ¢ in the presence of lipid
membranes — the radius of gyration ( R o ) and root-mean-square fluctuations (RMSF) of C,-atoms.

Notably, another parameter commonly used in the analysis of MD data, the backbone root-mean-square deviation
(RMSD), did not show any significant difference between PC/CL, PC/PS and PC/PG systems suggesting that cyt ¢
structure does not undergo considerable changes in a membrane environment within the examined time interval. At the
same time, the radius of gyration was higher in CL-containing membranes, with the magnitude of this effect being

increased with the molar content of CL (Fig. 3). Specifically, for the weakly charged lipid bilayers R g was by ~7%
higher in the presence of PC/CL membranes compared to PC/PG and PC/PS systems (Fig. 3A). The increase of the
membrane charge resulted in ~11% (Fig. 3B) and ~14% (Fig. 3C) differences between CL- and PG/PS-containing

bilayers. Similar tendencies were revealed while analyzing the root-mean-square fluctuations.
Concentrating on Fig. 4, it is clearly seen that: i) the residues Alal5-Leu32 experience much more pronounced
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fluctuations compared to the other residues; ii) for CL-containing systems this effect is more conspicuous than for
PC/PG or PC/PS bilayers; iii) the difference in RMSF values for the above protein region gradually increases with
elevating the CL molar fraction, iv) the rise in CL content results in the enhancement of fluctuations in the region
Pro76-Asp93. These findings led us to some preliminary conclusions: i) cyt ¢ undergoes local conformational
transitions in the region of Alal5-Leu32 and, to a lesser extent, in the region Pro76-Asp93; ii) these transitions are more

specific for PC/CL lipid bilayers, as judged from the behavior of RMSF and R -
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In order to clarify what mechanism may be responsible for the aforesaid structural reorganization of
polypeptide chain, we analyzed the time course of the changes in cyt ¢ secondary structure. The representative plots are
given in Fig. 5.
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It appeared that secondary structure of cyt ¢ bound to PC/CL membranes differs from that observed in the
presence of PC/PG or PC/PS lipid bilayers. Remarkably, the main difference involves the region Glnl6-Asn31, the
same fragment that was revealed by RMSF measurements. More specifically, in all cyt ¢ — PC/PG(PS) systems the
protein fragment GIn16-Asn31 adopts mostly turn conformation, while in cyt ¢ — PC/CL complexes the unstructured
(coiled) conformation of this region is predominant. Likewise, the content of coiled structures in the region GInl6-
Asn31 increases with the molar fraction of CL, while in the presence of PC/PG(PS) membranes cyt ¢ secondary
structure was virtually independent of the proportion of anionic lipid. Furthermore, the comparison of timeline plots for
cyt ¢ free in solution (Fig. SA) and those in the complexes with either PG- or PS-containing lipid bilayers (Figs. 5B and
C) showed that the protein secondary structure undergoes slight alterations in these types of model membranes.
Notably, the peculiar features of CL-cyt ¢ interactions have been revealed in the earlier studies [41,48,49]. More
specifically, the affinity of cyt ¢ for anionic phospholipids assessed by the surface plasmon resonance was found to
decrease in the row: CL > PS > PC [49,50]. The solid-state *'P NMR studies of cyt ¢ interactions with CL, PS and PG
bilayers showed that regardless the main driving force of all these interactions is electrostatic in nature, the structural
alterations of the bound protein are lipid dependent [41,]. PS and CL were found to produce significant destabilization
of cyt ¢ structure, while in complexes with PG the protein retains a native-like conformation [41]. The resemblance
between CL and PS in their effect on the structural state of cyt ¢ was established in the early Raman [51,52] and *'P

NMR [50] studies. The two different conformational states of cyt ¢ adsorbed on the negatively charged surfaces have
been identified — the native-like state I and state II, with the opened heme crevice. The equilibrium between these two

Fig. 5. Time evolution of cyt ¢ secondary structure upon
protein association with PG40 (A), PS40 (B) and CL25 (C)
lipid bilayers. Color structure codes used are: T — B-turn, E —
extended conformation, B — isolated bridge, H — a-helix, G —
310-helix, I — w-helix, C — coil.
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states was supposed to be governed by the electrostatic interactions between lysine residues located around the heme
crevice and the lipid phosphate groups. It was found that CL and PS promote the conformational equilibrium over the
same temperature interval, while PG turned out to be less efficient in this respect, suggesting that cyt ¢ conformation in
complexes with PG is close to native [50]. A thorough recent work of Pandiscia & Schweitzer-Stenner provides
evidence for an equilibrium between partially unfolded and native-like conformers of cyt ¢ adsorbed on CL-containing
bilayers, one of which forms electrostatic contacts with CL headgroups while the other one associates with lipids either
via hydrogen bonding or hydrophobic interactions [40].

Overall, the MD data strongly suggest that lipid-induced conformational changes are specific for CL and involve
the destabilization of the cyt ¢ structure and partial unfolding of polypeptide chain in the region Gln16-Asn31, adjacent
to the heme pocket. As indicated above, a great deal of experimental works provide evidence for partial unfolding of cyt
¢ and opening of the heme crevice on the surface of CL-containing membranes [53-55]. One of the main mechanism
underlying this phenomenon is assumed to involve the breakage of His26-Pro44 hydrogen bond [53,56]. It was shown
that this bond plays a critical role in the stabilization of cyt ¢ molecule [57], and its disruption triggers the destruction of
Met80-heme ligation and opening of the heme crevice, the process resulting eventually in the loosening of the overall
protein structure.

A B

- iy ]

(TLL -

PG40

PS40

Fig. 6. Residue-residue contact map of cyt ¢ bound to PG40
(A), PS40 (B) or CL25 (C) after 100 ns simulation. Blue oval
and circle represent the regions of polypeptide chain embracing
the amino acid residues Glul2-Phe36 and Thr78-Glu92,
respectively. Small red square in the region Glul2-Phe36
denotes His26-Pro44 bond (A, B, see text for details).

CL25

Apparently, the described scenario manifests itself in the profiles of secondary structure evolution of cyt ¢
recovered from the MD simulation of PC/CL lipid bilayers. Indeed, the comparison of cyt ¢ inter-residue contact maps
showed that His26-Pro44 bond is present in PC/PG or PC/PS (Figs. 6A and B) membranes, but disrupts when cyt ¢
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binds to PC/CL bilayers (Fig. 6C). Furthermore, the contact maps are virtually identical for PC/PG and PC/PS systems,
while cyt ¢ complexation with PC/CL bilayers is accompanied by the reduction of the number of contacts,
predominantly in the regions Glul2-Phe36 and Thr78-Glu92. The breaking of the contacts points to the perturbation of
three-dimensional compactness of cyt ¢ and adoption of more labile conformation in the aforementioned fragments of
polypeptide chain. Notably, these findings are in excellent harmony with the results of RMSF calculations depicted in
Fig. 4. Additional proofs in favor of the above conclusion come from the analysis of cyt ¢ spatial structure after the
simulation which showed that the width of the heme pocket increases from 0.91 nm in PG40 bilayers up to 1.07 nm in
CL25 systems.

CONCLUSIONS
Cumulatively, the molecular dynamics simulation of the examined protein-lipid systems provided evidence for
the local destabilization of cyt ¢ structure, specific for CL-containing membranes. The analysis of 100 ns trajectories
showed that:

e cyt ¢ structure does not undergo noticeable perturbations upon its association with either PC/PG or PC/PS
lipid bilayers;

e the complexation of cyt ¢ with CL-containing membranes is followed by the protein transition into a more
labile conformation arising from the widening of the heme crevice and partial unfolding of polypeptide
chain mainly in the region Alal5-Leu32;

e increase of CL proportion from 5 to 25 mol% results in the enhancement of fluctuations in the region
Pro76-Asp93.

The revealed specific features of cyt ¢ — CL interactions may not only be a means of modulating the biological

functions of this protein, but may also underlie its transition to the conformations favoring the oligomerization and
fibrillization in a membrane-bound state.
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AURAMINE O AS POTENTIAL AMYLOID MARKER: FLUORESCENCE AND
MOLECULAR DOCKING STUDIES
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The applicability of Auramine O to the detection and characterization of lysozyme and serum albumin amyloid fibrils has been
assessed using the fluorimetric titration and molecular docking. The parameters of the dye binding to native and fibrillar proteins
were estimated in terms of the Langmuir adsorption model. It was found that Auramine O displays the high affinity for amyloid
fibrils, being of the same order of magnitude as that of the classical amyloid markers. The dye also showed greater fluorescence
response to lysozyme fibrils and lower sensitivity to the native protein, than Thioflavin T. Furthermore, unlike Thioflavin T,
Auramine O was able to detect the morphological differences between lysozyme and albumin fibrils due to the shifts in the position
of the emission maxima of the fibril-incorporated fluorophore. The molecular docking studies revealed that Auramine O and
Thioflavin T form the most stable complexes with the G54 L56/S60 W62 groove of lysozyme fibrils, running parallel to the fibril
axis. The results obtained suggest the contribution of both hydrophobic and electrostatic interactions to the stabilization of the dye
complexes with amyloid fibrils.

KEYWORDS: Auramine O, Thioflavin T, amyloid marker, association constant, fluorescence quantum yield, molecular rotor,
lysozyme, serum albumin, amyloid fibrils

AYPAMMH O KAK IOTEHIIAAJBHBIA AMUJIOUJIHBIN MAPKEP: ®JIYOPECHEHTHOE UCCJIENOBAHUE U
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C moMompI0 METOmOB (IIyOPHMETPUYECKOTO TUTPOBAHUS ¥ MOJICKYJISIPHOTO JOKHMHra IIPOBEICHA OILCHKA BO3MOXKHOCTH
HCTIONB30BaHU aypamuHa O Uil JETEKTHPOBAaHMS M XapaKTepH3alMM aMIJIOMIHBIX (UOPMIUI JIM30IMMa M CHIBOPOTOYHOTO
ansOymuHa. C HUCIIONB30BaHMEM MOJETH ajacopOuuu JIeHrMiopa IOJIydeHBI MapaMeTpbl CBS3BIBAHHS 30HIOB C HATHBHBIMU H
¢ubpwuipHEIMKA  Oesikamu. BbisBieHa Bbicokas aguHHOCTH aypamMuHa O K aMwiIoWaHBIM (UOpHILIaM, OJHOTO TOpsIKa C
ahPUHHOCTHIO KIACCHYCCKUX aMUIIOMIHBIX MapkKepoB. Kpacutenb Takke uMen 0ojiee 3HAYUTECIBHBIN (DIyOpPEeCHCHTHBIN OTBET B
MPUCYTCTBUU aMHJIOMIHBIX GUOPUILT Tn30LKMMa 1 00Jiee HU3KYIO YyBCTBUTEIBHOCTh K HATUBHOMY Oelnky, uem trodiasun T. Kpome
toro, aypamuH O, B orTiamyue OT THO(IaBHHA T, MPOSBMI CHOCOOHOCTH AETEKTHPOBATh (GHOPHIUIBI PAa3TMYHOH MOP(HOJIOTHU
Omarozmapsi CIOBHTaM IOJOXKEHMH MaKCHMyMa 3MECCHH CBS3aHHOTO 30HAA. METOIOM MOJIEKyISpHOTO MOKHHTA IIOKa3aHO, 4TO
aypamu O u tHo(maBuH T 00pa3yroT Hanbosee cTaOWIBHBIE KOMIUICKCH ¢ kenobkom G54 L56/S60 W62 ¢ubpmun mu3onuma,
KOTOPBIH IIPOCTHPACTCS MapaUIeNbHO ee ITIaBHOH ocH. IloiydeHHbIe pe3ynbTaThl CBHAETEIBCTBYIOT O BKJIAJe Kak T'MAPOQOOHBIX,
TaK U 2JIEKTPOCTATHYECKHUX B3aMMOJIEHCTBIH B CTAOMIN3aNIO KOMIUICKCOB KPACUTENeH C aMIIIONIHBIMA (pUOPHIIIaAMHL.
KJIOYEBBIE CJIOBA: aypamun O, TtaoduaBun T, aMUJIOWAHBIA MapKep, KOHCTAHTa acCOIMAlliM, KBAaHTOBBIA BBIXO.
(iryopecLieHIIMHU, MOJISKYJISIPHBII POTOP, JIN30LMM, CHIBOPOTOYHBII aIbOYMHUH, aMUJIOUAHBIE HUOPUILIBI

AYPAMIH O SIK NOTEHLIIMHUI AMUIOITHUIA MAPKEP: ®JIYOPECHEHTHE JOCJIJUKEHHS TA
MOJIEKYJISAPHUIA TOKIHI
K. Bycl, V. Tapaﬁapal, K. CemeHnoBa’, B. BiTepz, 0. Hikirina?,
B. Tpycoga', I'. TopGenio’
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3a I0IoMOroI0 METOAIB (IIyOPHMETPUYHOTIO TUTPYBAHHS Ta MOJIEKYJISIPHOTO JIOKIHT'Y IIPOBEJEHA OL[IHKA MOJJIMBOCTI 3aCTOCYBaHHS
aypaminy O aJIs JeTEeKTyBaHHs Ta Xapakrepu3sauii aminoinnux ¢iopmui. 3 BUKOPHUCTaHHSAM Mozeni agcopOuil JleHrmMiopa oTpuMaHo
rnapaMeTpH 3B’s3yBaHHs 30HAIB 3 HATUBHUMU Ta QiOpuisspHuMu Oinkamu. Busiiena Bucoka adiHHicTh aypaminy O 10 aMinoigHHX
¢$i6pm, mo Oyna 0IHOTO MOPAAKY 3 aiHHICTIO KITAaCHYHUX aMiTOITHIX MapKepiB. bBapBHUK Takok MaB OiIbII BUCOKY iIHTEHCHBHICTD
(ryopecneHnii y mpucyTHOCTI aMinoigHux (GiOpwmit izonuMy Ta OUIBII HU3BKY YyTJIUBICTH 10 HATUBHOTO Oinka, Hix Tiodiasin T.
Kpim Toro, aypamin O, Ha BiaMiHy Bin Tio¢umaBiny T, mposSBUB 3IaTHICTH IO JeTeKTyBaHHS (iOpwi pisHOI Mopdoiorii, 3aBIsku
3CyBaM IOJOXKCHHSI MAaKCUMyMy eMicii. MeTojoM MOJeKyIsIpHOTo AOKIHTY IToKa3zaHo, mo aypamin O Ta TioumaBin T yTBOprooTh
HaWO1LIBII CTAa0IIbHI KOMIUTEKCH 3 jk000koM G54 L56/S60 W62 ¢hibpumm mi3onuMy, 0 NPOCTIAraeThes MapaaeiabHo i1 TOIOBHIM
oci. OTpuMaHi pe3yJIbTaTH CBiI4YaTh PO BHECOK SK TiAPOQOOHMX, TaK i eNEKTPOCTATHYHUX B3a€MOJil y cTabinizalilo KOMILIEKCIB
0apBHUKIB 3 aMiIOiTHUMH (iOpHIaMHU.

© Vus K., Tarabara U., Semenova K., Viter V., Nikitina O., Trusova V., Gorbenko G., 2017
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KJIIOUOBI CJIOBA: aypamin O, Ttiodnasin T, aminzoimHuii Mapkep, KOHCTaHTa acoljialil, KBaHTOBHIl BHXiJ (iyopecueHuil,
MOJICKYJISIPHUI POTOP, JIi30LUM, CHPOBAaTKOBHH anbOyMiH, aMinoinHi ¢pidpuin

A wide variety of human disorders, viz. Alzheimer’s, Parkinson’s diseases, systemic amyloidosis, type II diabetes,
etc. are characterized by the deposition of the specific protein aggregates, amyloid fibrils, in the extracellular matrix
followed by functional disturbances in various tissues and organs [1]. Amyloid fibrils are the B-sheet-rich protein
assemblies of ca. 5-10 nm in width and up to several micrometers in length [2]. Despite significant progress in
understanding the molecular basis of amyloid fibril formation, a number of essential issues remain unclear. In
particular, a great morphological heterogeneity of amyloids may hamper the medical diagnostics and development of
anti-amyloid drugs, suggesting the necessity of the improved fibril detection strategies [2]. Furthermore, considering the
amyloids as a new class of nanomaterials, the fabrication of the nanostructured amyloid films with the desired physical
properties requires elucidating the effects of the environmental conditions on amyloid morphology. One of the most
effective approaches to addressing these problems is based on the use of amyloid-specific fluorescent dyes. Of these, a
fluorescent dye, Thioflavin T (ThT), has been widely employed for the identification and quantification of amyloid
aggregates, and for the monitoring the fibrillization kinetics in real-time [13]. ThT association with the B-sheets
composed of minimum 5 B-strands (that is typical for amyloid structures) results in a drastic increase in its fluorescence
and significant red shift of the absorption maximum [14—16]. Despite the remarkable amyloid-specific spectral response
of ThT, this dye may show false positive results in the presence of native proteins and lipids, sensitivity to the pH of the
bulk, weak binding to the positively charged fibrils, etc. [17,18]. The above drawbacks of ThT strongly suggest the
necessity of designing the novel amyloid markers. To exemplify, another dye, Auramine O (AuO) has been successfully
employed to detect insulin aggregates [19]. Furthermore, unlike ThT, AuO “recognized” insulin fibrils due to the
appearance of additional red-shifted emission band. However, the potential of Auramine O as amyloid marker is not yet
fully assessed.

In view of this, the aim of the present study was to gain further insights into amyloid specificity of AuO through
evaluating its applicability for the detection and characterization of lysozyme and albumin amyloid fibrils. Specifically,
our goals were: i) to evaluate the quantitative parameters of the dye-protein binding using the fluorimetric titration; ii)
to compare AuO and ThT responses to the presence of amyloid fibrils and native proteins; iii) to uncover the advantages
of AuO over ThT; iv) to ascertain possible location of AuO within fibril structure using the molecular docking.
Lysozyme is a small cationic protein, possessing antibacterial activity [4]. Lysozyme misfolding and aggregation is
associated with the hereditary amyloidoses [5]. Hen egg white lysozyme (HEWL) is a structural analogue of the human
variant, that is widely employed as a model protein in the amyloid studies [6,7]. The characterization of the interactions
between lysozyme fibrils and small ligands, including the fluorescent dyes, may be useful for the design of the drugs
against amyloidoses. Moreover, the HEWL amyloid films prepared in vitro showed remarkable mechanical properties,
suitable for the development of the amyloid-based multifunctional materials [8].

Serum albumin is an all-a-anionic protein, acting as a carrier from blood stream to tissues and playing a key role in
the regulation of osmotic pressure, thrombosis and coagulation [9]. Similar to HEWL, bovine serum albumin has been
widely employed as a model protein in the studies of the protein fibrillization [10]. However, to the best of our
knowledge, the structure of the serum albumin fibrils and the precise mechanisms of the protein aggregation are so far
poorly understood. For example, the residues, which form the core cross-p-structure of the albumin fibrils have not yet
been identified. Furthermore, serum albumin was reported to inhibit the AB-peptide and transthyretin fibril growth by
the stabilization of the Ap monomers [11,12]. Therefore, further investigation of albumin fibrillization and its effects on
the amyloid fibril formation by the other proteins and peptides may prove of importance for the improvement of anti-
amyloid strategies.

EXPERIMENTAL SECTION

Materials

Hen egg white lysozyme (Lz) and bovine serum albumin (BSA) were from Sigma (St. Louis, MO, USA). All
other chemicals were of analytical grade and used without further purification.
Preparation of amyloid fibrils

The reaction of amyloid fibril formation by the lysozyme and bovine serum albumin was carried out in 10 mM
glycine buffer at pH 2 and 60 °C for 14 days. Protein concentration in the stock solutions was 10 mg/ml. Hereafter, the
native protein forms are designated as LzN and BSAN, while the fibrillar forms — as LzF and BSAF.
Fluorescence measurements

Fluorescence spectra of ThT and AuO were measured with the spectrofluorimeter Shimadzu RF-6000 (Japan) at
25 °C using 10 nm excitation and emission slit widths. The excitation wavelength for both dyes was 440 nm.
Binding model

The quantitative characteristics of the dye-protein complexation were determined from the fluorimetric titration of
ThT and AuO solutions by the native or fibrillar proteins. Specifically, the dependence of the dye fluorescence intensity

increase ( Al ) on the protein concentration (P ) was analyzed in terms of the Langmuir adsorption model [22]:



65
Auramine O As Potential Amyloid Marker: Fluorescence And Molecular Docking... EEJP Vol.4 No.32017

AI=o.50{zo+np+KL—\/(ZOJrnPJr[%)2—4;111720 ; )

a a

where 7 is the total dye concentration, K and n are the association constant and stoichiometry of the dye-protein

complexes, « is a coefficient proportional to the difference of ThT and AuO quantum yields in a buffer and protein-
associated state. To make a more precise comparison of the dye sensitivity and specificity to the fibrils, fluorescence

intensity increases of the fibril-/native protein-bound dyes (I fibr /nat/ 1)) with respect to buffer, and those of the fibril-

bound probes (1 ,,./ [

1 ) With respect to the native proteins, have been estimated. The value of the binding parameters,

K, ., n, a, derived from the fit of eq. 1 to the experimental data are presented in Table 1 for the fixed dye and protein

concentrations 2 and 10 pM, respectively.
Moleculardocking studies

The molecular docking was implemented to identify the possible binding sites of the native and fibrillar proteins
for AuO and ThT. Lysozyme and albumin structures with PDB IDs 3A8Z and 4F5S, respectively, were chosen for the
docking. The model amyloid fibril of lysozyme was constructed from the K-peptide (the residues 54-62 of wild-type
protein) using the CreateFibril tool [23]. ThT and AuO structures were built in Avogadro [24], followed by the
geometry optimization of the ground states of the dyes with the 6-31G(d,p) basis set using the GAMESS software [25].
The protein-dye complexes possessing a good shape complementarity and the lowest desolvation energy were obtained
using the PatchDock web server [26]. Next, 10 best structures generated by the PatchDock, were refined with the
FireDock, an algorithm, which optimizes the intermolecular binding by allowing the flexibility of the side chains and
small rigid-body movements [27]. The results obtained from the FireDock were reported to be in a good agreement with
the experimental data. The most stable dye-protein complexes were visualized by the Visual Molecular Dynamics
software [28].

RESULTS AND DISCUSSION

As seen in Fig. 1, AuO and ThT are the small cationic dyes, possessing the electron-donating amino moieties on
the aromatic groups. These dyes belong to the molecular rotor family due to the internal rotation of their fragments
upon excitation, followed by the transition from the fluorescent locally excited (LE) state to the nonfluorescent twisted
internal charge transfer (TICT) state [19,20]. In turn, steric restriction of the intramolecular twisting results in the
dramatic increase in the fluorescence quantum yield of these fluorophores. The above mechanism was suggested to
underlie the high sensitivity of ThT to amyloid fibrils due to the dye embedding into the fibril grooves, running parallel
to the fibril axis, giving rise to significant increase in the potential energy of relative rotation of the benzothiazole and
phenyl moieties [21].

)
NH,
N/
N \
~N N N 7~ \
| |
a b

Fig. 1. Chemical structures of the fluorescent dyes: a — Auramine O; b — Thioflavin T

As shown in Fig. 2, the binding of AuO to the amyloid fibrils and native proteins manifests itself in the increase of
the dye fluorescence intensity with the protein concentration. Likewise, emission maxima of the BSA-incorporated

fluorophore showed ca. 10—12 nm shifts to the shorter wavelengths ( /1/

ibr/nat

— 4, , Table 1), suggesting the decreased

polarity of the dye environment [29]. On the contrary, BSA-bound ThT did not show noticeable spectral shifts.
Furthermore, emission maxima of the both dyes remained almost invariable in the presence of native and fibrillar
lysozyme. According to these results, AuO seems to be more sensitive to the solvent polarity than ThT. The above
spectral properties of AuO resemble those of Nile Red, another fluorescent amyloid marker, which showed the
dependence of the emission maximum on the local polarity of amyloid binding sites [30].

To obtain the quantitative characteristics of the dye-protein binding the experimental dependences Al (P) were
approximated by eq. (1) (Fig. 3). As seen in Table 1, AuO showed similar affinity for native and fibrillar proteins, and
higher stoichiometry for BSAF, BSAN, than that of ThT. In turn, ThT possessed 10-fold higher K value in the

presence of lysozyme fibrils, as compared to that of lysozyme monomers. The greater K values characteristic of the
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AuO- and ThT-BSA complexes may arise from the enhanced hydrophobic dye-protein interactions. Likewise, at pH 7.4
BSA has a negative electric charge, while AuO and ThT are positively charged, assuming the increased electrostatic

stabilization of the dye-protein complexes, as well [31]. The K, value characterizing the AuO-BSAN binding also
suggests the formation of fibrils of a certain morphology, differing from that observed by other authors. For instance, in
the Mudliar’s work BSA (100 pM) was incubated at 65 °C for 2 hours resulting in the fibril formation and the K,

value lower by 2 orders of magnitude compared to that obtained in the present study [32].
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Fig. 2. Fluorescence spectra of AuO in the presence of proteins
a - fibrillar albumin; b - native serum albumin; c - fibrillar lysozyme; d - native lysozyme. Dye concentration was 15 uM

Interestingly, unlike lysozyme, BSAN and BSAF have similar number of the dye binding sites, supposedly with
different morphology. The large molecule of serum albumin possesses about 24 residues of the different subdomains
with the very high aggregation propensity, estimated with AGGRESCAN [33], Zyggregator [34] and TANGO [35].
These residues presumably form fibril core, enabling the dye association with various fibril grooves that may increase
the number of the dye binding sites. Indeed, Holm et al. reported drastic increase in the B-sheet content during BSA
fibrillization, followed by ThT and Congo Red complexation with the different subtypes of the aggregates formed in
parallel [36].

The comparison of the & values for the dye complexes with fibrillar and native proteins revealed higher
fluorescence responses of the fluorophores to the presence of amyloid fibrils (Table 1). Furthermore, LzF-bound AuO

showed greater signal-to noise ratio (1 fibr /m/ 1)) compared to that of the BSAF-associated dye. In turn, ThT showed

higher specificity for BSAF than that of LzF. Interestingly, the examined dyes possess up to 15-fold greater quantum
yields in the presence of fibrillar and native BSA, as compared to LzN. In the case of BSAN this could be explained by
the dye incorporation into the protein hydrophobic patches, viz. sites I and II [37]. In turn, stabilization of the locally
excited state and the concomitant increase in the ThT quantum yield are predominantly due to the dye interactions with
the long B-sheets, resulting in the lowered sensitivity of the fluorophore to hydrophobic pockets of BSAN [14].
Analysis of the quantitative characteristics of the dye-protein complexation revealed that AuO could be used as
alternative to ThT for LzF detection.
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Fig. 3. The isotherms of the dye binding to serum albumin and lysozyme
a,b— AuO; c,d — ThT. AuO and ThT concentrations were 15 uM and 2 pM, respectively

Finally, the molecular docking was used to identify the possible protein binding sites for AuO and ThT. It
appeared that AuO and ThT tend to associate with the similar sites on the native or fibrillar proteins (Figure 4). It can be
assumed that both dyes associate with G54 L.56/S60 W62 fibril groove of the anti-parallel B-sheet of the lysozyme

Table 1.
Quantitative characteristics of the dye-protein binding
Dye Protein /IO *’ nm 2'ﬁbr/mzt - 10 **’ Ka ’ " &, HM_I Iﬁbr/nat/ IO Iﬁbr/ [nat
nm uM™!
AuO BSAF 514 -12 1.20+£0.25 | 2.60+0.51 800 26.7 1.5
BSAN -10 2.00+£0.41 | 2.90+0.32 500 17.7 -
LzF -4 1.40+0.30 | 1.50+0.30 102 3.9 2.8
LzN 0 0.40+0.08 | 1.20+0.24 21 1.4 -
ThT BSAF 480 -2 0.73+0.15 | 0.35+0.07 4800 17.5 3
BSAN 0 1.70+0.37 | 1.90+0.03 174 2.0 -
LzF -3 0.20+0.04 | 0.11+0.02 4020 3.5 1.9
LzN 0 0.02+0.00 | 7.50+0.15 260 1.8 -

*Emission maximum of the free dye in buffer; **Difference between the emission maxima of the protein-bound and free dye fibril
via hydrophobic interactions [38]. According to our quantum-chemical calculations, AuO length is ca. ~1.3 nm, being shorter than
that of ThT (ca. ~1.5 nm). Therefore, AuO may associate with 4 B-strands of the -sheet, while ThT is likely to associate with 5 f3-
strands [39].

Furthermore, AuO and ThT tend to associate with the IB domain of BSAN (the residues L115, P117, L122, E125,
F133, K136, Y137, E140, Y160, R185) and the active center of LzN (the residues 158, N59, W62, W63, 198, D101,
N103, A107, W108) [40,41]. Interestingly, Mudliar et al. reported AuO binding to the hydrophobic IIA domain of BSA,
i.e. to the specific ligand-binding site [32,42]. These discrepancies could be due to the fact that Mudliar employed Auto
Dock software, while the simple PatchDock/FireDock tools used in the present study give less precise results. The
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above data support our suggestion about the contribution of both hydrophobic and electrostatic dye-protein interactions
in the stabilization of the dye-protein complexes [43].

Fig. 4. Schematic representation of the most stable dye-protein complexes obtained by the molecular docking

a — AuO associated with the lysozyme fibril represented by the P-sheet formed from the K-peptide. The dye is bound to the
G54_1L56/S60_W62 fibril groove of the anti-parallel B-sheet; b — ThT associated with the same lysozyme fibril groove as AuO; ¢ —
AuO bound to the native serum albumin. The residues L115, P117, L122, E125, F133, K136, Y137, E140, Y160, R185 represent the
protein binding site for the dye; d - AuO bound to the native lysozyme. The residues 158, N59, W62, W63, 198, D101, N103, A107,
W108 represent the protein binding site for the dye.

CONCLUSIONS
The quantitative parameters for the Auramine O binding to fibrillar and native lysozyme and bovine serum
albumin have been estimated, revealing the possibility of the dye application for the detection and characterization
of amyloid fibrils;
Auramine O showed the dependence of the position of the emission maximum on the polarity of the amyloid
binding sites. This feature could be employed for the structural differentiation of lysozyme and serum albumin
amyloid fibrils;
Simple docking studies revealed that Auramine O associates with the specific fibril binding sites, viz. the grooves,
running parallel to the fibril axis.
Both fluorescence and docking studies indicate that hydrophobic and electrostatic dye-protein interactions play an
essential role in the stabilization of the dye-protein complexes.
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The entrainment of the light flux by a uniaxial anisotropic medium and its influence on the measurement of stellar aberration are
analyzed. The influence of the entrainment of the light flux by an isotropic medium on the measurement of stellar aberration was
considered by Fresnel early. The absence of such influence was confirmed by Erie's experience when filling the telescope tube with
water. The formula itself was perfectly confirmed by Fizeau's experiments with moving water and the repetition of this experiment
with an increase in the accuracy of measurements by Michelson, Zeeman, and others. G.A. Lorentz already on the basis of the
electromagnetic theory specified the formula with allowance for the frequency dispersion of the light flux. A. Einstein made an
analysis of the schemes of experiments for determining the drag coefticient, covering all possible variants of similar experiments. As
a result, he obtained Fresnel and Lorentz formulas, taking into account the frequency dispersion of light, starting from the theory of
relativity. The entrainment of light and its influence on the measurement of stellar aberration by a uniaxial anisotropic medium have
not been considered anywhere. An analysis of such influence is carried out. The results of the analysis indicate the possibility of
measuring the current value of stellar aberration using a uniaxial anisotropic medium. The concept of active light aberration is
introduced. The proposed schemes of experiments of using the entrainment of a light flux by an anisotropic substance for measuring
the current value of stellar aberration are investigated. It is concluded that it is possible to study the determination of the current
velocity of an inertial system relative to the light flux.

KEYWORDS: light aberration, entrainment of the light flux by the medium, refractive index, optically anisotropic medium,
telescope, observer speed, light speed

ABEPALISA CBITJIA B OIITUMHOMY AHI3BOTPOITHOMY OJHOBICHOMY CEPEJOBHUIII
B.M. Cuig
Xapxiecvruil HayionanrbHull yHigepcumem padioeneKmponiKu
np. Hayxu 14, Xapxie, Yxpaina, 61166

AHarizyeThcs 3aXOIUICHHS MTOTOKY CBITJIa OJHOBICHHM aHI30TPOITHUM CEPEAOBUINEM Ta HOTO BIUIMB HA BHMIipH 3ipKoBOi abeparrii.
Bmve 3axorieHHS TOTOKY CBITJIa ONTHYHO I30TPOIHHM CEpPEJIOBHINEM Ha BHMIpH 3ipKoBOi abeparii Oylio pO3TJSIHYTO I
@penenem. BigcyTHicTs Takoro BIUIMBY MiATBEpUKEHO mociizoMm Epi mpu HamoBHeHHI TpyOM Teneckomy Bojoro. Cama dopmyia
3axoIUIeHHs1 Oyna sCKpaBo MiaTBep/pkeHa nociimamu Di3o 3 BOAOIO sIKa PyXaeThCs B3IOBXK IOTOKY cBiTia. ITomiGHi mocimimu
HEO/IHOPA30BO TIOBTOPIOBAINCS 3 MIiJABUILIEHHSIM TOYHOCTI BUMipiB MaiikenscoHoM, 3eemanoMm Ta iHmuMu. [.A. JlopeHn| Bxke Ha
OCHOBI €JIEeKTPOMAarHiTHOI Teopii yTouHioe Gopmyny Ppenens 3 ypaxyBaHHIM 4acTOTHOI qucnepcii cBitina. A. EifHmTeitH BukoHaB
aHaJi3 CXeM JOCHi/iB BU3HAYCHHS KOe(illieHTYy 3aXOIUICHHS, OXOIUTIOIOYUX BCi MOMIIMBI BapiaHTH MOAIOHUX HOCHifiB. B mizcymky
BiH oTpuMaB ¢(opmymu Ppenens Ta JlopeHna 3 ypaxyBaHHSAM YacTOTHOI AWCHepcii CBiTJIa BHXOASYHM 3 TeOpii BiTHOCHOCTI.
3axoIUIeHHS TOTOKY CBITJIA Ta WOro BIUIMB Ha BHMIpH 3ipKoBOi abepallii OTHOBICHHM aHI30TPOITHHM CEPEJOBHUILEM 3 OTHOIO
ONITHYHOIO BICCIO I¢ Hifle¢ He po3mismanocs. BukoHaHO aHami3 Takoro BIUIMBY. Pe3ynbTaTH aHami3y BKa3ylOTh Ha MOXKIUBICTH
BHMIpY ITOTOYHOTO 3HAYEHHsS 31pKOBOi abeparil 3 BUKOPHUCTAHHSIM OJHOBICHOTO ONTHYHO aHI30TPOITHOTO cepenoBHIa. BeemeHO
MOHATTS aKTUBHOI aOeparfii cBimia. JlocmimkeHi 3ampolOHOBaHI CXEMH JOCHIJIB 3aCTOCYBaHHS 3aXOIUICHHS IOTOKY CBiTJa
OIHOBICHHM aHI30TPOIHUM CEpEIOBHINEM MJIs BHMIpy IOTOYHOrO 3HAa4eHHs 3ipkoBoi abeparii. 3poOJieHO BHCHOBOK IO
MOXJIMBICTb OCHIIYKSHHS BU3HAUCHHS TOTOYHOI IIBHU/KOCTI iHEPI[iabHOT CHCTEMH BiJJHOCHO IOTOKY CBITJIa.

KJIFOYOBI CJIOBA: aGepariist cBiTJa, 3aX0IUIEHHS NOTOKY CBiTJIa CEpeIOBHUINEM, MOKA3HUK 3aJTOMJICHHS, ONTUYHO aHI30TPOIHE
CEepeOBHILE, TEIECKOI, BUAKICTH CBITIA

ABEPPAIIMA CBETA B ONITUYECKO AHA30TPOITHON OJJTHOOCHOM CPEJIE
B.M. CBui
Xapvkosckuil HaYUOHANLHYIIL YHUBEPCUMENM PAOUOINEKMPOHUKU
np. Hayku 14, Xapvros, Ykpauna, 61166
AHanu3upyeTrcsl yBIICUEHHE CBETOBOTO IIOTOKA OJHOOCHOW aHM30TPOIHOM cpenoil M ero BIMSHHE Ha H3MEpPEHHE 3Be3IHON
abeppauuy. BnusiHue yBieyeHHsI CBETOBOTO IMOTOKA M30TPOIHON Cpeloi Ha M3MepeHHe 3Be3IHOH abeppauuu ObLIIO PacCMOTPEHO
eme Ppenenem. OTCYTCTBUE TAKOTO BIUSAHMS OBLIO MOATBEP>KICHO OMBITOM DpU MPH 3alOJHEHUU TPYObI Teneckona Bogoi. Cama
¢dopmyna ObuIa MPEeKpacHO MOATBEpXkJeHA omblTaMu Pn3o ¢ ABMXKymIeHCS BOAOW M ITOBTOPEHHEM 3TOTO OIBITA C MOBBIIICHHEM
TOYHOCTH M3MepeHuit MaiikenscoHoM, 3eemanoM u npyrumiu. I'.A. JIopeHI] y>ke Ha OCHOBAaHHUH JIEKTPOMArHUTHON TEOPUH YTOUHIII
dopMyiTy ¢ y4eTOM 4YacTOTHOH [UCHEPCHH CBETOBOTO IOTOKAa. A. DWHINTEHH cHenal aHajlh3 CXeM OIBITOB OIpeelICHHS
k03¢ GUIMIeHTa yBIEYEHHs, OXBATHIBAIONINX BCE BO3MOXKHBIE BapHaHTHI ITOJIOOHBIX ONBITOB. B pesynbrate oH mosrydmn (GopMyIibl
Openens u JlopeH1a ¢ yueToM 4aCTOTHOM JUCIIEPCUM CBETa UCXOS U3 TEOPUU OTHOCUTEIBHOCTH. YBJIEUEHUE CBETA U €ro BIMSIHUE
Ha U3MEPCHUE 3BE3MHOM abeppaluu 0JHOOCHOW aHU30TPOIHOM CPeIoi ele HUTIE He paccMaTpuBaiock. [IpoBelieH aHa U3 TaKOro
BIUsiHUS. Pe3ynbTaTel aHamM3a yKa3bIBalOT HAa BO3MOXKHOCTh H3MEPEHMS] TEKYIIEro 3HAaueHMs 3BE3IHOM abepparuu mpH
HCTIONIb30BaHUU OJHOOCHON aHM30TPOITHOHM cpeabl. BBeneHo MOHATHE aKTHBHOW abeppaimu cBeTa. VccimenoBaHbl MPeIsIOKEHHBIC
CXEMBI ONBITOB HCIIONB30BAHHS YBICUECHHUS CBETOBOTO MOTOKA AHM30TPOIHBIM BEUIECTBOM IUISI M3MEPEHUSI TEKYIIETO 3HAUCHUS
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3Be3HON abeppauuu. CrenaH BBIBOA O BO3SMOXKHOCTH MCCIIEIOBAHHS ONpPENENCHHUS TEKyLIeH CKOPOCTH MHEPLHAbHON CHCTEMBbI
OTHOCHUTEIIBHO CBETOBOT'O IOTOKA.

KJIFIOYEBBIE CJIOBA: aGeppamus cBeTa, yBIEUSHHE CBETOBOIO IIOTOKA CpEAOH, IOKas3aTenb IMPEIOMIEHHS, ONTHUYECKU
AHU30TPOITHAS CPEJIa, TEIECKOIl, CKOPOCTh HAOIIOAATEIs, CKOPOCTh CBETa

Influence of the light flux carrying away by anisotropic medium on star aberration measurement was considered
already by Fresnel. At such measurement light carrying away by anisotropic medium was not taken into account.

Let us analyze the influence of light carrying away by single-axis anisotropic medium on measurement of star
aberration.

In 1818, Fresnel proposed theory of partial light flux carrying away by a moving substance having carrying away
coefficient

x=1-—. (M

Based on the simplest mechanical model on full carrying away of thee the part by bodies (the part which forms its
over-density as compared with the surrounding ether) he obtained correct formula [1, 2] confirmed by experiments.
This formula was excellently proved by Fizeau experiment (1851) with moving water, repeated by Michelson (1886)
and Zeeman (1914) with increase of measurement accuracy.

Base done lector magnetic theory G.A. Lorentz (1886) corrected the formula with the account of light flux
frequency dispersion [3]. Zeeman experiments with moving rods confirmed the existence of Lorentz dispersion term.

A. Einstein highly appreciated the significance of Fizeau experiment.

«The answer to this problem is given by highly important experiment made more than half a century ago by
brilliant physicist Fizeau...».

«Although its hold be noted that long before appearance of relativity theory G.A. Lorentz explained the theory of
this phenomenon and justified it by purely electrodynamics method by means of certain hypothesis about
electromagnetic matter structure.

However this does not diminish the evidential force of Fizeau experiment has experiment um cruces in favors of
relativity theory, since Maxwell-Lorentz electrodynamics which was used as original theory do not contradict the
relativity theory». «Fizeau experiment is fundamental also for the special relativity theory» [4].

A. Einstein made anal by sis based on relativity theory of three scheme variants of experiments on determination
of carrying away coefficient embracing all possible variants of similar experiments. As a result, he obtained Fresnel and
Lorentz formulae with the account of light frequency dispersion. This once again proved correctness oft here relativity
theory [4].

W.E. Frankfurt, A.M. Frank [5] note that «in the relativity theory results of these experiments are explained simply
as consequence of relativity velocity addition formula

—xV
c'==1 7 (2
1+—
nc
Taking only terms of the first order, we obtain
c 1
c'=—+% l——2 vV, 3)
n n

(where c¢' is the speed of light with respect to the fixed installation and the observer).

Although the formula has the same appearance here “partial carrying away” is the result of pure metric properties
and is not connected with any assumption about substance structure or ether properties» [5].

A. Somerfield [6] investigated aberration and crystal optics based on Lorentz transformations however all these
investigations and experiments related to longitudinal, as to direction of propagation, light flux carrying away but
transverse carrying away was not considered.

At the same time (1818), Fresnel investigated the influence of such transverse carrying away on star aberration
measuring. He considered the experiment with filling a telescope tube with water and made the conclusion about
absence of influence of such filling on the value of star aberration. «Although this experiment was not yet made, but I
have no doubt, that it will support this conclusion ...» he wrote to Arago in 1818.

Eri made such an experiment in 1871, which confirmed permanency of star aberration angle. The analysis of such
filling in was made in detail in [7].

In 1977 H. Bilger and W. Stawell conducted the experiment, wherein light propagated in the rotating optical disc



73
Light Aberration in Optical Anisotropic Single-Axis Medium EEJP Vol.4 No.32017

of the annular laser interferometer. [8]

Anisotropy of the electromagnetic radiation velocity space under transversal light entrainment in the rotating
optical disc was investigated by V.O. Gladyshev, P.S. Tiunov, A.D. Leontiev, T.M. Gladysheva, E.A. Sharandin. By
anisotropy in this case we mean the dependence of the propagation velocity of light in the optical medium on the
velocity and direction of motion of the medium [9]

All this investigations are related to the light propagation in the isotropic mediums.

The main purpose of this work is to study the effect of the partial entrainment of a light flux by an optically
anisotropic uniaxial substance on the measurement of stellar aberration.

THE TRANSVERSE ENTRAINMENT OF THE LIGHT FLUX BY AN ANISOTROPIC SUBSTANCE
Examine consider influence of the partial light flux carrying away by the anisotropic substance on the star
aberration with different refraction indices along telescope axis and in transverse direction for an extraordinary beam.

Assume a star S be observed through an unfilled telescope (Fig. 1).

Due to star aberration because of telescope motion at speed V', its axis is directed towards 01So at the angle
a,=45-0,-8,=2£0,—-0,—B, tobeam §— O, of the star S'. Here .S, is aster position being watched, S

— true star position. At small angles &, ;= —siny , wherec is light velocity in vacuum, V' —observer’s
c

speed, i - angle between direction O, —S onto star S and vector of observer’s speed V.
Let us fill the telescope with optically anisotropic substance with refraction indices of an ordinary light n, along
axis 0,0, and radius O,B of the telescope tube, extraordinary beam n, =n, along O,0, and n, # n, along

telescope tube radius O, B in the direction of velocity V' An=n_ —n, # 0 (Fig. 2).
Now the light flux SO of the star S will get refracted on the medium border MN . Refraction angle of an

(24
ordinary light beam will be 7, = —.

Fig. 1 Fig. 2
Unfilled telescope Telescope filled with anisotropic medium

If to align the exit of an ordinary beam with the telescope cross sight reticule, then as shown by Fresnel and
confirmed by Eri experiment, the aberration angle will remain as previous — &, .

Really, if light flux carrying away by the medium with refraction index n, of the telescope moving at the speed V'

— — c
is not taken into account, then considering light flux ¢ speeding down along axis O,0, ¢ =-— the telescope
n

o

,B

should be inclined at the angle @ g = siny ( is an angle between the telescope axis and the direction of

!
its motion speed V' ). Since O,0, =tc, O,B, =tV and « is small, then
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V.
a=n,—siny =n.q,, “
c

where t is time of the light flow passing along the telescope axis O,0,, ¢ —being light velocity in the medium.

a
On the other hand, since refraction angle 7, = — and we align the exit of the ordinary light beam with the cross
n

o

sight reticule then the new aberration angle o could be
a=na,. (5)

However, the light flux inside the telescope tube together with the medium is carried away at the speed V, in the

1 1
direction of speed V' with coefficient (1——) V, =V (1——), where n, is the refraction index in the direction
n m

L : : 1
of speed V. This is equivalent to the decrease of speed }” by the value V" with coefficient (1——) [7,8].
n

1 1
Speed V, , with the account of carrying away will become V, =V —V(1——)=V — . Substituting

n, n,
V, =V — in a, we will obtain the value of the new aberration angle & .
n
LV nV .
a=n,—siny =—%5—siny, (6)
c n,
,
a=—a,. N
n

When filling in with isotropic 1 substance n, =n, and & = &, . For a no ordinary light beam also 7, = n, , that
is why & = «, is for it too.
For a next, no ordinary light beam n_, # 1, so if to align the exit of the extraordinary light beam with the cross

sight reticule, then the aberration angle will be different:
2

nU
a=a,=-%a,. ®)
n
n?
Let us denote k =—02 and o :kao then the aberration angle for an extraordinary light beam will be
n(?
V.
a,=k—siny;
C

a,=ka,. )
For is anisotropic substances k =1 and & = ¢, but for anisotropic substances k # 1 and ¢, differs from ¢ .

STUDY OF THE SCHEMES OF EXPERIMENTS USING AN ANISOTROPIC SUBSTANCE TO MEASURE
THE CURRENT ABERRATION VALUE
Let us consider possible variants of using this difference for determination of the star aberration angle. Then for

the sake of simplicity we will regard the angle | being equal 90°.
1. Let us measure the star position ¥, by means of the “empty” telescope (fig.1) ¥, = y; + &, (where ), being
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real star coordinate) and by means of }, telescope filled with anisotropic (71, # 71, ) substance with known k (Fig.2),
by the extraordinary light beam (aligning the exit of the extraordinary light beam e, with the telescope cross sight
reticule) 7, = 7, +«, . The optical axis of the anisotropic substance is parallel to the telescope axis Qo . Determine

the difference y, — ¥, = &, — &, ; substituting &, = kex, we obtain

7/2—712(16—1)6!0. (10)
Hence we will determine the aberration angle o, of the star S

%:—ylzc:i/l' (11)

2. Let us measure the star position by means of the telescope, filled with anisotropic substance (7, # 7, ) with the
known k (Fig. 2) by the ordinary light beam (with the ordinary light beam exit el being in the cross sight reticule) ¥, 4
and by the extraordinary light beam (with the extraordinary light beam exit e, being in the cross sight reticule) 7.

Optical axis of the anisotropic substance is parallel to the telescope axis. Determine their difference ) —y,. By

analogy we obtain

3. Let us install a single—axis doubly refracting crystal 1, with crystal faces being perpendicular to its optical axis,
so that optical axis of the crystal was parallel to the telescopic axis 4 (Fig. 3). We’ll observe the star through the
telescope aligning the star image by means of the ordinary light beam with telescope cross sight reticule 6. The star light
flux will fall on the crystal face at the aberration angle oy. In the crystal the light flux will divide into ordinary and

extraordinary flows having different direction of the linear polarization. Due to different refract ion indices n, # n_,

they will get refracted at different refraction angles.

S,

-5 | F
1 ON ?
4

9

v

gﬁk

3
ﬁ_,f
Fig.3
Telescope with single-axis crystal

a,
The ordinary light beam refraction angle will be 7, = —% . For the extraordinary light beam refraction angler of
n

o
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the single-axis doubly refracting crystal in the direction of the optical axis is equal to the ordinary light beam refraction

T
index no and changes depending on the extraordinary light beam direction angle to the optical axis 0 — — within

n,—n,.
Thus, the extraordinary light beam 7, fraction angler depends upon the angle of incidence & of the falling light

beam. At the same time speed v with the account of the extraordinary light beam carrying away also depends on nf

V, = — V', so r, depends upon the direction with respect to the optical axis and upon the value of the crystal motion

e

speed (Fig. 1,2).
r,=fi(a) and r,= fi(V). (13)

For a crystal with of ace perpendicular to the optical axis the refraction index of the ordinary light beam can be
r, =r, demonstrate das asp here with radius 7 , and the refraction index of the extraordinary light beam as a

revolution ellipsoid with the revolution axis 7, = n, along optical axis and with axis radius n. in the face plane. The

incidence anglers small (aberration angle < 200"), so small is the refraction angle and the difference between the
extraordinary light beam refraction index and the ordinary light beam refraction indexes small so it is possible to
assume that

n,(r,)=n,(a)=n,. (14)

The main influence on the extraordinary light beam refraction angle at small 7, will be exerted by the
extraordinary light beam carrying away during crystal motion perpendicular to the optical axis in the angle 7, plane

where the difference n, —n, is maximum, i.e., the difference between angles of propagation of the ordinary and
extraordinary light beams will be determined in this case by the lateral speed of the telescope motion (Fig.3).
If to take into account (n,(a)=n,) and minuteness of angles 7,,7,  (Fig.3), then

=9 etV =V 0=t 00=ir-r=Y 1 c-C.
0,0, n.(a) n. () ¢ n(a) n

e e

r,—r

e o
o

n
A ="eg,, (15)
ne

where ¢ — is the speed of the ordinary light beam in the crystal, ¢ — time of passing of the ordinary light beam along
the crystal axis.

O,e
0,0,

and

On the other hand A, =

2
_I Oe
no 0102

Knowing O,0,, n, ,n, and having measured O, e, aberration angle o, can be determined.

N

(16)

Thus, observing the star through the telescope with a single-axis doubly refracting crystal, align the star image by
means of ordinary light beams with the cross sight reticule and measure the distance O,e between star images by the

ordinary and extraordinary light beams. Knowing n, n. and crystal length 0,0, we determine ¢, without changing

the direction of the observer’s motion. The aberration direction is determined by the direction of the star image shifting

by extraordinary light beams in the focal plane of the telescope.
2

. .. . Vv
Lorentze transformation defined movement effect (second-order quantities af, a7 proportional to —-) may be
c

. . . . V
ignored if measured quantities are proportional to —.
¢
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In all variants under consideration the current value of the star aberration can be determined without changing the
direction of the observer’s motion.

When observing star through the unfilled telescope the light flow does not change its direction when entering the
telescope tube. To hold the star image in the cross hairs of the focal plane it has to be deflected by the aberration angle
towards the telescope motion relative to the light flux of the star being observed.

In the telescope filled with isotropic medium the light flux gets refracted at the exit in to the telescope, but because
of the transverse carrying away of the medium moving which is moving together with the telescope the refraction angle
gets compensated, the light flux does not change the direction of its propagation and the telescope has to be deflected by
the same aberration angle.

In both cases, the light flux does not change the propagation direction, and the telescope passively gets adjusted to
its motion.

In the telescope filled with anisotropic medium with optical axis parallel to the telescope axis the extraordinary
light beam changes its propagation direction as compared with the direction of the entry star light flux and that of the
ordinary light beam in the telescope.

Active change of the extraordinary light beam direction is caused by different refraction indices of the medium
along its optical axis, coinciding with the telescope axis and the direction of its motion together with the telescope.

This active aberration differs from passive aberration by the value and coincides by the direction.

Among abundance of stars one can find stars having at the given moment speed equal to observer’s speed.

Aberration of their light flow for the observer is of no importance, which proves independence of the light velocity
from the speed of its source. At the same time, the star and the observer can be considered as an inertial system with a
source. Measuring active and passive aberration, we measure by their difference the system speed without changing the
direction of the observer’s motion. This gives an opportunity to investigate practical realization of devices for
measuring speed of inertial systems with respect to the light flux.

CONCLUSIONS

1. When observing through the telescope filled with optically anisotropic medium by means of extraordinary light
beams the aberration angle differs from the aberration angle when observing through then filled telescope or telescope
filled with isotropic medium.

2. Different proportion of transverse carrying away speed of the extraordinary light beam flux and its longitudinal
speed in the moving anisotropic medium, as compared with their proportions in the isotropic medium, cause difference
in aberration angles in these media

3. Since anisotropic medium refraction index depends on the direction of the light flux propagation, this direction
changes at the transverse motion of the anisotropic medium. The value of this change depends on the direction and
speed of the medium motion.

4. In contrast to star aberration of the unfilled telescope, where there is no change of the light flow direction but
passive adjustment of the moving telescoped expending on its speed takes place, when filling it with anisotropic
medium the direction of the light flow propagation of the extraordinary light beams is actively changing.

5. The difference of passive and active aberration angles gives an opportunity to measure current values of star
aberrations of various types (daily, yearly, century-old) and hence of various components of the telescope speed.

6. Measure mentor various speed components is possible without changing the direction of the telescope motion.

7. Active aberration gives an opportunity to investigate measurement of the transverse speed of the inertial system
with respect to the light flux without change of direction of the observer’s motion.
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COERCIVE FORCE IN THE SYSTEM OF FERROMAGNETIC GRANULES FOR HALF
METAL CrO; WITH PERCOLATION CONDUCTIVITY
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Magnetic and magnetoresistive properties of several samples of compacted powders of ferromagnetic half-metal CrO,, consisting of
needle-shaped or spherical nanoparticles coated with thin dielectric shells, were investigated in wide temperature range. The
temperature dependence of the coercive force H.(7) is compared with the temperature dependence of the field of maximum of
positive tunneling magnetoresistance H,(7). The dependence of H,(7) was nonmonotonic one. It is found that in the low-temperature
range (4.2 + 70 K) the ratio H, = H,, expected for compacted ferromagnetic powders with particles of submicron sizes, does not
fulfilled. It is assumed that the possible reason of the difference between H, and H, is the mismatch between the orientation of the
global magnetization of the entire sample and the orientations of the magnetic moments in some part of granules that form the
optimal conducting channels at low temperatures. Such a mismatch may be due to the multidomain granules are more prone to the
formation of optimal conducting chains in the transport channels. That leads to a change in the mechanism of magnetization reversal
in these channels and to violation of the ratio /, = H..

KEY WORDS: half-metal, ferromagnets, tunneling magnetoresistance, granular systems, percolation, magnetization, coercive force

KO3PHUTUBHAS CUJA CUCTEMbI ®EPPOMATHUTHBIX T'PAHYJI HOJIOBUHHOTI'O METAJUJIA CrO, C
HNEPKOJISIHUOHHBIM XAPAKTEPOM IMPOBOAUMOCTH
H.B. lanakosa, E.IO. Beasies, B.A. I'opeJblii
Duzuko-mexnudeckuti uncmumym nuzkux memnepamyp umenu b.U. Bepxuna HAH Yxpaunv
np. Hayxu 47, Xapvros 61103, Ykpauna

B mmpokoil obmactu TemmepaTyp HCCI€NOBAaHBI MAarHUTHBIE M MAarHUTOPE3UCTHUBHBIC CBOMCTBAa HECKOJIBKUX IPECCOBAHHBIX
MOPOLIKOB (peppOMarHUTHOTO 1MoI0BUHHOTO MeTaiia CrO,, COCTOSAMMUX U3 UTOJIBYATHIX MM CHEPHUSCKUX HAHOYACTHUL], TOKPHITHIX
TOHKAMH JAMDIICKTPUUECKIMHU obonoukamu. [IpoBeneHO cpaBHEHHE TeMIepaTypHOH 3aBUCHMOCTH KodpuuTuBHOW cuibl H(T) ¢
TEMIIEPATYPHOH 3aBUCHMOCTBIO IO MaKCHMMyMa IIOJIOKHTEJIBHOTO TYyHHENBHOro MarmutocompotuBinenus H,(T). OOnapyxena
HEMOHOTOHHAsl 3aBUCUMOCTb [1,(T). YcTaHOBIEHO, YTO B 00nacTu HU3KUX TemmepaTyp (4,2 + 70) K coornomenue H, = H.,
OXHIaeMOe Uil TPECCOBAaHHBIX (EPPOMATHUTHBIX IOPOIMIKOB C CYOMHKPOHHBIMH pa3MepaMH YacTHIl, HE BBIIOIHICTCS.
IMpennonaraercss, 4T0 BO3MOKHAs MPMYMHA PACXOXKAeHUS Mexny [, u H. — HapylleHHe B3aMMOCBS3H MEXIy OpHEHTalueH
r700anbHOM HaMarHMYEHHOCTH BCEro oOpasla M OpHEHTAIMsAIMHM MarHUTHBIX MOMEHTOB B TeX TpaHyJaX, KOTOpble (GOpMUPYIOT
ONTHMaJIbHBIE MPOBOJSIINE KaHAIBI MPU HU3KUX TeMnepartypax. [lomo0Hoe HapylleHHe MOXeT OBITh CBS3aHO C MHOTOJOMEHHOI
CprKTypOf/i qacTu rpaHyn B TPAHCIIOPTHBIX KaHajlaX, YTO MPUBOAUT K UBSMCHCHUIO ME€XaHHU3Ma NNEPEMAariniMBaHrs B OTUX KaHaJlaX U
HapyLIEHUIO COOTHOIENUs 1, = H..

KJIFOYEBBIE CJIOBA: mnonoBHHHBIA MeTami, (eppOMarHeTHKH, TYHHEJIFHOE MAarHUTOCONPOTHBIICHHE, TpaHYJIHPOBAHHBIC
CHCTEMBI, IEPKOJIALHS, HAMAaTHUYCHHOCTh, KOOPIIUTHUBHAS CHJIa

KOEPLHUTUBHA CUJIA CUCTEMHU ®EPOMATHITHUX I'PAHYJI IOJIOBUHHOI'O METAJY CrO, 3
HNEPKOJISIIIMHAM XAPAKTEPOM ITPOBITHOCTI
H.B. lanakoBa, €.10. Biasies, B.O. I'openuii
Dizuko-mexniunuil incmumym Husokux memnepamyp im. b.1. Bepxina HAH Ykpainu
np. Hayxu 47, Xapxie 61103, Ykpaina

B mmpokomy miama3oHi TemiiepaTyp OyJ0 BHBYEHO MarHiTHI Ta MAarHiTOPE3HUCTHBHI BIACTUBOCTI JAEKUIBKOX 3pa3KiB MPECOBAHOTO
MOPOUIKY (epoMarHiTHOro monoBuHHOTO MeTany CrO,, IO CKIAmaeThes 3 roryacTux abo ceprHyHHX HAHOYACTHHOK, IO Oynn
BKPUTH TOHKHMHU Mi€NeKTPHIHAMHU OOOJOHKaMH. TemrepaTypHa 3aleXHICTh KoepuuTuBHOI cuimn H(T) TOpIBHIOETBCS 3
TEMIIEPATYPHOIO 3AJIEKHICTIO TON MAKCHMyMy HO3UTHBHOTO TyHENbHOro Marnitoonopy H(T). 3anexnictes H,(T) Oyna
HEMOHOTOHHOI0. BCTaHOBIEHO O CMiBBiAHOMEHHS [, = H, O4iKyBaHe JJIs yIIIIbHEHHX (h)ePPOMATHITHHX MOPOIIKIB 3 YACTHHKAMM
cyOMIKpOHHUX pPO3MipiB, B HH3bKOTEMIeparypHOMy miamasoHi (4,2 + 70 K) He BukoHyeTbes. [lepenbadaeTses, IO MOXKIHBOIO
NPUYMHOI0 Pi3HULI Mix H, Ta H. € HEBiANOBIAHICTb MiX CHPAMOBAHICTIO TJIOOANTBHOI HAMarHiY€HOCTI BCHOTO 3pa3ka Ta
OpIEHTAIliIMI MAarHiTHUX MOMEHTIB y Ti€i 4YacTMHI TpaHyJ, $Ki yTBOPIOIOTh ONTHUMAlbHI TNPOBIIHI KaHAIM TPH HU3BKHX
Temreparypax. Taka HEBiANOBiAHICTE MOXe OyTH IOB'A3aHa 3 THM, LIO MYJIbTIZIOMEHHI I'paHyId OUIBII CXMIBHI 10 yTBOPEHHS
ONTUMAJbHUX MPOBIAHUX JAHIIOTIB B TPAHCIOPTHUX KaHajmax. lle mpu3BOOWTH 10 3MIHM MeXaHi3My IepeMarHidyBaHHS B
TPAHCIIOPTHUX KaHaNax Ta HOPYLIEHHs CIiBBiAHOWEHHs [, = H..

KJIFOYOBI CJIOBA: nomnoBuHHHMI MeTan, (epOMarHeTWKH, TYHEIbHUH MAarHiTOOMip, TPaHYJIbOBaHI CHUCTEMH, HEPKOJIALI,
HaMarHiueHiCTh, KOEPIUTHUBHA CHJIA.

Juoxcun xpoma (CrO,) u3BecteH kak nojoBuHHBINH Metaut (half metal) Tuna I, y koToporo Ha ypoBae ®epmu
(Er) MMEIOTCS TOIBKO SIEKTPOHBI CO CIMHAMH, HampaBieHHbME BBepX (1). TmaBHBIM 0Gpa3zomM, 9T0 frg DIIEKTPOHBI
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xpoma [1]. CrO, uMeeT TeTparoHalbHYIO CTPYKTypy THIIa pyTHJa IIPOCTPaHCTBEHHOH rpynmel P4,/mnm c
napameTpamu pemetku a = 0,4422 um u ¢ = 0,2917 M. OObemHblil (MoHOKpUCTaIIMYecKUiT) CrO, 0oObIYHO
paccmarpuBaercsi, Kak ()eppoMarHeTHK C 3aMETHBIM HEaKCHAJIBHBIM BKJIAJIOM BTOPOTO TOPsAKa, Y KOTOPOTO OCh €
SIBIIIETCS. OCBIO JIETKOro HaMarHmumBaHus. Temmepatypa Kropu nuoxcuma xpoma 7¢ = 390 K. Dror Marepuan
MIPEACTaBIseT HHTEPEC, KaK OAWH U3 HEMHOTHX OKCHIHBIX ()eppOMarHeTHKOB TP KOMHATHOM TEMITEpaType ¢ BEICOKHM
3Ha4eHHEM CIUHOBOM nomspusanuy. Haunnaa ¢ 1968 roma, BEICOKOAUCIEPCHBIM MOPOLIOK AUOKCHIA XpOMa MOIYUHI
MIPOMBIIJICHHOE TPUMEHEHHE B KadecTBE pabouero marepuaia AJIsl MarHUTHBIX HOcuTened. B yacTHOCTH, ITHOKCHI
XpOMa HCIIONB3YeTCs B TPOM3BOICTBE KECTKHX IHCKOB C OONBIION IUIOTHOCTBIO 3amucu nHpopmammu. [lo sToi
MIPUYMHE OTPOMHOE BHUMAHUE HNCCIIE0BAaTEICH 1 TEXHOIOTOB IPUBIICKAET MPOOIeMa MOBBIMLICHNS KOOPIUTUBHOMN CHITBI
nopomka CrO,. KospuutusHas cuna H, mpencraBisier co00d 3HaueHHWE HAMPSHKEHHOCTH MArHUTHOTO TIOJIS, INIPU
KOTOpPOM HaMarHW4YeHHOCTb paBHa Hymo. UeMm Oojblile KOIPLUUTHBHAs CHJA, TEM BBIIIE CIOCOOHOCTh Marepuaa
IPOTHBOCTOSTh Pa3MAarHUYHMBAIOIUM MOJsAM. Kak M3BeCTHO, MaKCHMaJbHOE 3HAUCHHE KOIPLUUTUBHON CHIIBI
XapaKTepHO Ul MarHMTHOTO Marepuaja, COCTOSIIEro W3 OJHOJOMEHHBIX dacTull. Takum oO0pa3oM, MOJydeHHE
MIOPOIIKOB C BBICOKON KOAPIUTUBHOW CHUJION CBOJHUTCA, B YAaCTHOCTH, K 3aJjau€ CHHTE3a OJHOJOMEHHBIX HAHOYACTHI
JHOKCHAa XpoMa. DTy 3aaqy MOYKHO PELINTh, KOHTPOJIHUPYS pa3Mepbl U (hOpMy HAHOUACTHUIIBI ITyTEM HCIIOIb30BaHMUS
MaJIOro KOJIMYeCTBa MOANGMHUIMPYIOIINX 100aBOK B ITPOLIECCE THAPOTEPMAIBHOTO cuHTe3a [2].

B Hacrosimieit pabore paccMarpuBaeTcsi 3aBUCHMOCTHh KOIPUUTHBHOW CHJIBI OT TEMIIEPATYpPbl JUIl HECKOJIBKUX
IIPECCOBAHHBIX MOPOIIKOB AMOKCHAA XPOMa, COCTOSIINX M3 HAHOYACTHUII, OKPHITHIX JHAIEKTPUYECKIMHU 000JI0YKaMU
Pa3HOTro THIA U Pa3HOHN TONMIIUHEL. OCHOBHBIE XapaKTEPUCTHKHU IIOPOLIKOB IIPHUBOSATCS B TaOJIHIIE.

Lens paboTHI — HCCIIeIOBAHNUE B3aUMOCBSI3H MEXITy THCTEPE3UCHBIMH XapaKTEePUCTUKAMH
MarHUTOCONPOTHUBIIEHHS 1 HAMArHNYEHHOCTH.

Tabmuma
Cdepuueckue yactuiipl umenu quamerp 120 am
Ne Cocras YACTHILILI Tun Tonmuaa Jnuna Tonmmua | H,, A/m

cepuu | MOpOIIKa JIURJIEKTPUYECKOU 000J10YKH, YaCTULbI YaCTUII (xoMH.

000JI0YKH HM HM HM TEeMII.)
1 CrO, UTJIBI B-CrOOH 1,73 302 22,940,8 34387
2 CrO, UTTIBI Cr,04 2,1 302 22,9+0,8 33591
3 CrO, cthepruyeckue 3-CrOOH 3,6 — — 11860
4 CrO, UTIIBI B-CrOOH 1,58 302 22,940,8 34148
5 CrO, WTJIBI B-CrOOH ~1 ~240 24 41551
6 CrO, Fe UTJIBL B-CrOOH ~1 ~340 34 60576

V3meHeHne BEMMYMHBI KOPUUTHBHOW CHJIBI CONPOBOX/IAETCS HE TOJNBKO W3MEHEHHEM BCEX MAarHWTHBIX
xapaktepuctuk mopomka CrO,, HO ¥ H3MEHEHHEM ero MarHHTOPE3WCTUBHBIX CBOWCTB, KOTOPBIC 3aBHUCAT OT
CIIOCOOHOCTH MarHUTHBIX MOMEHTOB HaHodacTull CrO, K mepeopreHTallnd BO BHEUTHEM MarHUTHOM moine. CBoiicTBa
MoHOKpucTamdeckoro  CrO, paaWKadbHO OTIMYAIOTCS OT CBOMCTB  IPECCOBAaHHBIX TOpOmKoB  CrO,.
Monokpuctamumdecknii CrO, mmeer Mertaummdeckuid Tun mpoBoguMocTd. [lopomku CrO, mpencTaBisioT coOoi
TpaHyJIMPOBAHHBIA MaTepHaj C MEPKOIUOHHBIM XapakTepoM MPOBOIUMOCTH. IlepKoiAiuoHHas NMPOBOANMOCTH
OCYIIECTBIISICTCS 110 [ETIOYKaM, COCTABJICHHBIM M3 OTAEJIBHBIX YaCTHUIY/TPaHyJ. B MpeccoBaHHBIX MOPOIIKaX JAUOKCHA
XpOMa, COCTOSIIMX W3 HAHOYACTHI, MOKPBHITBIX TOHKUM CJIOE€M IHU3JIeKTpUKa (TONIMHON ~ 1+4 HM), Beln4MHA
IMPOBOAUMOCTH OHNPECACTACTCA BEPOATHOCTHIO TYHHCJIUPOBAHUA HOCHTeJIEH 3apsaa MEXAy COCCIHUMH 4YaCTUllaMU
(rpaHynamu) W 3aBHCUT OT TOJIIMHBI M CBOMCTB MEXIPaHYJIBHBIX IUIJICKTPUYECKUX Mpocioek. Takoro pona
MIPOBOJIUMOCTD Ha3bIBaETCS TYHHEIIbHOM. CobcTBeHHOE (intrinsic) MarHUTOCONPOTHBIICHUE MC)
MoHokpuctamndyeckoro CrO, cocrasisier okosno 1% (npu H = 7,96x10° A/M) mipu KOMHATHOUW Temmepatype [3] u
cabo MeHsIeTCsl P MOHW)KEHUH TeMreparypbl. MC MpecCOBaHHBIX IOPOLIKOB OKa3bIBAETCS TMTAHTCKHM, JOCTUTast
oonee 30% mpu HU3KUX TeMIepaTypax W HeOoibmux nonsx [4, 5]. B rpanymupoBanHom Matepuane MC sBisercs
HecoOCTBeHHBIM (extrinsic). B 3ToM ciydae BepoOsSTHOCTH TYHHENMPOBAHMS HOCHTENCH 3apsjga 3aBUCHT OT
OTHOCHTENbHOW OpHEHTAIMN BEKTOpa HAMArHUYEHHOCTH B COCENHUX TpaHynax [3] W odYeHb UYyBCTBHUTEIFHA K
MPUIIOKEHHOMY MarHUTHOMY 1oI0. OHa TOCTUTaeT MaKCUMAaIbHOTO 3HAYEHHS, KOT/1a MOMECHTHI B CMEXHBIX TpaHyJax
OpHEHTHPOBaHBI MapaiuiebHo [3]. B HayuHOW mmTepaType Takoro pojaa TYHHEIHPOBAHWE HA3BIBACTCS CIITHH-
3apucsAIMM (spin-dependent), a COOTBETCTBYIOIIEE MATHUTOCOIPOTHBIICHE HA3BIBAETCS TYHHEIBHBIM.

KosprutuBHOCTE MPEeCCOBaHHBIX IMOPOIIKOB OTYETIMBO MPOSBIAETCS B NoBeAeHnH TyHHensHOoro MC. Ha puc.1
nokasaH mpumep rucrepesuca TyHHenbHOro MC mopomka CrO,, COCTOSAINEr0 W3 HMroib4aThlX YacTHUIl, MOKPBITHIX
cioem auanextpuka B—CrOOH ronmmuoi 1,73 HMm (tabnuua, nopomok Nel). Puc.l neMoHCTpUpyeT THIUYHOE IS
MTOTUKPUCTAIUTMYECKIX OKCHIIOB MEPEXOAHBIX MArHUTHBIX METAJUIOB MOBEIEHNE rucTepe3nca TyHHensHoro MC: AR(H)
= [R(H)-R(0))/R(0). Taxoe moBeleHUE IMOJHOCTBIO OTpPaXKaeT IMOBEJCHUE THCTepe3nca HaMmarHuueHHoctu [3]. A
HMMEHHO, B 00J1aCTH HU3KUX IOJIeH MOSBISIOTCS 1Ba MakCcHMyMa mosoxutensaoro MC npu H = + Hp, rae BennanHa Hp
COOTBETCTBYET KOIPIIUTHUBHON cuie H,, morydeHHOH U3 MarHUTHBIX m3Mepernit. [ ncrepesnc MC Takoro Tuma, Kak Ha
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puc.1, wis nopoukos CrO, oOHapy>KMBaeTCs TOJIBKO MIPU OCTATOYHO BBICOKUX Temneparypax 7> 15 K. [Ipu T< 15 K
HaOoiaeTcs Oojee coxHbIi TUI rucrepesuca MC.

0025 Ha puc.2,3 nokasaHsl TUCTEpE3UCH

T =3427K ‘Hp 'l +Hp TyHHenbHOr0o MC M HaMarHM4eHHOCTH

0,000 Tpex obpasmnoB CrO,, 3amucannbie npu I’

[? .3.0 =5 K n npu 20 K. Buano, uro npu 20 K

O elc ® N
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(paBast ocs opauHat) ipu 7' =5 K. T=20K.
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Bonee oTueTnuBo 3TO pasiauyie BUAHO Ha pUC.4, HA KOTOPOM YKa3aHHBIE 3aBUCUMOCTH MOCTPOEHBI AJIS MOPOLIKa
Ne 2 B yBenmuenHoM Macmrabe. Takum o00pa3om, INpeicTaBiIsieT HMHTEPEC PACCMOTPETh W NPOAHAIM3MPOBATH
TEMIIEpaTyPHYIO 3aBHCHMMOCTb KOIPIMTUBHOM cuiibl H, n mons KospuuTuBHOCTH f,. Panee B pabotax [6, 7] ObLIO
OOHapy»KEeHO CUIIbHOE OTIMuYMe BennuuH H, u H, B oOmactm HM3KuX Temnepatryp. Ha puc.5 mokasan rpaduk
sapucumoct H,(T) u H,(T) u3z pabotel [7]. IloBenenne H,(T) COOTBETCTBYET OKHMAAEMOMY HOBENEHHUIO MJIs
¢eppomarneTnkoB. Kak H3BECTHO, Ui OHOPOIHBIX (OJHOMOMEHHBIX WJIM MHOTOJOMEHBIX) (eppOMAarHUTHBIX
MTOPOIIKOBBIX CHCTEM BENMUYMHA H,. JOIKHA OBITH MaKCHMallbHa IIPH HU3KHUX TEMIIEPAaTypax M JOJDKHA YMEHBIIATHCS C
YBENWYCHNEM TeMIIepaTypbl, cTpemsich K Hymo npu I — T, 9To MBI W HaOmomaem Ha puc.5. B To xe Bpems
3aBucuMocTb H,(T) Ha puc.5 oTBedyaeT TakoMy NoBeneHUIo Tonbko mpu T > 50 K. B uenom, H,(T) Bemer cebs
HEOOBIUHO.

Anomanuu B mnosenenuu H,(T) 3akmouaroTcs B cieaymoomeM: (i) HEMOHOTOHHOE W3MeHeHue nons H, ¢
TeMmrepatypoii, (ii) cymecTBeHHoe npeBblnieHne BeanunHoi H,(T) cooTBercTBytonmx 3Hauenuit H.(7) B obmactu 50
+100 K. C yBennuenuem temnepatypsl npu 1 >100 K pasauna mexny H,(T) u H/(T) 3ameTHO ymeHbmaercs. [
JIOCTaTOYHO  OJHOPOJHBIX IIOPOIUIKOBBIX CHCTEM OTMEYEHHble Bbllle aHoMamuu H,(7) npeacTaBisAIOTCA
HeoXXKuJIaHHbIMU. Takum o0pa3oM, pe3ynbTaThl, MPeCTaBIEHHbIE HAa PUC.5 MOKA3bIBAIOT, 4TO cooTHomeHue H,(7) =
H/(T), oxunaemoe M HaONIOAaeMOe Ui INPECCOBAHHBIX MOPOIIKOB C JOCTATOYHO MabIMH (CYOMHUKPOHHBIMH)
pasmepamu (Bxiarouas u nopoinku CrO,) [4, 5], HE BBINONHSAETCS B IIUPOKOW obOiacTu Temmeparyp. Paccmorpum
HaCKOJIbKO 0011eit siBisieTcst HaOmonaemas B [7] 3aBucumocts H,(7).
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OBPA3LbI U PE3YJbBTATHI UCCJIEJOBAHMUS

Ha puc.6 mokasansl pesynsTatsl u3mepenns senuaut H,(T) u HT) cemu 00pasuoB, MpeICcTaBIAIOMNX cOOO0MH
MIPECCOBAHHBIC HAHOIOPOIIKHM JIMOKCHJIA XpoMma. Bce MOpOIIKM OBUIM MPUTOTOBIIEHBI METOAOM THAPOTEPMAaTbHOTO
cuHTe3a Ha Kadenpe marHeroxumuu Cankt-IlerepOyprckoro yHuepcurera. OOniue 0COOEHHOCTH HCIOJIB30BAHHOM
TEXHOJIOTUH CHHTe3a omnmcaHbl B padore [8]. Hanowactuupsl CrO, ObUTH MOKPBITHI THANECKTPHYSCKUMH 00O0JI0YKAMHU,
KOTOpPBIE COCTOSIIH JIN00 n3 okcuruapokcun xpoma B-CrOOH, mubo u3 okcuma Cr,O;. ToNIIMHBI AMANEKTPHYESCKIX
obomouek ykazaHel B Tabmumie. OOpaserr Ne 6 mpencraBimsin coboif TBepaprii pactBop 3amemenus CrO, — Fe.
Copneprxanme xemne3a B oopasie Ne 6 cocrasisuto 75 mmons/(1 Moms xpoma).
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Puc.6. TemnepaTypHble 3aBUCUMOCTH 10115 [, (UK no10xkuTensHoro MC) u KOOPUUTHBHOM CHIIBI [, CEMH Pa3IMYHBIX
00pasioB.
Homep Ha rpaduke cooTBeTCTBYeT HOMepy oOpasua B Tabauue. Ha puc. 6e cBemyible KBaJpaThl COOTBETCTBYIOT OPHEHTALIMU
MONs TEePHEHANKYIAPHO IUIOCKOCTH 00pasia, TEMHBIE KBaJpaThl — MOJIe MapaulebHO IUIOCKOCTH oOpasma. B ocTambHBIX
ClTyqasiX ToJie MPUI0XKEHO MapalieNIbHO IIIOCKOCTH 00pasIa.

Kak BumHO U3 TaOnuirel, mpuMech Fe CyIecTBEHHO MOBBIMIAET KOIPIUTUBHYIO crity mopoika H.. B pabote [9]
METOZIOM MeccOay?IpOBCKOH CIIEKTPOCKOMMHM Ha aToMax ~ Fe GbLI0 yCTaHOBIIEHO, uTo HOHBI Fe’ B mopomkax AHOKCHaa
XpOMa PaCIpeNeNTIOTCsS MEXKIY TPeMsi MarHUTHBIME TBEpbIMH pacTBopamu. [Tomumo TBepabix pactBopoB CrFe,O,
(3TO0 MaccWBHOE BEIIECTBO M 00OTAIIEHHBIH JKeIe30M IMMOBEPXHOCTHBIN ci10i) 1 BKiIoueHuH dactull Cr, o Fe)O; xemezo
MPUCYTCTBYET B okcuruapokcune xpoma B-CrOOH, KOTOpBI BXOAUT B COCTaB TUAJIEKTpUUECKO 06omouku. Takum
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o0pa3oM, MbI monaraeMm, 4ro B oOpasie Ne 6 >ene30 NMpUCYTCTBYET B ABYX (opmax: B BHJIE TBEPIOrO PacTBopa
CrixFe O, u B Bune CrypFe)0;. [lepBoe coenunenne obecrieunBaeT BBHICOKYIO KO3PUMTHBHYIO cuiy. Bropas daza
6ainactHas. OHa MPUCYTCTBYET B BUJE OTACIBHBIX MaNbIX YacTHI. DTH YacTHIBI aHTU(EPPOMATHUTHBI WM UMEIOT
HaMarHM4eHHOCTb Ha JiBa nopsaka Huxe, yeM y CrO,. @aza Cr, 4 FeyOs aBisieTcss AMdIEeKTpUUEecKOr U He 1aeT BKIlaja
B IPOBOAMMOCTh. KOHIIEHTpanus *eJe3a MEeHSIEeTCs 10 TOJIIMHE YacTHIbl. Ha moBEpXHOCTH OHA CYIIECTBEHHO BHIIIE,
MI03TOMY NTepeMarHiIMBaHNE KOHTPOIUPYETCS COCTAaBOM ITOBEPXHOCTH.

W3 mopomkoB MOCPEICTBOM XOJOAHOTO IPECCOBAHMS OBUTH C(HOPMHUPOBAHBI TAaOJIETKH, HMEMONIHe (GopMmy
MapaJuIeNeNuNnesoB ¢ pa3MepamMu 3x5x12 Mm. [InoTHOCTE mpeccoBaHHBIX TAaONETOK cocraBisuia npumepHo 40% ot
PEHTT€HOBCKOHM IUIOTHOCTH MaTepuajia B CIydae HMIVIOBUAHBIX 4acTHLl M 60% OT pEeHTreHOBCKOW INIOTHOCTH JUIS
chepuuecknx uactun. Criemyer OTMeTHTh, 4YTO wrojpuaTele wacThumbel CrO, mpencTraBisioT  coboit
MOHOKPHCTaJITUeCKHe 00pa3oBaHusl, B OOJBIIMHCTBE CBOEM COCTOSIIUE M3 JIByX IOMEHOB. BekTop, HampaBieHHBIN
BJI0JIb JAJIMHBI TaKOW YaCTHUIIBI, IPUMEPHO COBIAAAET C HAIPABICHUEM TETPAroHANIbHOM OCH ¢, KOTOpas SBISAETCA OChIO
JIETKOTO HamMarHu4uBaHus. [Ipu nmpeccoBaHuM TaOJIETOK YaCTHIIbI, HMEIOIIUE UT0JIbUaTyio (GopMy, IPEMMYIIECTBEHHO
OPHEHTHPYIOTCS B IUIOCKOCTSIX, IEPHEHIMKYJSIPHBIX HPHJIOKEHHON Harpys3ke. IIpym 3TOM OpHeHTalMs YacTHIl B
IUTOCKOCTSIX MOXKET OBITH JIOBOJBHO OecriopsiioyHoi. Takum oOpa3om, Ui MOPOIIKOB C WIOJBYATHIMU YaCTHLAMHU
UMeeTCsl BBIICIIEHHOE HampaBlieHHEe (TapauielbHOE BEKTOPY INPWIOKEHHOW HArpy3Kn WJIH OCH IPECCOBaHUS), B
KOTOPOM CpeJlHee PAacCTOSHUE MEXKAY JYacTUIIaMH MUHAMaIbHO. [1o 3ToH pHYnHE MBI IojiaraeM, 4To HAMarHMIiBaHUe
OoJsiee JIETKO JOJDKHO MPOMCXOMUTH B Clydae, KOTJa BHEIIHee IoJsie [ HampaBiIeHO B IUIOCKOCTH oOpasna, a rmoie
KOSPUUTUBHOCTH ,, IOJKHO OBITH aHU30TPOIHBIM.

Bce mopomkn ObUIM  0XapaKTEpPH30BaHbI MOCPEACTBOM IEKTPOHHO-MUKPOCKOIMHMYECKUX, PEHTTEHOBCKUX U
MarHUTHBIX HccienoBanuii. Haitnenneie mapamerpsl pemetku (@ = 0,4424 um, ¢ = 0,2916 HM) COOTBETCTBOBAIHN
U3BECTHBIM JaHHbIM 4ucToro CrO,. 3Havenus H, ObUIM MOJNy4YeHbl M3 M3MepeHuil rucrepesucos MC. 3nauenus f.
NOJMY4YeHbl M3 M3MEPEHHUH THUCTepe3UCOB HAMarHMUEHHOCTH. Pe3UCTHBHBIE H3MEpPEHHS NPOBOIMINCH IO
YeTBIPEXIIPOBOJHON cXeMe B pexkume 3ananHoro Toka (J = 100 MkxA) u BbImonHeHust 3akoHa Owma. IIporokon
n3mepernii MC COOTBETCTBOBaJI OOBIYHOMY IPOTOKOJY H3MEPEHUS! TMCTEPE3UCHBIX KPHBBIX HAMarHMYEHHOCTH B
MOCJIEOBATENbHOCTU + Hyx — 0 = - Hyox > 0 > + Hpax — 0. UHTepBan MarHutHbIX noned mpu 3anucu MC
cocraBist + 1,194x10° A/m. CkopocTh BBOJA-BBIBOJA MArHHTHOTO MOJs cocTaBisuia 16716 A/(mxcek). M3mepenus
MC npoBoaWIuCh € UCIOJNB30BaHMEM Bpamaromerocss coneHouaa Kamurpsl. H3MmepeHus HaMarHMYEHHOCTU
npoBoamwtnck Ha SQUID (Quantum Design) marantomerpe. st mopomkoB Ne 1 u Ne 4 Obiim M3MepeHBI O J1Ba
Ppa3HbIX 00pasma.

3asucumoct H(T) n H,(T) Ha puc. 6. NOKa3bIBAIOT, YTO JJIs BCEX MOPOLIKOB 3Ha4eHUs 1., KaK U OXKuaaercs,
MaKCHUMAaJlbHBI IIPH HU3KHMX TEMIIEPATYpax M HOCTENEHHO yMmeHbpmarorcs npu I — T.. B 10 xe Bpems, mone H,
HaYMHAET YMEHBIIATHCS C MOBBIIICHUEM TeMIIepaTypsl Toiabko npu I = 50 K, kak 3To Habmomanocs paHee B padbote
[7]. B nnrepnane temneparyp 50 +100 K 3Hauenus H, cymecTBeHHO npeBbiaioT H.. Clenyer Takxe OTMETUTh Oonee
BBICOKHE 3HAYEHUs KOPPUUTHBHOH cuibl ., m nmons H, oopasua Ne 6 (CrO,—Fe) no cpaBHeHHIO ¢ aHAJIOrMYHBIMH
JaHHBIMH JIs OCTAJILHBIX 00pasLoB U Gonbiune 3Hauenus H, B uHTepBane Temnepatyp 50 + 70 K ans odpasua Ne 4 Ha
puc.6e. Pesynbratel msmepenus H.(T) m H,(T) cemu 00pa3loB MOKa3hIBalOT, 4To aHoManmuu f1,(T), xoTopble
3aKJIIOYAIOTCA B HEMOHOTOHHOM noBefieHuu H,(T) n 3HaunTenbHoM npesbiieHnn H,(T) snadennit H(T) B uHTEpBase
ot 20 K mo 100 K, mo Bceit BepoATHOCTH, SBISIOTCS OOMIMMH [UIS IMIHPOKOTO Kilacca (eppOMAarHUTHBIX MOPOIIKOBBIX
CHCTEM C IIEPKOJISIIIMOHHBIM XapaKTepOM TYHHEIbHON MPOBOJUMOCTH.

OBCYXAEHUE PE3YJIbTATOB

B pabotax [6, 7] HabmrofaeMble aHOMANUK B ToBeeHUH /1,(T) OOBACHIINCH TEM, YTO MPH HU3KUX TeMIepaTypax
NPOBOJUMOCTh, W, ciemoBarenbHo, R(H) u R(0), ompenenstorcs Manoii 00bEeMHOW aoyiel TpaHys, (OPMUPYIOIIHX
«ONITUMAJIBHBIEY MTPOBOASAIINE IIETTOYKH C MAaKCHMaIbHON BEPOSTHOCTHIO TYHHEIMPOBaHus. Kak M3BECTHO, KOINYECTBO
TaKHX IETTOYEK HENPEPHIBHO YMEHBIIAETCS C MOHM)KEHHEM TeMIeparypbl. [Ipr 5ToM HEMHOTOUYHCIIEHHBIE TPOBOSIINE
MIEPKOJISIIIMOHHBIE KaHAIbI, Jalole OCHOBHON BKJIAJ B HU3KOTEMIIEpAaTypHYIO IIPOBOJIMMOCTh, COCTOST B OCHOBHOM W3
MHOT'OJIOMEHHBIX YacTull [6]. JIokanbHble Benn4nHbl . MHOTOIOMEHHBIX YacTHIl CyIIECTBEHHO MEHBIIE, YEM y YaCTHIL
OJHOMOMEHHBIX. [103TOMy mpH HHU3KMX TeMIepaTypax MarHUTHBIE CBOMCTBA 3TOH YacTH TPaHYJT MOTYT 3aMETHO
OTJINYAThCS OT III00aTbHON HAMarHUYEHHOCTH BCEro 00pasiia, M3MepsieMoil MarHUTOMETpoM. B gacTHOCTH, 3TO MOXKET
OBITH NPUYMHON yMEHBLICHUS U3MEPAEMBIX BeIWYUH [1,(T) NMpU N0CTaTOYHOM IOHHKEHHH TEMIIEPaTyphl, KOTOpOe
MOXHO HabmronaTs Ha puc.5 u puc.6 mpu 7' < 25 K.

B pa6ore [10], uccaenoBaHo COOTHOLIEHHE MEXY 3HAYEHUAMU [, © H, NOPOIIKOB MaHraHUTOB Lay;3St;3MnO; B
3aBUCHMOCTH OT BPEMEHHM IOMOJa. Bbulo MoKa3aHo, YTO YBENWYEHHE BPEMEHH IOMOJIa MPHBOAUT K YMEHBIIECHHIO
pa3mMepa 3epHa 1 K GOpMHPOBAHHUIO OOJiee OTHOPOIHONH MUKPOCTPYKTYPBI MOpoLIKa. B pe3ynbrarte ncciueoBaHus sty
MIOPOIIKOB C Pa3HBIM pa3MepoM 3epHa ObUIO 0OHAPYKEHO, YTO JJIsl MHOTOJOMEHHBIX YaCTUI[ MAHTaHUTOB BBIMOJIHSETCS
coornomenue H, # H,. [lpuuem Benuuuna H, cymecrtsenno npeseimaet H,. Pasnuune Benuuun H, u H,. ymeHbIIaeTCs
IIPU yMEHBUICHUH pa3MepoB YacTHI. [Ipy NOCTaTOYHOM YMEHBIICHWH pPa3MepOB YaCTHIl C YBEIWYEHHEM BPEMEHU
MOMOJIa OHHM CTAaHOBATCSA OJHOJOMEHHBIMH, M HAYMHAET BBINOJHAETCA COOTHOweHWe /1, = H. B 01HOIOMEHHBIX
YacTHLAX IPH TOBBIICHWH MArHUTHOTO IIOJII MAarHUTHBIE MOMEHTBHI TPaHYJd OPHEHTHPYIOTCS MO TONI0 IIyTeM



84
EEJPVol.4 No.32017 N.V. Dalakova, E.Yu. Beliayev...

OJTHOPOJHOTO BPAIIEHHS MAarHUTHBIX MOMEHTOB 4acTHIl. B 3ToM ciyyae MMeeT MecTO OZHO3HAuYHOE COOTBETCTBUE
BennuuHbl MC 1 n3MepsieMoif HAMarHUYEHHOCTH 00paslia, TaK YTO BBINOJHsETCSA cooTHomenue ), =~ H, [10].

B MHOrosI0MEHHBIX YacTHIax IepeMarHuuuBanue rnpu H = H,. Goiiee JIETKO MPOMCXOAUT IyTEM 3apOKACHHS U
pocTa JOME€Ha C MPOTUBOMIOIOXKHBIM HalpaBI€HUEM MAarHUTHOrO MoMeHTa. [Ipu 3TOM IBMXKEHUE NOMEHHBIX CTEHOK
BHYTpPU TpaHyJbl ciabo BIWseT Ha cHuH-3aBucuMoe TyHHenbHoe MC [10]. B Takux ycloBHSIX HMEET MECTO
HEPABEHCTBO /1, # [, ¥ OTCYTCTBYET KOppENALHU MEXIy U3MepsAeMOil HamarHudeHHOCThI0 U MC. DTH npe/cTaBieHus
MOJKHO TIpUMEHHTH M K obOpasmam CrO, ¢ uronpuaTeiMu (M Jake OKPYTIIEHHBIME) YacTHIaMU. YacTHbl (CO CpeaHuM
mramerpoMm 22,9 + 34 BM u cpenneit mmHON 240 + 340 HM) SABISAIOTCS, HECOMHEHHO, MHOTOJIOMEHHBIMH, TaK Kak
KpuUTHYEeCKHH pasmep omHomgoMeHHBIX dacTui CrO, cocraBmser 200 HM. YTo KacaeTcs MOPOIIKA, COCTOSIIETO W3
cepryecKnX 4acTHIl, TO B CHIIy HEKOTOPOTro pa3dpoca pazMepa IrpaHyl, CIUIAHUSI HEKOTOPBIX I'PaHyJl, YTO OTYETIMBO
HPOSBILUIOCH Ha MHKpo(doTOorpadusx, CHATHIX B MPOCBEUHBAOLIEM 3JIEKTPOHHOM MHUKPOCKOIE, M MO Psly APYTHX
NPUYWH, HEJIb3s HCKIIIOYHTh, YTO HEKOTOPBIE 3epHa ObLUTH MHOTOJIOMEHHBIMH [6].

MHorue acneKTsl MpodaeMbl COOTHOWEHHs H, u H,, 0OIHAKO, O CHX IOP OCTAIOTCA HEACHBIMH M TPEOYIOIMMH
JaNbHEHIINX HCCIeNOBaHUH. B 4yacTHOCTHM ocraeTcsi B 3HAUMTEIbHOW CTEIIEHM HESCHON OOHapy)KeHHas B JaHHOW
paboTe HEMOHOTOHHas 3aBucumocTs H,(T). Kpome Toro, npejacrapiser nuarepec ooHapy:xeHnas B [11] 3aBucumocts H,
OT U3MEPUTEIHFHOI0 TOKA M OT CKOPOCTH BBOJIa MATHUTHOTO TOJISL.

ABTOpBI  BBIpaXalT OnarofapHOCTh COTpyAHHMKaM Kadeapbl MarHeroxumuu — Cankt-IletepOyprekoro
TlocynapctBenHoro Yausepcutera Ocmoinosckoit O.M. u OcmonoBckomy M.I'. 3a mpenocrasieHe oOpasios.
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REDESIGN OF NESTOR STORAGE RING LATTICE
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NESTOR is the hard X-ray source that is under commissioning at NSC KIPT. NESTOR based on the Compton scattering of laser
photons on relativistic electrons. The structure of the facility can be represented as the following components: a linear accelerator, a
transport channel, a storage ring, and a laser-optical system. Electrons are stored in the storage ring for energy of 40-225 MeV, laser
photons are accumulated in the optical resonator. The frequencies of laser and electron bunches are synchronized, the interaction
point located in the optical resonator. The measurements showed that parameters of the manufactured bending magnets different
from the design ones. The bending magnets have different field index, besides the vertical focusing forces are significantly lower
than designed ones. The beam dynamics simulation showed that due to decreasing of the vertical focusing the vertical betatron
frequency becomes close to the frequency of the integer resonance Q = 2, as a result the vertical motion in the ring is unstable [1].
The second reason for optimization is the need to increase the length of the drift space for optical resonator. The results of
optimization are presented in this paper.

KEYWORDS: compton scattering, storage ring, lattice redesign, beam dynamics simulation, dynamics aperture

MOJEPHMU3ALUA CTPYKTYPbBI ®OKYCHPOBKHN HAKOIIUTEJIBHOI'O KOJIBHA HECTOP
II.U. I'naakux, A.A. Kanramaiixo, U.M. Kapnayxos
Hayuonanvnutii nayunviii yenmp «XapvKoeckuil pusuko-mexHudeckuli UHCTunymy

61108, Yxpauna, e. Xapvkos, yi. Akademuueckas, 1.
B HHIT X®TU coopyxaercs ucrounuk xectkoro usirydenus “HECTOP”, ocHOBaHHBIM Ha KOMIITOHOBCKOM PACCESIHUU Ja3€pPHBIX
(OTOHOB Ha PENATHBUCTCKHUX MIEKTpoHaX. CTPYyKTypHO yCTaHOBKA MOXET OBITH IIpeCTaBieHa B BHIE CICAYIOIIMX KOMIOHEHTOB:
JIUHEHHBI yCKOpUTeNb, KaHal TPaHCIOPTUPOBKH, HAKOIMTEIBHOE KOJBLO, JIa3epHO-ONTHYECKass CHUcTeMa. OIJIEKTPOHBI
HaKaIUTUBAIOTCS B HAKOIMTEIHHOM KOJIbIie Ha dHepruro 40-225 MaB, na3epHbie pOTOHBI HAKAIUIUBAIOTCS B ONTHYECKOM PE30HATOPE.
YacToTsl CIEA0BAHUA Ja3ePHBIX U 3JIEKTPOHHBIX CIYCTKOB CHHXPOHU3HPOBAHBI, TOUKA B3aHMOJCHCTBHS HAXOAUTCS B ONTHIECKOM
pe3onatope. M3mepeHus TOKa3anm, 4TO MapaMeTpbl H3TOTOBIEHHBIX IMOBOPOTHBIX MArHHUTOB OTJIMYAIOTCS OT MPOEKTHBIX.
[ToBOpOTHBIE MarHUTHI HE TOJIBKO MMEIOT Pa3HBIC ITOKA3aTENM CIaja MArHUTHOTO IOJS, HO M CHIJIBI BEPTHUKAIBHON (DOKYCHPOBKH
CYIIECTBEHHO HI)KE NPOCKTHHIX. PacdyeTs! MoKa3aiy, 4TO M3-3a YMEHBIICHHS BEPTHUKAIbHON (POKYCHPOBKH YacTOTa BEPTHKAIBHBIX
0eTaTpOHHBIX KoJeOaHUH CTaHOBHUTCS OJIM3KON K 4acTOTe IEJIOro pe3oHaHca Q =2, B pe3yibTaTe Yero BepTHKAIBHOE IBMKEHHE B
KOJIbIIE CTAaHOBHTCSI HEyCTOIUMBEIM [1]. Bropast mpudrHa MoJepHU3aLUH 3aKII0YASTCsl B HEOOXOIMMOCTH YBEJINYUTE JUIMHY OJXHOTO
U3 IpeihOBBIX MPOMEKYTKOB JUIS YCTAaHOBKHM ONTHYECKOTO pe3oHaTopa. Pe3yibraThl MOJEpHM3ALUM IPEICTABICHBI B JIAHHOM
pabore.
KJIOUEBBIE CJIOBA: KOMNTOHOBCKOE paccesHHe, HAaKOMUTEIbHOE KOJIBIO, MOJISpHH3AlMs CTPYKTYphl (DOKYCHPOBKH,
MOJIETTMPOBAaHNE JMHAMUKH Ty4Ka, TMHAMHYECKas alepTypa

MOJEPHIBAIISA CTPYKTYPHU ®OKYCYBAHHS HAKOIIMYYBAJIBHOT' O KIJIBIISI HECTOP
ILI I'naakux, A.A. Kanamaiiko, .M. Kapnayxos
Hayionanenuil naykosuii yenmp « XapkiecoKuil (i3uKo-mexHiuHutl iRCmuniymy
61108, Ykpaina, m.Xapxie, éyn Axademiuna, 1.

B HHII X®TI ciopymxyetbest jukepeno sxopctkoro unpominioBanns "HECTOP", 3acHoBaHe Ha KOMIITOHIBCBKOMY PO3CilOBaHHI
nasepHuX (OTOHIB Ha PENIATUBICTCHKUX eNeKTpoHax. CTPYKTYpHO YCTaHOBKa MOXKe OYTHIPEICTABJICHA y BMIVIAAI HACTYIHHX
KOMIIOHEHTIB: JIHIHHUI MPHCKOPIOBAY, KaHaJl TPAHCIIOPTYBAaHHS, HAKOIIMYYBAJIbHE KiJbIIE, JIA3ePHO-ONTHYHA cUcTeMa. EnekTpoHn
HAKOMUYYIOTHCS B HAKOMMYYBaIBHOMY KibI Ha eHepriro 40-225 MeB, nazepHi (0TOHN HAKONMMYYIOTHCS B ONTHYHOMY PE30HATOPI.
YacToTu NPOXOKEHHS JTa3ePHHUXI €IEKTPOHHUX 3ryCTKIB CHHXPOHI30BaHi, TOYKA B3a€MOJIii 3HAXOJUTHCS B ONTHYHOMY PE30HATOPI.
BumiproBaHHS IOKa3any, IO MapaMeTpH BHIOTOBJICHUX ITOBOPOTHUX MATHITIB BiAPI3HSIOTHCS Bix NpoeKTHUX. [IoBOpoTHI MarHité
HE TIIBKM MAalOTh Pi3HI MOKAa3HUKH CIIaJy MarHiTHOTO IIOJIS, a i CHJIM BEPTHKAIBHOTO (POKYCYBaHHS iCTOTHO HIDKYE MPOEKTHUX.
Po3paxyHkH ToOKa3aid, IO 4Yepe3 3MEHIIEHHS BEPTHKAIBbHOI (OKYCYBaHHS YacTOTa BEPTHKAIBHHX OETaTPOHHUX KOJIMBAHb CTA€
OJIM3BKOIO JI0 YaCTOTH IIJIOT0 pe3oHaHcy Q = 2, B pe3yJbTaTi 4oro BepTUKAIBHUH PyX B KiIbIli cTae HectiiikuM [1]. Jlpyra npudanHa
MOJIEpHi3allii monsArae B HEOOXiZHOCTI 30UTBIINTH JOBXHHY OAHOTrO 3 ApeiioBHH NPOMIKKIB JUIi YCTAHOBKM OHNTHYHOTO
pe3onatopa. Pe3ynpraT MozepHi3alii mpeacTaBieHi B faHiil poOoTi.

KJIFOYOBI CJIOBA: KOMITOHIBCHKE pO3CiIOBaHHS, HAKONWYyBaJbHE KUTbLlE, MOJEpHi3amisi CTPYKTYpH (OKYyCyBaHHS,
MOJICITIOBAHHS IUHAMIKH MyYKa, IWHAMIYHA arepTypa

Wnest reHepanmy BBICOKOPHEPTETHYHBIX (POTOHOB Ha OCHOBE OOpPAaTHOTO KOMIITOHOBCKOT'O paccesHHs OblLia
mpemiokeHa B 1951 - 52 X. Moruewm [2] u K. Jlangekepom [3]. 3aTem, MmeTo 0OpaTHOTO KOMITTOHOBCKOTO PACCESTHHUS
obu1 pa3Butr B 1963 romy @.P. Apytrorstnom u B.A. TymansHoMm [4], a Takke HesaBucumo MunmsOypHOM [5]. Ho
BO3MO)KHOCTH YCKOPHTEIIFHOHN U JTa36pHON TEXHUKH B TO BPEMs HE MO3BOJISUIM PacCMATPUBATh MPEUIOKEHHBINH METOX
JUTS IPAKTHYECKUX LENel W3-33 OYeHb MAJIOro TOMEePEedHOro ceuenus npouecca (o, ~ 6,6x107% m).
© Gladkikh P.I., Kalamaiko A.A., Karnaukhov I.M., 2017
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B HacTosmee BpeMs AOCTHXKEHHMS B OONACTH JIa3ePHOM U YCKOPUTENIBHOW TEXHHUKH OTKPHIBAIOT HOBBIE
BO3MOXXHOCTH B T€HEpAINH JKECTKOTO U3JTyUSHHUS] BBICOKOW YHEPIHH Ha OCHOBE OOPAaTHOIO KOMITOHOBCKOTO pacCesiHUs
J1a3epHBIX POTOHOB HA PENSTHBUCTCKUX JIEKTPOHAX [6].

IIpn OAHOKPaTHOM CTOJIKHOBEHMH OJJIEKTPOHHOTO W JIA3€PHOTO CTYCTKOB YHCIO pPACCEIHHBIX (DOTOHOB
OTIPENETSIETCS] CBETUMOCTHIO L 1 TOJTHBIM CeueHneM KOMITTOHOBCKOTO paccestHus G [7]

n, =Lo. )

B maGoparopHoil cucrtemMe OTcYeTa BBIpaKEHHE Ui CBETHMOCTH, B Clly4ae TayCCOBCKHX paclpeleseHHH
IUIOTHOCTEH B 3JICKTPOHHBIX U Ja3epHBIX CTYCTKaX, IMEET CIeTyromuil Buy [ 8]

n.n
el

L= , 2
2 2 2 2 2( ) 2 2. 2( )
2n (cze +0,, O e Oy Jcos @2 )+ 0o 0 Jsin @2
TIE Gyxe, Oxl, Oz, Oz — CPEAHEKBAIPATUYHBIE NTOTIEPEYHBIE PA3MEPHI B TOUKE CTOJIKHOBEHHUS 3JIEKTPOHHOIO U J1a3€pHOTO
IIYYKOB, Gy, Og — CPEAHEKBAJIPATUYHBIE NMPOAOJIBHBIE pa3Mephl 3JIEKTPOHHOIO M JIA3€PHOr0 CTYCTKOB, N, Nj — YHUCIIO
3JICKTPOHOB U ()OTOHOB B CTAIIKMBAIOIIMXCS MyYKaX, () — YrOJ CTOJKHOBCHHUS 3JICKTPOHHOTO U JIA3EPHOT'O MYYKOB.

DHEPreTHYCCKHA CIIEKTP PACCETHHBIX (JOTOHOB XapaKTEPU3yeTCs MAKCUMAIIBHON SHEPTHEH €.y, IPHOOpPETaEMON
(hOoTOHOM TIPH TOOOBOM CTOITKHOBEHUH [ 8]

€max = 4"{281, 3)
rae y — JlopeHI — GakTop, € — SHEPTHS JTa3epHOTO (POTOHA.

[TpuHMMas BO BHHUMaHHME BCE BBIICH3IIOKEHHOE, JJISI MOJTYYEHHS MaKCUMaJIbHOW MHTCHCHBHOCTH HEOOXOANMO
CO3/IaTh HAKOIHUTEIhHOE KONBI0O C MHHUMAIBbHO BO3MOXKHBIMH TIONEPEYHBIMH W TIPOJOIBHBEIMH pa3MepaMu
SIEKTPOHHOTO M JIA3€PHOTO CTYCTKOB B TOYKE CTOJKHOBEHHMS. Kpome TOro, TEXHOJOTHS MOIDKHA OOECIIeYHBaTh
MUHUMAaJIBHBIN YTOJI CTOIKHOBEHHS.

OcHoBHas npobieMa B pa3paboTKe MOAZOOHON CTPYKTYPHI 3aKII0YaeTCsl B OOJBIION BETMYNHE SHEPreTHIECKOTO
pa3dpoca B 2JIEKTPOHHOM myuke. [IpM KOMIITOHOBCKOM pacCesIHUU DJIEKTPOH TEpseT 3HAYUTENbHYIO 4YacTh CBOCH
SHEPIHU M, BCICACTBHE CTOXACTHMYHOCTH 3TOTO IPOIIecca, 3TO MPUBOIUT K POCTY IHEpreTudeckoro pasdpoca [9]. B
9THX YCIOBUSX, JUIS IOJyYSHUS! YCTOMYMBOTO IBIDKEHUS! BaXXHO OOECIe4HTh OOJBLION SHEPreTHYecKUil akcenTaHc
Hakonutessl. Jns mosdydeHuss OONBIIOrO akcenTaHca B HAKOMHMTEIFHOM KOJIbIE HEOOXOAMMO JOOMTBCS Majioro
3Ha4YeHHe KO PHUIIMEHTA YITAKOBKH OPOUT, T.K. €r0 BEJIMYMHA ONpPE/IeIseTCs BRIpakeHneM [8]:

V
o, oo |2 4)
a,
IJie Oy - SHEPreTHYEeCKUil aKcenTaHc, V,r - yckopsioilee BU-HanpspkeHue, o — JIMHEHHBIH KOA(QQUIMEHT yIaKOBKU
opour.

Jlnst onmcaHMsl TIONEPEYHOro CMEIICHHs IMy4Ka NMpu OOJBIIMX 3HAYEHHSX OTKJIOHEHHS MMITYJIbca HEOOXOIMMO

TaKXKe yUYUTHIBAaTh KBaJpaTUUHyto nucnepcuo [10]

Ap .2

A= Ly (2, 5)

p
. Ap
rae T]] 158 T]z - JIJIUHCHUHAsA U KBaILpaTI/I‘lHaH I[I/ICHepCI/IH, —— - OTHOCHUTCIIBHOC OTKJIOHCHHUEC I/IMHyj'Ibca.

B ciydae Oonmpmmx 3HAYCHWH OTKJIOHCHUS WMITYyJIbCAa W KBAAPAaTHYHOH IUCIICPCHH, KBAJPATUIHBIC YIICHBI
HAYMHAIOT 3aMETHO BIMATH HA YAJHMHEHHE OPOWTHI, IPYTHMMHU CIOBaMH, KOO(QQHUIMEHT YIIAaKOBKHA OPOUT CTAHOBHUTCS
3aBHCHMBIM OT OTKJIOHEHHS nMmybca [10].

a=a1+a2A—p. 6)

Korpa nuHeiHbI KO3()(UIMEHT yMaKOBKH OPOMT CTAHOBUTCS MEHbBIIE HEKOTOPOrO KPHUTHYECKOTO 3HAYCHUS,
9HEPreTUYeCKUi aKCenTaHC HAKOMUTEIBHOTO KOJIblla HAauMHAET YMEHbIIaThes [11], moaToMy nuHeHHBIH Ko PHULIUEHT
YIIaKOBKH OPOUT SIBJISIETCS HEKOTOPOH KOMIPOMHUCCHON BETMYMHOM.

Llens nmanHOW pabOTHI 3aKIIOYAETCsl B MPOBEJCHUM MOJEPHM3AIMH CHCTEMBI (DOKYCHPOBKH HAKOIHUTEIHHOTO
xonbua HECTOP u oneHKM MHTEHCUBHOCTH JKECTKOIO U3IYYEHHUS C y4€TOM PEalbHbIX MapaMeTpPOB HAKOIUTEIbHOIO
KOJbLA U ITAHUPYEMBIX TapaMETPOB ONTUYECKOM CUCTEMBI.

IMPOEKTHASI CXEMA HAKOIIUTEJIBHOT'O KOJIBIIA
OcHoBHBIE TpeOOBaHUS K (DOKYCHPYIOIIEH CTPYKType HAKOMHUTES CIICTyOITHe:
1. Kak cnemyer m3 (2), I MONydYeHHs] BBICOKOW MHTEHCHBHOCTH KOMIITTOHOBCKOT'O PAcCEsSHUS HEOOXOIMMO
o0ecrieuyuTh MUHUMAJIbHBIC MPOAOJIbHBIE U TIONEPEYHbIE Pa3Mepbl AJIEKTPOHHOTO W JIA3€PHOTO CIYCTKOB B TOYKE
B3auMo/ieiicTBus. [lonepedynpie pa3Mephl 3JCKTPOHHOTO CTYCTKA B TOUKE B3aMMOICHCTBHS ONPEACISIOTCS CIICILYOIUM
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BLIDAKEHUEM O, ., =1[€, . By, , TAE €, . — SMUTAHC SJEKTPOHHOIO MyYka B TOPHU3OHTAIBHON (X) M BEPTHKATbHOH

(z) mnockoctn, B . — ammmTyzHbIe (YHKLMM B TOUKE B3aMMONEHCTBUS B COOTBETCTBYIOWIEH LI0CKOCTH. [TosToMy

HE0OX0ANMO 00eCeUnTh MHHIMAIBHOE 3HaUEHHE aMIUIUTYAHBIX (PyHKIMII B TOUKE B3aMMOCHCTBHS.
ITpononbHBIE  pa3sMep SICKTPOHHOTO CTYCTKa Oy MPOMOPIMOHANEH KO3()(UINEHTy YNaKOBKH OpOHT

O € A0/ Vip , 30€Ch Vi - yekopsiroiee BU-HanpsokeHne, o — TMHEHHBIH K03 HUIMEHT ynakoBku opout. Takum

00pazom, cTpyKTypa (GOKYCHPOBKH JOJDKHA 00ECTIEYNTh Malloe 3HaYeHHE KOA(PPHUIIMEHTa YIIAKOBKH OPOHT.

2. Konn4uecTBO CEKCTYIONIBHBIX JIMH3 JIOJDKHO OBITH JIOCTATOYHBIM UL ITOJABICHHS XpOMaTHIecKuX 3G deKToB n
KOPPEKINH AUHAMHYECKO anepTypsl.

3. Heobxoaumo yuuThiBaTh 3)(EKThl BHYTPUIIYYKOBOTO PACCESIHUS, TaK KaK Ha MaJbIX dHEPTUsaX 3TH dPQerTs
MIPUBOJAT K OBICTPOH JIerpajaliiy dJIEKTPOHHOTO My4Ka - pa3Mephbl CI'ycTKa B MOMNEPEYHON U MPOJOJILHOMN IIOCKOCTH
BO3pacTaloT, YTO MPUBOIUT K MaJCHUIO0 HHTEHCUBHOCTH PACCEsHHS.

C yd4eToM BCEro BBIIIEH3JIOKEHHOT0 ObUTa pa3paboTaHa cXeMa HaKONUTEIBHOIO KOJIbIA C KOHTPOJIUPYEMBIM
KOX(PHUIIMESHTOM YIIaKOBKH opOuT (puc.1).

M2

B4 B3
S L

B2

Puc. 1: Cxema nakonurensHoro konsia HECTOP. IP — touka B3aumoaeiicteusi, B1-B4 — noBopotnsie maruutsl, RFC —
pe3onarop BU—mnoanutky, Inj — yaapHbIi MarHUT CHCTEMbI WHXKEKIHK, M 1-M2 — 3epkania onTHIECKOTro pe30HaTopa.

[ToBopoTHast apka 3TO 4YacTb CTPYKTYpbl HAaKOIMTENS, OrpaHUYEHHAs IOBOPOTHBIMH MAarHWTaMH, KOTOpas
OCYLIECTBIISIET TTOBOPOT Iryuka. [loBopoTHbIe apku HakonuTenbHOro koipua HECTOP npexncrasisitor coboli cucremy,
COCTOSIIIIYIO M3 JABYX ITOBOPOTHBIX MarHUTOB C JBYMs KB3/IPYIOJIbHBIMH JIMH3aMH, PACIIOJOKEHHBIMA MEXIY HUMH.
YMeHbIINTE KO3()(GHUINEHT yNaKOBKH OPOUT MOKHO, €CIM CHEeNaTh JUCIEPCHOHHYIO (DYHKIHUIO OTPHUIATENIHHOW Ha
OJTHOM M3 TOBOPOTHBIX MarHUTOB IIOBOPOTHOHN apKH € TIOMOIIBIO KBaIPYIOJIBHBIX JIMH3 PAcIloI0KEHHbIX B Heil. B aTom
cllydae OfHa JUTMHHAas mpsiMoimHeiHast cekuus (B3-B4) Oyner ¢ HyneBoi amcriepcueit, qucriepcnoHHas GyHKOHS Ha
MIPOTHBOMONIOKHON mpsiMonuHeitHo# cexnun (B1-B2) O6yner ornmmuna ot myma. BU-pezomarop (RFC) m masepHo-
ontudeckas cuctema (M1-M2) pa3MemaioTcst B CEKIIMU C HYJIEBOH TUCIIEPCHEH, CHCTEMa MHXEKIMH pa3MeIIaeTcs Ha
POTHBOIOJIOXKHOM MpsiMonnHeitHo# cexuuu (Inj).

B nactosmiee Bpems Nd:YAG - naszeps ¢ sHeprueii potonos 1,16 3B cunraroTcst Hanbosee NepCreKTUBHBIMU IS
HCIOJb30BAaHUS B JIa3€pHO-JICKTPOHHBIX HAKOMUTENbHBIX KoJblax [12]. YacToTa cieqoBaHUS UMITYJIBCOB B TaKHX
nasepax gocruraet coreH MI'h, a cpenuss MmomHocTs okono 10 Br.

IIpuMeMm a1 OLIEHOK MHTEHCHMBHOCTH KOMIITOHOBCKOIO PACCEsHMS IMOIEPEUHBIE pa3Mephl JIA3€pHOro IMATHA B
TOYKE B3aUMOJCHCTBUS paBHBIMH 50 MKM, IpOJONBHBIN pa3Mep 1,5 MM, gacToTa ClIeZOBaHUS Ja3epHOTO MMITYJIbCa
350 MI'u, cpemmsis MomHocTs P~ 10 Br, Takoii nasep m3nyuaer mpumepso 28 uJk (1,5%10'" potonoB) B omHOM
nmIrynsce. byaeM cauTarth, 9TO Ha OpOMTE HAKONMTEIS] HAXOIUTCS OIWMH JIEKTPOHHBIA CTYCTOK ¢ 3apsaoM 2 HKI, a
pasMepbl 3JIEKTPOHHOTO M JIa3€PHOr0 IyYKOB COBNAAAIOT. B 3TOM cilyyae 3a ofHy CeKyHIy OyAeT creHepHpOBaHO
npumepHo 3x107 hoToHOB.

Jlnist yBeTMUeHNST MHTEHCUBHOCTH HEOOXOAMMO YBEIHUYUBATEH YHCIIO JIEKTPOHOB Ha OpOUTE (YyBEIMIMBATH YHCIIO
SIEKTPOHHBIX CIYCTKOB) M YBEIMYHMBATH HHEPIUIO0 Ja3epHON BCHBIMIKH, IS HYEro HCIONb3YyeTCs ONTHYECKHUI
pe3oHaTop, B KOTOpOM OyJleT HaKaluIMBaThCsl H3JIyueHHe Jiazepa. Bce 3TO MO3BOJSET IOCTHYb WHTEHCHBHOCTU
ecTkoro m3mydenus nopska 10 — 10" dor/cex. ITpu sHEpPrum >1eKTPOHHOrO Myduka B Auanasone ot 40 10 225
M>»B, MO’KHO TeHepHUpOBaTh JKECTKoe u3ryueHue ¢ aHepruei ot 30 mo 900 K»B.

INPOEKTHASA CTPYKTYPA ®OKYCHUPOBKU HECTOP
ITpoekTHas cTpykTypa dokycnpoBky HakonnTenbHoro konbiia HECTOP [13] mpeacrasnena Ha puc.2. [lepumerp
yckoputens coctaBisieT 15,418 M. [ToBopoTtabie MarHuTH (B1-B4) mMmeroT pammyc moBopoTa 0,5 M, yronm moBopoTa
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90°, MarHUTHOE TI0JIE HA MaKCUMaJbHOW paboueil SHepruu ANeKTPOoHHOro myuka (225 MaB) cocrasnsier 1,5 Tn. dus
obecrieueHns: (OKYCHPOBKHM B BEPTUKAIBHOMW IUIOCKOCTH IIOBOPOTHBIE MArHUTHI HMMEIOT  KBaJpPYNOJbHYIO
COCTaBJISIOLIYI0 MAaTHUTHOT'O TTOJISI.

Q4 Q3 Q2Ql Q20 Q19 QI8 Q17

00

" Uu | ud >
3 s2 sl S19 SI8 517

=== 54 S16 ====1
- o

[pm—————, 315 |=—————=]
Q[T ] T

=== 56 Sl4 ===

Q7 Q8Q9 Q10 Q11 QI2Q13 Ql4

o\ 0000 § (R i
00K 1 CHCEe

S10  S11 S12 S13

Puc.2: Ctpykrypa dhoxycupoBku HakonurensHoro koiasua HECTOP
Q1 - Q20 — xBagpymnosnsHbIe TUH3BL, S1 — S19 — ceKCTYNONbHBIE TUH3BI

IMpomexytox wmmkeknuu (B1-B2) mmeer HenyneByto nucmepcuro 1; # 0, B TO BpeMs Kak IPOMEKYTOK
B3aumoeicTeus (B3-B4), comepkamuii onTHYecKuid pe3oHATOp axpoMatudeH 1; = 0, a B TOUKE B3aMMOICHCTBHS
JHCTIEpCHsl BTOPOTO TOpsAaKka MUHHUMaiIbHA. C moMoIIbio KBaApymoabHBIX JUH3 (QS5, Q6, Q15, Q16) obecnieunBaercs
OTpHULATENIbHOE 3HAYEHHE AMCIIEPCUOHHON (PYHKLMH 1), HA YacTH TPaeKTOPUHM B MOBOPOTHBIX apkax (B4-Bl, B2-B3),
YTO MO3BOJIACT MOJYYUTh Maiblidi K03dduimeHt ymakoBku opout o ~ 0,01. Takoe manoe 3HaueHue ko3(duiueHTa
YIIaKOBKH OPOUT 00ecrieunBaeT SHEPreTHIECKUIl aKCeNTaHC HAKOMUTEN sl Ha ypoBHE 4%.

Jist GOKyCHPOBKHM SJIEKTPOHHOT'O MyYKa B TOYKE B3aMMOJEHCTBHSI MCIOJIB3YIOTCSI KBaJPYIUIETHI KBaAPYHIOIbHBIX
a3 (Q1-Q4, Q17-Q20). Takas cxema qaeT BO3MOXKHOCTh HMOJTYYHTh MUHHMATBHBIC 3HAYCHHS TOPHU3OHTAILHOU U
BEPTUKAIBHOM aMIUIMTYAHBIX (QYHKIMHA B Touke B3aumozercTeusa. Tpumiers (Q8-Q10,Q11-Q13) pacnonoskeHHsle Ha
MIPOMEXXYTKE MHXEKIUH, (GOPMUPYIOT HEOOXOIMMbIE aMIUIMTYAHbIE (YHKIMH M 4acTOThl OETaTPOHHBIX KOJIECOAHHM.
Oyukiun pokycupoBkr HakormuTensHOTro Konbiia K HECTOP) [14] moka3ans! Ha puc.3a,0.

z 39 ; : . . , : : 2.0 ; : . ; ; : :
;:_ ﬁx ﬂ! .’
< 301 - B3¢ 1
£
251 ] 1.0 - ]
0.5 .
2.0 .
0.0 - .
1.5 .
-0.5 - .
1.0 .
-1.0 4 1
0.5 1 1 -1.5 1
0.0 ; \ , : : . . . ' ; ; ; .
00 2 4 6. 8 10. I2. 14 16 2050 : 6. & 10 I2. 14 I6.
s (m) 5(m)
a) 0)

Puc.3. ®yHkimu pokycupoBkd HakomuTeabHOTo Kosbiia K HECTOP»
a) aMIUTUTYTHbIe QYHKIUHU 0) AUCICPCHOHHBIC (DYHKIHH

Jiist moaBieHus XxpoMaTndeckux 3pQeKToB U KOPPEKIMU AUHAMUYECKOH anepTypbl B HAKOMUTENE UCIIONIb3yeTCs
19 cexcrynonbHbix auH3 (S1-S19). CTpykTypa (POKYCHPOBKHM HAKOMMTEILHOTO KOJbIA CIPOCKTHPOBAHA, TaK YTO OBI
obecrieynTh HEoOXoAWMBIE HaOerw (a3 OeTaTpOHHBIX KoJIeOaHMH MEXKAY CEKCTYNOIIMH W MHHHMHU3UPOBATH
JMCTIEPCHIO BTOPOTO TOpsiaKa (1,)B TOUKE B3aMMOICHCTBHSI.

[IpoekTHast cTpykTypa (DOKYCHPOBKHM HMEET TOPHU3OHTANBHYIO YacTOTy OeTaTpoHHBIX KoneOaumit Qy=3,1,
BEPTHKANBHYIO 9acToTy Q, = 2,15 n k03 Purnent ymakosku opout o = 0,0096.
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MOJAEPHU3ALIUS CTPYKTYPbI ®OKYCHUPOBKHA

ITocne npon3BoJCTBa MOBOPOTHBIX MAarHWTOB ISl HAKOMUTENs, ObUla TpOBEAEHAa Cepusi M3MEpPEeHHH HuX
rapamMeTpoB C TOMOINIbIO JaTyvka Xouta. V3MepeHMs TmOKasajgd, 4YTO NapaMeTpbhl HM3TOTOBJIEHHBIX MAarHUTOB
OTJIIMYAJIHNCh OT NPOEKTHBIX, IOBOPOTHBIE MarHUTHI HE TOJILKO MMEIOT pa3HbIe ITOKa3aTeN! Claja MarHUTHOTO TOJIs, HO
Y CHJIBI BEPTHKAIBHOH (POKYCHPOBKH CYIIECTBEHHO HIKE MMPOCKTHBIX.

MopenipoBaHie II0Ka3alo, YTO M3-32 YMCHBIICHUS BEPTUKAIbHOW (DOKYCHPOBKM 4YacTOTa BEPTHKAIBHBIX
OeTaTpOHHBIX KOJeOaHWH CTaHOBHUTCS ONM3KOH K 4acTOTe IeJIoro pe3oHaHca Q = 2, B pe3yibTaTe 4ero BepTUKaIbHOE
IBIDKEHUE B KOJIBIIE CTAHOBHUTCS HEYCTOHUMBHIM. B Tabnuite 1 mpuBeaeHs! CHITbl BepTHKaIbHOH GokycupoBku (K1) mms
W3TOTOBJICHHBIX ITOBOPOTHBIX MarHuToB. Kak BHAHO W3 TabnMipbl, ocnabiieHMe BepTUKanbHOH (okycupoBku AKI
cocTaBisgeT npuonu3uTenabHo 5-10%. B KOHCTPYKIMM NOBOPOTHBIX MarHUTOB HE IIPEAYCMOTPEHBI KOPPEKTHPYIOIINE
oomotku mist K1.

Tabmuna 1
Cuna BepTHKaIbHON (OKYCHPOBKH B M3TOTOBJIEHHBIX MMOBOPOTHBIX MarHuTax (IpOEKTHOE 3HaueHue 2.4).
Ha3Banue noBopoTHoro B1 B2 B3 B4
MarHura
Kl,m* 2,20 2,30 2,24 2,28

W3-3a TOro, 4T0 MakCUMaJbHO JOCTIDKUMOE MAarHUTHOE II0JIE€ B MOBOPOTHBIX MAarHUTax MEHbIIE NMPOEKTHOrO,
MaKCHMallbHasi paboyasi 3Heprusi HaKONMTeNs yMeHblmiach ¢ 225 MdB mo 200 M»sB. MakcumanbHas 3HEprus
KECTKOro u3nyuenus ymensimunack ¢ 900 KaB no 720 KaB [15].

Bropas mpuunHa MOAEpHHU3AIMH 3aKIIOYAeTCs B HEOOXOAMMOCTH YBEIWYHTH UIMHY OJHOTO M3 Jpei(oBhIX
mpomexxyTkoB oT 0,45 M 10 0,75 M, A1 yCTaHOBKH ONTHYECKOTO pEe30HATOPA.

JInsl yCTaHOBKM JOTONHUTENBHOTO MOHHMTOpA IOJIOXKEHHS ITydka Ha yYacTKe B3aUMOJCHCTBUS, OBUIO PEIIEHO
yOpaTh JBE CHMMETPUYHO PACIIOJIOKEHHBIE CeKCTymoibHbIe NHH3BI (S1, S19) BMecTo omHOM M3 KOTOPHIX M OBLI
YCTaHOBJIEH MOHUTOP.

Jnsa MonenupoBaHMS AMHAMHUKH 3JIEKTPOHHOIO MydYKa HCIOIB30BAIHCH HporpamMmHble maketsl MAD-X [16] u
DECA [17]. B pe3yibraTe MOAEpHHU3ALMH TPOMEKYTOK B3aUMOJIeHCTBHsI ObLI yBenudeH 10 0,75 M.

PazmMerieHne MarHMTHBIX 3J€MEHTOB B HAKONUTEIBHOM KOJIBIE, 33 HUCKIIOUEHHEM TPUIUIETOB Ha IPOMEXKYTKE
B3anmozericteus (Q1-Q3, Q18-Q20) ocranock nmpexxHuM. CHIIBI KBaAPYIOIBHBIX JIMH3 U3MEHEHbI B npeznenax 10% ot
MIPOEKTHBIX.

MogepHuzanus npoxoauna B ABa dTana. Ha mepBoMm 3Tame MOAEpHHM3ALMU PAacdeT MapaMETPOB CTPYKTYpPhI
MPOBONWIICS B JHHEWHOM TMPHONMKEHUH C HCrmonb30BaHueM mporpaMmMbl MAD-X. IlomydeHHass CTpyKTypa
(hOKYyCHPOBKH HOIHOCTBIO YJOBJIETBOPSAIA MMPUBEACHHBIM BbIIe TpeOboBanusM. Ha prc.4a,0 npuBeneHbl aMIUINTYAHBIC
U AWCTIEPCHOHHBIE (DYHKINH MOIU(PHUIUPOBAHHON CTPYKTYyphl COOTBETCTBEHHO. 3HAUCHMS YacTOT OETATPOHHBIX
konebanuit mocie MogepHm3ammu Qy = 3,13, Q, = 1,79 u koapduuunent ynmakosku opoburt a =~ 0,01.

B (m), B (m)

To0 2 4 6 & 1. 12 14 IS "o . 4 6 & .12 M4 16
5 (m) s (m)
a) 0)
Puc.4. ®ynkimu ¢pokycupoBku HakonuTensHOro konbia « HECTOP» mocie moaepau3anim
a) aMIUTUTy THbIe QYHKIWU 0) JUCIIEPCHOHHBIC (DYHKIHH.

Ha BTOpoM sTame MopepHM3annu OBUIM PacCUMTaHBl CHIIBI CEKCTYMONbHBIX JHH3 (S1-S17) mia monmaBneHus
€CTECTBEHHON XPOMATHUYHOCTH B HAKOIMUTEIBHOM KOJbIIE U MPOBEICHA KOPPEKINS JUHAMHYECKON alepTypBhI.

ITocne MonepHHM3alMKM 3HAYCHHWE JUHAMHYECKOW amepTypbl B TOYKE MH)KEKIMH COCTaBMIO 38 MM B
TOPH3OHTATFHOW W 32 MM B BEpPTUKAIBHOM IUIOCKOCTH, YTO HAMHOTO IIPEBBHIIIACT TUHAMUYECKYIO amepTypy
MPOEKTHOr0 Hakomutens (puc.S). YBeIMYeHHBIH pa3Mep AMHAMUYECKOW anepTypsl Mo3BoisieT Oosee 3PQeKTUBHO
WH)KEKTUPOBATh Iy4yOK B HAKOMUTEIbHOE KOJbI0. OCHOBHBIE mapameTpsl HakomuTensHoro koseia HECTOP no u
HocJie MOJIepHU3alUY IIpeCcTaBIeHbI B TabauIe 2.
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3aBHUCHUMOCTD JUIMHBI DJICKTPOHHOI'O0 Cr'yCTKa OT €r0o SHEPrur NpuBEACHLI Ha pI/lC6 3aBHUCHUMOCTh MONEpEUYHbIX
Pa3MEpPOB IJICKTPOHHOI'O CIryCTKa B TOYKC B3aHMOZ[eﬁCTBP[H OT €ro SHEpruv NpuBECACHbI HA pI/IC.7. C POCTOM 3HEPIrun
QJICKTPOHHOI'O ITyYKa YMCHBIIACTCS BIIMSTHHI 3(1)(1)CKTOB BHYTPUITYYKOBOI'O paCCCAHUA Ha €ro nonepeyHbIC pa3Mephbl.

Tab6muma 2
OCHOBHBIE TapaMeTPhl HAKOMUTEIHHOTO KOJBIIA 0 U TIOCIE MOJICPHU3AINH
[TapameTpsbl Mo MoaepHu3auuu ITocne MoaepHU3aLUU
Qy 3,15 3,13
Qy 2,1 1,79
o 0,096 0,098
Bx B TOUKE B3aUMOJCHCTBUS 0,12 0,21
By B TOUKe B3aUMOJCHCTBUS 0,14 0,23
7.0 -
6.5 &
|\
. &
£ 55
£
I 5
v C
2 S 45
> £
' g 4.0
' o g
: @
: 3.5 B
, "&..&_@
; 20 ~mung
-30 -20 10 0 10 20 30 -
X, 107m. 20 40 & 80 100 120 140 160 180 200 220

Puc.5: lunamuueckas anepTypa B TOUKe HHXeKIHH 10 (1) u
nocie (2) MOIepHU3AINH.

1.2

Electron energy, MeV.

Puc.6: 3aBucuMOCTS IPOJOIBHOTO pa3Mepa 3JIEKTPOHHOTO

CTYCTKa OT SHEPTUHU

0.8

Pa3smep nyuka, mm.

50

100

200

DHeprus 1eKTpoHa, MaB.

Puc.7: 3aBUCHMOCTD TONIEPEUHBIX Pa3MEPOB 3IEKTPOHHOTO CTYCTKA OT SHEPTUH
1 - BepTHKaIBHAS IIOCKOCTb, 2 - TOPU3OHTAIBHAS IIIOCKOCTb.

CrnenaeM OIIEGHKY MHTEHCHBHOCTH KOMITOHOBCKOTO PACCESHHUS B HAKOIMTEIHHOM KOJBIE C YUETOM PEabHBIX
MapaMeTPOB CTATKUBAOIINXCS ITyIKOB:

o JImunoit opoutsr 15,418 M (dactoTa obpamenus 19,5 MI'm);

* VYroJs cTonkHOBeHUS @ = 12°;

* DHeprus nazepHoro ¢oronHa g = 1,16 3B;

» YacToTa crefioBaHus Ja3zepHoro ummyisca 350 Ml ;

» Cpennsasa MoluHoCTh Ja3epa P = 10 Br;

« KomiuecTBo oToHOB B 01HOM Hmmyibce 1,5%10';

* Ha opOute HakonuTelnst HaXoAUTCs 36 NIEKTPOHHBIX CIYCTKOB (B3aumoeiicteyer 18);

* 3apsn B onHOM 2J1eKTpoHHOM crycTke 0,5 HK;
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* DNIEKTPOHHBIH CI'yCTOK B TOUKE BCTPEUH UMEET pa3Mephl, IPUBEICHHbIE Ha puc.8 u puc.9;
* Tlonepeunsle pa3Mepsl J1a3epHOTO CTYCTKa B BEPTUKAIBHOM U TOPU30HTAIBHOMN MIOCKOCTU PABHBI Gy =G, =

50 MKwM™;

* [IpononbHbI pa3Mep J1a3€pHOro CryCTKa Gy = 3 MM;
* KoapdurmenT HakomieHus ontnaeckoro pezonatopa 2000.
Ha puc.8 npuBeneHs! pe3ynbTaThl MOASINPOBAHMUS 3aBHCHMOCTH HHTEHCHBHOCTH KOMIITOHOBCKOTO PAacCestHUs OT

SHEPTUH HIEKTPOHHOTO MyKa.

oro usJjyieHusl,
-
o
&
L]

1/¢, 10
=) -]

Th KOMIIT
-
*

Hur

50 100 150 200
JHeprus 31eKTpoHa, M3B.

Puc.8: 3aBUCMMOCTh HHTCHCUBHOCTH KOMIITOHOBCKOT'O pacceaHus OT DOHEPTHUU IJICKTPOHHOT'O ITyYKa

BBbIBO/IbI
B pesynbprate MomepHM3aumu cTpyKTyphl (okxycupoBku Hakormutenss HECTOP ynamock yBemMUUTH JUIMHY

JpeiidoBoro mpomexyTka Il YCTAHOBKM ONTHYECKOTO PE30HATOpa M PEIIUTh NPOOJIEMbI, BOSHUKIINE H3-32 OMIMOOK
W3TOTOBJICHHSI TOBOPOTHBIX MAarHUTOB. Bce OCHOBHBIE MapaMeTpbl MOJICPHU3UPOBAHHON CTPYKTYPbI HAKOITUTEIHHOTO
KOJIbI[a COOTBETCTBYIOT IIPOEKTHBIM. Y IaJIOCh 3HAYNTEIBHO YBEIMUUTH INHAMHYECKYIO arepTypy, YTO MO3BOIUT Oojee
3G PEKTUBHO HH)XEKTHPOBATh HJIEKTPOHHBINA ITy4OK B HAKOIHUTEIBFHOE KOJIBIIO.

O1EHKH MTOKa3bIBAIOT, YTO Pa3pabOTAHHBII NCTOYHHK ITO3BOINUT T€HEPUPOBATH )KECTKOE M3Iy4YEHHE C SHEPTUEH OT

30 KB 110 720 K3B n untencuHocTbI0 10 10" hoTOHOB B CexyHy.

10.
11.

12.
13.

14.

15.

16.
17.

CIIMCOK JINTEPATYPBI
Mytsykov A., Kalamayko A, Karnaukhov I. et al. / Modificated lattice of the Compton X-ray source NESTOR // Proceedings
of IPAC 2011. — TUPC-040. — P. 1087-1089.
Motz H. Applications of the radiation from fast electron beams // Journal of Apply Physics. — 1951. —=Vol. 22. — No. 527. —
P. 527-531.
Landecker K. Possibility of frequency multiplication and wave amplification by means of some relativistic effects / Physical
Review. — 1952. — Vol. 86. —No.6. — P. 852-855.
Artumanyan F., Tumanyan V. Compton effect on relativistic electrons and the possibility of generation of hard radiation //
JETP. - 1963. - Vol. 44. - P. 2101.
Milburn R. // Thomson Scattering of Optical Radiation from an Electron Beam // Physical Review Letters. — 1963. — Vol. 10. —
P. 75.
Casano L. et al. Laser scanning components and techniques: design considerations / Laser and Unconventional Optics Journal.
—1975.-Vol. 55.-P. 3.
Telnov V. Principles of photon colliders // Nuclear Instruments and Methods in Physics Research A. — 1995. — Vol. 355. —
P. 3-18.
Luo W., Zhuo H. et al. The nonlinear effect in relativistic Compton scattering for an intense circularly polarized laser // Physica
Scripta. —2014. — Vol. 89(7). — P. 5.
Huang Z. Radiative cooling of relativistic electron beams // SLAC-R. — 1998. — Vol. 527. — P. 141.
Gladkikh P., Karnaukhov 1. et. al. Physical Grounding H-100M // Internal report of NSC KIPT. — 1998. — P. 7-30.
Liu Lin, Cylon E.T. Goncalves da Silva Second order single particle dynamics in quasi — isochronous storage rings and its
application to the LNLS — UVX ring // NIM A. — 1993. — Vol.329. — P. 9-15.
Pellegrini C., Robin D. Quasi — isochronous storage ring // NIM A. — 1991. — Vol. 301. — P. 27-36.
Zelinsky A., Shcherbakov A. et al. The Kharkov X-ray generator facility NESTOR // Proceedings of IPAC. — 2013. — P. 2253—
2255.
Zelinsky A., Gladkikh P. et al. Investigation of injection through bending magnet fringe fields in X-rays source based on
storage ring NESTOR // Proceedings of European Particle Accelerator Conference. —2004. — P. 1434.
Gladkikh P., Karnaukhov I. et al. The start of X-ray generator NESTOR commissioning // Problems of atomic science and
technology. —2013. — Vol. 6(88). — P. 20-23.
Iselin F. C. The MAD Program. Physical Methods Manual // CERN/SL. —1992.
Gladkikh P., Strelkov M., Zelinsky A. The Application Package DECA for Calculating Cyclic Accelerators // Proceedings of
PAC-93.—1993. — P 194-196.



92

EAsT EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. Vol.4 No.3 (2017) 92-96 DOI:10.26565/2312-4334-2017-3-13

PACS: 05.70. Ln; 61.72.jd. 61.72 Qq, 62.20.f2.81.30.30.Kf

ON THE PROBLEM OF MARTENSITE TETRAGONALITY NATURE
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Despite the fact that scientists have been studying the nature of the mechanism of martensite formation for almost a hundred years,
these studies remain, still, relevant. In this paper, the authors present two new results related to the classical question of the role of
carbon in martensite formation. If, while dissolving in the lattice, the carbon is located in the center of the octahedral emptiness, then
under the influence of stresses caused by quenching or deformation, in martensite it is displaced into one of the pyramids of the
constituent octahedra. The fact of the independence of the specific atomic volume of phase mismatch during martensitic
transformation of iron from the carbon content was found. This fact indicates that the tetragonality of carbon steels is a function not
so much of carbon as vacancies. In the pure iron the "vacancy" tetragonality can vary from 1.03 to 1.06.

KEY WORDS: martensite transformation, stress state, tetragonality , vacancies, iron, carbon

K BOITPOCY O NIPUPOJE TETPATOHAJIBHOCTU MAPTEHCUTA
H.H. Jlantes', A.A. lapxomenko'”’
! Hayuonansnuii nayunsiii yenmp «XapbKoeckuil (usuKo-mexuuseckuii uHCImumymy
ya. Axademuueckas 1, 2. Xapvros 61108, Yxpauna
ZXapbkogckmi HayuoHanvusl yHueepcumem umenu B.H. Kapazuna
ni. Ce0600wi 4, 2. Xapvkos, 61022, Vkpauna

Hecmotpst Ha TO, YTO OmMHCaHMEM NPHPOIBI MEXaHW3Ma MapTEHCHTOOOPAa30BaHUS y4eHBIE 3aHUMAIOTCS YK€ IIOYTH CTO JIET, ATH
HCCIIEAOBAHNUA OCTAIOTCA, IIO-TIPEKHEMY, aKTyalbHBIMH. B maHHOW paboTe aBTOPHI IPEACTABISIOT [Ba HOBBIX pe3yJbTara,
CBs3aHHbIC C KJIACCHUYECKUM BOIpPOcoM O ponu yriepoga B MIL. Ecnu, pacTBopssch B pelieTke, yriIepoj pacloyaraercs B LEHTpe
OKTa®JpUUYECKON MyCTOTH, TO IIOJ MAEHCTBHEM HANPSDKCHUH, BBI3BAaHHBIX 3aKaIKOW min aepopmanueli, B MapTEeHCHTE OH
OKa3bIBAaeTCsl CMEIICHHBIM B OJHY M3 MHpPaMHJ COCTaBISIONIMX OKTad/Ap. BrepBoie oOHapykeH (akT HE3aBUCHMOCTH YJEIbHOTO
aTOMHOro o0beMa ()a30BOrO HECOOTBETCTBHMS NPHM MapTEHCHUTHOM IIPEBpAILEHHH XKeJie3a OT COAEpKaHUs yriaepoaa. JToT (akT
CBHUJIETENILCTBYET O TOM, YTO TETParoHaJbHOCTH YTIEPOAUCTHIX CTalel eCTh (YHKLIHUS HE CTOJBKO YIJIEpoaa CKOJNBKO BaKaHCHH. B
YICTOM JKeJle3e «BaKaHCHOHHAs» TETParoHaIbHOCTh MOXKET MEHAThCS B Ipenenax ot 1,06 1o 1,03.

KJIIOYEBBIE CJIOBA: mapTeHCHTHBIE IPEBpAIeHHs, HAPSDKEHHOE COCTOSHIE, TETPAarOHaIbHOCTD, BAKAHCHH, JKEJIe30, YIIIEPO

1010 MUTAHHA NIPUPOAU TETPAI'OHAJIBHOCTI MAPTEHCUTY
I.M. Jlanres', 0.0. ITapxomenko?
! Hayionanvhuil naykoeuii yenmp « XapKieCoKuil Oi3uKo-mexHiyHuil iHCmumymy
8yn. Akademuuna 1, m. Xapxie 61108, Yrpaina
ZXapKiGCbKMﬁ HayioHaneHull ynigepcumem imeni B.H. Kapasina
nn. Ceoboou 4, m. Xapkis, 61022, Yxpaina

He nuBnsduch Ha Te, IO BUBYECHHSIM IPHPOAN MapTEHCHTOYTBOPCHHS BUEHI 3aHMAIOTHCS BXKE MaiKe CTO POKIB, I TOCIIKCHHS
3aIMIIAIOTECA SIK 1 paHille akTyaJbHUMU. B 1iit po6oTi aBTOpH MPEACTaBIMIOTE ABa HOBUX PE3YNIBTATH , SIKi ITOB’s3aHi 3 KIIACHIHUM
MMUTAHHSIM IIOJO POJI BYIJIEHIO y y MAapTEHCHUTHUX IIEPETBOPEHHSX. SIKIIO y TBEpAOMY PO3UMHI KPUCTAJIIYHOI IPaTKM BYTJIEHb
3HaXOJMTHCS Y LIEHTPI OKTOEAPIYHOI MyCTOTH, TO MiJ BIUIMBOM HANpy>KeHb, II0 BUKJIMKAHI rapTyBaHHAM abo xedopmariieio, y
MapTEHCHUTI BiH 3MilllyeThCs y OiK OJHOI 3 mipaMij, 110 CTBOPIOIOTH OKTaeAp. Y poOOTi BIeple MOKa3aHa HE3AIEKHICTh MHUTOMOTO
aToOMHOro 00’ eMy (ha30BOI HEBiAMOBITHOCTI 3aji3a IPH MapPTEHCUTHHUX MEPETBOPEHHSAX BiA BMICTy Byriemto. e ¢akt cBiguuTh,
10 TETPArOHAJIBHICTh BYTJICLIEBUX CTANCH € (YHKIII€I0 HE TITBKU BYTJIELIO , ajie epeayCiM-BakaHCild. Y YUCTOMY 3alli3i « BaKaHCIH
Ha » TETParoHaIbHICTh MOXe 3MIHIOBaTUCH y Mexkax Bix 1,03 1o 1,06.

KJIFOYOBI CJIOBA: MapTeHCHUTHI IEpeTBOPECHHS, HANPYKEHUI CTaH, TETParoHaIbHICTh, BaKaHCI1, 3a11i30, ByTJIeIb

HecmoTps Ha TO, 4TO M3ydEHHEM MNPHUPOIBI MAPTEHCHUTA YUYCHbIE 3aHMMAIOTCS yXE MOYTH CTO JIET, BOIPOC O
MEXaHW3Max €ro OoOpa3oBaHMsA W POJIM TETPArOHATBHOCTH KPHCTAJUIMYECKOH pEIMIeTKH OCTaeTcs OO0 KOHIAa He
BBIICHEHHBIM. B KOHTEeKcTe AaHHOM paOOoThI, MO TETParoHAIBHOCTBIO aBTOPHI MOHMMAIOT COOCTBEHHYIO YHPYTYIO
nedopmarmio I'IIK — pemrerku, mpu ee mpeBpamernn B OLIK-ctpykrypy. Takume medopmannu MOTYT cO3daBaThCs
CABHUIOM IIOJI JEMCTBUEM MEXAHWYECKHX WM TEPMHUYECKUX HANPSIKEHUH, JIETMPOBAHUS OINpPEAEICHHBIM 3JIEMEHTHBIM
COCTaBOM WJIN TIPUMECSMU.

OTH TpEeACTaBICHUS O TMpPHPOJAE O0pa3oBaHMs MapTEHCHUTa HAaXOISTCS B COIJIaCHM C JaBHO 3a0bITOH
«penakcaronnoir mozenpto» C.C. IlreitnOepra [1]. IlomoOHble B3rsABI Ha MPUPOAY MapTEHCHUTOOOPAa30BaHUS
BbIcKa3biBaiK B cBoe Bpems A.IL I'ymsieB [2], a u3 Hammx coBpeMeHHUKOB ciienyet Ha3zBath C.I1. Omkazaepona [3].

VaKe TaBHO OTKPBITHI MAPTEHCUTHI B Pa3IMYHBIX METalaX U CIUIaBaX, KOTOPbIE MOXKHO Pa3leiIUTh HA MAPTECHCUTHI
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«BHEJIPEHUs» U MapTEHCHUTHI «3amenieHus» [4]. CunTtaercs, 4To B YIJIEPOAUCTBIX CTAISIX 32 00pa3oBaHHWE MapTEHCHTA
OTBEYAET yIIIepo[ [5], XOTsI BOIIPOC O €ro PAaCHONIOKEHUH B PEIIECTKE XKeJe3a A0 CUX IOP OCTAETCS OTKPBITHIM.

Llenpto paboTHl OBLT aHANM3 HAKOIUICHHBIX 3a MECATHIIETHS HSKCIIEPUMEHTAJIBHBIX JAHHBIX 110 W3MEHEHHIO
pemerok (eppuTa, ayCTEHHTa M MapTEHCHTA B 3aBUCHMOCTH OT COJEp)KaHMs YIiepoaa, NMpH (OPMHUPOBAHUH MM
TeTparoHaJbHBIX HCKa)KCHNH B XKeJe3e.

AHAJIM3 DKCIHHEPUMEHTAJIBHBIX JAHHBIX

Hammm mpeacraBineHnst 0 MapTEHCHUTE CBA3aHBI C BOIPOCOM YHOPSIOYEHHS yriepoa. Mbl IPUBBIKIN CUUTATh, 9TO
IIPY 3aKaJke ayCTEHWTa YIJIEPOJA M3MEHSET CBOE IIOJIOKCHHE M B MAPTEHCHTE OH OKAa3bIBACTCSl PACIOI0KEHHBIM B
nentpe pedbpa OLT sueiiku. Ho Bemp 3T0 mojokeHue ObUIO UM €CTh LEHTP okTadapa. U B aycrenute, u deppure
yTIEepOJ, PacTBOPSACH, TOXKE HAXOAUTCSA B LIEHTpPE OKTa’apa. Eciu 3To Tak, TO HE MOHATHO, O KAKOM YIOPAIOYCHUU
npu o0pa3oBaHUM MapTeHCUTa HMIET peyb. M B aycreHuTe M B (eppuTe LEHTP JIIOOOro OKTa’Jpa OJHOBPEMEHHO
MIPUHAJUICKUT IIECTH 00BEMHO IIEHTPHPOBAHHBIM SYEHKaM OpPTOTOHAJILHO OPHEHTHPOBAaHHBIM TomapHo. bosee Toro,
BCE TPU CTPYKTYpHI (ayCTEHHT, (eppUT U MApPTEHCHUT) MOTYT OBITh COCTABJIICHBI M3 OJHHUX OKTa3JPOB C Pa3IMYHBIM
COOTHOILIEHHEM JAMAaroHajei, KOTopoe U3MEHSAETCS B T€X K€ MPONOPLHUAX, 4To U TeTparoHanbHocTs B OLIK m I'IIK
pemerkax (ot 1 mo 1,4142). U3 sroro cmemyer, 4TO YIJEpoay, €CIM OH HAaXOAWTCS B LIEHTPE OKTa’Jpa, HE HaJo
NepecTpanBaThCs Ul 00pa30BaHMs MAPTEHCUTA.

AHanu3 SKCIepUMEHTAIBHBIX JAHHBIX 110 N3MEHEHHIO MapaMeTpOB PEMICTOK (eppuTa, ayCTCHUTa U MapTEHCUTA
[2] 1 06BeMOB 3JEMEHTAPHBIX SUEEK STHX CTPYKTYpP, KOTOPBIE MPEACTAaBICHBI B TAaOJHIIE, MO3BOJSAET CACIATh OYCHb
Ba)KHBI BBIBOJ O PACIIOJIOKEHUH YTJIEPOJIa B PEIICTKE XKEeTIe3a.

Kak crnemyer u3 Tabnumpl, mapamMeTp «c» BO3pacTaeT MPSIMO MPOMOPLHOHATIBHO POCTY COAEPXAHUs Yriepoaa B
MapTeHcuTe. B Toxxe Bpems, mapaMeTp «a» MapTEHCHTa cJ1ab0 3aBHUCHUT OT COJEp)KaHUS YIiepojia M YMEHBIIAETCS OT
2,861A B deppure 1o 2,843A B maprencure ¢ 1,6 Bec.% C, U ¢ JanbHEHIINM MOBBIICHHEM KOHLEHTPALMK YIIeposa
BOOOIIIE OCTaeTcs HEeM3MEHHBIM. VHaue roBopsi, npsiMasi MPONOPLUUOHAIBHOCTh C N3MEHEHHEM COJIEpKaHUs yriieposa
JULS TIapaMeTpa «ay, Kak 9To MPHUHATO cuuTath [6-10], He cobmronaercs.

Tabnuma
H3MeHeHus mapaMeTpoB KpUCTaNIMYeCcKuX pemerok deppura (a, npu C.= 0), MmapTeHcura (a, 4 ¢,), aycTeHHTa (a,),
ux 06wemos (V, ,V,,,V,), TeTparoHanbHocTH (c¢/a), 00beMa (ha30BOro HeCOOTBETCTBUSA (AV) M €0 OTHOCHTEEHOE

mmeHenne (AV/ V,, ) B 3aBucuMocTH ot cogepxanus yriuepoaa (C,) B xenese (1o ganHsIM MoHorpaduu [2]).

C., a, A 0,5V,, ay, A Cw A V., A’ c/a AV= V, - |AV/V,, %
Bec. % A’ 0,5V, A’
0,0 3,546 22,31 2,86 2,86 23,40 1 1,09 4,65
0,2 3,555 22,483 2,857 2.882 23,55 1,009 1,07 4,54
0.4 3,564 22,656 2,853 2,909 23,68 1,018 1,024 4,32
0,6 3,573 22,829 2,851 2,931 23,83 1,027 1,01 4,24
0,8 3,582 23,002 2,849 2,957 24,01 1,036 1,008 4,20
1,0 3,591 23,175 2,847 2,982 24,19 1,045 1,015 4,20
1,2 3,600 23,328 2,845 3,002 24,30 1, 054 0,98 4,16
1.4 3,609 23,521 2,844 3,03 24,52 1,063 0,999 4,07
1,6 3,618 23,694 2,843 3,053 24,70 1,072 1,006 4,07
1,8 3,627 23,867 2,843 3,075 24,88 1,081 1,013 4,07
CpenHee 3HaYCHHE 1,0215

MNPEJJIATAEMASI MOJEJIb

Ecmu nmpunsath, uyto yriepon B OLIT sueiike MapreHcuTa pacrnojaraeTcs HE B IIEHTpe OKTasapa (B 3TOM
TIOJIO)KEHUH OH OBl M3MEHWJI MapaMeTp «a» TOJBKO OFHAXAbBI), a B mupamunae (puc.l,2). Tonbko B TakoM ciydae C
POCTOM TapaMeTpa «C» BIMSHHE yTJIepoja Ha IapaMeTp «a» OydeT yMeHbBIIaThCsS, a caM IapameTp «a» Oyner
cokpamarscs. Co6cTBEHHO 3TO U ecTh Aedopmarust belina.

B TtakoMm ciydae, mporecc YMOpsIOYEHUs IpH OOpa30OBaHMM MAapTEHCHTA 3aKIIOYaeTCsl B TOM, 4TO
pacIpeneneHHbIi B ayCTEHHTE IO OKTa’[paM YIJIEpOA CMELIAeTCs M 3aHUMAaeT OAWHAKOBO OPHEHTHPOBAHHBIC
MUpaMUbl B OKTA3JPUUECKHUX SYeHKaX.

[To-BuguMoMy, HWMeHHO OTH ToynokeHus: (1/3  BBICOTBI THMpaMUIBI) OINPEAEIAIOTCS KaK «TsHKW» Ha
JJIEKTPOHHOTPaMMax B CTAIX W CIUIaBaX, KOTOPHIE OKa3bIBAIOTCS B, TaK HAa3bIBAEMBIX, «IPEKYPCOPHBIX» WIIN
MpeIMapTeHCUTHBIX cocToAHuAX [11].

UroObl yriepos OKasaJcsi CMEUICHHBIM B IMpaMHJy Ha HEro JOJDKHBI JEHCTBOBATH BBITAIKHBAIOIIUE CHIIBI,
KOTOpBIE MOTYT OBITh JINOO IOCTOSIHHBI, JTMOO BO3pAcTaTh C POCTOM COJIEpKaHMs yrieposa B xeiese. Toraa, B mepBoM
cilyyae, peajn3oBajiack ObI MOJAENb «yHHWBEPCAJIbHOW TETPAarOHAIBHOCTH», OOYCIOBICHHOH TOJBKO BHEAPECHHBIM
YTIEPOAOM, KOTOPYIO TpeuIaraoT aBTopsl [12]. B Takoi Moneny, 3KCIepIMEHTAIBHO U3MEpsieMasi TeTparoHaJIbHOCTh
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MapTEHCHUTA MPEACTABIsICT CO00H YCPETHCHHYI0 IO O0bEMYy BEIUYMHY OT CIAMHCTBCHHOW «yHHBEPCAIHHOIY,
00pa30BaHHOM YIIIEPOJOM, BHEIAPEHHBIM B SUCHKY JKelie3a. Bo BTOpOM, TETparoHaIbHOCTh — YCPEIHCHHAS BEIUYMHA
IO CICKTPY Pa3JIMYHBIX 3HAUCHHA, OOYCIIOBICHHBIX PA3IUYHBIM COJCPKAHUCM U PACIIONIOKECHUEM yIiiepoja B sUeiKe
JKenesa, a TOYHee — B TUpaMU/Ie.

® - yrnepog

(O -xeneso

Puc.1. Hanbomnee BeposTHOE MOIOKEHUE YTIIEPOAa B OKTAdAPHUUECKON ITOpe MapTEHCUTA.

ah, b b
& | @
2 — 3

Puc.2. ®opmuposanue OLIT crpykrypsl B OLIK xenese.
[Tokazano cmernieHne artoma yriepona (mo3.1) B OKTa3qpuyYecKod mmope siueiku skene3a. [IIMOCKOCTh PUCYHKAa COOTBETCTBYET
mwiockoctu (100) OUK ctpykrypsl. [Tosunuu 2 u 3 coorBercTBYIOT HeHTpanbHbiM aromaM OLIK u OLIT sueek u, ciemoBareibHO,
pacronoxeHsl Haj 0a3ucoM. B ofHOM ¢ HUMHU IIJIOCKOCTH HAXOAUTCS U YIIIEPO/I.

OTH TpeACTaBlIeHMS M HMEIOLIHecs SKCIepPUMEHTAJIbHbIE MJaHHBIE IIO3BOJIAIOT JIETKO paccuuTarh Ty
TETParoHaJIbHOCTh MapTEHCUTa, KOTOpas MOXKET OBITh OOyCJOBJIEHa TOJBKO BHEIAPEHHBIM YIJIEPOAOM. BhImomHss
pacueTsl, Ui MEpPBOrO Ciydas, Mbl BMECTO CHJIBI, BBITAIKHUBAIOLICH yriepoa U3 LEHTpa OKTa’[pa, UCIOIb30BalIH
JuaMeTp aToMa kene3a paBHbIM napamerpy ero OLIK pemerku.

IIpu KoHIeHTpaluK yriepojia B xkenese B 1,6 Bec.% mapamerp «a» B pemerke OLT maprencura — 2,843A,
panuyc atoma yriepoga — 0,71A, tak 4uro cMemenue atoma xenesa cocrapiser — 0,839A. Cymma 2,843 + 0,8394 =
3,6824A paBna mapamerpy «c», a OTHoOmIeHHE c/a = 1,2953 ompeieNuT TeTParoHaILHOCTh ONHOM SYEHKM ¢ OJHHM
aTOMOM yTiiepona. YTiepol HMMeeT OTpaHHYEeHHYIO pacTBOPUMOCTH B kermeze. B aycrenmre mpu 1148°C ero
coJIepKaHue He MOXKeT ObITh Oodbiie, uem 2,14 Bec.%. Ilpu 3akaike nake ¢ MakCUMAalbHBIM COJCPKAHHEM €ro B
TBEPJOM pAaCTBOPE OH HE 3allOJHAET BCE OKTAdAPHUECKUE IYCTOTHI M, IO HAIIMM OIIEHKaM, BIMSHHE OJHOTO
BHEJIPEHHOT'0 aToMa yTIiepo/ia PaCIpOCTPaHIETCs IPUOIN3UTEIBHO Ha YETHIPE - MATh OJIMKAUIINX sUeeK.

Cumnrad, 4TO aTOM YIJIepoJia HaXOAUTCS Ha OOIIel U1 YeThIpeX SYeeK OCH «C» MOXKHO PacCUUTaTh yCpeAHEHHOe
3HaYeHWe UX TEeTParoHaJbHOCTH, HANpUMep, Ul COAEp)KaHMs yriaepoja B okene3e paBHOM 1,6 Bec.%:
(1,2953x1 +1x3) /4=1,0738, 4To HaxoAWUTCS B XOpPOLIEM COOTBETCTBMHM CO 3HAUYCHHEM TETParoHaILHOCTH,
OIpe/IeTIeHHBIM SKCIIEPUMEHTANBHO (CM. Tadmumy - 1,072).

OueHnBasl mapaMeTp «C» MBI HE YUUTBHIBAIM CXKMMAIOIIETO BIMSHUS OKPY)KaIOIIEH MaTpHIbl, YTO, O€3yCIIOBHO,
Oynmer ero ymensmath. OnHako U 6e3 ydera 3ToH IedopManuy MpOCTEHINNe BBIYMCICHHUS ITOKa3bIBAIOT, HACKOIBKO
TOYHO, IIpe/IaraeMas MOZIey b, ONPE/IEIISeT MOI0KEHHE aToMa yIJIepo/ia B PELIETKE MapTeHCHTA.

OpHako Bce He Tak mpocTto. Ha camom jene He yriepona ompenenseT TeTparoHalbHOCTh, @ TETParoHAIbHOCTH,
3aJaHHas, HalpuMep, YPOBHEM TEPMHUYECKHX HANPSHKCHWH, BO3HUKAIONIMX B TPOIECCE 3aKAIKH, OINPEACISIET
MIOJIOKEHHE YTIIEPOa B sTYCHKE JKene3a.
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PeanbHO JMamMeTp atoma kenesa uyTh 6osbiue 2A. Takoro e pasmepa J0CTMraeT M Kparyaiilliee MeKaTOMHOE
PACCTOSHHME B IEHTPAIbHOH IUIOCKOCTH OKTa’Apa. JTO 3HAYMT, 4To atoMm yriepona (muamerp 1,4 A) cmocoben
CBOOO/IHO Pa3MECTHTHCS B OKTa’pUYECKOM MexJI0y3nuu. [lo-Buammomy, B aycreHHWTe (TeMmeparypa, OT KOTOPOH
Bezercst 3akanka, Boime 900°C) oH AeHCTBHUTENHHO paclojaraercs B IIEHTpe okTadapa. Ho B mporecce 3akanku B
CTPYKTYpPE BO3HHKAIOT TPaJHMCHTHl TEPMHUYECKHX HANPSDKEHHH, KOTOPBIE C OXHOM CTOPOHBI, MOPOXKAAIOT
TeTparoHalbHbIE MCKa)KeHMs pemieTku [13], a ¢ mpyroi, 3acTaBisiOT yriiepoJ CMEMIAThCAd B HANPABICHUN JEHCTBHS
TpajiueHTa PacTsUKCHNH, 3aHIMAas! OTIPEICIICHHBIE TTOJIOKEHHS B IMPAMUJIE.

W3 storo cremyer, 4Tro yriaepox He SIBISIETCS NPUYMHOM 0Opa3oBaHMS TETparoHaIbHOCTH B kenese. C pocToM
COZIepKaHus YIIIepoa B )Kese3e HAIpsHKEHH HEOOXOANMBIE [UIS €T0 CMEIIEHHS BO3PAcTaloT, YTO BEIET K MTOJaBICHUIO
nporecca 00pa3oBaHUsI MAPTEHCUTA. DTUM OOBACHSIETCS CYIECTBOBAHHE OCTaTOYHOI'O ayCTEHUTA M POCT €r0 MAacChl C
POCTOM cojiepKaHus yriiepoJia (yriepoJ — ayCTeHUTOOPa3y oA SJIE€MEHT).

[Ipennaraemas mozaens (puc.1,2) mo3Bonuiia HaM MPABUIBHO OMPECNIUThH MOJOKEHUE aToMa yriiepoja B sueiike
JkKelle3a U YTBEPXKAATh Telepb, YTO HUKAKOTO YHMBEPCAJIBHOTO 3HAUYEHUS TETParOHANbHOCTU YTIEPOJ B JKele3e He
co3naet. IIpocto B mporecce 3akanku ¢ pOCTOM €ro COAEP KaHUs B JKeJle3e BO3PACTal0T TEPMUUECKUE HAPSKEHUS (UeM
BBIIIIE KOHIIEHTPALUS YIIIEpo/ia, TeM OOJblIee CONPOTHBICHNE OH OKa3bIBACT MAPTEHCUTHOMY IIPEBPALICHUIO, TOITOMY
TeMIlepaTypa Hadana oOpa3oBaHMs MapTEHCHTa CHMXKAETCS), YTO NMPUBOJUT K POCTY TETParoHAIBHOCTH CHCTEMBI
<«OKETIe30-YTIIePOA-BaKaHCHM» 1 OOJIBIIMM CMELICHHSIM yTIIepoia BAOIb OcH «c». Kak cremyer u3 Tabmumel, yriepos, B
o0ocoOuBIIEMcsl KpHUCTaUIe MapTeHCHTa, CIOcOOeH TOINEpKUBATh TETParoHaNsHOCTh mopsimka 1,081 mpu
KOHLIEHTPALMH €ro B jkene3e okono 1,8 00.%. Ilpm OosbimeM coiepskaHWM yTJIepojAa CTalb JOJDKHA OCTaBaThCS
ayCTEHUTHOM.

Taxum o6pa3oM, MOTydeHHbIE Pe3yIbTaThl B KOPHE MEHSIOT HAILU MPEJCTaBICHUS O MECTE Pa3MEILEHUS YIIepoaa
B OLIT siueiike jxese3a U 0 POJIM €ro B 00Pa30BaHHKM MAapTECHCHTA B CTANISX.

W3 Tabauibl ciaenyer eiie OAUH YIUBUTEIbHBIA (DakT: He CMOTPS HA TO, YTO C POCTOM COJCPIKAHUS Yrieponaa B
TBEPJIOM PacTBOPE U, IPH ITOM, POCTOM, Kak (pa3oBoro oobemMa ayCTeHHTa, TaK ¥ MApTEHCHUTA, Pa3HOCTh 3TUX 00HEMOB
(00beM (ha30BOTO HECOOTBETCTBHS) OCTAETCS IOCTOSHHOW. JleHCTBUTENBHO, KaK BHUAHO M3 TaOJMIBI, M3MEHEHHE
BennuuHBl AV He mpeBblaeT Joiell KyOudeckoro aHrcrpeMa Ha (oHe oObeMa MapTEHCHUTa COCTABISIOLIETO
HECKOJIBKO JIECATKOB KyOMdecknx aHrcrpeM. I10CKOJbKYy SKCHEepHMEHTAbHBIE IaHHBIE MOJTYYEHBI HA 3aKaJIeHHBIX
CTaIAX, TO HE BBI3BIBAET COMHEHHH, 4TO 00BEM (Pa30BOro HECOOTBETCTBUS HUKaK HE CBSI3aH C YIJIEPOJOM, a
00YCIIOBIICH TONBKO BaKaHCUSIMH.

[TonTBepxkIeHNEM NPABHIIBHOCTH BBIBOAA MOTYT SIBIATBCS pE3yIbTaThl JKCIEPHUMEHTANBHONH paboter [14].
[IpoBenenHas 3akanka gucToro xemnesa (comepxkanue yriepoxa 0,0015 Bec.%) nmpuBena k 00pa30BaHUIO MapTEHCHUTA,
Macca KOTOpOTO pocila ¢ pOCTOM CKOpOCTH 3akanku U gocturana 100%. be3 comMHEHHs, mpH TakOM HHUYTOKHOM
COJICpKAHUU YIJIIepo/la OH HEe MOXET OKa3bIBaTh BIHMSHHME Ha 0Opa30BaHHE TETParoHaJIbHOCTH (eciau OBl OH OBII
OTBETCTBEHHBIM 3a ee o00pa3oBaHME) BO BCeM O0BEME 3aKajJMBAaeMOI0 KpHCTaula. EJMHCTBEHHBIH «3IJIEMEHT»
CIIOCOOHBIN MOPOJNTH TETPArOHAILHOCTh B 00bEMe — BAKaHCHH.

Meron ®azoBeix [lunarpamm Maprencutnsix [Ipespamennii (GJIMII) mo3BonseT OLEHUTH «BAaKaHCHOHHYIO»
TETParoHaJIbHOCTh, KOTOPasi MOXKET BO3HHKATh B YUCTOM XKeJie3e, HallpuMep, NMPHU Pa3IM4YHbIX CKOPOCTSIX 3aKalkd. B
3aBUCHMOCTH OT TEMIIEpaTyphl Hayaja 00pa3oBaHHs MapTeHCUTa Mg TeTparoHaJbHOCTh 000COOMBIIETOCS MapTEHCHUTA
MOXET U3MEHAThCS B mpeaenax oT 1 go 1,05, cHagana Bo3pacTasi ¢ pocTOM CKOpOCTH oxiakaeHus (ot Mg Hike 900°C
1o M; = 545°C), a 3areM noHmKasAck [13].

W3 3T0TO ChenyeT, 4TO TeTparoHalIbHOCTh MapTEHCHTA ABIIsAETCS (DYHKIMEH HE CTOIBKO yriieposa (a B CTalsIX, He
COIlepIKaIIUX YIIepoI, 3T0, 03 COMHEHHsI) CKOJIbKO BakaHCHA. VIMEHHO T0ATOMY 00heM (ha30BOr0 HECOOTBETCTBHS HE
MEHSETCS C N3MCHEHHEM KOHIIEHTPaLUH yriepoa (pa3yMeeTcs, IIPU IIOCTOSHHOI CKOPOCTH OXJIAKACHHS).

JIr000#1 medeKT KPUCTATUTMUYECKON PEHICTKH, 00YCIOBIMBAOIIMIA MOSBICHHE MO BHYTPSHHUX AedopMariuii ¢
CHMMeTpHeﬁ OTJIMYHOH OT CUMMETpHUU PCHICTKH, ABIACTCA HCTOYHHUKOM BHYTPCHHETO TpPCHHUA. HO3TOMy METO
BHYTPEHHETr0 TpEHUs sBisieTcs AS(GQPEKTUBHBIM METOJOM HJICHTU(QHKAIMK TETparoHalbHbIX HCKakeHuil. Ecnu
cienoBath [15], TO ONMHOYHBIE BaKaHCHUM HE SIBISIOTCS HCTOYHMKOM BHYTPEHHErO TPEHHMsS, T.K. HE HapyLIaloT
CUMMETPHH KpHCcTaJula. TeTparoHanbHble MCKaXXCHUS B pelIETKE KPHCTaUla MOTYT CO37aBaTh TOJIBKO KOMIUICKCHI
BaKaHCH, HAUMHAs OT TUBAaKaHCUU.

HccrenoBanns BHYTPEHHEro TpeHus B oOpasuax cruiasa Fe-Al [16] moaseprayTsix y-o6myuennio (Co®, sHeprus
Y-KBaHTOB mopsaka 1,25 MsB) obHapyxmimm psiioM ¢ yrinepoaHsiM nukoM CHyka, qononHutenbHbe X (mmm R) nuk,
MOSABJIEHUE KOTOPOTO OTHO3HAYHO CBSI3aHO C 00pa30BaHMEM BaKaHCHH B CILIABE.

YroO6Bb!I MOHATH, KAKIM 00pa30M B JaHHOM CITydae BAKAaHCHU HApyLIAIOT CHMMETPHIO IO KPUCTAJUIA U CO3/AI0T
TETparoHaJbHbIE UCKAKEHHUSA B HEM, JJOCTATOYHO IPEJICTaBUTh, YTO BaKaHCHUS HE 00pa3yeTcs KaK TOYEUHBINH NedeKT, a
CO3JaeT KOMIUIEKC, HAIpPUMEp, «YyTJIEPOJ-BAKAHCHUSI», «AIOMHHHUH-BaKaHCUs» JHOO IPOCTO — «COOCTBEHHBIN
MEXKY3eNbHBIN aToM-BakaHcHsD». [10CKONBKY MUKW pa3HeceHbl, a MUK CHyKa TOYHO CBSI3aH C YIJIEPOAOM, TO, HAJIO
nojaratb, 4To NHK X OOyCIOBJIEH 00pa3oBaHUEM KOMIUIEKCOB «aJFOMUHHH-BaKaHCHs». | €OMETpUUECKH TaKoW
KOMIUIEKC CJIEIyeT MPECTaBIsATh KaK OJHOBPEMEHHOE HAaX0XKJCHUE BOJIM3U OJHOTO y3Jla U aToMa M BaKaHCHH, JTHOO
MIPOCTO CMEUIEHHBIH U3 y37la, HO HE TIOKUHYBIIMHA CBOIO S4elKy, aToM. [Ipu 3TOM BakaHCHS HE SIBJISICTCS TOYEYHBIM
nedexrom, a mpexacraBisier coboil o0beMHyIO0 aedopManuio pacTsbkeHus. [lox melcTBHEM BHYTPEHHHX WM
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MPUIIOKCHHBIX HW3BHEC Hanpameﬂnﬁ TaKU€ KOMIUJICKChI MOTYT 6I)ITb OPUCHTHUPOBAHHBI B OJHOM HallpaBJICHUU.
OObenuHssICH B KOHIJIOMEpaThl B BOJHAX KOHIEHTPALMOHHBIX HEOJHOPOAHOCTEH, OHM OyIyT CcoO31aBaTh
TETParoHAJILHO MCKaKCHHBIC 00JIACTH KpHcTaia (KOTePEHTHBIC 30HBI MPEABBIICICHHN ), KOTOPHIC, 10 CYTH, SBISIOTCS
maptercurom [13].

OO0pa3oBaHne TaKUX KOMIUICKCOB Ha COOCTBEHHBIX aTOMaX, aTOMax BHEIPEHUS W 3aMCIICHHS OOYCIOBICHO
pasHOW SHeprued mx oOpa30BaHM, YTO, B CBOIO OYEpeIb, OMPENESNACT pa3liidhe TeMIepaTyp Hadajla W KOHIIA
000c00JIeHNST MapTEHCUTA B CTAJISX U CIIaBaX.

WU mnocnennee. PenrtreHorpaduyeckm MBI Bce JK€ OINpelNesieM HEKYI0 YCPeIHEHHYIO TeTParoHAIbHOCTh
MapreHcuTa. OTHAKO 3TOT CIIEKTP TETPArOHAIBHOCTEH He CBSI3aH C CYIIECTBOBAHHEM €€ «yHHBEPCAIHHOT0» 3HAYCHHUS,
o0pa3yeMoro aToMoM yTiiepoja B OJTHOM stueiike kene3a. Takol TeTparoHaJIbHOCTU He cymiecTByeT. CIeKTp BOZHHKAET
MOTOMY, YTO YIJIEPOA B CTalsIX pacHpenensercs HEOTHOPOAHO. VIMEHHO HEOXHOPOJHOCTH €r0 pachpeieieHus Hu
OIPEJEISIOT Pa3dpoC TeTparoHaAILHOCTEH.

BbIBO/IbI

1) Xapakrtep usmenenus napamerpoB OL[T pemerkn mMapreHcHTa yKasblBaeT Ha TO, YTO YIVIEPOX, B MapTEHCHUTE
YIIIEPOMUCTHIX CTajlel, pacrojaraercs He B IIEHTPE OKTad/pa, KaK 3TO NMPHHATO CUUTATh, & CMEIIACTCS B OAHY U3
MUPaMHJ, COCTaBILFOLINX OKTAdIP.

2) Yruepox He co3gaeT TETPAroHAIBHOCTH B JKede3e. HaoOopoT, OH TOPMO3HT ee pa3BUTHE, YTO NPSMO CIEAYET W3
(hakTa CHIDKEHHS TeMIIEpaTyphl Havyajda 00pa30BaHMs MapTEHCHUTa, HO B 000COOMBIIEMCSI MAPTEHCHUTE, OH SIBIISCTCS
cTormopoM (1 TeM 0oJee MOLIHBIM, YeM BBIIIE €r0 COJEp)KaHUe B CTallM), KOTOPBIH He MO3BOJSET CHCTEME IOCIe
000C00JICHNS MTOTHOCTBIO PETAKCUPOBATH BHYTPEHHHE HANPSHKEHUS M M30aBUTHCS OT TETPAarOHAJIbHOCTH.

3) DKCIIepUMEHTAJIbHO H3MepseMas TeTParoHaJbHOCTh MapTEHCUTA YIIIEPOAUCTBIX CTajled - 3TO yCpeAHEeHHas II0
00beMy KpHUCTaljla BEIWYMHA, KOTOpas HE CBsi3aHa C CYNIECTBOBAHMEM «YHHBEPCAIBHON» TETParoHaJIbHOCTH, a
00yCII0BIICHA TONBKO HEOJHOPOAHOCTBIO PACIIPEACIICHUS YIIIEPOAa B XKeJIe3e.

4) Brepssle oOHapyxeH (hakT HE3aBUCUMOCTH 00beMa (ha30BOr0 HECOOTBETCTBUS ITPU MAPTEHCUTHOM IPEBpPaIlEHUN
Kenesa.

5) Heusmennsiii o0beM (pa30BOro HECOOTBETCTBHS NPH OJMHAKOBOH CKOPOCTH OXJIQXKICHUS, OINpENesIeMBbI Kak
pasHocte o0bemoB OLIT s4eek MapTeHCHTa M ayCTEHHWTA, CBHJIETEIBCTBYET O TOM, YTO TETParoHaJILHOCTH
YIJICPOAMCTBIX CTajlell ecTh (YHKLIUS HE CTONBKO Yrieponxa, CKOJbKO BakaHcHil (a BepHee, nedopmaunuii u
HaNpsDKEHMH, KOTOphIE OHM IOPOXKIAIOT B HEPAaBHOBECHBIX CHCTeMax). B umcTOM jkenese B 000COOHMBIIMXCS
KpHCTaJUIaX MApTEHCUTa «BaKAHCHOHHAS) TETPAarOHAILHOCTh MOXKET MEHAThCA B Ipenenax ot 1 no 1,05.
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