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For the ideal Fermi gas that fills a quantum well confined by two parallel planes, 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. The distance between planes is considered as an additional thermodynamic variable. Owing to the anisotropy, the
pressure of the Fermi gas along and transverse to the planes is different, so that the system is characterized by two equations of state and
a set of different heat capacities. Limiting cases of low and high temperatures are considered. The temperature dependencies of the
entropy and heat capacities at low temperatures remain linear, just as in the volume case, and their dependencies on the chemical
potential and density undergo jumps at the beginning of the filling of new discrete levels. It is shown that the behavior of thermodynamic
quantities with the distance between plates can be either oscillating or monotonic, depending on what quantity is assumed to be fixed: the
volume or surface density. For high temperatures the corrections to thermodynamic quantities are obtained, which are proportional to the
ratio of the thermal de Broglie wavelength to the distance between planes.

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

TEPMOJUHAMIKA ®EPMI-TA3Y Y KBAHTOBIH SIMI
FO.M. IoayekroB, O.0. Copoka
Hayionanvnuii naykosuti yenmp “Xaprigcokuii ¢izuxo-mexuiunul incmumym”
61108, syn. Akademiuna, 1, Xapxie, Yrpaina

Jns ineansHOTO (hepMi-ra3y, IO 3aMOBHIOE KBAHTOBY SIMy OOMEXEHY JBOMa MapalelIbHUMH IUIOIMHAMHY, y 3arajJbHOMY BHUTJIAMI JUIS
JOBUIBHHMX TEMIlepaTyp OOYMCIIeHi TepPMOJIMHAMIUHI XapaKTEpPUCTHKH, a caMe: TepPMOAWMHAMIYHMII IMOTEHLiaJ, eHepris, eHTpOIis,
PIBHSIHHS CTaHy, TEIUIOEMHOCTI Ta CTHUCIMBOCTI. BifcTaHp MiX IUIOMIMHAMH PO3IVLIOAETHCS SIK JOJATKOBA TEPMOIMHAMIYHA 3MiHHA.
Yepes aHi30TpOMit0 THUCK (epMi-rasy y3IO0BXK i MEPNeHANKYISIPHO IUIOIMHAM BiMIHHHM, TaK 10 CUCTEMa XapaKTepU3yeEThCs BOMA
PIBHSHHAMH CTaHy i HA0OPOM Pi3HHUX TEIUIOEMKOCTEH. PO3IMIsAHYTI rpaHNYHI BUMAJKU HU3BKUX 1 BUCOKHX TeMmrepaTyp. TemmeparypHi
3aJIe)KHOCTI SHTPOMIi 1 TEIUIOEMKOCTEH NpH HHU3BKMX TEMIIEpaTypax 3alIUIIAlOThCs JHIHHUMH, SK 1 B 00'€eMHOMY BHMAAKy, a iX
3aJI)KHOCTI BiJl XIMiYHOTO MOTEHINIANY 1 TYCTHHH 3a3HAIOTh CTPUOKU MU TI0YATKy 3aIlOBHEHHS HOBOTO JHCKpeTHOro piBHi. [Tokazano,
o 3MiHa TEPMOAMHAMIUYHMX BEJIMYHMH 3 BIJCTAHHIO MDK IUIACTHHAMH MOXK€ MaTé ab0 OCIMIIALIHHMI, a00 MOHOTOHHHI XapakTep
3aJISKHO BiJ TOTO, 0 Hependavdaerscs (ikcoBannM, o0'eMHa abo IOBepXHEBa I'yCTMHA. B o0iacTi BHCOKHMX TemIlepaTyp 3HaiIeHi
MOTPABKH JI0 TEPMOJMHAMIYHUX BEJIMYUH, IPOMOPIIiHHI BiTHOIICHHIO TSIUIOBOT XBWII Jie Bpoiiiis 10 BiICTaHi MiXk TUIONIMHAMH.
KJIIOUOBI CJIOBA: ¢depmi-uacTuHKa, KBaHTOBA sIMa, TEPMOAMHAMIuHi (YHKIi, HU3bKOPO3MIpPHI CHCTEMH, DIBHSHHS CTaHy,
TEIUIOEMHICTh, CTHCIIUBICTh

TEPMOJMHAMMKA ®EPMU-TA3A B KBAHTOBOM SIME
10.M. IToayskToB, A.A. Copoka
Hayuonanvholil nayunviii yenmp “Xapvkogckuti ousuko-mexnuyeckuil uncmumym’”’
61108, Axademuueckas, 1, Xapvros, Yxpauna

st npeansHOTO hepMu-Ta3a, 3aloMHSIONIEr0 KBAHTOBYIO SIMY OTPaHUYCHHYIO IBYMsI NTapauleIbHBIMH [UIOCKOCTSMH, B 00IIEM BUJIE
JUISL TIPOM3BOJIBHBIX TEMITEpaTyp BBIYUCICHBI TEPMOJAMHAMHYECKUE XapaKTEePUCTHKU, a HMEHHO: TEPMOANHAMHYECKUH MOTEHIIHAI,
OHEPIust, SHTPONUS, YPaBHEHUS COCTOAHUS, TEINIOEMKOCTH U COKUMAEMOCTH. Paccrosnue MEXAY IIOCKOCTAMH paCCMaTPUBACTCA KakK
JIOTIONIHUTENbHAS TePMOJMHAMUYECKas MepeMeHHas. B Ccuily aHM30TponmuM JaBieHHe (epMu-rasa BAOJb M HEPHEHIUKYISIPHO
IUIOCKOCTSIM PA3INYHO, TaK YTO CHCTEMa XapaKTepPH3yeTCs ABYMs yPaBHEHUSIMH COCTOSHMS M HAOOPOM pa3iIMYHBIX TETII0EMKOCTEH.
PaccmoTpeHs! IpenebHbIe CITydan HU3KUX M BBICOKUX TeMIieparyp. TemmepaTypHble 3aBHCHMOCTH SHTPOIHHA U TEIUIOEMKOCTEH MpH
HU3KHX TEMIIepaTypax OCTAalOTCS JHHEWHBIMU, KaK U B OOBEMHOM cCiIydae, a WX 3aBUCHMOCTH OT XMMHYECKOTO ITOTEHIHalTa U
IUIOTHOCTH HCIBITBIBAIOT CKA4KW IIpH Hadaje 3alojHEHHS HOBOTO IHCKPETHOTO YpoBHs. [loka3aHo, 4YTO H3MEHEHHE
TEPMOANHAMHYECKUX BEIMYMH C PACCTOSHHEM MEXAY IUIACTHHAMHU MOXKET MMETh JIMOO OCHMUIILMOHHBIH, JTNOO0 MOHOTOHHBIN
XapakTep B 3aBHCHMOCTH OT TOTO, 4TO IIpeAroaraercst pUKCUPOBaHHBIM, O0ObEMHAs MM IOBEPXHOCTHAs IUIOTHOCTb. B obmactu
BBICOKHUX TEMIIEpATYP Hal‘r’l}lel—[bl IOIPaBKU K TEPMOANMHAMUYECCKUM BEJIIMYNHAM, MPONOPIHOHAIIBHBIE OTHOIICHUIO TEIJIOBOM BOJIHBI
nie bpoitnis K paccTOSIHHIO MEXy IIIOCKOCTSIMH.

KJIFOYEBBIE CJIOBA: depmu-yacTuna, KBaHTOBas sMa, TEPMOIMHAMHUYECKHE (DYyHKIMH, HU3KOpa3MEpHBIE CHCTEMBI, YpaBHEHHE
COCTOSIHUSI, TEINIOEMKOCTbh, CKIMaeMOCTb

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

© Poluektov Yu.M., Soroka A.A., 2016
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temperatures in the volume case can be expressed through the special Fermi functions and, therefore, it is possible to
obtain and verify all relations of the phenomenological thermodynamics on the basis of the quantum microscopic
model.

In recent time, much attention has been paid to investigation of low-dimensional systems, in particular to
properties of the two-dimensional Fermi gas in quantum wells, because apart from purely scientific interest the study of
such objects is rather promising for the solid-state electronics [1-5]. Thermodynamics relations for the Fermi gas in the
confined geometry have been studied much less than in the volume case [6] and require further investigation. A detailed
understanding of the properties of such systems must serve as a basis for the study of low-dimensional systems of
interacting particles.

It is usual to consider that strongly correlated Fermi systems, to which also two-dimensional Fermi liquids are
attributed, in many respects essentially differ from the usual Fermi systems and often show “non-Fermi-liquid”
behavior [7]. At that the properties of quasi-two-dimensional and quasi-one-dimensional systems are compared with the
theory of bulk Fermi liquid [8,9]. However, as seen even on the example of the quasi-two-dimensional system of
noninteracting particles which is considered in detail in the present work, its properties can substantially differ,
especially at low temperatures, from the properties of the bulk system owing to the quantum size effect. Therefore, the
theory of Fermi liquid itself in conditions of the confined geometry must, generally speaking, be formulated differently
than in the volume case. Note that the Migdal’s theory of finite Fermi systems [10] does not essentially differ in this
respect from the Fermi liquid theory of uniform systems.

The consideration of low-dimensional models of interacting Fermi particles leads to a conclusion about, in many
cases, unique properties of such systems [11,12]. 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 to the thermodynamic limit, setting in final formulas the volume and number of particles to infinity at a fixed
density. It is of general theoretical interest to study the statistical properties of many-particle systems occupying a
volume, one or two dimensions of which 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 such systems on the basis of the statistical treatment.

The idea of taking account of the spatial quantization when calculating the electron heat capacity of small particles
was for the first time used by Fréhlich [13]. Thermodynamic properties of the Fermi gas at low temperatures in the
confined geometry within the quasiclassical approach were considered in the works of I.M. Lifshits and A.M. Kosevich
[14,15]. Since the fermions possess a quasidiscrete spectrum in the confined geometry, in a similar way as it takes place
for electrons in the magnetic field [6], the authors of these works showed that the thermodynamic potential contains
under such conditions a component that oscillates with varying the chemical potential. However, as seen from the
results of the given work, the presence of the oscillating component in the thermodynamic potential does not yet
guarantee that the full thermodynamic potential and thermodynamic quantities are oscillating.

It should be noted that in experiments the quantum oscillation phenomena in thin metallic, semimetallic,
semiconducting films and nanostructures were observed for the kinetic coefficients such as the conductivity, the
mobility, the Hall coefficient and others [2,5], but not for the thermodynamic quantities.

The aim of the proposed work is obtaining general thermodynamic relations for the Fermi gas in conditions of the
confined geometry on the basis of a microscopic treatment. In the work there are derived exact formulas for the
thermodynamic potential, energy, entropy, pressures, heat capacities and compressibilities which allow to analyze the
equilibrium properties of the Fermi system at arbitrary temperatures and geometric dimensions. Any thermodynamic
quantity proves to be expressed through some standard functions and their derivatives that depend only on the
dimensionless temperature and the dimensionless chemical potential. It is shown that, owing to the anisotropy of the
system under consideration, the pressure of the Fermi gas along and transverse to planes is different, so that the system
is characterized by two equations of state and a set of different heat capacities. The cases of low and high temperatures
are studied. At low temperatures the dependencies of the entropy and heat capacities on temperature remain linear, just
as in the volume case, and their dependencies on the chemical potential and density undergo jumps at the beginning of
the filling of new discrete levels. It is shown that the behavior of thermodynamic quantities with the distance between
plates can be qualitatively different, depending on what quantity is assumed to be fixed: the volume or surface density.
Thus, at a fixed surface density the chemical potential and pressure vary monotonically with the thickness and at a fixed
volume density these dependencies have an oscillating character. In the area of high temperatures the corrections to
thermodynamic quantities are obtained, proportional to the ratio of the thermal de Broglie wavelength to the distance
between planes.

FERMI GAS IN A VOLUME
Before proceeding to consideration of the Fermi gas of particles with mass m in conditions of the confined
geometry, here we give the basic formulas for the three-dimensional Fermi gas enclosed in the rectangular
parallelepiped of volume V' =L L L_, lengths of all sides of which are large. In the case when L, >> 27k, (k is a
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wave vector), the wave functions of particles have the form of plane waves ¢, (r) =V "™ and the energy of particles

g =1k / 2m . Generally, in books authors restrict themselves to considering the two limiting cases: either the case of

high temperatures in which a description of motion of gas particles based on the laws of the classical mechanics is valid,
or the case of very low temperatures when the Fermi gas is degenerate [6]. Meanwhile, all thermodynamic functions of
the Fermi gas at arbitrary temperature can be exactly expressed through the special functions

0, ()=t~ 2 m
) [(s)ye™ +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 (1) with half-integer indices s=1/2,3/2,5/2.

The thermodynamic potential Q , energy £, entropy S, particle number density » and pressure p of the Fermi gas

of particles with the spin 1/2 in a volume, expressed through the functions (1), are given by the formulas:

2TV 3TV 2V s
020, (), E-2Ten0. s3] 0n 0.0
2
N 2 2T
n:?:Fq)yz(t)s p:FCDS/Z(t)'
Here ¢ = u/T , u is the chemical potential. The thermal de Broglie wavelength enters into the formulas (2):
1/2
27’
A= . 3
2] o)

In a bulk gas in addition to the thermal wavelength of a particle (3) there exists one more characteristic length / ="

which defines an average distance between particles. The ratio of these lengths
A 1/3
qy = 7 =An" = |:2(D3/2 (t)] “4)

characterizes the extent of proximity of the gas to the degenerate state, so to say the measure of its “quantumness”.
Depending on the density of number of particles and temperature the quantum mechanical properties of the gas will
manifest themselves to a greater or lesser extent. If g, is small, the system can be well described by the classical
mechanics. With decreasing temperature at a fixed density the thermal wavelength increases and, therefore, the
“quantumness” of the gas increases in this case, and besides, as we see, the parameter ¢, depends on the single
parameter ¢ .

Here we also give the formulas for the heat capacities at a constant volume and a constant pressure:

>
G = ELI:G)S/Z (l‘)_g = (_t)j|,

2 A° 50, (1)
@, (1), (1 ©
c =££3<1)5,2(t){ 12 () s _g}.
r 2 A (133,2 (l‘) 5

It should be noted that the heat capacities per one particle C, /N and C, / N also depend on the single parameter ¢ .

The properties of Fermi systems in the presence of the discrete levels in magnetic field were studied with the help of the
functions (1) in work [16].

THERMODYNAMICS OF THE FERMI GAS IN A RECTANGULAR QUANTUM WELL
The model of the ideal Fermi gas is the basis for studying the bulk properties of the Fermi systems for particles of
different nature. In the two-dimensional case an analogous role is played by the ideal Fermi gas contained between two
parallel planes, therefore a detailed study of such the system is also of general physical interest. In particular, it is
important to obtain exact formulas for thermodynamic quantities of the Fermi gas contained between two parallel
planes z=L/2, z=-L/2 and to make analysis of its thermodynamic properties. It is assumed everywhere that the spin

of the Fermi particle is equal to 1/2. The lengths L , L, are as before considered to be macroscopic, where 4=L L is
the area in the (x, y) plane, but no restrictions are imposed on the length of the third side L, = L and it can be small,
that corresponds to transition to the quasi-two-dimensional case. The total volume occupied by the Fermi gas V' = AL .
The case when L, >>L, L, >> L is of the most interest and the main attention will be paid to it. Note that in work [15]
this case was not considered in detail. Let us assume that the potential barrier at the points z=1L/2 and z=-L/2 is

infinite, so that the wave function of a particle turns into zero at boundaries. In this case solutions of the Schrodinger
equation have the form
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go,(:,z (x,0,2)= fﬁe’“ cos(2n +1)%, (n=0,1,2,...),
o) (x,p,2) = ,/ﬁe’“ siHZn%, (n=12,..).

The first of these functions is even and the second is odd with respect to the transformation z — —z . Here k = (kx,ky)

(6)

and r = (x, y) are two-dimensional vectors. The energy of a particle:
272
k
£, =+ e, %
2m
n=12,... and k* = kf + kf . For odd n the levels correspond to even wave functions, and for even n — to odd wave
functions. The energy
222
°h
3 ®)
2mL
is conditioned by localization of a quantum particle between planes and increases with decreasing the distance L
between them. This characteristic energy of a problem (we assume the particle is an electron), expressed in Rydbergs,

can be written in the form &, =7r2/ [’, where L=L/a, is the distance in the Bohr radiuses. Considering that
1Ry =13.6 eV =15.8-10" K , we obtain: 1) at L=10> — & =156 K;2)at L=10° — & =1.56K ;3)at L=10" —
g =0.016K;4) at L=10° - &, =1.6-10°K . Thus, quantum effects connected with the presence of the energy (8),

as it had to be expected, must manifest themselves essentially at low temperatures and small distances between planes.
The distribution function in this case has the form

-1
S =lexp(e, —p)/T+1]". ©)
After integration over momenta with the function (9), the thermodynamical potential
Q=-2TY In| 1+¢ /"
Zin| ] (10)
will be determined by the formula
2TA
a=-2w, (cn) (11)

Instead of the parameter ¢ = ,u/T , that was used in formulas for the volume case, it is convenient to introduce the
dimensionless chemical potential 7 = x/¢, and the dimensionless temperature 7 =7/, , then ¢ =n/r. We define the
function

l{g(r,n)zgcbs [r*l(n—nz)} (12)

The details of calculation of such functions are given in Appendix. The thermodynamic potential (11) is a function of
the temperature, chemical potential, area and distance between plates: Q =Q (T S, A, L) . In contrast to the volume case

when Q is proportional to the volume V', in this case it is proportional to the area 4 and depends in a complicated
manner on the distance L. This circumstance is conditioned by the evident anisotropy of the system under
consideration, since here the motions in the (x, y) plane and in the direction of the z axis are qualitatively different. In
statistical mechanics it is customary to pass in the final formulas to the thermodynamic limit ¥V — o, N —> o at
n=N/V =const. In the present case it is more accurate to write down the thermodynamic limit somewhat differently,
namely
A—>o,N >0 at n,=N/A=const. (13)
It is thereby stressed that the transition to infinite volume occurs only owing to increasing the area, at a fixed distance L.
The differential of the thermodynamic potential (11) has the form
dQ= —%[2\1’2 +7 oF, ]dT—%kP]dﬂ+9dA - 413T [T %, +7 oY, jdL. (14)
A A A AL\ oOr on

It was taken into account that 0¥,/on=7¢"¥ and de, =-(2¢,/L)dL. Since §=-(oor),,, and
N =—(60/ou)

T

from (14) there follow expressions for the entropy and number of particles:

24 oY
S:F(Z\PZ-FT 2), (15)

T,4,L°

or
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24
N = F‘{’l. (16)
The volume and surface densities of number of particles are defined by obvious relations: n=N/AL, n,=N/A. The

same formulas for the entropy and number of particles can be derived, of course, straight by means of the distribution
function (9). The energy is determined by the formula:

2AT oY
E= e (‘P2+g‘{’1+r 812) (17)

Naturally, the relation holds Q=FE—-TS — uN .

PRESSURES
In a bulk system the pressure is connected with the thermodynamical potential by the known formula p=-Q/V .
In the considered case the system is anisotropic, since the character of motion of particles in the directions parallel and
perpendicular to planes 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 walls perpendicular to the x
and y axes. These forces can be calculated in the same way as in the volume case [6]. The pressures in directions

parallel to the (x, y) plane and on the planes perpendicular to the z axis are given by the formulas

_ _1(5_Ej _ _l[%)
=), T A\ ), (18)
Since
OFE oQ OF oQ
= == ) - == ) (19)
04 S,N,L 04 T,u,L oL S.N, 4 oL T.u,A
it is then more convenient to calculate the pressures (18) using the formulas
_ _1(3_Qj _ _l(é_QJ
w=\aa),,, T alan),,, (20)
The differential of the thermodynamic potential (14) can be represented in the form
dQ=-8dT — Ndpu— p,Ld4A— p, AdL. 21
Considering the form of the thermodynamic potential (11), we obtain the formulas determining the pressures through
the functions (12):
2T AT ( 0¥, n
= —\P , = T 2 +—\P . 22
Py AL Pu A2L( or 7 ]j (22)

The quantity —p, L is an analog of the surface tension in the theory of surfaces [6]. The energy (17) is connected with

the pressures (22) by the relation
1
E:AL(p+EpL), (23)
which in the volume limit p, = p, = p turns into the known relation pV = (2/ 3) E for the Fermi gas [6].
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 surface densities:

- 2r = 2mL . 2mDl . 2mD
SEas P pwalh RSt RS
3 i (24)
.2 . 2L
n57 s AE_nA

The reduced quantities are functions of only two independent dimensionless variables — the temperature z and
chemical potential 7 :

. W .7 4
[ PINNCL PN [ S EN AL £ [ T gy
or 2 T or

(25)
. . n oY
p||:7\P2’ pl:TZ ?‘PI‘FT 61-2 .
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The use of the reduces quantities is convenient owing to the fact that they do not contain explicitly geometric
dimensions of the system.

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

case. In order to determine heat capacities, it is necessary to calculate the quantity C =T (dS/ dr ) . For this purpose, it

is convenient to express the differential of the entropy through the reduced quantities:

ds =74 _S i, +dS z4|(0S_§ o, dn+| S-S0 4p| (26)
200\ n, on n, On or n, Ot

In the volume case at a fixed number of particles, which is assumed here, the equation of state is: p = p(7T,V). If the

chemical potential is used as an independent variable, then the equation of state is defined parametrically by the equations
p=pT,V,u) and N =N(T,V,u). To obtain the heat capacity as a function of only temperature, one 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 determining the heat capacities C;, and C, .

Under given conditions, owing to anisotropy of the system, there are two equations of state (22) for two pressures
p,=p,T,4,L,p) and p, = p (T,4,L,u), which at a fixed number of particles should be considered together with the

equation (16) N = N(T, A, L, i) . 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 4,L, namely F(p,p, ,4,L)=0 and
F,(p;>p,,4,L)=0. In the simplest case, two of four quantities p,,p, ,4,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: (4,L), (p,p,),
(4,p), (4,p,), (L,p), (L,p,). Fixation of the first of pairs (4,L) corresponds to the volume case of the heat
capacity at a constant volume, and of the second (p,, p, ) — at a constant pressure.

With account of the fixation of a number of particles, we have

dL dA
dn, = 2— .
i, = [ : Aj @7)
Also it should be taken into account that
dr 1 2cdL ’
dT ¢, L dT (28)
2
Finally, we obtain formulas for the reduced heat capacities C = gyl C under different conditions for arbitrary temperatures:
T
~ oS os (on,/or
Cp=71 ___( NA/_) ) (29)
ot on(on,/on)
S Son\, o @) (S S\, @ B
. on i, on )\t or P 1o 7, or "an on
C, =t ! ! (30)
5P P2 (B B, |
Yoy “ton 5 \on or or on
& _ (oS San,) (a5 S am, (/o) o
A or @i, or ) \on @, on )(ap,/on)|
_dp (oS Son,) . (oS S ai oS o, oS o
nl\ An\\i_iA_‘_piiA_iA
~ on or n, Ot or\on n, on on ot Ot on (32)
=7 .
" i %——ﬁ %4.1- o, %_al%
“on 2" on on ér ot on

The heat capacities éLpi and C 4y, are determined by the formulas (31),(32) with account of the replacement p, — p, .
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COMPRESSIBILITIES
Another directly observable quantities are compressibilities. We define “parallel” and “perpendicular”

compressibilities by the relations
L GpH L’ Y on op, A'

Compressibilities can be calculated under condition of constant temperature (isothermal) and constant entropy (adiabatic).
For compressibilities in isothermal conditions, defined by the relations (33), we obtain:

_ _an__ (9i/on) A
Nir = aml’ Yir Zﬁ(aﬁu/aly)’ (34)
; =7r3h2}/ - (on/on)
T amp (5~ aﬁijaﬁ ( 6;5)611 ' (35)
4 -p ~t— |——|h-17— |—
2 or )on or ) 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 volume case in adiabatic processes the parameter
t=u/T is constant. It is easy to verify, using the formulas (2), that this condition leads to the known equations of the
adiabat: n/T*? =C,, p/n”* =C,, p/T*” =C,, where C, are constants.

In the considered case the adiabaticity condition has the form:

S 1 oY
—=—/|2¥, +7—2 |=0O(r,n7) = const. 36
N‘Pl(zarj(n) (36)

Together with the equation for the number of particles (16) the equation (36) determines relationships between the
density, temperature and pressures in adiabatic processes. The adiabatic compressibilities are given by the formulas:

(e}

o o0 on
. 0npor Ot on
e Jeew edm ] 7
on ot Ot On
©0n_ 00 o
- on ot Ot 0n
Fio = . - . —- (38)
J5, (0o o an) (00, 0.
2P\ onor oron) "\og or or op

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

ANALYSIS OF FUNCTIONS ¥, (z,77) AND ¥, (z.7)
As shown above, all thermodynamic quantities are expressed through the functions W, (7,7), ¥, (7,7) and their

derivatives. In this section we study the properties of these functions. The details of calculations are given in Appendix.
Note that when studying oscillations in the Fermi gas with quantized levels, usually the Poisson formula is used for the
extraction of an oscillating part [6,14,15]. But a detailed analysis undertaken by the authors shows that it is more
convenient to calculate the standard functions (12), 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. As a simples example let us consider the function f (x,a)=(a/2)x’ +sin2x. Despite this

function contains an oscillating term, its behavior depends on the value of its non-oscillating part, that is, the value of
the parameter « . The form of this function and its derivative at some values of a is shown in Fig. 1. At a =0.1 both
the function and its derivative oscillate (curves /). At a =2 the function itself already proves to be monotonically
increasing, while its derivative remains oscillating (curves 2). And at a =4 both the function and its derivative
monotonically increase (curves 3). As it will be seen, a similar situation takes place as well for the functions considered
in the present work. Also it should be noted that for establishing correct thermodynamic relations, the total
thermodynamic potential should be considered, with account of contributions of both oscillating and non-oscillating
parts.

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 (17 = 0) , becoming further

positive. There is one more characteristic temperature 7,, at which u=¢, (n7=1). The dependencies of the
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dimensionless chemical potential 77 on the dimensionless temperature z are shown in Fig. 2. The characteristic
temperatures 7, =7, /¢, and 7, =T, /¢, are determined from the equations:

szzro‘Pl(rO,O), szer‘Pl(z'L,l). (39)
40 25 C
(@) 3 '
fox,a) Jo,a
2 20
30
15
20+
10
10 + 5
0 . 0
o 1 2 3 . 4 ' 6

Fig. 1. Graphs of the functions f' (x,a), f '(x,a) for some values of the parameter a .
(a) The function f(x,a)= %xz +sin2x for the values of the parameter a: (1) 0.1; (2) 2.0; (3) 4.0.

(b) The derivative f’(x,a) =ax+2cos2x for the same values of the parameter a: (1) 0.1; (2) 2.0; (3) 4.0.

The region where p<g, (p<1) will be for convenience called the high temperature region, and the region
u>¢g, (n>1) — the low temperature region. The functions ¥ (7,77) are calculated differently in these regions. At

1 <1 they can be calculated by the formula

In
l& (_1 ]+I€T l 1 n
\Ps (T’U)ZEZ+€3 (O’EJ_ECDS (_j’ (40)

c K2z’ : .
where 6, (v,x)=1+2> e " cos27vx is the theta-function.
k=1

n

N W B~ 00O N

5
T
Fig. 2. The dependencies of the chemical potential on temperature 77(2') at different values of the reduced density:
(Ha,=021,17,=030,7,=081; (2)7a,=3.0, 7, =2.84,7,=3.35, (3)71,=10.0, 7, =6.43, 7, =6.95.
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More interesting is the case 7 >1, which is realized at low temperatures. Then the considered functions can be
represented in the form

¥, (2.7) =T () + ¥ (), @40
¥, (v.1) =5 ¥4 (1) + ¥ (2.1). (42)

Here the functions

#1()= [ 1= (s ) el 1) )
1) =L {1 sl ) o=l )l ) 3L 30 )-1) @)

determine the state of the system at zero temperature. For brevity here and in the following it is used the designation
X, = \/; , X,>1 at that, and [xo] designates the whole part of a number x, . Graphs of the functions (43), (44) and

their derivatives are shown in Fig. 3a and 3b. The function ¥; (77) is continuous and monotonically increasing, and its

derivative at the specific points x, =[x, ] undergoes jumps A(d‘{"(n)/dn)h = 1/[x0]2 (Fig. 3a). At 7>>1 it has the

asymptote V| ()= 2\/; /3 . The function ¥ (7) is also continuous and monotonically increasing, with the asymptote

v, (;7) ~ 8\/; / 15 at 77> 1. The derivative of the function ¥} (77) is an oscillating function with a varying amplitude
(Fig. 3b).
3.5

@) ] ) i
30
25+ 20}k
20¢ 15}
1.5F
L 1.0F
1.0+
. 2
2 0.5 H
a5 |-
00 n 1 1 1 n 1 N 00 1 1 " 1 " 1 N 1 "
1 2 3 12 4 5 6 1 2 3 12 4 5 6

n 7

Fig. 3. Graphs of the functions W} (77), W, (7) and their derivatives.
(a) The functions ¥} (17) (1) and d'¥|(n)/d\Jn (2); (b) The functions ¥} (77) (1) and d¥}(n)/d[n (2).

The functions

Vi(en) =0, [ (5] -n) [+ 0, " (n=([x]+1) )|+ T2 (). (5)

" T 2 _ 2 - 2 U €X
¥ (en) =" 5] -, [z’ ‘([xo] —n)}+<1>2 [r '(ﬂ—([x0]+1) )}+‘{’2 (.7) (46)
describe the temperature dependencies of thermodynamic quantities at low temperatures. The form of the exponentially
small at 7 <1 functions ‘T’:"" (1,77) is given in Appendix (the formula (11)). The dependencies of the functions (45),
(46) and their derivatives on the chemical potential are shown in Fig. 4a and 4b. The function ¥/ (7,77) has an

oscillating character and its derivative undergoes jumps at x, = [xo] (Fig. 4a). The function V) (r,n) is monotonically

increasing and its derivative has oscillations (Fig. 4b). The dependencies of the total functions (41), (42) and their
derivatives on the chemical potential are shown in Fig. 5a and 5b.
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8 14
7 (a) 13 _(b)
6l I
12

>t il 2
4r 10
M L
2 or
1 ] 8 -
AL V 6L 4
2r 2 5[
St 4l
4L 5
5E r
6L 2+
7k 1+
-8 [ 1 1 " 1 0 1 " 1 1 1 I

0 1 2 qp 3 4 5 0 1 2 p3 4 5

n

Fig. 4. Graphs of the functions W{(7,7), W5(7,7) and their derivatives at 7 =0.5.
(a) The functions W{(z,7) (1) and d‘“Pi’(T,T])/d\/; (2); (b) The functions W5 (7,7) (1) and d¥) (r,n)/d\/; .

00 1 ' 2 ‘ 3 ' s ' 5 1 ' 2 ' 3 ' 4 ' 5
1/2 12
n n
Fig. 5. Graphs of the functions (7/77)‘1’1 (7,77) R 2(7/77)2 Y, (1,77) and their derivatives at 7 =0.1.
(a) The functions (z/7)¥,(z,n) (I) and d[(r/n)‘{ll(r,n)]/d\/; 2);

v
(b) The functions 2(r/77)2 ¥,(z,n) (I) and d[Z(z’/n)z ‘Pz(r,n)}/d\/; 2.

Although, as it was noted, the function ‘P;’(r,n) has an oscillation form, the total function ‘¥, (7,77) proves to be

monotonically increasing (Fig. 5a, curve /). Also monotonically increasing is the function ‘¥, (r,r]) (Fig. 5b, curve I). The
derivatives of both of these functions have an oscillating character at not large values of the chemical potential (Fig. 5, curves 2).
Thus, the functions ¥, (z,77), W, (7,7) themselves through which the thermodynamic quantities are expressed
are not oscillating, in particular there are absent oscillations of the thermodynamic potential (11) on the chemical
potential 7. However, as we will see, dependencies of some quantities on the chemical potential that include the

derivatives of these functions, such as for example compressibilities, can have a nonmonotonic character.

THERMODYNAMIC QUANTITIES AT LOW TEMPERATURES
The most interesting region where quantum effects can manifest themselves on the macroscopic level is the region
of low temperatures. Let us consider the behavior of the observable characteristics at low temperatures, such that r < 1.
In this limit, with account of the main exponential corrections
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¥, (z,17) = g‘l’{ (n7)+ exp[z"l ([xo ]2 —7])} + exp[r’l (77 —([x0]+1)2 )},

¥, (z.7) = %‘P; (77)+%2[x0]—exp[1'] ([xo]2 —77)]+ exp[r'] (77 —([x0]+ 1)2 )}

For the reduced entropy, we obtain in this approximation:

a a

2 a el
S’:%[xo]r—(h'—al)ef +(2r-a,)er.

47

(43)

49)

Here and below for brevity the designations are used g, E[x0]2 -1, a, En—([x0]+l)2. The dependencies of the

entropy on temperature and density are shown in Figs. 6, 7. The dependence on temperature proves to be linear as in the
volume case, but its slope changes by jumps as the energetic levels are being filled up (Fig. 6). The correction to the

linear law, in contrast to the volume case where it is proportional to 7° , in this case is exponentially small.

50
A
4

oL

3

30| 2

20+

10+

0 : 1 " .
0 1 2 3 4
T

Fig. 6. The temperature dependencies of the reduced entropy § (r;xo) at a fixed value of the chemical potential x, = \/E :

() x, =11 (2)x,=3.0; (3)x,=5.5.

With varying the chemical potential or the density at low temperatures the entropy undergoes jumps, which are

becoming more indistinct as temperature increases and entirely disappear at rather high temperatures (Fig. 7).

16 | b
S/ 34
Fual _
121 V

10

'

60 80 100

0 " 1 " 1
0 20 40

ny
Fig. 7. The dependencies of the quantity S (ﬁ A;z’) / 7 on the reduced density at fixed temperature:
(=001 (2)7=0.1; 3)7=05; (4)7=2.0.
The value of the entropy jump per unit of area depends only on temperature and is determined by the formula
AS  zm
A 3

(50)
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Pay attention that this quantity does not explicitly depend on the distance L , though certainly this parameter enters into
the condition of applicability of the formula (50) T < 7°h’ / 2mL’ . The entropy jumps are accompanied by the
absorption of heat AQ=TAS. For electrons the heat absorbed at the jump of the entropy per unit of area
AQ/A=1.6107T" erg / (em*K*) (temperature in Kelvins). For *He atoms this quantity is by three orders greater.

The density at low temperatures has only the exponentially small, depending on temperature, correction

ﬁzﬁAzn‘I’l’(n)+r[eT+eTJ. (51)

Neglecting the exponential corrections, the chemical potential in the expression for the entropy (49) and in other
thermodynamic quantities can be taken with a good accuracy at zero temperature. In this approximation the chemical
potential is connected with the reduced densities by the relation

. 1

=i, :[xo]{ﬂ—g([x0]+l)(2[x0]+l)}. (52)
The density monotonically increases with increasing the chemical potential, undergoing breaks (discontinuities in the
derivative) at the specific points x, =[x, ]. In the limit of rather high density when x, >1, we can set [x,]~ x, and

from (52) there follows the usual formula that relates the density of the bulk Fermi gas with the chemical potential at

zero temperature: n =(2m,u)3/2 / 37’1’ . The thermodynamical potential in this limit also acquires the usual form
Q:—AL(4\/§/157r2)<m3/2y5/2/h3). The condition x,>1 is equivalent to the condition N'° > (A/L2 )1/3. In the

volume case A=~ L’ it is equivalent to the condition N'” > 1, which is always true in a system of large number of
particles. The exact formulas should be used under fulfilment of the condition N ~ 4/I?.

If thermodynamic quantities are taken in the reduced form (24), 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 distance between plates L falls out (or the thickness of a film,
from experimentalist's point of view). Meanwhile, exactly the dependencies of the observable quantities on the
thickness of a film 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 thickness of
a film will essentially depend on what quantity is being fixed when studying such dependencies: the total density » or
the surface density n,.Let us show it on the example of dependence of the chemical potential on the thickness of a film.

The formula (52) can be written in the form

2p 2=l af] o) (53)

V4 V4
As we see, the dependence of the distance L on the parameter x, will be different depending on what is fixed — the

volume or the surface density. The chemical potential is expressed through L and the parameter x, by the formula

o /S
= X 54
a oml?° (54)

The formulas (53) and (54) define parametrically (parameter x,) the dependence of the chemical potential on the

thickness of a film at fixed n or n,. It is easy to check that at a fixed surface density (d uf dL)n <0 and, therefore,
the chemical potential monotonically decreases with increasing L . At a fixed volume density the derivative (d u/dL )n

turns into zero at the minimum points determined by the equation x,” —(1/2)([x,]+1)(2[x,]+1)=0. The distance
between planes at the minimum points of the chemical potential is determined by the formula
2n 1

?me =§[x0]([xo]+1)(2[x0]+1). (55)

At the points x, =[x,]>2 the sign of the derivative (ds/dL) changes by a jump. These points correspond to the local
maximums of the chemical potential, so that
2n 1

7L§m =g[x0]([x0]—l)(4[x0]+l). (56)

Thus, the dependence of the chemical potential on L at a fixed volume density has an oscillating character. The
dependencies u = ,u(L) at fixed surface (curve /) and volume (curve 2) densities are shown in Fig. 8.
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Fig. 8. The dependencies of the chemical potential on the distance between planes:

) = ﬁ(ZA) at a fixed surface density 7, , here 7= (m/ﬁhznA)y, L,=(2n,/7)"L;

Q) = ﬁ(]j) at a fixed volume density n , here 7 = (2/7r4)”3 (m/h2n2’3)y, L= (271/7:)”3 L.

The pressures at low temperatures are determined by the formulas:

2 2 2 4 el
p :%qﬂz (77)+71[—2[x0]z'2 +%[_er +er J,

o= D) Bl ¢ (e )

(57

(58

As seen, the parallel pressure, in addition to the exponential temperature correction, also contains the power correction
proportional to the square of temperature, and the perpendicular pressure contains only the exponential temperature
correction. The dependencies of the reduced energy and pressures on the reduced density at zero temperature are shown in
Fig. 9. Both the energy and the pressures monotonically increase with increasing the chemical potential or the density. At the

points where the filling of discrete levels begins the dependence p, = p, (ﬁ y ) undergoes breaks. In the limit x, >>1 at zero

temperature the both pressures p, p, prove to be equal to the pressure of the bulk degenerate Fermi gas.

3000 |

2000 +

1000 +

0 1 1 1 1 1 1
0 50 100 150 __ 200 250 300

ny

Fig. 9. The dependencies of the reduced energy and pressures on the reduced density at zero temperature:

(D E(i,); 2 p,(,); 3) by (i)

There are of interest the dependencies of the perpendicular pressure on the distance between planes, presented in Fig. 10.
The pressure at fixed n, decreases with increasing L (curve /). At one point, corresponding to x, = 2, this curve undergoes
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a break: the derivative dp, /dL on the left at this point is negative and on the right it equals to zero. At a fixed n the
dependence p, = p, (L) has an oscillating form (curve 2). The extremum points of this function can be found in the same
way as for the dependence ,u(L) at fixed n and are given by the expressions:

2n 1

7Lfmn =g[x0]([xo]—1)(4[xo]+l),

2 L =)= sl 1),

On the basis of the performed analysis, seemingly, a general conclusion can be made that the oscillating dependencies
of thermodynamic quantities on the width L take place for the case of the fixed total density and they are absent when
the surface density is fixed.

(59

1.0

Py

0.8}

02+

I 6
L,.L
Fig. 10. The dependencies of the perpendicular pressure on the distance between planes:
() p,=p, (ZA) at a fixed surface density 7, , here p, E(2m/7z'3712)(7r/2n/4)5/2 p., L,=(2n,/x)" L;

00—

@ p =D, (E) at a fixed volume density n , here p, = (2m/7z3hz)(72'/2n)5/3 p, L= (Zn/ﬂ')mL.

He we give also the formulas, following from the general relations (34) — (38), for the compressibilities at zero
temperature:
N [x, ] 1
7/H = ; =

{77\1’1(77)}2 [xo]{xé —é([x0]+l)(2[xo]+l)}2 |

3 [%] ~ 1

B T L T T 3 FtT I N e o NS

(60)

3 9

The dependencies of compressibilities on the volume density at zero temperature are shown in Fig. 11. As seen, at
some values of density, at which the filling of levels begins, the compressibilities undergo jumps. On approaching to the
point that corresponds to x, =2 from the side of large densities, the perpendicular compressibility tends to infinity. The

nature of this divergence is similar to the nature of the break at this point in the dependence of the perpendicular
pressure p, =p, (L) (Fig. 10, curve 7). In the limit x, >1 we have y, =y, = 3”3/”4/3 m/han/3 . The quantity

u = l/mny” = (7[4/3/3”3) hznm/m2 determines in this case the square of the speed of sound in the bulk Fermi gas.

In conclusion of this section, we proceed to the analysis of the low temperature behavior of heat capacities. For the
first time, the calculation of the electron heat capacity for particles of small size with account of the discreteness of the
energy levels was made by Frohlich [13]. He showed that, in contrast to the bulk Fermi gas which has the linear
temperature dependence of the heat capacity, in the case of small in all coordinates particles the heat capacity decreases
exponentially with decreasing temperature. In the case considered in the present paper, in addition to the discrete levels
there is possible a free motion of particles along planes, that leads to the maintenance of the linear law in the
temperature dependence in given conditions.
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Fig. 11. The dependencies of compressibilities on the reduced density at zero temperature: (1) 7, = 7,(7): (2) 7, =7, (7).

In the main approximation all introduced above heat capacities (29) — (32), as it had to be expected, prove to be

identical and proportional to temperature

2
v

C~ ?[xo] T. (62)
Under fulfilment of the condition x, > 1 the formula (62), naturally, turns into the expression for the low temperature

heat capacity of the bulk Fermi gas C :(7z/3)2/3 (mT / hz)n” LA . The heat capacity as a function of the chemical

potential and density undergoes jumps at the points, in which the filling of new discrete levels begins (Fig. 12). The
account for the corrections to the formula (62) smoothes out the steps. The value of the jump of the heat capacity is the

same as that of the entropy (50): AC/A = 7rmT/3»h2 .

~ 16
C/t
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Fig. 12. The dependence of the ratio of the reduced heat capacity to the dimensionless temperature

2
C/z’ = %[xo] at 7 <1 on the chemical potential 77'/2.

For the heat capacities C AL,C~‘ ,C‘Lm ,C 4p, the corrections to the linear law (62) have the exponential character,

Apy
and for two heat capacities these corrections are proportional to 7° :
N e S A e
"l 15 7" W[ ]¥s+wiws 2% )

(63)
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2 2 2
~ V4 V4 T
Cop =S ln]oy el —=r- (64)
2 3 3 ( 77\{, [ )2
The differences between the heat capacities ép” oy C~LpH and other heat capacities are proportional to 7°.

THERMODYNAMIC QUANTITIES AT HIGH TEMPERATURES
Let us consider the area of high temperatures, where the de Broglie wavelength is much less than the average

distance between particles: A/l = An'? < 1. This condition is fulfilled if the parameter ¢ =7/7 is negative and large by

absolute value |[f|>>1. At high temperatures and macroscopic distances between planes, such that
A/ L= 2/ N7r <« 1, also the condition \/; >>1 holds. In this approximation, in the sum of the formula (40) it is
sufficient to account for the main term with / =1. Taking into account the relation 6, (O, q) = [2K ( m) / 7[]1/2 , we obtain

2K (m)

¥, (1,77):%{ ——1:| eg. (65)

T

Here K (m) is the full elliptic integral of the first kind, and g = g(m) = exp[-7K(1—m)/K(m)] is the Jacobi parameter

[17]. Considering the definition of the theta-function in (40), we find that the parameter m and the dimensionless
temperature are connected by the relation

1 K (1 - m)

—=r—0".

T K (m) (66)
For considered large values of 7, the parameter m is close to unity. Using expansions in the small parameter

.. 1. 16 B .
m, =1—-m and taking into account that K (m)zgln—, from (66) we have: m, =16¢ 7. For Jz >1, taking
m

1
account of the main terms, we obtain

¥, () =2 [ -1] " (67)

Taking account of only the first term in square brackets in (67) leads to the relations for the classical ideal gas, and accounting
for the second term in brackets gives the correction on the finite width L proportional to the ratio A/L. The thermodynamic

potential in the classical limit with account of such correction acquires the form

“
Q=—2T‘3L 1—A el. (68)
A 2L
From the formula for the number of particles
ﬁ
weB] L2 A .
ot )r ., A 2L
there follows the dependence of the chemical potential on the density and temperature:
u nA’) A
—=In +—.
(2 L

For the entropy we have the expression that generalizes the Sackur-Tetrode formula [6] to account for the quantum size
effect:

5/2
S:Nlnze—3—Ni. (71)
nA 4L
In the parallel pressure the linear with respect to A/L correction is absent, and it is present in the perpendicular
pressure:

A
D, =nT, P, =nT(l+Zj. (72)

Here is also the formula for the energy with account of such correction:

3 A

E_ENT(IJFE) (73)

Let us write down in the high temperature limit the expressions for all heat capacities, which were defined above, with
account of the quantum size correction:
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3 A
C N|=—+—|,
" (2 SLJ

5 A
CLp” = N(E+8—LJ,

5
PPy = EN’
5 3A
c, :N(Tg—J, (74)

5 A 5 3A
Cp. :N(E_E%_Lj’ Co, ZN(E—g—LJ-

As seen, in the volume limit C,, turns into the heat capacity at a constant volume of the classical ideal gas
C, = (3/ 2)N , and the other five heat capacities turn into the heat capacity of the classical gas at a constant pressure

C, =(5/2)N. It should be also noted that the heat capacity C

p, does not contain the linear in the parameter A/L

correction.

CONCLUSION

In the paper there have been derived the exact formulas for calculation of the thermodynamic functions of the ideal
Fermi gas in the quantum well formed by two parallel walls. It is shown that all thermodynamic quantities, written in
the dimensionless reduced form not containing the geometric dimensions, can be expressed through some standard
functions of the dimensionless temperature and the dimensionless chemical potential and their derivatives. These
functions themselves do not oscillate with varying the chemical potential or density, but the derivatives of these
functions have oscillations (Fig. 5). Through the introduced standard functions there are calculated the thermodynamic
potential, energy, density, entropy, equations of state, heat capacities and compressibilities of the Fermi gas at arbitrary
temperatures in the considered conditions of the confined geometry. It is shown that owing to the anisotropy the Fermi
gas in this case has two equations of state since the pressures perpendicular and parallel to planes are different, and also
is characterized by a set of several heat capacities. At low temperatures the entropy and all heat capacities depend on
temperature in the same linear way and undergo jumps at the beginning of the filling of new discrete energy levels. It is
shown that the character of dependence of thermodynamic quantities on the distance between planes essentially depends
on whether this dependence is considered at a fixed surface or at a fixed volume density. At a fixed surface density the
thermodynamic quantities vary monotonically with the distance between planes, and at a fixed volume density they
undergo oscillations. In the area of high temperatures the quantum corrections to thermodynamic quantities are
obtained, which are proportional to the ratio of the thermal de Broglie wavelength to the distance between planes.
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APPENDIX
CALCULATION OF FUNCTIONS ¥ (z,7)

First, let us consider the case when 77 <1. Using the formula at # <0 that is correct in this case

0 It
@, ()=2(-1)" (A1)
we obtain
1& (=) er ( ! ) 1 (n) A2
Y (r,7)==> —~—+——6,| 0,— |-=D_ |~ |, (A2)
() 22 A N x) 2 e

where 6, (v,x) =1+ 22 e M7 cos2zvx is the theta-function, so that
k=1

! z
0,10,— |=1+2> e 7. A3
(ome)% =
Note the useful relations:

do (t) e £ 7’
O, (t)=In(1+¢€"), = , D, (t)=—| 1+ |-D,(-1). A4
W=ifse), S0, 102 -0, a0

Somewhat more complex is the case 7 > 1, realized at low temperatures. We consider that for £ >0 and s >1:

[1+ 2. ()] +(=1)" @, (), (A5)
where

& (1) =1](2" 1) (1+1)
b= (s—1-1)1"" ’

I'(s) is the gamma function, £ (/) is the Riemann zeta function.

(A6)

The functions (12) can be written in the form

n)= nZ:‘@S [r" (7 —nz)J = iij(bs [r’l (n-n* )]+ "_[Z:‘jﬂd% [r’l (n —nz)], (A7)

where the designation is used x, = \/; =/#/¢, . In the first term the argument 7' (77 —nz) >0 and the formula (AS5)

can be used, and in the second term 7' (77 - nz) <0 and the expansion (A1) is valid, so that

¥ (nn

[x]

S ) ez 7 (n-m) ] () (A8)

where the function
ex s+1 = —
e (7,7) =( an [ (n*=n) ]+ X @, [c" (n-n")] (A9)
n=1 n:[xu]+1
contains the exponential terms, which are small for 7 <1 but, however, they can be considerable near the specific
points at 7 =n’. In (A9) the main contribution is given by the terms with n=[x,] and n=[x,]+1, and other terms

give the exponentially small contribution of higher order. Therefore, after having extracted the main contribution, the
formula (A9) can be written in the form

v (2,) =(-1)" @, [r* (ENG —77)}@5_ [f‘ (n—([x0]+1)2 )} P (2,), (A10)
where

[x]-

e (7,7)=(~1)"" an[ Y(n? 77)]+ i CDS[r" (n—nz)]. (Al1)

)1:[x0]+2
In the considered problem we need the functions at s =1 and s =2, which for 77 >1 can be represented in the
form (41), (42).
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New classification of particles is proposed. This classification is based on U(N ,g)x SU(3,¢)x SU(4, f5)x O(3) -group, where
U(N,,g) corresponds to the particle generations, SU(3,¢) - to the color, SU(4, f5) - to the flavor and the spin (instead of
known SU(6, f5) -group), and O(3) - to the orbital excitation with the L -momentum. The N, -number equals the quantity of

fermion generations. From the convergence of the integrals corresponding to the Green functions for generalized Dirac equations and
the continuity of these functions it follows that the minimal quantity of the N , -number equals six. The homogeneous solutions of
derived equations are sums of fields, corresponding to particles with the same values of the spin, the electric charge, the parities, but
with different masses. Such particles are grouped into the kinds (families, dynasties) with members which are the particle
generations. For example, the electronic kind (¢ =e, e, =u, e =1, e, e, ¢, ), the kind of up-quarks
U,=u,U,=c,U,=t, U,, Uy, Ug,-+), and the kind of down-quarks (D, =d, D, =s, D, =b, D,, D, Dq,:-) can
exist. Massless neutrino can be one only. The photonic and the gluonic kinds must include massive particles in addition to usual the
photon and the gluon. At N, = 6 the nucleons and A(1232) belong to the 56x1x20x1 -representation. Lagrangians for the
generalized Dirac equations of arbitrary order are derived.

KEY WORDS: generations of particles, symmetry properties, quark models, new particles, Lagrangians

KJACH®IKALISI YACTUHOK PHU JOBLIbHIN KIJIBKOCTI IIOKOJIIHD. I. AIPOHU
O.B. Kyaim
Vkpaincokuii Oepoicasnuil ynigepcumem 3anizHUMHO20 MPAHCROPILY
M. Detiepoaxa 7, Xapxis, 61000, Ykpaina

3anporionoBano HOBY Kiacuoikarito yacturok. s knacudixauis ocnosana na rpymi U(N ., g)x SU(3,¢)x SU(4, f5)x O(3) , ne
U(N,,g) simnosinae nokoninmsam uactunok, SU(3,¢) - xombopy, SU(4, fs) - apomary Ta cniny (3amicts Binomoi rpymn
SU(6, fs)), ta O(3) - opGitansromy 36ymKenHio 3 Momentom L . Yucno N, mopiBHIOE KimbKocTi moKomiHb (epmionis. I3

30DKHOCTI iHTETpaiB BiAnoBiAHUX GyHKUisAM ['piHa ams y3araneHeHOTo piBHAHHA [lipaka Ta HemepepBHOCTI IUX (YHKIiI BUILUIUBAE,
wo MiniManbhe 3Hauenns N, jopisnioe 6. OpHOpiHi PO3B’A3KM ONEpXKAHMX DiBHAHb MPEJCTABIAIOTL COOOKO CyMH MOJiB

BIIMOBIIHMX YaCTHHKAM 3 OJJHAKOBUMH 3HaYEHHSIMH CIIiHY, €IEKTPHYHOTO 3apsiy, MapHOCTI, ajle 3 pi3HUMH MacaMi. Taki YaCTHHKH
TpyNyroThes y pond (cimM’i, muHAcTii) 3 HOMepaMmH, SIKi BiANOBIZAIOTh HOKOJIHHAM 4YacTHHOK. Hampuknan, MoxyTe iCHyBaTu

eNIeKTpOHHHIT pif (€, =e, e, =, e, =7, e,, €, €, ),pinsepxnix ksapxis (U, =u, U, =c, U, =t, U,, U,, U,-+),1a
pin mwkuix kBapkis (D, =d, D, =s, D, =b, D,, D,, Ds,--). Beamacose Heiftpuao Moxe OGyTH Tinbku one. POTOHHHI Ta
TJIFOOHHMH PO/ MOBHHHI MICTHTH MAacHBHi YaCTHHKM B JIOTIOBHEHHS 110 3BMYaifHuX (oTona Ta rmoona. IIpu N, =6 nyknonu Ta
A(1232) nanexars 1o nomarust 56 x1x20x1 . Onepsxano narpamknany y3araibHEHHX PiBHSAHB Jlipaka TOBUTBHOTO MOPSIIKY.

KJIFOYOBI CJIOBA: nokoIiHHS YaCTHHOK, CHMETPIiiHI BIACTUBOCTI, KBAPKOBI MOIETi, HOBI YACTUHKH, JarpaH)KHaHU

KJIACCHOUKALUSA YACTHUILL ITPH TPOU3BOJIBHOM KOJUUYECTBE IOKOJIEHUIA. 1. AIPOHBI
10.B. Ky
Vrpaunckuii 2ocyoapcmeennviti yHugepcumem yHceiesHo00PONCHO20 MPAHCNOPMA
nn. Qetiepbaxa 7, Xapwvkos, 61000, Ypauna

Tpezokena HoBast Kiaccudukamys yactuil. Jta kiaccudukauus ocnosana na rpyrmme U(N,, g)xSU(3,¢)xSU(4, fs)x O(3),
rie U(N,,g) cootserctayer nokonenusm qactuit, SU(3,c¢) - usery, SU(4, f5) - apomaty u ciuty (BMECTO H3BECTHO# TPyTIITBI

SU(6, fs)), n O(3) - opburansromy Bo36yxkaenuto ¢ Momentom L . Uucno N, paHO KonudecTBy mokonennii Gpepmuonos. U3
CXOIIMMOCTH HMHTETPANIOB COOTBETCTBYIOMHMX (GyHKIMsM ['puHa 11 0GOOMEHHOrO ypaBHEHHsS JlMpaka W HEMPEPHIBHOCTH JTHX
dynkuuii cnymyer, uto MuHMManbHOE 3HaueHue N, paBHO 6. OTHOPOMHBIE PEIIEHNs TMONYYEHHBIX YPABHEHWI NPEICTABIAIOT

cO00H CyMMBI IOJIEH COOTBETCTBYIOLIMX YaCTHLAM C OJMHAKOBBIMHM 3HAUCHSIMHU CIIMHA, €IEKTPUYECKOro 3apsaa, YEeTHOCTH, HO C
pasHbIMH Maccamu. Takue 9acTUIbl TPYNIHUPYIOTCS B POAbI (CEMBbH, AWHACTUH) C HOMEPAaMHM, COOTBETCBYIOMIUMM MOKOJIEHHSIM
yactull. Hanpumep, MOryT cyllycTBOBaTh €JIE€KTPOHHBIA pox (e =e, e, = M, e, =T, e,, €, €5, ), POA BEPXHUX KBAapKOB

©Kulish Yu.V., 2016
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U,=u,U,=c,U,=t, U,, Uy, U, +), u pon mwxuux xsapkos (D, =d, D,=s,D,=b, D,, D, D).
BesmaccoBoe HEHTPUHO MOXKET OBITH TOJIBKO OAHO. POTOHHBIN M TIIOOHHBIM POJA JOJDKHBI COJEPXKATh MACCHUBHBIC YACTHIBI B
jononuenue K oObraubM dotony u rmoony. Tlpu N, =6 nyknonst u A(1232) npunannexar npencrasnenuo 56x1x20x1.

[Monyuens! narpaHuanbl 00001IEHBIX ypaBHeHNUI [{npaka imo6oro mopsiaka.
KJIFOYEBBIE CJIOBA: nokosieHus 4acTHIl, CBOMCTBa CUMMETPH, KBAPKOBBIE MOJIENIN, HOBBIE YaCTHUIIbI, JIArPaHKHAHbI

Known particles are separated on hadrons and leptons. Properties of hadrons and leptons are different. Now it is
known greater than 300 hadrons and twelve leptons together with antileptons. Mainly hadrons can be classified in quark

models as gq — and q3 —systems for mesons and baryons, respectively. From usual point of view there are not any
relations between the hadrons and the leptons. Investigations of the Adler — Bell — Jackiw axial anomaly in the

electroweak theory showed that a contribution of one spin-% particle (a quark or a lepton) leads to the linear divergence

[1]. But taking into account of some sets of the leptons and the quark such as e,V , U, d (first generation of the

particles) or 4, V 1> €5 S (second generation) or T, V_, [, b (third generation) allow to eliminate this divergence.

Thus the convergence of the axial anomaly gives some relations between the quarks and the leptons.

In connection with this the next questions arise:

1. Why do the particle generations exist?

2. How many of the particle generations must exist?

3. What can hadrons and leptons have got common?

In relation with these questions the divergent integrals for the Green functions of the Klein-Gordon and Dirac
equations are studied in Refs. [2, 3]. To avoid these divergences the generalizations of the Klein-Gordon and the Dirac
equation is proposed in Refs. [2, 3]. In these papers next generalization of the Klein-Gordon equation has been proposed

(|:|+m12)(|:|+m22) ........ (D+m]2vb)(l)(x) =77(x), (1)

where @ ()C) is the field and 77 (x ) is the current (the field source). In momentum space the differential operator in
(1) is the polynomial of the N, -degree. We consider the case of the polynomial with real non-negative different zeros

at m, <m, <ni <....<mNb .
The general classical solution () ol (x) of the linear equation (1) is the sum of the general solution of the
of non-homogeneous equation:

corresponding homogeneous equation @ (x ) and partial solution M (x )

free nh

d)(x)free = jd“qié‘(gz —m; )[cke”"” +Ekeiqx] Q)
’ k=1
®(x),,=[G(x=y)n(y)d'y. G)

where C, and 5k are the arbitrary constants. Thus q)(x ) free is the sum on the terms corresponding to particles

with the same charges, parity, spin but with different masses. Each term in (2) corresponding to number k is the
. . . 2 —i ~ i 2 2

solution of the homogeneous Klein — Gordon equation as(D+mk )(cke R c.e " ) o (q —m, ) =0.In

Ref. [3] it is shown that the case of equal masses in Eq. (1) must be excluded. It was shown that the functions

d)(x)fm

Klein Gordon equation must be different. The /N, -number equals to the quantity of generations for spinless bosons and

can include non- normalizable terms if at least two masses are equal. Thus the masses in the generalized

order of the equation (1) equals 2 V, .

The Green functions for the generalized Klein-Gordon equations (1) are given by

o ey
G(x)= (27z)’ I(_qz +m )(~4° +m22),_,.(—q2 +m]2V”) ’
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It is clear that the integrals in (4) can converge at IV, >3, i. e., when the order of the equation (1) is equal or greater

than six.

For the spin- 5 particles the next generalization of the non-homogeneous Dirac equation is proposed in Refs. [2,3]

(—ié+ml)(—ié+m2) ..... (—ié+mN‘/_)‘P(x):)((x). (5)

The classical solution of the homogeneous equation (5) is given by analogy with (2)
Ny
a 4 2 2 a —igx ~oa iqx
¥ (x)free - ZZJd p5(q -y )[Cku ks (Q)e T+CVY (‘])eq ], (6)
s k=1

where ¢ is the bispinor index, S corresponds to spin projection, u” ks (q) and v* s (q) are the bispinors, C A

and C i are arbitrary constants. The Green functions (which are 4 x 4 -matrixes) for this equation may be written as

(qA+ml)(c}+m2)....((qA+me ))

—q° + mf)(—q2 +m22)...(—q2 + mfw )

4

S(x)= 1 I( (7)

(27)

The N / -number equals to the quantity of generations for the spin- E fermions and order of the equation (5) .The

integrals in (7) can converge at N r > 5. Note that for the advanced, retarded and causal Green functions we must write

the corresponding imaginary infinitesimal term to each m,f in (4), (7).
In Ref. [4] a continuity of the causal Green functions (4) and (7) has been investigated. It has been shown that
these functions can be the continuous functions at N, >3, and N 2 6, respectively. For these N, and N , the

causal Green functions (4) and (7) have no any singularities in all the space-time. Thus, each particle must correspond

to some generation. The minimal quantities of the generations for the spinless bosons and for the spin- 5 fermions equal

three and six, respectively.

Usually classification of hadrons in quark models is related to some unitary symmetries. These symmetries are
valid for some particles with equal masses. In reality these symmetries are broken, as the particle masses are different.
If the particles masses are nearly equal then results derived in unitary groups are approximately valid. Such situation is

for the SU (3, f) -group related to the hadrons consisting of the u,d,s — quarks and the SU (6, f5) — group, which
is the union of the SU (3, 1) -flavor group and the SU (2, 5) — spin group [5-7]. Some predictions of these groups are
in satisfactory agreement with experimental data. However, the agreement of predictions of the SU (4, f')- flavor
group for the hadrons consisting of the u,d,s,c—quarks with experimental data is worse (and similarly for the

SU (8, fs)— group). Such agreement is not surprise as m, ® m, = 0.36 GeV, m_~ 0.5 GeV, m_ ~ 1.5 GeV .(in

non-relativistic quark models). But the states of hadrons derived in these unitary groups can be used in quark models. In
relation with possible existence of the hadrons consisting of the quarks from all the generations (from the first to the

N / -number generations) the question on the classifications of all the hadrons arises.

KINDS OF ELEMENTARY PARTICLES
Consider the distribution of the elementary particles in kinds (dynasties or families). Integrals corresponding to
Green functions for the 1-spin diverge too. In Refs. [2, 3] the differential equations similar to Eqs. (1) and (5) for higher

spin bosons and fermions have been proposed. Then for the photon and the gluon it can be put m, = 0. Therefore we
can propose that two (or greater) massive members of the photon kind must exist. They must have zero electric charge
and J” =1", C=-1. These particles must contribute to amplitudes of e'e” —>e'e, e'e > u'u ,e'e —

hadrons at high energies and give the resonance behavior. We can expect that the coupling constants for the interactions
of these members of the photonic kind with the leptons and the hadrons of the same electric charges must be equal.
Similarly in the gluonic kind two (or greater) massive colored particles must exist. Besides two (or greater) massive

members must exist in the Z° - and W* - kinds. In relations with the necessary existence of massive photons and
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gluons such questions arise: 1) Is the gauge invariance for massive photons and gluons possible or not?; 2) Does the
scaling in deep inelastic lepton — hadron scattering at higher energies exist or not?

It has been shown that for the spin-% particles the number of the kind members (i.e. generations) must be equal 6
(or greater). We assume that electronic kind (e =e,e,=u,e,=1,¢,,¢€;,¢,...), the neutrino kind
(Vl =V, Vy =V, V3 =V, Vs ,1/6,...) , three kinds of the colored up — quarks, and three kinds of the colored down -
quarks exist (for three colors). Note that in our approach only one neutrino may be masses (i. €., 7, may equal zero and

m, must be positive at k >2).

LAGRANGIANS FOR GENERALIZED DIRAC EQUATIONS

Operators of the generalized Dirac equations (5) are polynomials with respect to —ié . They can be written as
N . N
[[io+m)=> Stm,my,--,my),_,(=id)" . ®)
n=1 n=1

The S, values are elementary symmetric functions [8]. They equal:
S(m,,m,,---,my), =1,
S(m,,my,---,my), =m +m, +---+m,,
S(my,my,--,my ), =mm, +mmy +---+my_my, )
S(m,,my,---,my), = mm,m; + mm,m, +---+ My iy m
S(my,my,--,my)y = mm,my---my_m,.
For these functions the formula can be written at &k > 1

S(my,my,---,my), = 2 m,m, m; ---m, m, . (10)

iy >y > >0 >0 21
The elementary symmetric functions are related to the binomial coefficients C]I\c,

. NI

K\(N —k)! an

S(m,m,--,m,), =m"Cy, =m

As the operators of generalized Dirac equations (5) include the partial derivatives of the N order and they are
polynomials, Lagrangins for these equations must have polynomial structure. Let us denote

¥(x) =0,0, 0, ¥Y(x), ¥(x) =0,0, 0, ¥Y(x . (12

iy My My My

In the operators of the equations (5) the terms with even and odd degrees of O must be separated (as 0’ =o ).
Therefore, in the Lagrangians the terms including the derivatives of even and odd orders must be separated also. The
Lagrangian for arbitrary N may be written as

N, Nod
L(x) :L(x)free _‘P(X)X(X)_I(X)\P(X),L(X)ﬁee = aOLO +za2nl’2n +za L2n+1 > (13)
n=l1 n=0  2n+l

where ¢, are numbers related to the elementary symmetric functions, y(X) is current. The numbers N, and N,

N N
equal > and ?-1 for even N, respectively. Similarly, for odd N N, =N, =(N —1)/2. The terms of

Lagrangians including the fields are given by

L, =P (x)¥(x), Ly, =¥(X), 0 ), iy, (14)
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L

2n+l1

=P (x)

Using the least action principle (the Ostrogradskij-Hamilton principle) the Ostrogradskij-Euler equations [9, 10],
which are generalizations of the Euler-Lagrange equations, can be derived. The equation (5) can be obtained by means

Mty 7#2,,+1\P(x)ﬂ] Myt \P(x)ﬂlﬂz“'ﬂzn yﬂzm\P(x)/tluzmﬂzm :

of the variation of the Lagrangian L(x) with respect to ¥ . Consider the operators of these equations

_ 9 & ) 0
OEL(‘P):G—@+;(—1) 0,0, "'a*‘"a@—' (15)

My Hy

Then, the Ostrogradskij-Euler equations, which must coincide with the equations (5), may be written as
Oy (Y)L(x) =o0. (16)
For the terms in the Lagrangian (13) next expressions may be derived

0, (P)L, =¥, O, (P)L,, =0"¥, 0,,(P)L,,,, =—200"¥. (17)

n+1

Using last results, by means of a comparison of the equations (8) and (16), relations between the ¢, -coefficients in the
Lagrangian (13) and the elementary symmetric functions S, are obtained. It allows one to derive the Lagrangians in

terms of the S, -functions (9) and the L, -values (14) at arbitrary N :
1. For even N

N

N
2

L(x) ==F(x) () = Z(0) ¥ (x) + Sy L, +Z( DSy 2L, %Z (D" Sy ppulyn (18)
n=1

n=1

In particular, at N = 6 the Lagrangian equals:
— — i
L(x) =-Y(x) x(x) = x(x)¥(x) + SeLy = S,L, + S,L, — S, Ls + E(SSLI —S8;Ly +S,L;)

2.Forodd N

N-1 N-

_ _ L 5
L) = =P 7(x) = Z)¥ )+ SyLy+ 2 (D" Syp, Loy +5 2, D Sy Ly (19
n=l1 n=0
In particular, at N =7 the Lagrangian equals

— _ i
L(x)=-¥Y(x)x(x)— x(x)¥(x)+ S;Ly = SsLy +S5L, — S, L + E(S6Ll - S8,Ly +S,L; - S0L7)

NEW CLASSIFICATION OF HADRONS
Different quarks have got the quantum numbers related to a spin (s), a color (c), and flavors (f). For description of
hadrons consisting of u -, d -, §-quarks usually the SU(3,¢)® SU(6, f5)® O(3) group is exploited [7]. The

O(3) -group is used for a description of orbital excitations of the quarks in some hadrons.

Now consider two quark kinds: U -quarks and D -quarks for each color. The members U, and D, of the U -
quark and the D-quark kinds can be written as: U, =u,U,=c,U,=t U,, U, Ug--and
D =d,D,=s,D,=b, D,, D,, D,, -, respectively. Such the X number (which is related to generations) can

be considered as new quantum number. Therefore, for description of hadrons we propose the
U(N,,g)xSU(@3,c)xSU (4, fs)xO(3) -group. In this paper the hadrons consisting of quarks in 1s — state are

considered. Such hadrons are described by singlets of the ((3)— group. The U .- and D, - quarks from one
generation belong the N, x3x 4 X 1 -representation of the U(N ,, g)x SU(3,¢)x SU (4, fs)x O(3) -group.
Usually the symmetry groups such as SU(3, f),SU(6, fs) are considered for particles with equal or near
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masses, But the differences between the masses for particles of different generations are very large. Indeed, the
U — quarks have got masses: m, = m(U,) = 0.36 GeV, (in non-relativistic quark models), m, = m(U,) = 1.5 GeV,

m,=m(U;)~ 177 GeV. Similarly, the D —quarks have got the masses: m, =m(D,)~ 036 GeV,

m,=m(D,)~ 0.5 GeV, m, =m(D;)~ 4.5 GeV [11]. Therefore, the use of the SU(N ,g)-group can seem

doubtful.
It may be assumed that the laws of a conservation for such quantities as the strangeness , the charm, the beauty,
and the truth (by analogy with the law of the conservation of the particle electric charges) do not exist. Indeed, the

charm and the truth correspond to the U, -quarks at k =2,3 . Similarly, the strangeness and the beauty correspond to

the D, -quarks for k =2,3. As usual, propose that non-zero anticommutators for creation operators and annihilation

operators are given by

{a(ﬁl )kl,cr1 ’a(ﬁ2)+k2,02} - 2p105’"1"25‘"1(72é‘(ﬁ1 _ﬁz)’

{b(z)l )kl,(f1 ’b(ﬁ2 )+k2,02} - 2p105k1k25010'25(131 _ﬁz)’ (20)

where a(p) ro (a( ﬁ)+kﬁ) are the annihilation (creation) operators of the quark for the Kk -generation with o
quantum numbers (spin projection, flower (U or D)), color, and other values), p = ( P> p) is the 4-momentum of

the quark ( p,, =~/ D, +m," ). By analogy, b(p) o (B(D)", ) are the annihilation (creation) operators of the

antiquark. The anticommutators (20) agree with the orthonormalization condition
<Z’1 k0 |Z72 ky,0, > = 2p105k1k2 50102 (P, — D) @n

In formulae (20, 21) the conditions Dy, = Py, are equivalent to §k1 ky - An inclusion of the 5k1 ky -factor in the formulae

(20, 21) permits to see explicitly the zero results at kl # k2 . Thus, the conservation of such quantities as the strangness

, the charm, the beauty, and the truth is the consequence of the anticommutators (20) and the conditions (21).
The classical free field for the quarks is presented in (6). It can be seen that for quantized fields scalar products

(where W (x), =(¥(x)"7,),) are not changed under unitary transformations

P (x)* = W (x)" =exp(0I,)¥(x)" . 22)

¥(x), - F(), =), exp(-igT,).

where I'; are the generators of the U (N Pe g) -group, 191 are the parameters of the transformation. In particular, the
vacuum means of the Lagrangians (18, 19) do not change under transformations (22). Indeed, the .S . -functions (9) are

constants and the vacuum means of the Lk -values (14) do not change under the transformations (22). In particular, the
transformation (22) leading to permutation of generations in one kind, can be considered. The generation numbers are
related to particle masses. The equations (5), the solution (6), and the S, -functions (9) do not change at the

permutations of the masses. Therefore, the scalar products W(x), ‘Y(x)” are invariant under the generation

permutation. Thus the use of the U (N /o &) -group can be valid for a classification of particle generations.

CLASSIFICATION OF MESONS
A representation of the SU (4, f5) -group for ggq — system is reducable: 4x4=15+1. A dimension of a

representation of the U(N ,, g) -group for the gg — system is equal to N f_z. Therefore, the colorless states of the
qq —system belong to next representations of the U(N,,g)xSU(3,c)xSU(4, f5)x O(3) -group:
Nf2 x1x15%1 and Nf2 xIx1x1. The SU(4, f5) -group is a subgroup of the SU(6, f5)-group. Therefore,

known expansion of the representations SU(6, f§)-group with respect to the representations of the



28
EEJP Vol.3 No.4 2016 Yu. V. Kulish

SU@3, f)xSU(2,s) -group can be used to find similar expansion for the representations SU (4, f5) -group with
respect to the representations of the SU(2, f)xSU(2,s)-group in the case of the U, — and D, -quarks. For the
15 —plet of the SU (4, f5) -group such expansion can be written as15=3x1+3x3+1x3. The first term in this
expansion corresponds to pseudoscalar mesons (7Z'+,7r0,72'7 ), the second - to charged and neutral vector mesons

( p+, po, £ ), and third — to neutral vector mesons (a)0 ). This expansion can be generalized on the case of different

generations.
1. Pseudoscalar mesons. At first consider the charged pseudoscalar mesons. The mesons with positive and
negative charges will be denoted as

P+k1k2 - [Ulekz ] > Piklkz - [DklUkz ] ’ P;Crlkz - Pikz"l ’ 23)
The spin states of the pseudoscalar mesons are chosen according to Ref [7], for example
1 _ _ _
+ j— _ j—
P, >—$‘U T, DY, -Uud, DT, )=[v, D, N ) (24)

Consider some well known pseudoscalar mesons: P*,, = 7" (140), P*,, =D" (1969), P", =K' (494),
P, =D*(1869), P*, = B*(5278).

In the SU(4, f5) -group the neutral mesons can be obtained from the charged mesons by means of the isospin
symmetry operators. For k >2 a use of the isospin symmetry is not adequate. But the quarks can participate in weak
interactions. It is possible to choice the phases for transitions with W™ — bosons such as for the isospin operators, i.e.,

U—->W?'D, D——W"'U . Using these transitions it is possible to obtain the states for the neutral mesons from
states for the mesons with the positive charge. Such, although the isotopic invariance is not valid for k >2, relations
between the matrix elements of transitions at k& =1 can be derived the same as in the isotopic symmetry.

ForaUD — system the relation [UD > >wr %|—U U + DD > can be derived. Let us denote

— 1
Poklkz,U = [UklUkz]’ POkaZ,D :[Dlek 1. Poklkz,UD :ﬁ(Poklkz,D _POkaZ,U)~ (25)

2

Then for some neutral pseudoscalar mesons it can be written: POILUD = 7°(140), P012,D = K°(498),
P°,,=D"(1864), P°, ,=K°(498) P°,, =D"(1864), P°,,=B"(5279), P°, ,=B"(5279).
Possibly for neutral mesons, corresponding to different &, and k, such expressions (P° ks —Pok2 W)/ V2 may be

considered. These expressions are similar to the expression for 77° —meson (dc? —uu)/ \/E ). For k, =1,k, =2 it
corresponds to K°, = (K" (493) — K°(493))/ V2.
2. Vector mesons. In the SU (4, f5) -group the vector mesons correspond two representations of the SU (2, f') -

group. One of them includes charged and neutral mesons but second — neutral mesons only. For the representation
including charged meson (the 3x3 representations of the SU(2, f)xSU(2,s)-group) we use the denotations

similar to (11) and (12) for charged and neutral mesons, respectively (with substitutions V' instead of P). Some
charged vector mesons are: V', = p"(770), V*,, =D, (2112), V", = K™"(892) . The neutral vector mesons

from the 3x3 representations of the SU(2, f)xSU(2,s)-group are: V° = L(—ML_t—l- dd) = p°(770),

2
Ve, =K"(892), V%, ,=K"892),V°,, =D"(2010), V°, , = D" (2010).

States of neutral vector mesons from the 1x 3 representations of the SU (2, f)x SU(2, s) -group denote as

O, v = [Ukl Ukz] Oii,0 = [Dkl Bkz] (26)
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, 1 0
The states of some known neutral mesons can be written as: $| O,y T 0O, p >:‘a) (783) >,

|00, )=]0(1020) ). |@y,,, )=|T/w (3097) ). |@y, )=|Y(9460) ).
3. Singlet states of the SU (4, fS) -group. Denote the states corresponding to the N fz x 1x1x1-representations
ofthe U(N ,,2)xSU(3,c)x SU(4, f5)x O(3) -group as

1 _ _ _ _
| 7 )= E‘U Yol o+l 01 +p?T, Dl _+D! DT, ). 7)

At k1 = k2 =k the 1. pseudoscalar mesons are totally neutral. For k1 #* k2 the 7y, “Mesons have got the zero

electric charge, but they are not totally neutral. For example,

1 _ _ _ _
| M, >=E‘MTC~L+M~LCT+dTS~L+d~LST > (28)
and antiparticle of the 77,, -meson is the 77 ,, -meson.
4. U(N,,g)-group or SU(N ;,g)-group? The qq — systems with quarks of N, generations are described
in the SU(N ;, g) -group by means of representations with the (N /-2 —1) and 1 dimensions. The representation of the

1 dimension corresponds to totally neutral pseudoscalar meson. The representation of the N fz —1 dimension is

described by traceless tensor of second rank. Therefore, these traceless tensors give the representations of
the SU(N P 2)xSU@3,c)xSU(4, fs)xO(3)-group which distinguish from the representations of the

U(N,,g)xSU(3,c)xSU(4, fs)x O(3) -group for neutral and vector mesons. In particular, for positively charged
pseudoscalar mesons in the SU (N, g)x SU(3,¢)x SU (4, f5)x O(3) group next states

1 1
ﬁ(PJrll —P+22), %(P+|1 +P+22 _2P+33)’ 29
1
—%[lﬁn +P+22 +"'+P+N “ILN,-1 _(Nf _1)P+N N»]
Nf(Nf _1) f / S
must exist instead the P',,, P',, P, -+ -states. Probably the states (29) do not exist. Therefore, the

U(N,,2)xSU3,c)xSU(4, f5)xO(3) -group ought to be used for the classification of the gg — mesons. This

group can be exploited for the baryons also.

CLASSIFICATION OF BARYONS
Consider q3 —baryonic systems with quarks in 1s —state. It is known (e.g., Refs. [7], [12], [13]) that the
representations for q3 —system in the spaces of flavors and spin are reducible and can be expanded as sums of the
symmetric (S), the antisymmetric (A) representations, and two representations of the mixed symmetry (M, M ,).
Such expansions have to exist in the spaces of the color and the generations also. From the Pauli principle the total
antisymmetry of the tensors for g° — systems follows. The U (N,,8)xSU(3,c)xSU(4, fs)x O(3) -group gives

representations with determined properties of symmetry (related to the space of generations) in addition to
representations of .the SU(3,¢)xSU(4, fs)x O(3) -group. It allows one to assume an existence of some baryons

which are non-antisymmetric representations of the SU(3,¢)x SU (4, fs)x O(3) -group.
Note that a type of the symmetry for the representation of the q3 —system in some space can be determined by

means of a quantity of equal quantum numbers for the quarks. If in a representation for the q3 —system the state with
three equal numbers of the quark exists, then this representation is symmetric. If maximal number of equal quantum
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number of the quarks is equal to two in a representation of aq3 —system, then this representation has got mixed
symmetry. If in a representation for the q3 —system all the states have got different quantum numbers of the quarks,
then this representation is antisymmetric. For quantum numbers of a quark which correspond to variables in a space of
the 7 -dimension, the representations for the q3 —system of the symmetric, the antisymmetric, and mixed symmetry
types have got the dimensions: Ng(n)=n(n+1)(n+2)/6, N, (n)=n(n-1)(n—-2)/6, and
— _ 2 .

N, (n)=N,, (n)=n(n"—1)/3, respectively.

As AT, A™, and Q consist of the same quarks, nucleons and other baryons (which belong to 56-plet of the
SU (6, fs) and similar baryons including the quark U, = ¢ instead the D, =) are described by symmetric 20-plet

of the SU(4, f5) and symmetric representation of the U(N ,,g) at k=1 and 2. For k =3 we obtain the £/ -baryon

(similar to A'") and the bbb -baryon (similar to A~ and 7). Thus, these baryons belong to the
Ng(N,)x1x20x1-representation of the U(N,,g)xSU(3,c)xSU(4, fs)xO(3)-group (for N, =6 the

1+ +

number N (N f) equals 56). These baryons have got the spin-parity J == ,5 . Note that known results derived

\9)

M 3 242
in the SU(6, f5)-symmetry (such as ,u_p = —5 and u_(yp— A")= T\/—,up ) must remain valid in the
SU(4, fS’) -Symmetry.
The baryon resonances with negative spatial parity corresponding to the quarks with an orbital moment L =1 and
mixed symmetry of a ¢ —system (such as D;(1520),5,,(1535)) belong to the N, (N, )x1x20x3-

representation of the U(N ,, g)x SU(3,¢)x SU (4, fs)x O(3) -group. These baryon resonances have got the spin-

1 3 5
parity J© =— ,= ,= .
2 2 2
So we can see that the baryons with low masses belong to the symmetric representation of the SU (4, f5) -group
3 e 1737 : . op 17375
for a g~ —system (with J ZE ’E ) and the representation of mixed symmetry (with J :E ,E ,5 ). A

question arises: what objects correspond to the antisymmetric representation of the SU (4, fs)-group for a

g’ —system. The antisymmetric representation of the SU(4, /) -group corresponds to the 4-dimension (for two
. 1 . . .
particles of the E—spm). The representations of the SU(4, f5)-group can be classified with respect to the

representations of the SU(2, f)xSU(2,s)—group. For the representations of the SU(2,s)— group the

designation J” will be used. In particular, the expansion of the antisymmetric representation of the SU (4, f§) -group

with respect to the representations of the SU(2, f)xSU(2,s)— group for theq’ —system with quarks in the
1 +

1s — states may be writtenas 4 =2x— .

ON COLORED HADRON-LIKE SISTEMS

It is well known that hadrons are colorless. But at consideration of any q3 —system (or gq -system) with definite

J? colored states appear together with uncolored states. In a relation with an absence of the color in observed hadrons
the questions arises: 1) Why are observed hadrons uncolored? What principles ensure an absence of the color in
hadrons? Consider the mass formula corresponding to the approximation of the one-gluon exchange:

M = MO - as Z lumag (mi s m‘j )(O_:iﬂ’ia )(6-/2‘10) + as Z /uel (mi9 mj )/Iia/l_/l'l (30)

i>j i>j

The second term corresponds to the color-magnetic interaction and third term- to the color-electric interaction. The
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M, — value includes the sum of quark masses and it can include some additional terms (equal for all baryons of the

representation). The Z/La/l; -value can be calculated using the Kasimir operator C, for the SU (3, ¢) -group (e.g.,

i>j
Refs. [7], [14]). In the color space a q3 -system can be a singlet or an octet or a decuplet. The Kasimir operator for the

singlet, the octet, and the decuplet equals 0, 3, and 6, respectively. For q3 -baryons it can be derived

DAlA=2C, —%,12 =2C, 8. (1)

i>j
From (30) and the values of the Kasimir operator it follows that indeed the colored baryon-like states have bigger
masses in a comparison with uncolored baryon. Similar result can be derived for gq -mesons. Colored baryon-like

states with small masses may belong to the representation of the SU(N ,,g)®SU(3,¢)®SU(4,s/)®O(3) -
group corresponding to the total symmetric representation of the SU(N ,,g)-group (i.e. they can consist of the
quarks for k=1), the octet of the SU(3,c) -group, the mixed representation of the SU(4,sf")-group at L =0.

Possibly colored q3 — baryon-like states are not stable, as the color octets can decay into a gluon and a colorless
baryon. Similarly the hadrons of color decuplet can decay into two gluons and colorless hadrons. Thus, observed
hadrons have got lower masses than masses of corresponding colored hadron-like states. The color is conserved. A
conservation of the color is a consequence of a gauge invariance. In collisions of hadrons colored states and uncolored
states are produced. In a final state the color must be absent. Colored states must decay rapidly into uncolored hadrons.
Therefore, in reality colored hadron-like states are not observed.

ON MASSIVE PARTNERS OF PHOTONS AND GLUONS
From convergence of integrals for generalized wave equation (which is a partial case of generalized Klein-Gordon

equation (1) at /1, = 0) it follows that the photon and the gluons have to be massless members of the photonic and the
gluonic kinds, respectively. Other members of these kinds must be massive. It is clear that a convergence of integrals

for the Green functions of generalized Klein-Gordon equations do not depends on magnitudes of particle masses in the
kinds.

At first consider the photonic kind. Denote the members of the photonic kind as , (), = ¥ is the photon, }, for
k > 1 are massive partners of the photon). As the processes of the photon interactions with charged leptons are
described well in frameworks of the quantum electrodynamics, it of interest to investigate the interactions of massive
partners of the photon with quarks. The massive partners of the photon have to be coupled with quarks and antiquarks in
the state of electrical neutral uncolored vector mesons with negative spatial and charge parities. Now a lot of such
mesons are known. Next questions arise in relation with massive partners of the photon: 1) Are the massive partners
known or unknown particles? 2) What properties must have the massive partners of the photon, which allow to distinct
them from other particles? Consider requirements for the massive partners of the photon.

1. The members of the photonic kind can be emitted and absorbed by charged leptons, similarly to the photon. The
amplitudes for interactions of massive partners of photon with quarks and leptons are determined by the electric charge

of a quark or a lepton. Therefore, the coupling constants of some ¥, with all the U-quarks are the same, and similarly

for D-quarks. The ratio of the coupling constants for the interactions of y, with the U-quarks and the D-quarks
equals — 2.
2. Some }, can have got enough big masses and can decay into mesons. The massive partners of the photon can

be produced in the e"e” —interaction and can be observed as resonances. Each virtual massive partners of the photon
can interact with all the U-quarks and the D-quarks. But the massive partners of the photon decay into such final states

that their total energies do not exceed the energies of these ¥, . Therefore, the mesons including heavy quarks cannot be

observed in decay products of some y, with low masses.

The massive partners of the photon decay into mesons through a production of quark-antiquark pair. As quark
have got some color an additional quark-antiquark pair must appear in a final state. These additional quark-antiquark
pairs make complicated an analysis of decays of the massive partners of the photon. Therefore, it is of importance the
consideration of relations of the massive partners of the photon with leptons.

It is known that the p°(770)—, the @°(783)—, the @°(1020)—, the J/W(3097)—, the

Y(9460) — mesons, and other similar vector mesons consisting of a quark and corresponding antiquark are excited in
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the e'e” —> hadrons and the e"e” —> e"e . Therefore it may be assumed that these vector mesons are related to
the massive partners of the photon. Then the quantity of the massive partners of the photon equals 2N r (N , partners

related to the uncolored U kU . -pairs and N , partners -to Dka -pairs, k=1, 2, ... N +)- This assumption on the

massive partners of the photon is related to the model of vector dominance. Indeed it can be shown that some formulae
for reaction amplitudes coincide in these two approaches. Therefore, we can hope that this assumption on the massive
partners of the photon will not lead to new contradictions with experimental data. Note that at this assumption the
masses of the massive partners of the photon can be calculated in quark models for uncolored systems.

Now consider the massive partners of the gluons. Similarly to the massive partners of the photon it can be assumed
that the massive partners of the gluons are electrically neutral vector states of gg — systems with negative spatial

parity, which are the color octet. The masses of the massive partners of the gluons can be calculated in the same quark
models similarly to the massive partners of the photon. Indeed, the massive partners of the photon can be presented as
uncolored gg — systems and the massive partners of the gluons as colored gg — systems. Then it can be expected that

the masses of the massive partners of the gluons will exceed the masses of the massive partners of the photon for each

number of generation. Note that the mass formula (30) must be modified for gg — systems. The Z ﬂlﬂ, ; -value in
i>.j

(30) must be changed by the /7_:1}:2 -value, which is equal to -/6/3 for the massive partners of the photon (color singlet)

and 2/3 for the massive partners of the gluons (color octet).

CONCLUSION
In present paper it is proposed to classify all the quarks by means two numbers: the electric charge and the

2 1
generation number. The quarks with the EQP -charge belong to the U — quarks and the quarks with the —EQP-

charge — to the D — quarks. Thus, it is proposed that the quarks belong to two flavors: up and down. The flavors of all
the quarks are described by the SU(2, f') -group. Then the states of all the quarks in the spin space and in the flavor
space are described by the SU (4, f5) -group. The conservations of the strangeness, the charm, the beauty, the truth,

and other similar possible numbers in the strong and the electromagnetic interactions are the consequences of
conservations of the electric charge and the number of generations.

In Ref. [4] it is shown that minimal quantity of the quark generations equals six (i.e., NV P > 6). Note that now it is

known a half of necessary quantity of quarks. Therefore, it may be proposed that the quarks and hadrons can be
classified as representations of the U(N ,, g) ® SU(3,¢) ® SU (4, sf') ® O(3) -group. The representations of the

U(N PB g) -group for q3 -systems have got different symmetry properties. According to Pauli principle the

representations of the U(N ,, g) ® SU(3,¢) ® SU (4, s/) ® O(3) -group for g’ -systems must be antisymmetric as
well as the representations of known SU(3,¢) ® SU(6,sf)® O(3) -group. Taking into account of the symmetry
properties for the representations of the U(N,,g) -group in the U(N,,g)®SU(3,c)®SU(4,s/)®O(3)-

group for ¢’ -systems allow derive the states, which are impossible in the SU(3,¢)® SU(6,sf) ® O(3) -group for
u,d,s -quarks (or in the SU(3,¢)® SU(8,sf) ® O(3) -group for u,d, s, c -quarks).
The Lagrangians (18) give the generalized Dirac equations (5) as consequence of the least action principle. These

Lagrangians depend on the particle masses by means of the elementary symmetric functions (9, 10). Therefore, the
Lagrangians (18, 19) are invariant under the generation permutations.
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The hypothesis on quark nature of the leptons is proposed. Leptons are compacted g~ -systems. It ensures the equality of modules for
the electric charges of the proton and the electron. The classification of particles based on the
U(Nf,g) x SU(3,¢)x SU (4, fs)x O(3) -group is proposed at arbitrary quantity N, of the quark generations. The U(N_, ,g) -group

corresponds to the quark generations, the SU(3,C) -group describes the color variables, the SU (4, fv) -group corresponds to the

variables in the spin (s) and flavor (f) spaces, and the 0(3) -group describes the orbital excitations of quarks. In consequence of the

Pauli principle leptons consist of antiquarks from 3 different generations. Minimal quantity of leptons with definite electric charge

equal 20. Excited double charged /= -leptons and / ** -antileptons with the J?* =% and J? =% are predicted, respectively. They

can be resonances in e 7 ,e K ,e'n",e' K", yn , ) K , )’ n", i’ K" -systems.
KEY WORDS: leptons, quarks, excited leptons, lepton-meson resonances

KJIACH®IKALISI YACTUHOK ITPU JOBLIBHIN KIJIBKOCTI MOKOJIIHb. II. IJENTOHH
FO.B Kyuim
Vkpaincokuii Oepoicasnuil yHigepcumem 3ani3HUYHO20 MPAHCHOPILY
M. Detiepoaxa 7, Xapxie, 61050, Ykpaina

3anpoIOHOBAHO TiNOTE3y MPO KBAPKOBY IIPHPOIY JIEHTOHIB. JICHTOHM SBIAIOTH COOON ILINBHO 3amaKoBaHi g -cuctemu. lle
3a0e3mnedye piBHICTH MOIYJNIB €IEKTPHIHUX 3apsfdiB IMPOTOHA Ta €IEKTPOHA. 3alpONOHOBAHO KIACH(]IKAIliI0 YaCTHHOK HA OCHOBI

U (N PR g) xSU (3,c) xSU (4, fs) X 0(3) TPyNU TIPH JOBiIBHIA KiNbKOCTI MOKONiHb KBapkiB N, I'pymal (N s g) BiJIIIOBi1a€
MIOKOJIIHHAM KBapKiB, rpyma SU (3,c) OIICy€e KONBOPOBi 3MiHHI, rpyma SU (4, fs) - BIJIIOBiZ]a€ 3MIHHMM B MPOCTOpAx CIHiHY (s) Ta

apoMaris i rpyna O(3)onucye opOitanbHi 30ymKeHHs KBapkiB. BHacimigoxk npuHumna Ilayim, JIENTOHM CKIIaLarOTHCS 3
b

AQHTHKBAPKiB 3 Pi3HUX MOKOJiHb. MiHIMallbHa KiJBKICTh JICTITOHIB 3 MEBHUM EJIEKTPHUYHUM 3apsinoM popiBHioe 20. ITepenbaueno
N -

. .. ,, . - . 1 . .
icHyBaHHs 30y/DKEHUX JBiui 3apsypKeHUx [ -nentoHiB Ta [ ' -aHTHiIenToHiB 3 J” :E Ta J? :5 ,BIAMNOBIAHO. BOHM MOXYTh

OyTH pe3oHaHcaMu B ¢ 7 ,e K ,e'n',e' K", yn , ) K ,u'n", u' K" -cucremax.
KJIIOYOBI CJIOBA: nentonu, KBapkH, 30yPKeHI JIENITOHH, JIENTOH-ME30HHI Pe30HAHCH

KJACCHOUKALUSA YACTHULL IIPU TPOU3BOJIBHOM KOJUYECTBE NOKOJIEHUIA. I1. TEITOHbBI
10.B. Kyaum
Yxpaunckuii 2ocyoapcmeennviii yHusepcumen diceie3zHo00posiCHO20 MPAHCROPMA
nn. Qetiepbaxa 7, Xapwvkos, 61050, Yxpauna

IIpeoxkena TMIOTE3a O KBAPKOBOM TPHPOJE JIENTOHOB. JIEMTOHB ABJSIOTCA IUIOTHO YMAKOBAHHBIMH ¢ - CHCTEMaMH. JTO
obecTIeBaeT PaBEHCTBO MOMYJTei HMEKTPHUECKUX 3apsIoB POTOHA M dMeKTpoHa. [Ipeoxkena KIacCH(UKAIHs JaCTHIT Ha OCHOBE
rpymmsr - U (N /s g) xSU(3,c)xSU (4, fs)xO(3) — TpH NpOM3BONGHOM  KOJNMYECTBE  MOKOJNCHMI  KBapKoB N, .

I'pymnma U (N /s g) COOTBETCTBYET IOKOJICHHSIM KBApKOB, Tpynna SU (3,¢) omuchIBaeT LBETOBbIE MepeMenHbIe, rpynmna SU (4, f5) -

COOTBETCTBYET IMEPEMEHHBIM B IPOCTPAHCTBAX CNKHA ($) U apoMaToB (f), U rpymma 0(3) OTUCHIBAEeT OPOUTAIBHBIE BO30OYKICHHS

kBapkoB. BcnenctBue mpunnumna Ilaymu NenToOHBI COCTOSAT M3 aHTUKBApKOB 3 pa3HBIX NOKOJNEHWH. MHHHMalbHOE KOJIHYECTBO
JIETITOHOB € ONpeAeTIeHHBIM dIeKTpruueckuM 3apspoM paBHo 20. IIpeackazaHo cymecTBoBaHHE BO30YXKICHHBIX JABaXKAbI 3apsSHKCHHBIX

+ —

_ 1
[ -nenrtonoB u [ ' -amTmienTonoB ¢ JY =— n J'=— cooTBeTcTBeHHO. OHM MOryT OBITh pE30HaHCAMH B
2 27

ern e K ,e'n', 'K, yrn, ) K ,u'n",;u" K" -cucremax.
KJIIOUEBBIE CJIOBA: nentoHsl, KBapku, BO30Y)KICHHBIE JICITOHBI, JISITOH-ME30HHBIE PE30HAHCHI
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As it is known the atoms consist of electrons, protons, and neutrons. A spin of all these particles equals 4. The
electron belongs to leptons. The proton and the neutron belong to baryons (hadrons with the }2-spin). The leptons and
the hadrons have got distinguish properties:

1. The quantity of the known leptons equals 12 (e , 4 ,7 ,V,,V Ve and their antiparticles) distributed in three

generations. The quantity of hadrons (in particular, baryons) is very big.

2. The leptons participate in electroweak and gravitation interactions, whereas the hadrons participate in strong,
electroweak, and gravitation interactions.

3. The leptons have not got excited states, whereas each hadron has a lot of excited states.

4. At perturbation (e.g., at the capture of a photon) leptons emit the photon and transit to initial state. At
perturbation hadrons can transit in excited states, which can decay in other hadrons.

5. The leptons are point-like particles, i.e., their form factors are constants in the measured region of a momentum
transfer. Form factors of hadrons have got essential dependences on momentum transfer. An existence of hadron form
factors is related to a decrease of a probability of a transition of this hadron in initial state at a capture of a virtual
photon

6. All the leptons are fermions and they have got the % spin. Hadrons have got integer spin (mesons) and half-

integer spin (baryons).

In spite of these distinctions of the leptons and the hadrons, the electric charge for any hadrons equals the product
of the electron charge and the integer number with big accuracy of measurements. Therefore, it is of interest to study a
problem of proportionality for the electric charges of leptons and hadrons [1].

The present paper is devoted to investigations of leptons in framework of the approach, which ensures in general
case the proportionality of the electrical charges of hadrons and leptons. In particular case this approach must ensure the
equality of the electrical charges for the proton and the positron.

ON ELECTRIC CHARGES OF PROTON AND ELECTRON

Let us consider a problem of the equality for the absolute values of the (J, -electron charge and the Qp -proton
charge. It means that a value
0.+0,=¢, D
must equal zero with any accuracy. It is known that in quantum theory of fields the interactions can change electric
charges of particles and their masses (it is related to the renormalizations). Therefore, the bare charges and the masses
(without interactions) distinguish from these physical values (with an inclusion of interactions).
In Ref. [2], using the gauge invariance, it is shown that a change of the electric charge is determined by
interactions of the massless particles. The change of lepton charges can be determined by interactions of the leptons

with the photons and possibly gravitons. But the change of hadron charges can be determined by interactions of the
hadrons with the photons, the gluons, and possibly gravitons. Therefore, it may be assumed that at equal modules of

bare charges the physical value &, » in (1) has got a non-zero quantity. For example, it may be assumed that the physical
value &, has got small magnitude related to gravitation interactions, which is essentially less than up-to-date accuracy

of measurements. A non-zero value of £,, can be important in the astrophysics.
The elimination of divergences in the axial Adler-Bell-Jackiw anomaly [3] is important for a proof of a
renormalization in the electroweak theory. This anomaly is determined by Feynman diagram corresponding to the loop

with the fermion of the — —spin and with two photons as well as an axial neutral current for the I, -third isospin

component.

The contribution of a fermion to the ABJ-anomaly equals the product the QZI 5 -coefficient and the linearly
11 11
divergent integral, where Q is the electric charge of the fermion. The /. 5 -value equal ——,—,——,— for the charged

22
leptons [ (e, 4,7 ), neutrinos, the down-quarks D, , the up-quarks U, , respectively. The contribution of a

charged fermiom to the ABJ-anomaly gives the linear divergence, but a sum of contributions for the charged lepton, the
4 1
neutrino, D, -quark, and U, -quark is proportional to [0—Q.> + 3Qp2 (5—5)] /2= (Qp2 ~Q.)/2 for each

generation. Thus, if &, . 0 (even if &, has got small magnitude, which is essentially less than up-to-date accuracy of

measurements), then the ABJ-anomaly diverges linearly and the electroweak theory is non-renormalized. In
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consequence of good agreement of the electroweak theory with experimental data we must conclude that Qp equals

—(, identically. In relation with this the question arises: what essence leads to the equality of the absolute values of the

proton and the electron charges.

HYPOTHESIS ON QUARK NATURE OF LEPTONS
To explain the equality of the absolute values of the proton and the electron charges propose that these particles
consist of similar particles. We shall consider the positron, as it has got positive electrical charge and the charges of the
proton and the positron must equal identically. Then each particle in the positron must correspond to the particle in the
proton with the same electrical charge. As the proton consists of three quarks the positron must consist of three quarks
also. It may be proposed that other antileptons (leptons with positive electric charge) and antineutrinos consist of
quarks. Then the electron and other leptons with negative electric charge as well as neutrinos consist of antiquarks.

In each generation a charged antilepton and an antineutrino exist. These particles have got the E -spin and they

correspond to a representation of the 4-dimension of the SU (4, sf*) -group. This representation may be identified with
the antisymmetric representation for a q3 —system. Note that baryons, which belong to antisymmetric representation of

the SU(6,sf)- (and SU(4,sf)-) group, are unknown [4]. Therefore, it may be assumed that the ¢° — systems
classified by the symmetric representation and mixed symmetry representation of the SU (6, sf) - (and SU(4,sf) -)

group are baryons, whereas the q3 —systems classified by the antisymmetric representation of the SU (6, sf') - (and

SU(4,sf’) -) group are antileptons.
In Ref. [5] it is shown that the fourfold integrals corresponding to the Green functions of the Klein-Gordon and the

Dirac equations diverge. For the 5 -spin particles the next generalization of the non-homogeneous Dirac equation is

proposed in Refs. [5, 6]
(—ié+m1)(—ié+m2) ..... (—ié+me)\P(x):;((x). ©)

The classical solution of the homogeneous equation (2) is given by
Ny
a _ 4 2 2 a —igx ~ L a igx
\P (x)free _ZZJ‘d pé‘(q _mk)[cku k,s (q)e +Ckv k,s (q)e :|9 3)
s k=1

where ¢ is the bispinor index, § corresponds to spin projection, u” s (6]) and Vv s (q) are the bispinors, Ck

and C i are arbitrary constants. The Green functions (which are 4 x 4 -matrixes) for this equation may be written as

(G+m)(g+ mz)((@ +my, ))

—q* +m12)(—q2 +m§)...(—q2 + mfvf)

1
S(x)_ (27[)4 j(

dq. “

1
The N r -number equals to the quantity of generations for the E -spin fermions and order of the equation (2). The

integrals in (4) can converge at N r > 5. The study of a continuity of the causal Green functions (4) in all the space-
time (and on the light cone too) has been shown that the quantity of fermion generations N ’ > 6 [7]. In Ref. [8] the
classification of hadrons with respect to the U(N,,g)xSU(3,c)xSU(4, fs)x O(3)-group is proposed at
arbitrary quantity N ,of fermion generations. The U(N ro g)-group corresponds to the quark generations, the

SU (3, ¢) -group describes the color variables, the SU (4, f5) -group corresponds to the variables in the spin (s) and

flavor (f) spaces (which is subgroup of the known SU(6, f5)-group), and the O(3) -group describes the orbital
excitations of quarks [4].
Propose that leptons (antileptons) are colorless, i.e., they are described by singlets of the SU (3, ¢) — group, which

correspond to antisymmetric representations for q3 - (63 —) systems. Because a quantity of the leptons and the
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antileptons is small in a comparison with a quantity of baryons, it may be proposed that quarks and anriquarks in
antileptons and in leptons, respectively, are in the ls — state with the L = 0 orbital moment. It means that leptons

(antileptons) are singlets of the O(3)— group, which correspond to symmetric representations for (]3 - ((73 -)
systems. Then from the Pauli principle follows that the antileptons (leptons) belong to the antisymmetric representations

of the U(N,,g)—group for ¢’ — (g°-) systems. The dimension of these representations equals
N,N,)=N , (N i 1)(N, —2)/12¢3. Therefore, the minimal quantity of the generations for the antileptons

1
(the leptons) equals 20 (for N = 6 [8]). These leptons have got the 5 -spin.

The antileptons (e.g., the positron) and the proton have got the same spatial parity, as all the quarks are in the
Ls — state. Therefore the spatial parities of the leptons (e.g., the electron) and the proton must be opposite.

Denote the charged antileptons and the antineutrinos, which consist of the quarks from the number k,,k,,k;
generations as Tlc;czks and 17,(1,(2,€3 , respectively, with the kl,kz,k3 numbers disposed in increasing order. Denote
corresponding the charged leptons and the neutrinos as [~ koks and Vioks respectively. The antileptons consisting of
the quarks from first, second, and third generations must exist among N , (N f) antileptons. For such antileptons the

M, — value, which for baryons give the sum of quark masses (for example, in the mass formula (30) of Ref. [8]) is

minimal among all the generations. Possibly these antileptons are the positron and the electron antineutrino.
The wave function of the charged antilepton (including the positron) may be written as:

= 1 1
sy 5. =5 )= o7 S s (ishank W Ube,, DT, —UL, U, DT+

+U ‘Lclgl D Tczgz U Tcsgs - U Tclgl D Tczgz U \L"sgs T (5)
+D Tclgl U Tczgz U \L%g} -D Tclgl U \chgz U TCzQ; >’

where ¢,,c,,c, are the indices of the SU (3, ¢) -group, the &,c.c, - tensor is the antisymmetric tensor of third rank.

L . N . , .
The g,,8,,g; indices are the numbers of the generations. The & / k,,k,,k;)- tensor is the antisymmetric

818283 (
tensor of the N ,-rank with six non-zero components, which correspond to the permutatons of the g, g,, g;-indices

from 6‘123_”1\, =1. For example, at N =6 and k =2,k =4,k =5 this tensor is given by
(2,4,5) = E1g38,0,6 and & 245(2 4.5 =¢ 524(2 4,5)=¢ 452(2 4,5)=- 425(2a4a5):

g1g2g3
—g° ,5(2,4,5) = —g° s12(2,4,5) =1. The wave function of the positively charged antilepton is determined by 216

terms.
The wave function of the antineutrino is given by:

_ 1 1 N,
‘Vklkzkz ? SZ = E > - 6\/8 gclczczg /gnggB (kl’ kz’k3)‘_D TC}&’] D iczgz U Tczgs +D iclgl D Tczgz U T‘%gz )

_D i/clgl U szgz D TCzS’} + D Tclgl U Tczgz D \L%gs - (6)
-U Tclgl D Tczgz D i"sgs +U Tclgl D \chgz D T"sgs > '

The wave function (6) is derived from (5) by means of the changes U <> D and by general sign similarly to the
derivation of the wave function of the neutron from the wave function of the proton in the quark model of baryons
[9,10].

The wave function of the neutrinos we derive from (6) by means of the substitutions U — U ,D— D:

1 1
Vk]kzk3’52=§>=—6£€qczc Y e Uk k)-DT, DL O + DY, DT, U1,

-pl., 0t DT, +DT, UT DI, - (7
U T"]&’] D Tczgz D \LC}& +U Tclgl D \chgz D Tc’zgs > '

The wave function of the charged lepton (including the electron) may be presented as
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_ 1 1 N _ _ _ _
! kykyksy SZ - E > - mgclczcsg /gnggS (kl ’kz’ k3)‘U Tclgl U \chgz D /rcbgs -U ‘L
+U \Lclgl D Tczgz U T‘%ga - U Tclgl D Tczgz U \chga + (8)
+D Tclgl U T"282 U il"ﬂs - D Tclgl U ¢ng2 U T(‘sga > ’

Now we consider the consequences of the antisymmetry of the representation of the U(N ,, g)— group for the

a8 €8 83

set of quarks from the 1, 2, 3- numbers of the generations in antileptons:
[,y =luch,ctd,tus],v,,, =[dst,bdc,sbu]. )

From (9) it is seen that leptons and antileptons include antiquarks and quarks with big masses. Even the antileptons
consisting of the quark from the 1, 2, 3- numbers of the generations (possibly the positron and the electron antineutrino)

include the t-quark, which has got the m(¢) ®177Gel mass [11]. Note that masses of U, — quarks with & >3 must
be greater than m(¢). From (9) it can be seen that each antilepton include three U . ~quark and three D), -quarks.
Therefore it is of interest to derive the M -term, which for baryons give the sum of quark masses (for example, in the

mass formula (30) of Ref. [8]). Using (5), the mass of the /* Kok, -antilepton may be written as

dom, ! _6x6 gV (kl,kz,k3)g”’f‘g4g5g6 (k. k,, k)

- kykyky > 216 818283

+

M, (l_k:rkzk3 )= <l_k,+k2k3

<U T, U, DT, |[m@, ) +mU, ) +mU,)+mD,)+mD,)+mD )T, UL, DT, )=

:%{Zm(U&)+Z m(Ug2)+Z m(D, ) ]= (10)

_ %[Zm(Uk, )+ 2m(U, ) +2m(U, )+m(D, )+m(D, )+m(D, ) |

In this formula are not written the color indices. The summation with respect of these indices gives the 6 factor. The m,

mass operators in the Z m, -operator are proportional to unique operator in the color and the spin spaces and they are
i

diagonal operators in the space of generations. Therefore, such structure of the mass operators permits one to take the

same results for six terms in (5). As analogy, the antineutrino masses are given by

_ 1
M, (Vk]k2k3 )= 5[2’”(1)1{] )+ 2m(Dk2 )+ 2m(Dk3 )+ m(Ukl )+ m(Ukz )+ m(Uk3 ) ] - 3dn
In particular, for the antileptons which consist of the quarks from the number 1, 2, 3 generations the M, -values are

M, (1_1;) = %[2]’”(”) +2m(c)+2m(t)+m(d)+m(s)+m(b) ] (12)
M, (¥,,,) = %[2m(d) +2m(s)+2m(b) + m(u) + m(c) + m(t) ].

DIAMOND-GRAPHITE ANALOGY OF LEPTONS AND BARYONS

It is known that the diamond and the graphite consist of the carbon atoms. In spite of properties of them are
different. The graphite is fairly soft material, but the diamond is the hardest material.

Pencils with graphite cores are used to write. It means that at small perturbation the graphite transits to other
states. Indeed, in initial state we have got the pencil and the clean paper, but in a final state we have got the pencil and
this paper with drawn line. The mass of the graphite core can change. It corresponds to a transition of the pencil
graphite to other states. Therefore, the graphite is similar to hadrons, in particular — to baryons. The analogy of the
graphite and the baryons (nucleons) can be continued. The carbon atoms in the graphite are located on the planes. The
nucleons consist of the quarks from the same generation.

As the diamond is the hardest solid, the state of the diamond does not change at an interaction with other solids.
Thus, the diamond is similar to the leptons (antileptons). In addition note that the carbon atoms in the diamond are
located in the space and they yield the space lattice. It is the analogy of a proposition that the leptons (antileptons)
consist of the quarks (antiquarks) from different generations.



39
Classification of Particles at Arbitrary Quantity of Generations. II. Leptons EEJP Vol.3 No.4 2016

EXCITED LEPTONS AND POSSIBLE EXPERIMENTAL TESTS
A consideration of the q3 —systems with the quarks in the (IS)2 1 p — states allows one to study the baryons with

the negative parity [4]. In such systems the quark orbital moment equals one. The physical states belong to the
representations with mixed symmetry of the ((3)— group. Then the uncolored baryons are described by the

representations with mixed symmetry of the SU (6, f5) — group and the SU (4, f5) — group of the dimensions 70 and
20, respectively.

Let us study the leptons (antileptons) as the §° — (g°) — systems with the quarks in the (1s)1p — states. The
expansion of the representations of the SU(4, f5)—groups for the mixed symmetry with a respect of the
SU(2, f)xSU(2,s)— group for the g° — system is given by:

20=4><l +2><3 +2><l ) (13)

2 2 2
In the expansion (13) the representations of the SU(2,s)-group are presented by J” -values. The product of the
representations with mixed symmetry for the SU(2,s)— and the O(3)— groups can be expanded as the sum of the

symmetric, mixed symmetric, and antisymmetric representations. Consider the antisymmetric representation of
the SU (4, fs)x O(3) —group. This representation can be obtained as the product of the mixed symmetric

representations of the SU (4, f§) — group and the O(3) — group. The product of the antisimmetric representations of
the U(N,,g)—, the SU(3,¢)—, and the SU(4, fs)xO(3)— groups agrees with the Pauli principle. The
expansion (13) is valid for the q3 —systems (i.e., for the antileptons). Similar expansion can be written for the q_3 -
system (i.e., for the leptons), but in this case the parity must be positive.

The representation of the SU (2, f)— group of the dimension 4 corresponds to excited leptons (antileptons).
Denote these excited antileptons (which consist of the quarks) and leptons as

@)= 0,00, (&) =", 1", 1", I""}. (14)
The representation of the SU(2, f')—group of the dimension 4 is symmetric. So to obtain the antisymmetric

representation of the SU(4, fs)x O(3)—group we have to consider the antisymmetric representation of the

1 o
SU(2,5)xO(3)— group. This representation corresponds to J = 5 Such, we predict that excited [~ - leptons and

. 1
[""" - antileptons with the E -spin can exist. Note that the representation of the SU (2, ') — group of the dimension 4

can occur at other modes for products of the representations of the U(N ,, g)x SU(3,¢)x SU(2,s)x O(3) -group.

As the representation of the O(3)— group corresponding to the quarks in the (1s)*1p —states has got mixed
symmetry, the representations U(N,,g)xSU(3,¢)x SU(2,s) must have got mixed symmetry too. In particular,

for the symmetric representation of the SU (2, 5) -group the / *(4)-antileptons and the I*(4)-leptons can exist in two
cases: the antisymmetric representation of the U (N P g) -group in the state of the color octet and the mixed symmetric
representation of the U(N ,, ) -group in the state of the color singlet. In these cases the 17 (4)-antileptons with

- +

1 . 1
J? = 5 and the [ (4)-leptons with J” 25 can exist. For the quarks from the first, the second, and the third
generations the 1" and the [ -antileptons consist of the u,c,f— and the d,s.b— quarks, respectively.

Therefore, we may assume that for the masses of the l*(4) -antileptons  the  inequalities

m(l")<m(1*)<m(I ") <m(l"™) are valid. If the contributions of the color-magnetic and the color-electric
interactions in the mass formula (30) of Ref. [8] are additional, then the relations

m(l ™) =m(I™") = m(I™")~m(I"") = (15)
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=§[m(Uk1>+m<Ukz)+m(Uk3>— m(Dy )~ m(D, )—m(D, )]

may be valid for the antileptons consisting of the quarks from the kl R k2 R k3 -numbers of the generations.

The analogy between the 1" -antileptons and the A —baryons, which consist of the quarks in the
(Is)*1p — states, may be proposed. Among the A —baryons with negative parity the A(1620) -resonance

1
(S,,(1620) -resonance in the 7N — system) with J* = 5 has got the minimal mass [12]. In quark models the mass

difference between the A(1620) -resonance and the nucleon mainly determined by the LS — interactions [4]. If we

assume that the LS — interactions give additional contributions to the masses of excited baryons and antileptons, then
we may expect that the masses of the / - antileptons and the / - antileptons equal approximately 700 MeV. Such
transitions  between quarks as u —>dx ,d >ur ,u—>sK',s >uK, u—>sK",s >ukK"”

u—d p+,d —>up ,u—> sk ", > uK" can occur in hadrons and in leptons. These transitions induce the
P;(1232) > Nz,D,;(1520) > N, S,,(1535) - Nx,S,,(1620) = N7 decays. Similarly these transitions

can induce the I'(4) > Iz, I'(4)— lp, 1'(4)—> [ 7, ["(4)—> [ p decays. One can expect that these

decays must be induced by strong interactions. It is of interest to study the decays of the / *"" -antilepton and the /™~ -
leptons. As these excited antilepton and lepton ought to have got fairly large masses, they must be resonances. It can be
used for the test of the hypothesis on quark nature of leptons.

For the tests of proposed hypothesis it is of interest to investigate the resonances in the

ern,ep,e K, e K", un,up ,u K . uK, ent,ep,e’ K un' ,up u'K,u" K™,
e K" unt  up i K, " K™ -systems. The resonances in these systems can be investigated in hadron

reactions. However, it can be more convenient to investigate these resonances in the reactions of the lepton-antilepton

interactions:
A
-,

e 1 AT ey (16)

ON STRONG INTERACTIONS OF LEPTONS
According to the quark nature of leptons it may be assumed that some strong transitions between quark systems,
which usually considered as leptons or antileptons can become possible. Such strong transitions can lead to decays of

T - K * —mesons into charged lepton (antilepton) and neutrino (antineutrino). These decays are well known. But
they are weak. Therefore, non-zero amplitudes of such strong transitions will contradict to experimental data. Compare

similar strong & —> 7[+‘7e -and p — 71" n - transitions. The spin structure of the amplitudes for these transitions is
the same: #(p,)7su(p,)@, . As usual assume that the 7" -meson is the ud -pair and the proton and the neutron are
the uud-system and the ddu-system, respectively. Then the e’ — 7 +l7e - and the p —> 7' n- transitions are
determined by a u —> 7" d -transition between the quarks. In the p —> 77" n- transition the proton becomes the

neutron directly after an emission of the 77" -meson by the u-quark.
Assume that e - and V, - consist of the quarks from the first, the second, and the third generations. Then these

antileptons are the antisymmetric combinations of different quarks (9). The uch- and the uts- systems from the positron
transit to the cdb- and the tds- systems from the antineutrino after the emission of the pion, respectively. But the the ctd-
system from the positron cannot transits to the usb-system from the antineutrino at the emission of the pion. Thus, the
positron does not transit immediately to the antineutrino after the emission of the pion. Therefore, it may be concluded

that strong e’ — 7'V, -transition (with the u(p,)ysu(p,)@, -amplitude) is forbidden. Similarly, strong
u >V, e >K'v,-, u —>K+17ﬂ-, e > pVv,-, u —>p'V,- e > K"V, -,y —>K*+17# -
transitions must be forbidden. As result, these transitions are induced by the weak interactions.

It is of interest to consider the transitions between a baryon and a antilepton, such as p —>e'y, p > u'y,

p—oern 0 , P ,u+7z * These transitions have not been observed yet. Usually it is explained by a violation of the
conservation laws for the baryonic and the leptonic numbers. The proton belongs to symmetric representation of the
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U(N s g)-group B 8600 and according to the hypotheses on quark nature of leptons the antileptons belong to the

Z[gl 18,851

antisymmetric representation of this group. Denote the representation of the U(N f,g) -group for

qq —mesons as M * 2" Then the amplitudes of the transitions of the B-baryons to the L- antileptons and the M-

mesons may be written as

T(B—LM)=B“'[  M*% AB—LM)=0, (17

848283

where A(B — LM ) is a part of the amplitude corresponding to particle momenta, the color, the spin, and the flavor
variables. The amplitudes of strong transitions (17) vanish as they express through the products of the symmetric and

antisymmetric tensors in the space of generations. In particular, from (17) it follows thatthe p —> e y -, p —> 1"y -,

p—> e'n’-, p— ,u+7r° -transitions are forbidden. Note that the amplitudes of radiative decays of the pronon can be
derived from (17) by means of the model of vector dominance.

CONCLUSION
The proposed hypothesis on quark nature of leptons ensures the equality of the modules of the electron and the

proton electric charges. The antisymmetry of the representations of the U (N /o g) -group and the SU (4, fs) -group

of q3 -systems for antileptons allows one to explain distinctions of the properties for leptons (antileptons) and hadrons.
. . . . |
Indeed, the antisymmetric representation of the SU (4, fs) -group corresponds to two particles of the E—Spm in the

ground state (the (ls)3 -state), e.g., positron and antineutrino for q3 -systems. Next excited states occur for q3 -systems

in (ls)2 1 p -state. Among excited states the leptons (antileptons) with double electric charge must exist. In consequence
of big mass values for the quarks from the third generation and the antisymmetry of the representation of the
U(N P &) -group the mass difference between the excited and the ground states have to be rather large.
Therefore, the leptons (antileptons) ought to behave at relatively small momentum transfer as point-like particles.
It may be assumed that the leptons (antileptons) can participate in strong interactions at high energies. It means
that the strong interactions of the leptons (antileptons) are biased to the high-energy region. The leptons (antileptons)
can be interpreted as strongly packed antibaryons (baryons).

It is of important to explain the mass spectrum of the baryons and the antileptons for the consistence of proposed
classification of particles and the hypothesis on quark nature of leptons. There can be doubts in possibility to do this by

means of the mass formula. It can be seen from the A, -value for the nucleons and the leptons (antileptons). The M -

value for the nucleons and A(1232) approximately equal 1.02Gel whereas according to (12) the minimal values of
M, for the electron (positron) and electron neutrino (antineutrino) equal M (e )~2m(t)/3 =118GelV and
M,(v,)=m(t)/3 =59GeV . Last values exceed essentially the experimental ones
(m(e) =0.51MeV ,m(v,) < 5eV). As it is known the color-magnetic interactions reduce the nucleon masses and

enlarge the A(1232) masses. This allows obtain the values of the nucleon and the A(1232) -isobar masses near to

experimental ones. But it cannot be expected that taking into account of the color-magnetic interaction allows one to
derive the values of the electron and the electron neutrino masses near to experimental values.
Assume that quarks interact by means of tensor mesons in an addition to the gluon exchange. Amplitudes of the

quark interactions by means of the J” = 2" -meson exchange are proportional to the quark 4-momenta [13]. In the rest
frame these amplitudes are proportional to the quark masses. Therefore, the J” = 2" -meson exchange may be just
essential for heavy quarks (i.e. for leptons (antileptons)) and it can be invisible for hadrons consisting of light quarks
(e.g., for the nucleons and the A(1232) -isobars). In Refs. [14, 15] it is shown that interaction currents for higher spin
particles (i.e. particles with the 2-spin) must obey the theorem on currents and fields as well as the theorem on

1
continuity of current derivatives. In Ref. [13] the currents of the interactions of the J = 2" -boson with the 5 -spin

fermions obey the theorem on currents and fields.
In proposed hypothesis on quark nature of leptons the excited leptons (antileptons) with double electric charge are
predicted. These excited leptons (antileptons) ought to be the meson-lepton (meson-antileptons) resonances. These
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mesons can be pseudoscalar or vector. The investigations such resonances may be very important for the test of
proposed hypothesis.
Weak interactions of the quarks in higher orders can lead to such decays, as (& —> ey, 14 —> eyy . They can be

investigated in the (e —> yy—, ye —> yu — processes [16].

A situation with calculations of amplitudes for interactions of leptons and antileptons, represented as antiquark and
quark systems, is similar to a situation with calculations of amplitudes of soft hadron processes in the quantum
chromodynamics. As it is known, the QCD is the theory of strong interactions. But in the QCD the amplitudes of soft

hadron reactions cannot be calculated. In particular, the coupling constants of the 7/ NN—, 7 N A — interactions cannot

be calculated by means of the QCD Lagrangian with known the constant of the quark-gluon interaction and the quark
masses. On the other hand, amplitudes of some hadron reactions can be calculated with reasonable accuracy in models
with hadrons represented as elementary particles. In such calculations the values of interaction constants and particle
masses known from experimental data are used. Therefore, it is naturally that leptonic processes are described well in
the framework of the electroweak theory with leptons and antileptons considered as elementary particles.
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When plasma interacts with the wall of a conductor, electrons due to high mobility reach the wall first and develop negative potential
on the wall and very near to the wall plasma is divided into sheath and presheath regions. The quasi-neutral plasma is shielded from
the wall by a space charge sheath of the positive ions of the order of few electrons Debye’s lengths (4, ). At the sheath edge quasi

neutrality breaks down from presheath side. In asymptotic limit & = 4,/L — 0 varying area of geometry affects the structure of the

presheath scale. In addition to geometry, collisions and ionization also affects the presheath structure. But the sheath region is
universal and is independent of either of geometry, ionization rate and collision frequency. The region which play the role of a link
between these two regions has characteristics of both regions and is known as intermediate region. Even in the absence of ionization
source and collision expanding area of geometry can accelerates the ions towards the wall. The characteristic length of the geometric
presheath depends on radius of curvature R, = 4/A’', where “ 4 ” is the area of geometry and “ A’ = dA/dz . If either of ionization or
collisions is present along with the expanding area of geometry then dominant factor for the acceleration of ions in the presheath
region is not the expanding area of geometry.

KEYWORDS: Debye’s length, sheath, presheath, Bohm’s criterion, ion acoustic speed, Boltzman’s relation, Tonks Langmuir
problem

When plasma interacts with the wall of a conductor, the electrons due to high mobility reach the wall first and
develop negative potential on the wall and very near to the wall plasma is divided into two regions. The quasi-neutral
plasma is shielded from the wall by a space charge sheath of the positive ions of the order of few electrons Debye’s

lengths (/1D) [1]. Langmuir in history for the first time in 1929 used the terms plasma and sheath for a gas

discharge [2]. Up to 1951 all the work on plasma wall transition was done assuming collisionsless plasma. Boyd in 1951
for the first time using diffusion controlled theory for collision dominated plasma, introduced Bohm’s criterion [3].
Allen and Thonemann in 1954 confirmed Bohm’s criterion in equality form and stated boundary conditions for sheath
and the presheath region for the case of marginal form of Bohm’s criterion. Harrison and Thompson in 1959
analytically solved Tonks Langmiur problem and find kinetic Bohm criterion [4]. According to this criteria for planar
geometry at the sheath edge ions must have speed equal to ion acoustic speed (v, = ¢y )in order to enter in the sheath

region. This condition is known as Bohm’s criteria in marginal form [1]. It was investigated by Riemann as well as by
Sternberg that when the area expands or contracts then the standard Bohm’s criterion must be changed and non-
marginal form of Bohm’s criteria is used [5]. The reason of the non-marginal Bohm’s criterion is that as geometry
contracts pressure increases, so density increases and velocity must be less than ion sound velocity at the sheath edge, in
order to conserve steady state current density following towards the wall [4,6]. The region in which ions are accelerated

to ion acoustic speed (cs) is called the presheath region. In the presheath region number density of electrons and ions is

equal, i.e, (ni =n, ) The presheath is dominated by either of the four basic mechanism which are collision of neutrals

with ions, geometric current concentration, applied magnetic field, and ionization rate [7]. This paper clarifies the
effects of collisions, ionization and especially of geometry on presheath. As the characteristic length of the geometric
presheath depends on radius of curvature R, = 4/A', where “ 4 is the area of geometry and A’ =dA/dz [8]. So, we

can define three types of geometries depending on change in area of the geometry. If 4'=0 we have planar geometry,
for A'>0 we have widening geometry and for A’ <0 we have contracting geometry [1]. In this paper only widening
geometry of spherical and cylindrical shape will be discussed. We have proved mathematically and graphically that the
expanding area of geometry can accelerate charged particles. There are many practical applications in which effects of
widening geometry are important. Some of these applications are plasma nozzle, plasma probe, limiters and diverters of
tokamak, magnetoplasmadynamic thruster, Hall thruster, and the variable specific impulse magnetoplasma rocket
(VASIMR) [9,10,11].

BASIC MODEL AND EQUATIONS
In this paper the effects of expanding area of geometry on one dimensional plasma (along z-axis) in front of a wall
is discussed. Assuming the wall at z =z, and sheath edge at z=x=0. As z - —o we have quasi neutral plasma [5].

On the left side of the sheath edge is the presheath and on right side is sheath. The ionization rate in the plasma depends

© Saeed Ahmad, Chaudhary K., 2016
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on the source of ionization. There are collisions in the plasma of mean free path 4. Our case is time independent. We
are assuming hot ions (Z # 0) in the absence of applied magnetic field. The electric field E is in z direction only. As

shown in the Fig. 1 below.

2 = 2y
) presheath sheath
bulk plasma (=L x=0 £=Xp
¢. 4@ R
N
electrons
wall

sheath edge

Fig. 1. Plasma wall interaction

For one dimensional case
_ldd A

div = =—.
Adz A

()

i iz z >

Where A is the area, which specify the geometry of the plasma. For spherical shape we have 4= 47z(R iz)2 [12].

Here the plasma region is described by z <0 and sheath edge is at z=0. Momentum balance equation for such a
system is of the form,

dv,  d  ykT, dn s,
my,—+e—+————=—| v, +— |my,. 2)
dz dz n, dz n,
Equation of continuity, in one dimension along z axis is,
d A
—(nv.)=S —nv,. 3
dZ ( i ) i A i ( )
Poisson’s equation is,
d’¢ A d¢ e
2 T _( i né) (4)
dz2 A dz &
and Boltzman’s relation for electrons is,
n, = nyel ") %)
Normalization
The normalization variables are,
A~ ie i L
SZE, ¢:_ﬁ9 ie - s u:v_la V(u):_vcp
4 kT, n, c, c, 6
LS, L dA v, ©
oO=—"7""—", a=——, s
c.n A dz T +T

where
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KT, + ykT, kT,
Cs = 4 ﬂ’D = . 2 " (7)
m; nye

Using eqn. (6) and eqn. (7) our normalized set of equations is,
Boltzman’s relation

P ®)
Poission’s equation.
. . A(de tdep
. — = — +a———|.
KA s ( ds* . L ds ©)
Continuity equation.
d . L .
—(nu)=—(oc—anu). 10
(i) =+ (o - i) (10)
Momentum balance equation.
du do L o 1 dn, 1 dn,
U—-——=——|v+—|lu—7| ———— . (11
ds ds L 7, n, ds n, ds

Eqn. (8), eqn. (9), eqn. (10), and eqn. (11), i.e, Boltzman’s relation, Poission’s equation, continuity equation, and
momentum balance equation respectively are basic equation of our model in normalized form. It is important for
practical applications to study the transition from the presheath to sheath region for ¢ =4, /L — 0 [1].

Asymptotic sheath theory
In inner region or sheath region scale length is Debye length ¢, = 4, . In this region the space coordinate changes

to & =s, =z/4, - So, Poisson’s eqn. (9) for sheath region in limiting case ¢ =4, /L — 0, is

.. dl
i -, =22 (12)
dg
Continuity eqn. (10) for sheath region in limiting case & = 4,,/L — 0, becomes,
d .
—(nu)=o(e 13
gz ) =0(2) (13)
and momentum eqn. (11) for sheath region in limiting case & = 4,,/L — 0, becomes,
dn, dn
y Ao fhdn Vdn o, (14)
dé dé& ndé n, d&

If we plot ¢ verses &, at the sheath edge @ — 0 [12].

Asymptotic presheath theory
In outer region or presheath region we have scale length £ =L . In this region the space coordinate is

x=s, =2z/L.Poission’s eqn. (9) for the presheath region in limiting case ¢ =4, /L — 0, is

2
ﬁ,-ﬁ;o(gzd Z’J. (15)
dx
Continuity eqn. (10) for the presheath region becomes
i(ﬁ,u)zo‘—aﬁ[u, (16)
dx

and momentum eqn. (11) for the presheath region in limiting case ¢ =4, /L — 0, using eqn. (16) after simplification
becomes,
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(u—l)d—u—a—z(zﬁrlj—vu 17
u)dx n, u ' (a7

Eqn. (17) shows when u =1, we have a singular point and this point is known as sheath edge. It is the point at
which quasi neutrality breaks down from the presheath side. If we plot @ verses x, at the sheath edge ¢ — o [13]. It

has been observed that the asymptotic solutions of the potential profiles for plasma presheath and sheath for very small
but finite value of 4,/L do not match smoothly. The asymptotic presheath solution at the sheath edge turns into a

singularity d@/dz — - and on the other hand on sheath scale (z/iD) the sheath edge is characterized by

(d¢/ dz > 0) [14]. In order to have smooth transition intermediate scale had been used in literature.

Intermediate scale
For intermediate scale, space coordinate is ¢ and is defined as ¢ =z/{, . Using ¢ =0, u=1, i, =i, =1,and
dn, dn,

dp do
written as,

=—1 which are values of different variables at the sheath edge [8]. Hence at the sheath edge eqn. (17) can be

1\du
u——|—=a,-20, —v,. (18)
u ) dx

Where “s ” denotes the value of different variables at the sheath edge. Using Boltzman’s relation for electrons, “u can
be written as u =1+¢ . At u =1 eqn. (18) shows a singularity. For singular transition right hand side of eqn. (18) can

be taken equal to — 1. Substituting the value of u =1+ ¢ and after simplification eqn. (18) becomes

)
‘+x=o0| & ) 19
¢ +x 0( dxzj (19)

Using Boltzman’s relation, eqn. (14) which is the momentum equation for sheath region and Poission’s equation, i.e,
eqn. (12) we get

d2¢): ¢ +o(&£). (20)

. . . . . A .
The relation between space coordinates of sheath, presheath and intermediate scale is (;’ = li = £x = t—ng Using

m m m

this relation eqn. (19) for intermediate scale is

t 22 d
¢2+T’”§=0[é—§’d;} @21
and eqn. (20) is,
A d’p _ ¢ L,
car i) (22)

1
. . . . L) LY ep
Eqn. (20) and eqn. (22) have uniform representation so, using this property and w=|—| @¢=—| — | —,

2/5

¢, =(1-7,)" 4°L" we get [9],

2
d"w )

d;’z =w +(. (23)

Equation (23) is universal differential equation for intermediate scale which had been widely used in literature to
explain the variation of potential and electric field in intermediate scale. Eqn. (23) for inner expansion of outer solution
gives presheath solution and for outer expansion of inner solution gives sheath solution [5,13,14]. So, far we have
discussed some of the basic equations in plasma-wall transition which have already been developed to explain the
mechanism of plasma wall transition. In the following section a new equation will be developed using equations of
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presheath and intermediate scale which will explain effect of geometry in presheath.

Generalized equation for Presheath
The generalized equation for presheath scale having the effect of geometry, ionization and collision can be
developed using momentum balance equation for presheath. The reduced form of eqn. (17), using equation of continuity
for the presheath region and eqn. (19) is

2¢@:—2a—v(1+\/—x)+a. (24)
dx
On R.H.S of this equation first term is for ionizational effect, 2nd for collisional effect and third for geometrical effects

in the presheath region.

RESULTS AND DISCUSSION
We can deduce some of the important results from equation (24). We are mainly focusing on geometrical effects
with and without ionization and collision. These effects are discussed one by one with graphical presentation in the
following sections.

Geometrical effects (=0, v=0, a#0)
In the absence of ionization (0' = 0) , and collisions (v = 0) , the important factor is 4’/ 4 [10]. Change in area of

geometry will affect only presheath region. Assuming cylindrical and spherical geometries the effect of change in area
of geometry will be discussed in this section.

Spherical geometry
For spherical geometry of area “ A ” the presheath region in front of a spherical geometry have a = —2/ (z —xj .

In this case eqn. (24) can be written as
p=- 21n(%—x}+c. (25)

The dependence of potential behavior on radius of spherical probes can be seen from the following plot (Fig. 2). We are
using 7, = 0.8 mm, r, = 0.4 mm, r; = 0.1 mm, r,=0.04 mm, and L =4.5 mm [15]. From the Fig. 2 it is obvious that at
the sheath edge there is an electric field even in the absence of ionization and collision in plasma for spherical geometry.
The value of potential at sheath edge decreases with the increase in radius of the sphere.

sl

Fig. 2: Variation of ¢ with x for different values of radius of spherical probe

Cylindrical geometry
The presheath region in front of a cylinder of radius “/”” and height “A” is described by, 4= 27r(r - z)h.

Considering geometrical effects and substituting a = —I/(Z - xj for cylindrical geometry, eqn.(24) can be written as
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p=- /ln(%—xj+c. (26)

Using sheath edge conditions and for cylindrical probe of different values of radius and height (7, 4,)=(95 um, 60 mm),
(ry hy)=(47.5 pm, 30 mm), (r,, h,)=(25 pm, 15 mm), and (r,, h,)=(8 um, 7 mm) and L = 130 mm we get ¢ verses x as

shown in Fig. 3 [16,17]. Again it is clear from the plot that at the sheath edge there is an electric field even in the
absence of ionization and collision in plasma for cylindrical geometry. The value of potential at sheath edge decreases
with the increase in radial size of the cylinder.
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Fig. 3. Variation of ¢ with x for different values of radius and length of cylindrical probe

Collisionless case (v =0, o = constant, a #0)

If we add effect of ionization in the presence of varying area of geometry then there will be no change in sheath
region. Considering constant ionization rate (a = 1) and taking v =0, eqn. (24) after integration for spherical geometry

can be written as

¢)=—\/—2x+21n(%—xj+c. @27)

Where “c” is the constant of integration which can be calculated using boundary conditions and using characteristic of
geometry. Whereas for cylindrical geometry eqn. (27) is

¢):—\/—2x+ln(%—xj+c. (28)

In this case we can see from curves (b) in Fig. 4 and Fig. 5 that more potential penetrates into the presheath region from
the wall. The main reason is that in this case more number of electrons gain energy from ionization source and reach the
wall and develop more negative potential on the wall as compared to geometrical effects only.

No ionization case (o =0, v =constant, a #0)

Now we are considering combined effect of geometry and colllisions on the structure of plasma presheath without
any ionization source just like collision dominated plasma in fusion devices. Considering constant collisions frequency
and taking o =0, eqn. (24) after integration using boundaries conditions for spherical geometry becomes

¢:—\/—x(l+§\/—xj+2ln(%—x)+c. 29)
For cylindrical geometry eqn. (29) becomes

¢:—\/—x[1+§\/;j+ln(%—xj+c. (30)
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Again in this case we can see from the from curves (¢) in Fig. 4 and Fig. 5 that more potential penetrates from wall into
the presheath region due to small collisional cross section of electrons neutral collisions as compared to ions neutral
collisional cross section. Hence electrons reach the wall in very short duration of time and develop more negative
potential on the wall.

Combined effect of constant ionization rate, constant collision frequency and geometry
(0' = constant, v = constant, and a # 0)

If we consider constant collision frequency, constant ionization rate and take geometrical effects then after
integration eqn. (24), using boundaries conditions for spherical geometry becomes

¢:_\/_x(3+§«/3]+21n(%—xj+c. (31)

Whereas for cylindrical geometry eqn. (31) becomes

(P:—\/—x(3+§\/;)+ln(%—xj+c. (32)

From curves (d) in Fig. 4 and Fig. 5, we can see that the penetration of the potential of the wall in the case of combined
effect of ionization, collision and geometry is more than as that of only geometrical effects, combined effect of
geometry and either of the ionization and collision. This is due to the reason that electrons which are more mobile as
compared to ions, in the presence of ionization source and collisions in plasma quickly reach the wall due to high
energy as compared to without ionization source and collisions in plasma. Hence electrons develop more negative
potential on the wall as compared to in the presence of geometrical effects only.

-10 -032 -06 -04 -0z

4L
Fig. 4. Variation of ¢ with x for spherical geometry considering (a) Only geometry (b) Geometry and constant ionization rate (c)
Geometry and constant collision frequency (d) Geometry, constant ionization rate and constant collision frequency

4L

Fig. 5. Variation of ¢ with x for cylindrical geometry considering (a) Only geometry (b) Geometry and constant ionization rate (c)
Geometry and constant collision frequency (d) Geometry, constant ionization rate and constant collision frequency
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CONCLUSION

The presheath structure depends on ionization, collisions, and geometry in the absence of applied magnetic field.
The geometrical effects play important role in ion dynamics in the presheath region and the expanding area of
cylindrical or spherical geometry can accelerate ions even in the absence of ionizations and collisions in plasma. If we
assume only geometrical effects, just like plasma in expanding area of loval nozzle, in the absence of collisions and
ionization source, then there will be no effect on the sheath region. If we increase the area of spherical or cylindrical
geometry then for a geometry of larger area at the sheath edge less amount of negative potential penetrates into plasma.
If we assume collisionless plasma, in the presence of geometrical effects and ionization source just like in Tonks
Langmuir problem, then sheath region remains same as without effects of ionization. Whereas more potential of the
wall penetrates into the presheath region as compared to without effect of ionization. If we assume collisions dominated
plasma in the presence of geometrical effects without any ionization source then, again there will be no effect on sheath
region. On the otherhand both collisional effects and geometrical effects accelerate ions in the presheath region and
more potential of the wall penetrates into the presheath region as compared to without effects of collisions. If we
summarize above discussion we can say that in the presence of effects of ionization or collision in addition to
geometrical effects for cylindrical and spherical geometries more negative potential of the wall penetrates into the
presheath region. However sheath region is universal and does not depend on either of ionization, collisions or
geometry.

REFERENCES
1. Riemann K.U. The Bohm criterion and sheath formation // J. Phys. D: Appl. Phys. — 1991. — Vol. 24. — P.493.
. Langmuir L. Oscillation in ionized gases // Proc. Natl. Acad. Sci. — 1928. — Vol.14. — P.626-627.

3.  Riemann K.U. Consistent analysis of a weakly ionized plasma and its boundary layer // phys. Fluids B. — 1993. — Vol.3. —
P.456.

4. Caruso A., Cavaliere A. The structure of the collisionless plasma-sheath transition // Nuovo Cimento. — 1962. — Vol.26. —
P.1389.

5. Riemann K.U. The plasma sheath matching problem // J. Tech. Phys. — 2005. — Vol. 41. — No.1- P.89-90.

6. Lieberman M A and Lichtenberg A J. Principles of Plasma Discharges and Materials Processing. Ch.5.-New York: Wiley,
1994. — P.123-125.

7. Riemann K.U. Tsendin L. Unipolar ion sheath // J. Appl. Phys. —2001. — Vo0l.90. — No.11. — P.5487-5490.

8. Valentini H.B. Two-Fluid Theory of Presheath and Space Charge Sheath in Low Pressure Plasmas // Contributions to Plasma
Physics. — 1991. — Vol. 31. — P.221-229.

. Tonks L. and Langmiur I. A General Theory of the Plasma of an Arc / Phys. Review Letters. — 1929. — Vol. 34. — P.876.

10. Riemann K.U., Meyer P. Bohm criterion for the collisional sheath - comment // Physics of plasmas. — 1996. — Vol. 3. — No.12. —
P.4751-4753.

11. Escobar D., Ahedo E. Low frequency azimuthal stability of the ionization region of the hall thruster discharge // Physics of
Plasmas. —2014. — Vol. 21. — No.4. — P.043505.

12. Riemann K.U. Theory of plasma sheath transition // J. Tech. Phys. —2000. — Vol. 41. — No.1- P.89-121.

13. Riemann K.U. The influence of collisions on the plasma sheath transition // Physics of plasmas. — 1997. — Vol.4. — No.11. —
P.4158-4166.

14. Riemann K.U. Theory of the plasma-sheath transition in an oblique magnetic-field // Contributions to Plasma Physics. — 1994. —
Vol. 34. —No.2. - P.127-132.

15. Martinez M., Ahedo E. Magnetic mirror effects on a collisionless plasma in a convergent geometry // Physics of Plasmas. —
2011. - Vol.18. - P.033509.

16. Lieberman M.A., Lichtenberg A.J. Principles of Plasma Discharges and Materials Processing. Ch.3. — New York: Wiley, 1994.
— 180 p.

17. Ahedo E., Escobar D. Two-region model for positive and negative plasma sheaths and its application to Hall thruster metallic
anodes // Physics of Plasmas. — 2008. — Vol. 15. — P.23-28.



51

EAsT EUROPEAN JOURNAL OF PHYSICS

East Eur. J. Phys. Vol.3 No.4 (2016) 51-59

PACS: 92.60.Pw; 94.20.Ss

CABLE FREE TRANSMISSION OF ELECTRICITY:
FROM NIKOLA TESLA TO OUR TIME

B.V. Bortsl), LV. Tkachenkol), V.I. Tkachenko"?

" National Science Center “Kharkov Institute of Physics and Technology”
The National Academy of Sciences of Ukraine
61108, Kharkov, 1, Akademicheskaya str., tel./fax 8-057-349-10-78
2 V.N. Karazin Kharkiv National University
61022, Kharkov,4, Svobody sq., tel./fax 8-057-705-14-05
E-mail: tkachenko@kipt.kharkov.ua
Received November 12, 2016

Model of Earth charge resonant oscillations excitations based on Tesla experiment, was offered. Solutions of d'Alembert wave
equations for electric and magnetic potentials of the charged perfectly conductive sphere were found. Graphic analyses of perturbed
potential distribution on the Earth surface was provided. It was shown that obtained solution provides adequate description of Tesla
experiment on wireless transfer of electricity conducted in Colorado Springs in 1899 — 1900. In the very low-frequency area of the
electro-magnetic oscillations spectrum it was offered to consider the Earth as capacitors battery, consisting of two put one into
another perfectly conductive spheres, between which thin dielectric layers is placed. Own oscillation frequencies of the Earth charge
were determined in this area. It was shown that these frequencies most precisely correspond to experimentally measured Schumann
resonances.
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BECIIPOBITHA IEPEJAUYA EJIEKTPUKH: BIJT MUKOJIH TECJIA IO TENEPIIITHINA YAC
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3anpornoHOBaHO MOJIENb 30Yy/DKEHHS PE30HAHCHHX KOJMBAaHb 3apsiy 3emili, 3aCHOBaHA Ha ekcrepuMmeHTax Tecnu. 3HaileHO
pilIeHHS XBWJILOBUX PIBHSHB JlamamOepa ISl €JEKTPUYHOTO i MarHiTHOTO MOTEHIaTy 3apsKeHOl, ieabHO MPOBiAHOI chepH.
Hanano rpadivunuit aHanmi3z posmnoniny 30ypeHOro MOTEHIliany Ha moBepxHi 3emui. [lokazaHo, IO OTpHMaHE PIlICHHS aJCKBaTHO
OIHKCYE CKCIIEpUMEHTH Teciu o 0e3poToBiii mepenadi eneKTpHKH, 1o nposeaeHi B Koiopano-Crpinre B 1899 - 1900 p.p.

VYV HagHHU3BKOYACTOTHIM 001acTi CHEeKTpa eNeKTPOMArHITHUX KOJIMBAaHb 3alPOIIOHOBAHO PO3IJIAIATH 3EMIIIO SIK KOHASHCATOPHY
Oarapero, M0 CKIagaeThCsl 3 ABOX BKJIAJACHHX OJHA B IHIIY iIcaJbHO MPOBOIATH Cdep, MK SKHMH 3HAXOAWTHCS TOHKHI
TieNeKTpUYHUNA Mpomapok. Y wmiif ob6macTi 4acTOT BU3HAYCHI BIACHI YaCTOTH KOJHMBaHb 3apsmy 3emui. [TokaszaHo, Mo 1 4acToTu
HaOLIBII TOYHO BiANOBIAAIOTh €KCIIEPUMEHTAIHHO BUMIpSIHUM NepmuM pe3oHancam Lllymana.

KJIFOYOBI CJIOBA: ekcniepumenT Tecnu, enextpuka 3emiti, 6e3qpoToBa mepeaaya, po3Mnoail MOTeHIiany, HaJHU3bKOYaCTOTHI
SJICKTPOMATrHITHI KOJIMBaHHS, pe3oHaHcu [llymana
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[pemnoxkena Monens BO3OYXKIEHHS PE30HAHCHBIX KoyieOaHWH 3apsima 3eMiM, OCHOBaHHAs Ha dKcrepuMeHTtax Tecisl. HalimeHsr
pelIeHns BOJHOBBIX ypaBHeHHH [lanamOepa aist 3J€KTPUUECKOTO0 M MarHUTHOTO IOTEHIHAala 3apsDKeHHOM, HealbHO MPOBOJSIeH
chepsl. Jlan rpaduueckuii aHann3 pacrpeeneHns] BO3MYILIEHHOTO MOTEeHIMala Ha MOBEPXHOCTH 3eMiH. [lokazaHo, 4To momy4eHHoe
pellleHre aJleKBaTHO ONMCHIBACT IKCIEpUMEHTHl Tecia mo OecnpoBoiHON mepenaue 3JeKTpUUecTBa, IpoBenaeHHble B Komopanmo-
Cnpusre B 1899 - 1900 r.r. B cBepXHU3KO4YaCTOTHOM 00JIACTH CIIEKTPA JICKTPOMATHUTHBIX KOJIEOAHHUH MPEATIONKEHO pacCMaTpUBaTh
3eMiII0 Kak KOHICHCATOPHYIO OaTapero, COCTOSIIYIO M3 JBYX BJIOKEHHBIX OJHA B APYTYIO HICATbHO MPOBOAALIMX Cep, MEXIY
KOTOPBIMU HaXOAWTCSI TOHKAs TUAJIEKTpHUYecKas mpocioiika. B 3Toif o6macTu 9acToT onpeneneHbl cOOCTBEHHBIE YacTOTHI KoJeOaHui
3apsna 3emnn. [lokazaHo, 94TO 3TH 4acTOTHI HanOOJIEe TOYHO COOTBETCTBYET IKCIICPUMEHTAIBHO M3MEPEHHBIM TEPBBIM PE30HAHCAM
[lymana.
KJIFOUYEBBIE CJIOBA: skcniepuimMeHT Tecnbl, 3JeKTpHYeCcTBO 3eMIH, OeCmpoBOIHAs Tepenada, pacrhpelesicHHe MOTEHIUaNa,
CBEPXHM3KOYAaCTOTHBIE JIEKTPOMarHUTHBIE KojeOanus, pesoHanck [llymana

Idea of wireless transfer of electric energy appeared with physicists and engineers almost simultaneously with

formation of electrical engineering science as and independent area of techniques (1870-1890). During this and further
© Borts B.V., Tkachenko 1.V., Tkachenko V.I., 2016
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periods of formation and development, the electrical devices are based on wire electric energy transfer. It is obvious that
transfer of a large quantity of energy through wires constitutes a complicated task.

In case of wireless transfer of electric energy the task becomes much more complicated. However some economic
advantages of this method (economy of conducting metal, construction materials, simplification of circuits architecture)
give a basis for research of such method of electric energy transfer.

Nikola Tesla is considered to be the pioneer in the field of wireless transfer of electric energy [1].

In Colorado-Springs laboratory (1899-1900) Tesla conducted test of wireless energy transfer system, using the

giant high-frequency transformer with frequency @, = 1.5-10° Hz and wave length Ay = 2-10° m for the first

time [2].

In his experiments he switched on 200 electric bulbs placed 26 miles (= 42 km) away from his laboratory. Power
of each bulb constituted S0W, and the total energy consumption constituted 10 kW or 13,6 h.p. According to Tesla
calculations coefficient of efficiency of energy transfer constituted 95%. He asserted that by means of 300-power
vibrator he could switch-on dozen of electric garlands each consisting of 200 bulbs placed in different parts of the earth.

Very soon after this experiments Tesla moved to New York, on Long Island and further did not work on the
wireless electricity transfer topic.

German electrical enginecer Winfried Otto Schumann studied the transfer of electric signals in the very-low
frequency area of frequency spectrum. In 1952 he used the model of resonator of the Earth-ionosphere cavity for
description of such wave processes [3]. Schumann discovered the resonance frequency of electric signals, which were
later called “Schumann resonances”. These resonances constitute set of picks in the frequency spectrum which are
created by standing electromagnetic waves between the Earth conducting surface and external conducting border of the

ionosphere. Dimensional analyses using the light speed ¢ and length of earth circle 27 R, allowed him to determine

the frequency order for minimally possible resonance @, = C/ 27R, =7.5 Hz

It is interesting to note that long before this in Colorado-Springs, Tesla, while studying the thunderstorm activity
of the local area, also discovered the resonance fluctuations of the Earth electric field in this frequency range. But there
were continuation of the experiments as he started the experiments on the wireless electricity transfer.

Thus the described above experiments demonstrate the possibility of wireless transfer of electricity and electrical
signals either in high-frequency or in very low-frequency range of frequencies.

At present time the topic of Schumann resonances attracts the interest of researches not only from the point of
their theoretical description but also due to the possibility of their practical implementation. Schumann resonances
theory is presented in monograph [4]. Numerical methods of such resonances description based on their presentation in
the form of standing waves in the Earth ionosphere provide the results comparable with real data [5].

From the practical point of view, Schumann resonances can be used for transfer of electrical signals on the long
distances. They are closely connected with global thunderstorm activity of the Earth and correspondingly can become
an instrument for climate research. Schumann resonances can also be involved for the research of changes in the lower
ionosphere of the Earth, earthquake forecasts, and research of other celestial bodies’ properties.

At present time another type of wire transfer of electric energy becomes relevant — wireless charging and power
supply units.

Phenomenon of electromagnetic induction is used in such systems for energy transfer from the source (transmitter)
to the receiver, which is explained by appearance of the electric current in the closed circle under change of magnetic
flux running through this circle. However the distance of electric energy transfer is small under this method and cannot
be compatible with methods presented above.

Summarizing the mentioned above it can be stated that practical solution of the problem of wireless transfer of
electricity on the long distances, despite rather well-grounded theoretical study of this issue, remains in the condition
close to initial stage.

Aim of paper. The present paper offers physical maximally approached to Tesla experiment condition, model of
resonance oscillations of the Earth charge. Estimation of resonance frequencies in the high-frequency and very-low
frequency area of wave spectrum were conducted using the proposed model.

THEORETICAL MODEL
Let’s consider the model for conducting the wireless transfer of electricity. In this model, in the equilibrium state
the Earth constitutes the rigid ideally conductive sphere on which the negative charge is evenly distributed. The
equilibrium state means absence of charges motion in the sphere. Assumption on the ideal conductivity of the sphere is
based on a rather high level of ground conductivity. High conductivity of the ground was demonstrated in Tesla
experiments for many times and also is confirmed with its use for ground connection of different electrical devices
Estimations of the FEarth charge from different sources provide the following value, for

example, g, = —5.710° «[6], or qr = —6.010° «[7.8].

When calculating in equilibrium state, we will model the Earth as ideally conducting rigid sphere with surface
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charge 0 = QE/47ZR§ taking as a basis the Earth charge Q, = —6.010° C. Here R, = 6.3710-10° m — is an
average radius of the Earth [6].

As it follows from Gauss theorem in the equilibrium state, intensity of electric field is equal to £ (l’) ==—

for radiuses 7 > R, . Potential corresponding to this field is specified with the expression ¢, (r) =0, / r.
Charge oscillations on the sphere e § (17 ,t ) =q (7 ,t ) —Q; caused from outside, result in formation of perturbed

scalar potential @(f ,t ) = ¢(7 ,t ) - @, (r) and corresponding disturbed current density j(? ,t ) :

Let’s determine the relation of the perturbed charge with the perturbed potential which was realized in Tesla
experiments.
In this experiments the perturbed charges were created by transfer of part of the Earth charge which, in the

simplified form, can be presented as spherical capacitor with capacity C, and full charge (), on the attached to it
spherical capacitor with significantly lower capacity C (C <«<C ) and charge Qsp. Spherical capacitors with

capacity C, and C sp are connected to the battery in-parallel as the negative plates of the capacitors are connected to

the same contact. When the capacitors are connected in-parallel the total charge is constant and is equal (), and the

potential difference on the capacitors is the same, so the expressions are true:

q(Clj’t) :¢E (RE)+¢(Fat)a
0r- (7.1 v
=g, (R )+ ()

Connection of perturbed charge with perturbed potential ¢ (7,t)=—CE(5(7,Z) follows from the second
equality (1).

Dependence of oscillations of scalar (Z)(?,t ) and VeCtOI’E(l_’:,t ) potentials on perturbed charge density and

current density on the sphere with capacity C,. is described with D'Alembert equations [9]:
2

10 ~ (o
Ap(F,t)-— e — @(F,t)=—4mp(F,t1),

1 6 = 4 =

M(70) = 2 A== (70),

¢’ o’

2

on condition of gauge invariance
LS 10 .,.
dlvA(r,t) = ———(o(r,t),
c ot

where p(7,t) = p(7,t) = pg. p(F.1)=G(F.0)/V,. p(F.t)=q(F.t)/Vy. py=0;/V; .V, - the Earth
volume, ¢ - light speed, A - Laplace operator,t - time, 7 - spatial Value.
Solution of equations (2) should correspond to the condition of potentials limitation on the

infinity:

(E(F,t),jl(?,t)‘zO(l/r) under 7 -—>o0, and also their limitation on the sphere

@(?,t),;i(f;,t)‘<oounder r=R;.

surface:

It follows from the gauge invariance that in conditions of Tesla experiments, the oscillated vector potential
A(F,t)/‘gb(?,t)‘zloa)o/c:l

Thus while studying the task of wireless transfer of electricity, space time change of vector potential 2(17 ,t )

A (17 ,t ) is of the same order with the oscillated scalar potential as

should be described together with the change in space of the time of scalar potential (ﬁ(l7 ,1 ) .
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It can be shown from the continuity equation and condition of gauge invariance taking into account
p(Ft) = =Cop(F1) [V, that J(Fot) =—c-Cp- A(Fo1) [V,

Based on the task symmetry, the vector potential has only the radial component i.e. A (17 , ) = (‘er (77 1 ) ,0, 0) .
Thus the equation of radial projection of the vector potential is transferred in the following way:
~ . 1 0* ~ . C, ~ .
A (F,t)———5 A4, (F.t)=4r—L 4 (F.1).
c ot V,

Thus in the result of usage of the connections between the oscillated potentials and charges oscillation found
above, the equations (2) can be presented in the following way:
. 10 Cyoyr
AY (F,t)———5 Y (F,1)=4r—L Y (F,1) 3)
¢’ ot v,

where \P(F,l‘ ) = {@(?,t ),A,, (17,2‘ )} - function, which possesses the value either of the first or of the second

expression in braces, “P 17 t)‘ = 0(1/7‘) under 7 — ©, “P 17 I)‘ <o under ¥ =R, .
Distorted electric and magnetlc field strengths are determined with simple differentiation of scalar and vector
potentials: H(r l‘)—rotA(r t) E( ) —grad(p(r t laA/ﬁt
SOLUTION FOR THE DISTORTED ELECTRIC POTENTIAL
Let us consider the equation (3) for the distorted electrical potential of the charged rigid sphere @(77,1 ) on
condition‘(ﬁ(?,t)‘ <.
We suppose that its dependence on time in the form (/3(17 ,t ) =@ (77 ) -eXp (—ia)ot ) .

Then the equation (3) for electric potential is transformed into Helmholtz equation [10] for the the perturbed

potential:
AP (F)+ k2@ (F)=0 @

2 2 2
where k’ 2%—472'%:%8((00), 8(600)2( ijgj, Q, =«/47ZCZCE/VE ~ 81.189 Hz - analogue of
o

E
Langmuir frequency of sphere electron oscillation, the prime sign is further omitted in notation of distorted potential.

It should be noted that €, frequency is calculated for ideally conducting sphere placed in vacuum when
C,=R,.
In the real situation, the Earth can be presented as capacitors battery consisting of two put one into another spheres

with a layer with dielectric capacity & ( ) and thickness d << R, placed between them. Capacity of such capacitors

battery will be equal to Cp, = 6‘(6!)0 S © / 4rcd , where S, =47 R} - square of the Earth surface.

This precise definition as to the capacity of the Earth charge does not influence further discussions, but will be
used below in order to match the obtained theoretical visions with experimental data.

Lets find the solution of equation (4) for the perturbed scalar potential (7)(17 ) .
For this we will pass to spherical coordinates:

~ ~ 2
%E(ﬁ%j —l 0 (31 98 j —1 09 +k’p=0 (5)
r°or or) r’sinf o6 00 ) r’sin’ 6 op’

wherer 2 R, 0< @ < 7 -polar angle, 0 < @ <27 - azimuth angle.

Expression for the perturbed potential we will present in the form of product of two functions depending on radial
and angle variables (variable separation method):

P(r.0.9)=R(r)Y(6,0) (6)
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After insertion of this expression into equation (6) we receive:

L 0 [ﬂ aR(r)}ker "G pns ! 0 [sin@Mj—

R(r)or or 0,¢)sin6 66 06 o
2
. LA LB ()
Y(0,9)sin’0 0
where V (V + 1) — is a constant.
Equations for functions, depending on angles follow from (7):
2
—'1 2 [sino or(0.¢) +— 12 0 Y(92,¢) +v(v+1)Y(0.9)=0 ®)
sin@ 06 00 sin"d O
Function depending on radius:
d dR (r)
E[rz—dr }+(k2r2—v(v+l))R(r)=0 ©
First we will find the solutions of equation (8) for the angles.
In order to divide the variable we assume
Y(6.0)=0(0)0(p). (10)
Then from (9) we receive:
‘D
sin’@ ;i sin@ae)(e) +v(v+1) =—;a—(2(p)=,u2 (11)
®(l9)sml9 00 00 d)(gp) op

where 4 - real constant.

Thus from (11) we have two equations for determination of dependence of perturbed potential on angles & and

Q:
sin’@ ;i siné’a@—w) +v(v+1)|=p° (12)
G)(@)sm& 06 00
O’ (o) ,
———=—uD . 13
5 - O (13)
After insertion of cOS @ = x , the equation (12) is transferred to the following form:
d’0(x dO(x 2
(l—xz) dxg )—2x d)(c )+[v(v+1)—lfl7}®(x)=0. (14)

For real @(x), x under integral g=m=0,1,2,3.... and v=n=0,1,2,3.... the equation (14) has the

solution in the form of attached Legendre polynomials of the n order, rank m :

Bq,m(x):(l—xz)r;%&:(l—xz)gﬁ%[(ﬁ—l)n} (15)
or in the integral form:

() = sy cosmpay . a6

Tl
0
The attached Legendre polynomials are characterized with the following properties:

P,(x)=P(x), m=0;

n

P (x)zO, m>n,

n,m

an

where P, (x) - Legendre polynomial of the n order.

As it follows from (17) for the attached Legendre polynomials m =0,1,2,3....,n on condition m < n .
Equation (13) for integral value ¢ = m 1is integrated in elementary functions:
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®(p)=C, cosmp+C,sinmg. (18)
Further we calculate that C, = 0.

Let us find the solution of equation (9) for radial dependence of perturbed potential.
1

Substitution of a new variable R (r) =r 2U (r) into equation (9) makes it the following:
2 2
d Ugr) 1 dU (r) e (n+12/2) U(r)
dr rodr r

Bessel and Neumann functions of the half-integer order [10, 11] constitute the solution of equation (18). Common
solution of the original equation (8) has the following view:

R(r) = I:Al']n+l/2 (kr) + Aan+1/2 (kr)]/\/g (20

where A, and A, - are the constants.

=0. (19)

We consider that A4, is equal to zero, as when argument k7 tends to zero (on the sphere surface under 7 = R, it

is possible when k& — 0) the solution should be limited.
Thus we will write the expression for the perturbed electric potential of the charged sphere:

5(r.0.0)= B, (k) 2 J,.,, (kr) B,,, (x)cos mp e

where: B, = A,C, - constant determined from border conditions for the solution dependence on radius ; X = c0s 6.

SOLUTION FOR SCALAR AND VECTOR POTENTIALS. CONNECTION TO THE CONDITIONS OF
TESLA EXPERIMENT
Scalar potential
Solution (20) should correspond to the border conditions on the sphere surface. As it follows from the experiments
conducted by Tesla in Colorado-Springs, perturbations of the Earth charge can be schematically described in the
following way: conductor was connected with one end to the specific point of the conductive sphere (the Earth) with

capacitance C,.. Capacitor with capacity c sp Was connected to the second part of this conductor with length [<<R r
. By means of a transformer of his own construction Tesla transferred a specific part of the charge on the capacitor C S
and then again injected it on the capacitor C;. Thus at the specific moments of transformer operation, potential was

imposed in the specified point on the sphere surface C,, :

P(R;.0,.0)) =Dy, (22)

where @, - amplitude of the imposed in Tesla experiment potential (|®O| << |QE / RE| ~10° v).

Based on the border condition (22) the constant in the expression for the perturbed potential on the Earth surface
(21) in the point with angle coordinates, for example, 90 =0,¢, =0 is determined with the expression:
kR,

B=—""Z_® (23)
LT (kRy) T

Thus the solution (21) with a constant (23) describes distribution of the perturbed potential on the Earth surface.
It should be noted that setting of the coordinate of the point of application of the perturbed potential on the Earth
surface is automatically determined the position of the pole of the spherical system of coordinates:

F=R,,0,=0,0,=0.

It goes from the view of the border condition (22), in solution (21) it should supposed that m = 0. In this case the
perturbed potential is described with Legendre polynomial and does not depend on azimuth angle ¢ .

Vector potential
We will consider the border conditions for vector potential have the view (22) where it is necessary to replace

@(RE,HO,%)—);L (RE,HO,%) and @, —>J, where J, - amplitude of the currency density in Tesla

experiments in the point on pole with coordinates: ¥ = R.,6, = 0,¢, =0.
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Then we will write the solution for radial projection of the vector potential:
- L
A, (r.0,0)=D,(kr)2J,., (kr)P,, (x)cosmp, (24)
kR
N E J,.
Jy» (KR )

Based on the experimental data, taken from [12], meanings of perturbed potential amplitudes and currency density can
be estimated: D, = (3.5....4.0)-106 Vv, J, #300/S, A/mm’ where S, current-carrying square in the cross-section

where D, =

of the conductor of the secondary coil of Tesla transformer (in mm?)

Graphic analyses of distribution of the perturbed electric potential on the Earth surface
Let us build the diagram of potential distribution on the Earth surface in the spherical coordinates system Potential
on the Earth surface will be presented in the form of sum of the Earth electrostatic potential and its perturbation:

O(R;.0.0) =0, (R;)+(R;.0.0). (25)
In the process of graphic analyses, we will impose the electrostatic potential of the Earth @, (RE) with the unit

radius sphere. We will consider that ‘J)(RE,H,(D)M(DE (RE )‘ <<1.

In the numerical calculations, the potential in dimensionless units (/3(RE ,0, (0) was imposed with the expression:

P(R;,0,0)=1+@(R;.0,0)/¢, (R, ) =1+ Amp-$(R;.6,0). (26)
The Figure presents the results of the Earth potential from different meanings n for the amplitude of perturbed
potential Amp =0.1.

Under n =0 the perturbed potential does not depend on angles € and ¢ and one sign relatively to the Earth
equilibrium potential.
Dependence of the sign of the perturbed potential on the number n > 1 is presented on Fig.1 below.

It follows from Fig.1 that perturbed potential of the Earth on the upper pole of the sphere (490 =0,0,=0) is
determined with condition (22) i.e. is equal to D,
It goes from the figures that number of zones N of one sign on the sphere width is equal N =n+1, where n is

a number of zeros of Legendre polynomials P, (x) in the interval —1 < x < +1 [10, 11].

Figure. Dependence of sign of potential distribution on the Earth surface on the 7 number for Amp =0.1.

In Tesla experiments the meaning of 7 number should be rather big: 7 =n, >>1 as the Tesla generator wave
length on the sphere width constitutes ﬂo =2 km [2]. This wave length can be determined for relation
=4, = 27ZRE/(nO + 1) Tt goes from this that 7, is rather big : ny = 27R,, /A, = 20015 >>1.

Thus in case of ideally conductive sphere the Tesla generator imposes the own charge oscillations placed on the
conductive rigid sphere. Due to the task symmetry, the azimuth oscillations mode is equal to zero m =0. Tesla
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generator frequency @, is connected with wave length of the perturbed potential on the width /10 with relation:

c cln,+1
a)O:a)n == ( - ) (27)
¢ A 27R;
In common case the frequencies and wave lengths of the own high-frequency oscillations of the ideally conductive
charge sphere are determined from the equalities:

¢ c(n+1)
0 =—=—""1 (28)
A, 27R,

Schumann resonances and Tesla experiments in wireless transfer of electricity
In capacitors battery the oscillation frequencies or Schumann resonances [3], cT)n slightly differ in relative

numbers from the frequencies of the own oscillations of the conductive sphere, i.e. d)n =®, +A, where |An| <L w,.

The mentioned above divergence between the frequencies is presented in Table [13].

Table.
Comparison of Schumann resonances with the own frequencies of the ideally conductive sphere
Frequency (Hz) Number of mode n
aneney 0 I 2 3 4
Schumann resonances[13], @, 1.8 14.3 20.8 27.3 33.8
Sphere resonances, @, 7.5 15 22.5 30 37.5
Divergence, An = aN)n — a)n 0.3 -0.7 -1.7 -2.7 -3.7

Let us consider the reasons of divergences of resonance Schumann frequencies from the own frequencies of the
conductive sphere.
For this the dielectric permittivity of the layer in spherical capacitor can be conditionally presented in the form:

2
g(a”),,)=[1—£}gj (29)

@

n

where € - own oscillations frequencies of the capacitors battery, Qi = (l +a, ) a?f .a, <<l.

Expression (29) describes the input of dielectric layer into the own frequencies of the ideally conductive sphere.
For the capacitors spherical battery on resonance frequencies we have:

(kz) _5’_5_47TCEB _5’_5_% (30)
n B_cz VE _C2 REd ’

For the ideally conductive sphere:
2\ _ O,
(k) == 31

Second summand in the right part (31) 47C, / V. is not taken into consideration due to its smallness in relation

to 47C,, [V, .

The wavelength of the ideally conductive sphere and capacitors battery is determined with a number of zeros of

Legendre function. Equality (k,f )B = (klf )S = (n + 1)2 / ( 27R, )2 follows from this.

From the expressions (30) and (31), assuming that @, = @, + A, , where |An| << @, we will determine the

n?’
conditions under which the displaced, due to the presence of dielectric layer resonance frequencies of the ideally
conductive ionosphere, correspond to Schumann resonances:
67> R
A =———Fta0, (32)
(n+1) d

Assuming, for example, that the thickness of dielectric layer is small (d << R.), from Table 1 and equality (32)
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we will determine the meaning of parameter &, :

1 d

a, = n—0.3)(n+1). 33
"6’ 7.5RE( J(n+1) =
Expression for lowest Schumann resonances C?)n follows from (32) and (33):
~ (0.3 - n)
o =0,1+—7=: (34)
7.5(n+1)

where n=0,1,2,3,....

Expression (34), unlike presented in [3] expression cT)n = 6.0w/n(n+1) , determines Schumann resonances,

presented in Table 1, with a high level of accuracy.

Taking into account the daily frequency changes of the first harmonic of Schumann resonance, the figure 7,5 in the
expression (34) can obtain the meanings in the ranges from 7 to 11 [14].

Thus, the present section provides determination of resonance of very low-frequency oscillations of the charged
spherical capacitor with dielectric layer, which correspond to Schumann resonances.

CONCLUSIONS

Model of the Earth charge resonance oscillations excitation based on Tesla experiment was offered.

The task is directed on the research of D'Alembert equations for electric and magnetic potentials of the charged
ideally conductive sphere. Based on the offered model connection of the perturbed charge and currency density with
perturbed potentials was determined. It was shown that for high-frequency, harmonically changing in time disturbances
of potentials the D'Alembert equations are transferred in Helmholtz equations, solutions of which in axial-symmetric
case are expressed through Legendre polynomials. Substitution of border conditions into obtained solutions allow to
describe the dependence of the Earth perturbed charged on the polar angle. Based on the found solution, graphic
analyses of perturbed potential distribution on the ideally conductive Earth surface was provided. Obtained solution

describes adequately Tesla experiments on the wireless electricity transfer, conducted in Colorado-Springs in 1899-
1900.

In the very low-frequency spectrum area the Earth constitutes capacitors battery consisting of two placed one in
another spheres, with a thin layer with dielectric permittivityé‘(a)o) and thickness d << R, placed between them.

The own oscillations frequencies of the Earth charge were determined in this frequencies range. It was shown that value
of these frequencies most precisely corresponds to experimentally measured Schumann resonances.
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A complex method for refining lead by distillation in vacuum has been described. A brief comparative description of different
methods of lead refining was submitted. Analysis of different methods showed that to increase the efficiency of lead deep cleaning
the development of complex refining processes is required. The computational studies of the behavior of impurity elements in the
ancient lead are performed. The ideal coefficients of impurities separation o, are calculated at lead distillation temperatures. The
range of volatile and nonvolatile impurities was detected by magnitude o; in lead. Performed computational studies of the impurity
elements behavior in lead formed the basis for developing an integrated method of deep refining of ancient lead. To implement this
approach the special distillation device was developed, and the procedure of deep purification of lead was described.The results of
the study of the deep refining ancient lead have been demonstrated. The cleaning high efficiency of the proposed approach, combined
with high performance and yield of the suitable product, was shown. A pilot batch of ancient lead containing base metal > 99.998 wt.
% suitable for growing high quality scintillation crystals PboWO,4 and PbMoO, has been produced.

KEYWORDS: ancient lead, deep refining, separation coefficients, vacuum distillation, low-background scintillation crystals

PA®IHYBAHHSA AHTUYHOT'O CBUHIIO JTUCTUJISIHIEIO Y BAKYYMI
B.1. Bipiql, 10.B. Fopﬁem«ol, .1l KOBTyHl, C.C. Harop}mi’lz, T.C. Iorina',
1.0. Couronixin’, O.IL ]_Ilepﬁaﬂb1
' Hayionanvruii Hayxkoeuii LJenmp "Xapxiscokuil hizuxo-mexuiunuii incmumym", m. Xapkie, Yrpaina
’INFN - Gran Sasso Scientific Institute, 1-67100 L'Aquila, Italy

OmmcaHo KOMIUIEKCHHH MeTox padiHyBaHHS CBUHINIO AUCTIILALIEIO Y BakyyMi. JlaHa KOpOTKa MOPIBHSUIBHA XapaKTEPHUCTUKA Pi3HUX
MeTofiB padiHyBaHHS CBUHIIO. AHaII3 Pi3HUX METO/IB II0Ka3aB, IO VI MiBUIICHHS e()eKTHBHOCTI INTMOOKOT0 OUUILEHHS CBUHIIIO
HeoOXiJJHEe BiANpalOBaHHSI KOMIUIEKCHHX IpoleciB padiHyBaHHs. BUKOHAHO pO3paxyHKOBI TOCIHIIKEHHS 3aKOHOMIPHOCTI TOBEiH-
KU JIOMIIIKOBUX €JIEMEHTIB B aHTHYHOMY CBHHII. Po3paxoBaHi ifeanbHi Koe(illieHTH MOy JOMIIIOK 0; IPH TeMIepaTypax AUCTHU-
JsILii CBHHIIO. 32 BEJIMYMHOIO O B CBHHIII BUSIBJICHO CIIEKTP JICTKOJIETKUX 1 TPYAHOIETKHX JOMILIOK. BUKOHaHI po3paxyHKOBI A0CTi-
JUKSHHSI TTOBEAIHKH TOMIIIKOBUX €JIEMEHTIB B CBHHII JISIIJIM B OCHOBY PO3POOKH KOMIUIEKCHOTO METOLY IIMOOKOro padiHyBaHHS
AQHTUYHOTO CBUHIIO. [ peanizamnii Takoro miaxomy po3poOieHo creiadbHuil AMCTIIALIHHAN TPUCTPIH 1 oMcaHa mpoueaypa -
0okoro padinyBaHHs cBUHIIO. HaBeneHO pe3ynbTaTH TOCTIHKEHHS MIMO0KOTO padiHyBaHHS aHTHYHOTO CBUHIIO. [IokazaHO BHCOKY
e(eKTHBHICTh OYHUIIEHHS 3aIIPOIIOHOBAHOTO MiIXOAy B MOETHAHHI 3 BHCOKOIO MPOAYKTUBHICTIO 1 BUXOJOM IPUAATHOTO MPOIYKTY.
OTpHMaHO AOCTIIHY MapTil0 aHTHYHOTO CBUHIIIO 3 BMICTOM OCHOBHOTO MeTaly > 99,998 mac. %, mpumaTHOTO ISt BUPOLIYBaHHS
SKICHUX CHMHTWIALIAHUX KprcTaniB PbWO, i PbMoOy,.

KJIIOUOBI CJIOBA: anTnuHHH CBHHENb, TIMOOKE OUYMIICHHS, KOC(Ili€HTH PO3IOJily, BAKYYMHA AUCTWIIALIS, HU3BbKO-(OHOBI
CIMHTHISIIAHI KPUCTATN

PA®UHUPOBAHUE AHTUYHOI'O CBUHIA JUCTUWIISIUEN B BAKYYME
B.. Bnpnql, 10.B. Fopﬁemcol, I'.IL KOBTy]—[l, C.C. HaFOpHLIﬁZ, T.C. Horuna’,
J.A. Comonuxun’, A.II. ]_l_lepﬁaﬂb1
' Hayuonanvmwiii Hayuynwii Llenmp “Xapvkoeckuil ghuzuxo-mexnuveckuti uncmumym’”, 2. Xapvkoe, Ykpauna;
’INFN — Gran Sasso Scientific Institute, I-67100 L’Aquila, Italy

OmmcaH KOMIUIEKCHBIH MeTO/ padMHHPOBAHUS CBUHIA JUCTWUIALMEH B BakyyMme. [/laHa KpaTKas CpaBHUTENbHAs XapaKTEPUCTHKA
Pa3IMYHBIX METOJOB pa)MHUPOBAHMS CBHHIA. AHAIN3 Pa3INIHBIX METOJOB HOKa3aj, YTO JUIs MOBBIMIEHHS 3 deKTHBHOCTH TIy00-
KOH OYMCTKH CBHHIIA HEOOXOIUMa pa3paboTKa KOMIUIEKCHBIX IPOLECCOB padMHUPOBAHUS. BBIOIHEHB! pacyeTHBIE HCCIEIOBaHUS
3aKOHOMEPHOCTHU IOBEJEHMS NPHMECHBIX 3JIEMEHTOB B aHTHYHOM CBHHIE. PaccumTaHbl uieanbHble KOI(QOUIMEHTHI pa3ieneHus
IpuUMecel o, MpU TeMIepaTypax JUCTUIISILUK CBUHIA. [0 BennuuHe o; B CBUHIIE BBISBICH CIEKTP JIETKOJIETYUINX U TPYAHONETYIHX
npuMecell. BBIONHEHHBIE pacyeTHBIE MCCIENOBAHMS MOBEACHMS NMPHUMECHBIX 3JIEMEHTOB B CBHHIE JIETTH B OCHOBY DPa3pabOTKH
KOMIUTEKCHOTO METO/Ia TIIyOOKOTro padMHHPOBAHUS aHTHIHOTO CBHHIA. IS peann3alyi TaKoro MOAXoAa pa3paboTaHO CHEelHalb-
HOE IUCTHULIMHOHHOE YCTPOHCTBO M OMHMCaHa MpoIiefypa IIyOokoro paguHupoBaHus cBUHIA. [IpuBEIeHBI pe3yabTaThl HCCIEN0-
BaHMS IIIyOOKOTO paUHHUPOBAaHUS aHTHYHOTO cBHHIA. IToka3aHa BeICOKast 3()()eKTUBHOCTh OYHCTKU IPEUIOKEHHOTO IIOJIXO0Ja B
COYETaHUH C BBICOKOH NMPOM3BOJUTENILHOCTHIO M BBIXOJOM TOJHOTO Hpoaykra. IloydeHa ombITHas MapTHsi aHTUYHOTO CBUHIA C
CoJIep>kaHueM OCHOBHOro Merajuia > 99,998 mac. %, npurofHoro /Ui BbIpalllBaHUs Ka4eCTBEHHBIX CLIMHTUIUIALMOHHBIX KpHCTall-
1108 PbWO, u PbMoO,.

KJIIOUEBBIE CJIOBA: antiuHblii CBHHEL, TTy0OKasi 04MCTKa, KO3 GHUIUCHTHI pa3aeeHus, BaKyyMHas AUCTHILILNS, HU3KO(DO-
HOBBI€ CHUHTHIIIALHOHHBIE KPUCTAIIIBI
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Lead is an excellent material for passive protection in low-background experiments as well as for the production
of lead tungstate and molybdate crystals for use as optical waveguides in low-background experiments for registration
of rare nuclear decays [1]. Molybdates and tungstates of lead are also the promising scintillators for use at cryogenic
temperatures [2]. However, the conventional lead containing a radioactive isotope *'°Pb the activity of which can be
tens or even thousands of Bq/kg, which is unacceptable to create the low-background scintillation devices. [leproxn mo-
nypacnaza >'°Pb cocrasmser 22,3 roaa. Therefore, a radioactivity of lead, smelted hundreds and thousands of years ago,
can be very low [3-5].

Besides a purity of the radioactive scintillation detectors the strict requirements are imposed to content of stable of
chemical elements, in particular, to the content of transition metals (Fe V, Cr, Mn, Ni, Co, etc.) leading to a reduction of
optical and scintillation properties of crystals. Their content should not exceed ~ (0.1...1) ppm [6].

The developed methods of refining must have high performance, high cleaning efficiency (> 100 fold), high yield
of suitable product (> 95%) and minimal (< 1%) unrecoverable losses of the refined metal.

One method for deep refining of metal is a distillation in vacuum [7, 8]. An interest in the distillation is due to the
fact that this method allows to achieve a high degree of purification of metals with a high yield of good product, and it
is environmentally friendly. However, a simple distillation does not provide the required degree of deep cleaning of lead
with removal of certain impurities. A comprehensive approach to distillation purification of lead is more effective one.

The aim of this work was to study the regularities of behavior of impurity elements in lead during distillation
purification, as well as the study of the complex process of deep refining ancient lead in combination with vacuum
distillation.

EXPERIMENTAL METHODS FOR REFINING LEAD

Producing high purity lead requires multi-step processes that combine different methods of deep cleaning.

Electrolytic methods [9] allow to get a lead with total content of metal impurities of 1...100 ppm, however, to
produce a metal with impurities concentration which meets to modern demands, it is subjected to further purification. In
addition, when electrochemical methods of cleaning lead are used, the emission of harmful gases and vapors inevitably
occurred, so careful precautions are needed.

The heating under vacuum at the temperatures of 750...1250 K is an effective method to remove the separate
impurities (As, Te, Zn) from lead. However, the weak removal of contaminants such as Bi, Mg and Sb is observed at
vacuum heating [10].

The zone re-crystallization can also be used for deep cleaning of lead. Refinement of lead by zone melting has
been widely discussed, wherein the behavior of Sn, Cu, Ag, Au, Mg, Na, Bi, Sb was studied quantitatively and that of
Co, Ni, Fe, Ge, Cd, As — qualitatively. Sn, Sb, Bi, Mg as well as Na with distribution coefficient close to one (K ~ 1)
[11] are the impurities which difficult to remove at zone recrystallization of lead. The disadvantage of this method is the
low yield (60...70%) of suitable product.

An effective way of lead refining is the method of distillation under a vacuum. The method involves
manufacturing to produce a high-purity grades of lead [12].

Computational analysis of impurities behavior in lead
Theoretical basis of the distillation method of refining metals are presented in [13-15]. The distillation method for
refining is based on the difference in the compositions of shared liquid mixture and steam formed therefrom. This
difference is estimated by the value of relative volatility o of separable component (as applied to the refining process by
distillation this value is called the separation coefficient).
In the case of ideal dilute solution, where the activity coefficients of main and impurity elements y5 = yg = 1, the
ideal separation coefficient o; for the molecular evaporation is defined as

pg’\/MR
=AY B 1
¢ PsIM, O

where pg , pg are the vapor pressure of pure main and impurity components A and B; M, and Mjp — the molecular

weight of A and B, respectively.

Using expression (1), the ideal separation coefficients of impurities a;, the values of which are given in Table 1
below, were calculated at temperatures of lead distillation.

By a magnitude o; the impurities in lead can be separated into volatile (Zn, Te, Mg, Sr, Tl, Bi, Ca, Li at al.) with o;
~1072...107%, and nonvolatile (Mn, Ag, Al, Ni, Co, Cu, Sn, Si, Cr, Fe, U at al) with a; ~ 10%...10°. For most of impurity
elements the values of ¢; are significantly different from 1, which suggests an efficient cleaning of lead. Vapor pressure
values of the elements at given temperatures were taken from paper [16].

Listed in Table 1 the values of a; are used to calculate the efficiency of purification of the melt (x,/x,) vs the mass
change (G,/Gy) at 1100 K and dependence of the degree of purification of condensate (x,/xo) vs fraction of distillation
(G/Gy) at 1200 K. The parameters are as follows: xo, Xp and x - initial and final content of impurities in the melt and in
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the condensate of component A, weight %; Gy, Gp and G - the initial and final mass of melt and condensate. Such
calculations for separate impurities are given in [17]. Calculations indicate that for impurities with o; < 10~ the removal
of volatile impurities from lead by distillation them from the melt will be effective procedure which accompanied by a

loss of base metal < 5%.

Removal of low-volatile impurities by distillation of lead into condensate will be effective

one with the yield of suitable condensate of more than 95% already at o; > 5-10". These data were taken into account

when creating the distillation device and for the choice of mode of lead distillation process.

Table 1
Calculated values of the ideal coefficients of impurities separation a; at molecular distillation of lead under vacuum
T=1100 K T=1200 K T=1300 K

Na 7.2-107 - -

Mg 6.4-10" 1.0-10” 1.6:10°
Zn 1.5-10" - -

Li 4107 5.3:107 6.7-107
Tl 8.5:107 9.8:10° 1.1-10™
Te 8.2:107 3.5:10" -

Bi 6.3:107 7,4:107 8.8:107
Ca 44107 3.4:107 43107
Sr 1.2-:107 1.4-107 24107
Ba 1.2:10™ 1.5-10" 1,8:10
Pb 1 1 1

In 3.8:10" 2.5:10" 1.8:10"
Sb 5.9-10' 3.6:10' 2.5:10"
Mn 1.4-10° 6.3-10" 3.3-10°
Ga 5.3-10° 2.6-10° 1.4-10°
Ag 6.3-10° 2.6:10 1.410°
Al 4.4-10° 1.6:10° 6.7-10°
Ni 1.2-10* 3.1-10° 6.1:10°
Be 1.6:10" 4.4-10° 1.6:10°
Co 3.8:10" 9-10° 2.7-10°
Sn 4.9-10* 1.7-10" 7.4:10°
Sc 5.6:10" 1.4-10" 4.6'10°
Cu 1.2-10° 3-10* 9.8:10°
Nd 2.7-10° 7,8:10* 3.4:10*

U, V, TI, La, Fe, > 105 > 105 > 105

Si, Au, Ge, Cr

Initial lead

The subject of study was the ancient lead. The sunken 36-meter ship, which went from Spain to Italy, was
discovered by archaeologists at the bottom of the Mediterranean Sea near the island of Sardinia in 1988. The more than
1,500 ingots of lead with weight of about ~ 33 kg each (Fig. 1) were on board among the transported cargo. The ship
with the lead located on it, which spent about two thousand years on the seabed at a depth of 30 m, was perfectly
shielded from exposure of cosmic rays.

- gl
Fig. 1. The ingots of archaeological lead with stamps (photo INFN / Cagliari Archeological Superintendence).
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Distillation device and a procedure of deep refining of lead

The main stages of the complex process of lead refining were as follows. The first stage — filtration of lead
combined with heating to remove surface contaminants and various impurities as well as gas-forming impurities. The
second stage — re-condensation of metal into superheated liquid phase to remove the low-volatile and volatile impurity
elements.

The special distillation device was developed for the implementation of complex method of deep refining [18, 19].
The apparatus for the distillation was produced of high-pure dense graphite of MPG-7 grade with a minimum content of
impurities, having a chemical inertness with respect to lead. Fig. 2 shows a scheme of a distillation device for refining
lead.

A feature of lead is that it belongs to a low-melting metals (T, = 600.5 K) and has a low vapor pressure at the
melting temperature (4.3 x 107 Pa) [16]. Earlier studies on vacuum distillation of other fusible metals (Cd, Zn, Te, etc.)
show that acceptable rates of evaporation in the processes of distillation correspond to pressures of the vapor at a level
(27...80) Pa, that for lead corresponds to the melt temperature 1200...1250 K [16]. These features were taken into
account when developing the new approach to the process of lead refining.

000
O[‘
b2t

@)

[ oo

Fig. 2. Scheme of the distillation device for refining lead: A - initial lead; B - refined metal; 1 - condenser 2 - crucible 3 -
heater, 4 — hole (aperture) 5 - steam deflector.

The operation of the device for lead refining by vacuum distillation consists as follows. The initial lead was pre-
warmed and subjected filtration under vacuum. Then, the filtered lead weighing about 1.5 kg was placed in the crucible
2, the device chamber was evacuated and supported under a pressures of not more than 10" Pa during refining. Lead
melt was heated up to 1220 K, then it was evaporated and collected in the condenser 1 at a temperature about 1120 K in
the form of refined metal B. The removal of low-volatile impurities (Cu, Fe, Si, Ni, Co , V, Cr, Au, Ag, Al, Tl, Sb, Sn,
Mn, etc.), remaining in a lead residue in the crucible 2, was occurring during evaporation of lead to 95% of the initial
charge. Volatile impurities, that partly transferred into the condenser together with lead during its condensation, were
removed through a hole 4 in the condenser due to the exposure of purified condensate during the refining process (~ 5
hours) at a temperature (Tcong. = 0.8Tevapor). Te lead was subjected to a double distillation according to the described
procedure. After each distillation process, the residue in the crucible was about 30...50 g. The Fig. 3 shows a photo of
refined lead after distillation.

Fig. 3. The distillates of the refined ancient lead by the weight of ~ 1 kg each.

RESULTS AND DISCUSSION
Content of impurities in lead samples was determined by laser mass spectrometry of high resolution with double
focusing according to Mattauhu Duke MS-3101 with registration on the film, to measure optical density of which the
microphotometer registering [IFO-451 was used.
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The main advantages of mass spectrometers having ion source and laser dual focus are on the one hand, the high
absolute and relative sensitivity, and on the other hand, the possibility of simultaneous registration with subsequent
quantitative determination of almost all elements (from lithium to uranium). Random error of the analysis results is
characterized by the value of relative standard deviation 0.15...0.30.

Analysis of impurity elements in the initial ancient and refined lead was performed for 72 elements. The content of
the main impurity elements in the initial and refined lead is shown in Table. 2. Moreover, the table indicates only the
impurity elements, the content of which in the initial lead was at a level exceeding the limit of sensitivity of the laser
mass spectrometer. The concentration of other impurities in the refined lead was below the detection limit of the method
of laser mass spectrometry: for Rb, Y, Zr, Nb, Ru, Pt, Au < 1-1072 ppm; for Sc, In, Te < 110! ppm; for Se, Pd < 1 ppm.

The purity of the initial lead on the sum of impurities is about ~ 99.7 wt. %. It should be noted that the main
impurity elements in the initial lead are Cu, Ag, Sn, Sb, and their multiplicity of distillation removal is the value from ~
100 to 600. The purity of lead after refining with taking into account these and the other impurities is > 99.998 wt. %.

A number of impurities (Na, K, Ca, S, As) there are also in the initial lead, and the removal efficiency of this
elements is low - 1.5...2.5. Such situation for sodium can be explained by the fact that its content is at the sensitivity
limit of the method definition, and calcium, sulfur and arsenic is apparently transferred to the refined metal in the form
of stable compounds. Nevertheless, the proposed lead refining procedure (heating, filtration and a double distillation)
provide a high (more than 100 fold) the efficiency of metal purification.

Table 2
The content of the main impurity elements in ancient lead before and after refining by distillation under vacuum
before refining | after refining
Element
content, ppm

Na 0.05 0.05
Mg 0.08 <0.03

Al 0.12 0.009

Si 0.044 <0.04

S 0.76 0.4

K 0.1 0.045

Ca 0.2 0.16
Mn 0.12 <0.07

Fe 0.1 <0.08

Ni 0.37 <0.1

Zn <0.2 <0.2

Cu 23 <0.05
As 1.6 0.8

Ag 300 <0.5

Cd <0.8 <0.8

Sn 1800 7.7

Sb 560 6.3

The authors of this work have produced earlier a pilot batch of the Greek archaeological lead with an upper limit
for a wide range of elements at the level 0.1...0.6 ppm [17, 18]. On the basis of obtained high purity Greek lead the
high-quality scintillation single crystal of tungstate lead PbWO, was grown. The crystal was successfully used as an
optical fiber in a low-background experiment to search for double beta decay '°°Cd with the help of scintillator
1%CdWO, in an underground laboratory in Gran Sasso, Italy [20].

Thus, proposed in this paper the complex method of lead refining allow to produce a final product of more than 2
orders of magnitude purer compared with the initial metal. The obtained so ancient lead is supposed to use for the
growth of scintillation crystal of tungstate and molybdate of lead.

CONCLUSIONS

The computational studies of the behavior of impurity elements in the ancient lead were carried out. Ideal
coefficients of impurities separation (o;) were determined at the temperatures of distillation and condensation of lead, on
the basis of these coefficients the range of low-volatile and volatile impurities was identified during refining of lead by
distillation under a vacuum.

A complex method of refining in combination with vacuum distillation was proposed and investigated in the work
for the deep cleaning of ancient lead. To implement such method, the special distillation device has been developed and
tested. The purification efficiency of the proposed method is better by more than two orders of magnitude relative to the
initial purity.

The pilot batch (~ 2.5 kg) of ancient lead of a purity > 99.998 wt % suitable for the growing scintillation crystals
PbWO, and PbMoO, was fabricated.
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The spectral parameters ultrafine particles Zn,SiO4-Mn, precipitated on the substrate in a magnetic or electric field have been
investigated. For getting fine particles industrial phosphor K-60 (Zn,SiO,-Mn) was used. Luminescence spectra were obtained on a
sample when exposed to ultraviolet light or a beam of charged oxygen ions. When excited by ultraviolet spectral characteristics have
difference for samples with different dimensions of the crystals. As for the industrial design luminescence spectrum had a band with
Amax = 521 nm, and for the ultrafine crystals willemite spectral band had A, = 550 nm. Analysis ionoluminescence spectra showed
that the reduction of crystal size Zn,SiO4-Mn not affect the spectral characteristics of the excitation beam with low energy oxygen
ions. The luminescence spectrum when exposed to low-energy ions (1-3 KeV) has a band with A,,x = 521 nm and a half-width AA =
41 nm. When measuring the width of the forbidden zone has been established bandgap dependence on the size of the phosphor
crystals. The width of the band gap increases with decreasing crystal size to nanoscale sizes. A significant effect was obtained when
deposited on a substrate in the nanoscale crystal magnetic or electric field. As for the industrial design the bandgap was 4.16 eV, and
for the besieged in the magnetic and electric field of 4.27, 4.29 eV, respectively.

KEY WORDS: the spectrum, ultra-fine crystals, photoluminescence, ionoluminescence, magnetic field, electric field

CIIEKTPAJIBHI IIOKA3HUKHU APIBHOAUCHEPCHUX YACTUHOK Zn, SI0,-Mn, OCAJ’)KEHHUX 3 BOJHOI'O

PO3YHUHY HA HNIJJOXKY Y EJEKTPUYHOMY TA MATHITHOMY IIOJIL
B.I. TroTroHHNKOB
Tpuasoscoxuii [lepocasnuii Texniunuii Ynieepcumem
M. Mapiynons, éyn. Yuisepcumemcoka, 7, 87500, Yrpaina
JocnimkyBanucsi ceKTpaibHi HapaMeTpu YIbTPaJAUCIEPCHUX YaCcTHHOK Zn,SiO4-Mn , ocakeHHX Ha OCHOBY B MarHiTHOMy a0o B
eJIEKTpUIHOMY 10Ji. [yt oTprMaHHS APiOHOAMCIIEPCHUX YACTWHOK BHKOPHCTOBYBAIM MPOMHUCIOBUE mMoMiHOGOp K-60 (Zn,SiOy4-
Mn ). CriekTpH JTIOMIHECICHIIIT OTPUMYBAIIK 32 BIUIMBOM Ha 3pa3oK yibTpadioneroM abo MydKOM 3apsKCHHX 10HIB KucHIO. [Ipu
30ymKeHHI ynbTpadioleToM CIeKTpaibHI XapaKTePHCTHKU MaJlM BIAMIHHICT IJIS 3pa3KiB 3 Pi3HOIO PO3MIPHICTIO KpHcTaliB. OTxe
JUISL TIPOMHCIIOBOTO 3pa3Ka CIEKTP JIIOMIHECHEHIT MaB CMYTY 3 Ayax = S21HM, a JUIs yIbTPaAUCIIEPCHUX KPHCTANIB BIIEMITa CIIEK-
TpaibHa cMyra Oyina Ay, = SS0HM. AHaJTI3 CIIEKTPIB 10HOJFOMIHECIICHIIII [TOKa3aB, 10 3MIHIICHHS PO3MipiB KpucTaliB Zn,SiO4-Mn
HE BIUIMBAE HA CHEKTPAJIbHI MOKa3HUKH NMPU 30y/DKEHHI ITyYKOM 10HIB KHCHIO HU3bKHX eHepriil. CekTp JroMiHeceHuii mia yac il
ionamu Hu3bkuX eHepriit (1-3 KeV) mae cMyry 3 Ay, = 521uM i HaniBmmpunaoo AA = 41um. Ilix yac BUMipIOBaHHS LIMPHUHH 3a-
00poHEHOi 30HH OyJIa BCTAaHOBJICHA 3aJISKHICTh IIMPUHHU 3a00pOHEHOT 30HU Bifl po3MipiB KpHcTaiiB moMiHopopa. [lupuna 3a60po-
HEHO1 30HU 301IBLIYETHCS MiJ] Yac 3MEHIIEHHS PO3MIpiB KPUCTATIB JO HAHOPO3MIPHUX BENWYMH. 3HaYHUH ehekT OyB OTpUMaHH i
4ac Oca/KEHHS Ha MiAJI0KKy HAHOPO3MIPHUX KPHCTANIB B MarHiTHOMy abo elekTpudHoMy moii. OTke I MPOMHCIOBOTO 3pa3ka
mypuHa 3a00poHEHOI 30HU ckiana 4,16 eB, a Ui oca/ikeHHX y MarHiTHOMY Ta enekTpuuHomy noumi 4,27; 4,29 eB BianosigHo.
KJIIOYOBI CJIOBA: criexTp, yabTpaanucepcHi KpUcTaiy, (OTOIIOMIHICICHIIS, IOHOTIOMIHECIIEHIisl, MAarHITHE TI0JIe, eICKTPUIHE
oJie

CIEKTPAJIBHBIE XAPAKTEPUCTHKH MEJKOJIUCHEPCHBIX YACTHII Zn, SiO,-Mn, OCAKIEHHBIX U3
BOJHOI'O PACTBOPA HA NOAJIOKKY B QJIEKTPUYECKOM NJIN MAT'HUTHOM I10JIE
B.U. ToTIOHHUKOB
Ipuasosckuii I'ocyoapcmeennvuii Texnuueckuii Ynugepcumem
2. Mapuynonw, ya. Yuusepcumemckas, 7, 87500, Yxpauna

HccnenoBanuchk CEKTpaibHBIC TapaMeTPhl yIbTPATUCIIEPCHBIX YacTull Zn,Si04-Mn, ocaxIEHHBIX Ha MOUIOKKY B MATHUTHOM WIIH
B 2JIGKTpHYECKOM MoJie [ moydeHus] MEIKOAUCICPCHBIX YaCTHIl UCIIOJB30BAIIM MPOMBIILIICHHBIN JIoMUHOPOp K-60 (Zn,SiOy4-
Mn). CriekTps! JIOMUHECIIEHIUH [OTyYalld IPH BO3IEHCTBUH Ha 00pa3ell yIbTpaduoineToM WIH ITyYKOM 3apsDKCHHBIX HOHOB KHCIIO-
poza. IIpu Bo3OyxaeHHN yinbTpaduoNeToM CHEKTPAIbHbBIE XapaKTePUCTUKY OTIMYAINCH Ul 00pPa3LoB ¢ PA3INYHON pa3MepHOCThIO
KpHcTa/uioB. Tak Ui MPOMBIIUICHHOTO 00pasiia CIEeKTP JIFOMUHECICHIIUK UMEI TIOJIOCY € Aya=521 HM, a AJsl yJIbTPaJAUCTICPCHBIX
KPHUCTAJIOB BHJUIGMHUTa CIIEKTPAlbHAsI I10JI0CA HUMENa Ay,=550 HM. AHaiM3 CHEKTPOB HMOHOJIOMHHECLUEHIMH [0Ka3al, YTO
YMEHBIIEHHE Pa3MepoB KpHCTALIIOB Zn,SiO4-Mn He BIUSET Ha CHEKTPaJIbHBIE XapaKTEPUCTUKU NPH BO30YKICHUH MyYKOM HOHOB
KHCIIOpoJa HU3KUX dHepruid. CIeKTp JTIOMUHECHCHIIMH PU BO3ACHCTBUN HOHaMHU HU3KUX >Hepruil (1-3 kaB) nmeer momocy ¢ Ay
=521 um u monymmpunoid AA=41 am. [Ipu n3MepeHnN MUPHHBI 3aTPEIIEHHON 30HBI OblIa YCTAHOBIICHA 3aBHCUMOCTD IIMPUHBI 3a-
MIPeIEHHOI 30HBI OT pa3MepoB KPHUCTAILIOB JtoMHHOGopa. [lupruHa 3anpeméHnoil 30Hbl YBEIMUUBACTCS IPH YMEHBIICHUH pa3Me-
POB KPHCTAJUIOB 10 HAHOPA3MEPHBIX BENNYNH. 3HAYNTEIBHBIH 3P dexT ObUT MOydeH IpH OCAKAESHUN HA ITOUI0KKY HAaHOPa3MEPHBIX
KPHUCTAZIOB B MAarHUTHOM WJIM JJIEKTPHYECKOM Iojie. Tak Juls NPOMBIIUICHHOTO 00pasia MUpHHA 3arpeliéHHON 30HbI COCTaBUIIa
4,16 5B, a u1s1 OCXXIEHHBIX B MArHUTHOM M dJIeKTprudeckoM mode 4,27, 4,29 3B cooTBETCTBEHHO.

© Tyutyunnikov V.I., 2016
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KJIIOUEBBIE CJIOBA: criekTp, ynbTpaauciepcHble KPUCTALIBL, (GOTOTIOMUHECIEHIHS, HOHOIIOMUHECIICHIINS, MarHUTHOE IOJIE,
JNEKTPUIECKOE MoJIe

HccrmenoBanust ONTHYECKUMHU METOIaMH CTPYKTYP C MMOHMKECHHOW Pa3sMEpHOCTHIO HHTEHCHBHO Pa3BUBAIOTCS B I10-
creHue AecATHIeTHA. HaHOYacTHIBI, Kak OTMEYaeTCsl B JUTEpaType, 00JamatoT OTPOMHBIM IOTEHIIMAIOM B 001acTH
npuioxenuii pororuku [1]. MccnenoBanue ONTHYECCKUX CBONCTB HOHOB MEPEXOHBIX METAIJIOB M HAHOYACTHII, & TaK-
JKE U3yUCHHE TUHAMUKH BO30YKIEHHOTO COCTOSHHS HOHOB IMEPEXOHBIX METAUIOB B YIBTPAJAUCICPCHBIX CPEAaX UME-
€T BaXXHOE HayYHOE W MPaKTHYECKOe 3HaueHue. [ [MHKCHMIMKAThI, JOMUPOBaHHBIE HMOHAMH MapraHlila, TOKa3bIBalOT XO-
POIIIHE JIFOMUHECIICHTHBIC CBOICTBA, YTO MAET BO3MOXKHOCTh UCIIOJIb30BaTh UX B KAUECTBE JIIOMUHO(DOPOB MPH MPOU3-
BOJICTBE IIA3MCHHBIX JUCIUICEB, JUCIUICEB C MOJICBOW IMUCCHUCH, IFOMUHECIICHTHBIX JIAMI U KaTOAO-Ty4EBBIX TPYOOK
[2,3]. DT MaTepuanbl, Takxke, 00JIAAA0T XOPOITUMI MEXaHHUECKUME CBOMCTBAME, XUMUYECKOH U TEPMUIECKOH CTa-
OmbHOCTRIO. HO B CBSI3M C TOCTOSHHBIM BO3pacTaHHEM TPEeOOBaHUI K HCIOIB3yeMBIM MaTepHaliaM IPOBOJISATCS
YCOBEPIICHCTBOBAHMS JAHHBIX JTIOMHHO(OPOB, YTO OTKPHIBACT HOBBIC 00JACTH IS MX IPUMEHEHUS [4]. AKTyaIbHBIMH
OCTAIOTCSI TIONCKH CTAaOMIIBHBIX 3€NEHBIX KpHcTAnIohochopoB s MpUMEHEHHWS W B APYTHX OONACTAX, TaKUX Kak
JIO3UMETpUs, pagapsl U ap. s MOBBIIICHUS SIPKOCTH M Pa3pelIeHus] STHX IUCIUICeB BaKHO CHHTE3UPOBATH JIFOMHUHO-
(opbl ¢ BBICOKOH KBaHTOBOH 3¢ (deKTUBHOCTHIO [5]. OnHaKo emé He MonyyeH 3eNEHbli JIIOMHHO(Op Ha OCHOBE BHILIE
MuTa, 3O(OEKTHBHO HM3ITydYaromuid MpH BO30YKACHHH B oOjgacTd BY® W uMeromuil JUIMTEILHOCTh MOCIECBEYCHHUS
meHee 10Mc. B 3aBUCHMMOCTH OT KPUCTA/UTUYCCKOW MOAMGDUKAIMKM CUIMKATA [[UHKA, IPUPOBl U KOHICHTPAIMH MIPH-
MECHBIX HOHOB, SHEPTHH BO30YKICHHS, TH MaTepHAIIBI IPUOOPETAIOT (POTOTIOMHUHECIICHTHBIC CBOMCTBA C M3ITyYCHHEM
B 3€JICHOW WITH XENTOU obnmacT BuaMMoOro ceera [6-11]. Haubombiiee npruMeHeHHE TONYYMIH MaTepHajbl HA OCHOBE
TEPMOIUHAMHYCCKH CTaOWIFHON U BRICOKOKPHUCTAIUTMYCCKON O-MOAU(MUKAIIUY CHITUKATa IIMHKA, JTOMUPOBAHHBIC HOHA-
MU MapraHiia W u3Iydaronme 3ei€Hbeiid cBeT. CJOoXKHEE IONyYeHHE MaTCpUAIOB Ha OCHOBE [-MOIU(DHUKAINA
Zn,Si04-Mn, m3mydaromux xENTHIH CBET, YTO CBSA3aHO C mpeBpameHueMm B - Zn,SiO4 B o - Zn,SiO4 mpu ~900°C
[10,11]. Cunukar mUHKA MONYYalOT TBepAoga3zHeIM MeToaoM [12], 3omb-rems Meromom [13,14] ¢ ucmonb3oBaHUEM
MMOTUMEP-HBIX TpeKypcopoB [15] m Me3omopucTHIX KpeMHe3eMHBIX MaTpull [16,17], cmopeii-mupommzom [18,19],
runpoTepManb-HeIM MeTozoM [20] u np. Kak mpaBuiio HaHOMaTepHaibl HAHOCATHCS Ha CIICIHAIBFHO ITOATOTOBICHHYIO
TTOJITOXKKY.

Lenpro maHHON pabOTHI SIBIISETCS MCCIENIOBAHNE CHEKTPATBbHBIX XapaKTEPUCTHK MAaTEPHAIOB, MOIYUYCHHBIX MpPHU
OCXKICHUHM MEJIKOIUCIIEPCHBIX KPUCTALUIOB Zn,Si04-Mn Ha MOMIOKKY HE TPEOYIOIIYIO CIECIHAIbHONW MMOATOTOBKH B
3JIEK-TPUYECKOM M MarHuTHOM Tose. IIporecc BBIMOMHSICTCA B OTKPBITOW aTMocdepe, UYTO MAaET BO3MOXKHOCTH
HCTIOJIB30BaTh OOJIBITYIO THOKOCTH [T IPOM3BOJICTBA MATEPHATIOB HA OCHOBE BHJIJICMHUTA.

SKCIHEPUMEHT

CrieKTpaibHbIe XapaKTEPUCTUKH HCCIIEIOBATINCh HAa BHICOKOBAaKYYMHOH YCTaHOBKE, TEXHHYECKHE INapaMeTphl
KOTOpOH mpencTaBieHsl B pabore [21]. DkcriepuMeHTaIbHAs YCTAHOBKA MO3BOJISIET M3Y4aTh CHEKTPHI HOHOIIOMHHEC-
nermmn (UJ1) n poromomuuecuentm (PJI). MukpodoTorpaduu oOpasiioB ObUTH MOTYICHBI Ha JICKTPOHHOM MHKPO-
ckore - JSM-6390LV. KoadpdunueHT nporryckanus n3Mepsuti Ha criektpodoromerpe CPD-46, 3aTeM MOTydIeHHBIE AaH-
HbIE MCIIONB30BANIN I ONPEIEIICHUs] LIMPUHBI 3alpelIEHHON 30Hbl. MeToauKa onpeaeneHus IHUPUHBI 3aNPEIEHHOM
30HBI TOJyTIPOBOJHUKOB MpeACTaBieHa B pabortax [22,23]. MenkoaucnepcHble KpucTtamisl Zn,SiO-Mn mosrydanu
myTéM pas3zeicHus Ha (GpakiMk B KOJUIOUIHOM BOJHOM PacTBOPE MpOMbINuIeHHOTo JoMuHopopa K-60. KommouaHsiii
pacTBOp BBIICPKUBAJICS B NMPOOMPKEe NMpUMEpHO Tpu Hexaenu. [locie atoro uis wccienoBaHuil ucmoinb3oBanach 1/3
pacTBOpa U3 BepxHed yacth npoOupku. OOpasiubl Al UCCIESIOBAaHHUS HAHOCWIMCH Ha TOMJIOXKKY M3 HeprkaBerolen
CTaJli, WIK TUTACTUHKY W3 KBAapIICBOTO CTEKJA, B BHIC dMyibcun Zn,SiO4~-Mn BOJHOTO pacTBOpa, 3aTeM BOJA yJalisi-
Jach MyTEéM BeIMapuBaHus. TeMmnepaTypa HOJIOXKKH, IPHU yJaJCHUH BOJBI, MOoAAepKUBanachk B npeaenax 65°C. Taxoit
PEKUM HCTapeHus TaéT BO3MOXKHOCTH 3 QEeKTUBHEE yJallMTh BOLY M3 0o0pasla M, B TO )K€ BpeMs, HE CIIOCOOCTBYeET
00pa30BaHMIO KOHBEKTHBHBIX ITOTOKOB, KOTOPHIE HE MO3BOJIOT 3a()MKCHPOBATh YACTHIBI B ONPEACIEHHOM ITOJIOXKE-
HuH. [Iporiecc HaHECEHHS SMYJIBCHU MPOM3BOAMICSA 5-6 pa3 10 00pa3oBaHMs MAaTOBOro Hajéra Ha MouIoKKe. Vccie-
JOBAIKCH 00pa3ubl Zn,SiO4-Mn, HaHEeCEHHBIE HA MOJUIOXKKY, KaK NMPH OOBIYHBIX YCIOBHSAX, TaK U B MarHUTHOM U B
aneKTpudeckoM mnose. OcaxIeHne yIbTpaJuCIIepCHBIX YaCTHI] MPOBOAWIN B MAarHUTHOM I0JI€ ¢ MHAYKIMEH MarHuT-
Horo nons: 0,30Tn. Ilpu ocaskaeHNM 9acTHIl B AJICKTPUUECKOM I0JI€ HANPSHKEHHOCTD 3JIEKTPUIECKOTO MO COCTaB-
asra 10° B/M. CriekTpsl MOTydYain ¢ TOMOIIBI0 MOHOxpomaropa 3MP-3 (oGpaTHasi aucriepcHst B CHHEHl 06IacTH
cuekrpa 0,5 HM/MM). B kauecTBe perucTpUPYIOIIETO YCTPONUCTBA UCIOIBb30BaIK (OTOIICKTPOHHBINA yecminuTels (PDY
84-3). Curnan ¢ @DV ycunupancs ycunuteneM Y-5-11 u 3anmuceiBancs Ha auarpamuyto jeHty camonucna (KCII-4).
Hust Bo30yxnenuss DJI npumensinack prytHas jiamna JPII-250 co cBerodunbrpom YOC-2 (0bnacTh npomycKaHus
csera hv=3,35-5,00 3B). [lns Bo30yxxaenust WJI cnyxuina riia3MeHHass MOHHAsI yIIKa (KUCJIOPOA) C SHEpPriueld MOHOB
0,5-3,0 k3B, nonnslii Tok ot 0,004 no 3,5 pA. MHAYKUMS MarHUTHOTO MOJI U3MEPSUIACh “U3MEpPUTENIEM MarHUTHOM
naayknun 111-8”. 3anucek cnekTpoB Npou3BOAMIACH IMPU KOMHATHOH Temmeparype. s cpaBHEHHs 3alUCBIBAINUCH
crekTpbl OJI 1 crieKTpsl HOHOIIOMHHECTICHIINH, TOTyYeHHBIE TIPH BO3/I€HCTBIM HOHAMH KHCIopoaa Ha obpazer WL

PE3YJIBTATBI 1 UX OBCYKJIEHUE
B nanHOi1 paboTe 6bUTH HCTIOIB30BAHBI (POTOMIOMUHECIICHINSA M HU3KOIHEPTeTHIECKas! HOHOMOMHHECIIEHIINS, KO-
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TOpBIE SIBJISIOTCSI BeCbMa MH()OPMATHUBHBIMU M HMIMPOKO HMPUMEHSIOTCS U U3Y4YEHUs! yIIbTpaIuclepcHbIX cucteM. Ha
(puc.1) mnpencrasnensl crnektpbel PJI o0pasnoB mnpombinuieHHOro soMuHodopa K-60 (mHMs-a) u  oOpas3uoB
TIOJTYYEHHBIX TIPH OCAXICHUU YacTHUI] yIbTpaaucrnepcHsix kpuctawios (Y /K) npu oObdHEIX ycoBusax (MuHUA-b), mpu
OCa)XJICHUH B MarHUTHOM noJie (JIMHUSA-C), IIPU OCAKACHUH B IEKTpUueckoM roiie (auHust- d). [lomydeHHslil B taHHON
pabote cmnekrp DJI (puc.la) mpomeinuieHHOTO TFOMUHOGOpa Zn,SiO;-Mn (K-60) mpepcraBieH MOIIOCOH ¢ IUTHHOM
BOJIHBI B MakcuMyMe: (Awax =521 HM) U ¢ monymmpuHO# AA=41 HM M oxBaThIBaromlel nuama3oH oT 460 mo 610 HM.
Anamm3 MHUKpodoTorpaduu TMPOMBIIUIEHHOTO IOMHHOGopa (puc.10) TOKa3BIBaeT, 4YTO pa3Mephl KPHCTAIUIOB
Haxoxaarcs B mpexenax 500-20um. Crmektp @JI ams obpasma, MONMYYEHHOTO MYyTEM OCAKICHUS MEIKOIUCIIEPCHBIX
KPUCTATOB Zn,SiO;-Mn Tipy OOBIYHBIX YCIOBHSX Ha MOJUIOKKY HpeacTaBieH JuHueH (puc.1b) ¢ Ay,=550HM u ¢
nomymupuHoit AA=40 HM u oxBaTbhIBatommeil auana3oH ot 490 mo 620 um. Crnextpsl @JI s 006pasioB, MOTYyYSHHBIX
nyTéM ocaxxaenus Y /K BuiiemMuTa Ha MOIJI0KKY B MATHUTHOM MoJie (pHC.1c) MMEIOT MmapaMeTphl ¢ Ay=546 HM | C
nonymupuaoin AA=40 HM oxBatbiBatoiieil quanasoH ot 480 no 620 um. Crnexrpsl DJI s oOpas3noB, MOTy4YEHHBIX
myTém ocaxaenust Y JIK Zn,SiO,-Mn B anexTpuueckoM nodie (puc.1d) Ha MoUIoKKy UMEIOT HapaMeTphl C Ay, =551 HM 1
¢ monymmpuHoi AA=38 HM 1 umeroT nuamna3oH ot 490 1o 620 HM.

d
C
b
- A ' - ’
- .
-
- 8 . - 2 .
< /
f T P t
e
l/ T
600 A (nm)
a) 0)

Puc.1. Cnextpsr ®JI muist 06pa3noB Zn,SiO4-Mn u MukpodoTorpadus HexogHOTo 00pasia
a) a-mpombinuieHHBIH JomuHOGOp (K-60) Zn,SiO4-Mn, b- MuKpodacTHIBI, OCaKAEHHBIC IPH OOBIYHBIX YCIOBHAX, C-
MHUKPOYACTHUIIb, OCAXIEHHBIE B MAaTHUTHOM TI0JIe, d- MHKpPOYACTHUIBI, OCAXKIEHHbBIE B JIEKTPHUECKOM IToJie, 6) MUKpohoTOTrpadus
npoMmbIuieHHoro oopasna K-60 (Zn,Si04-Mn)

AHanu3 cnekTpos (puc.la) nokassiBaer paznuune Mexnay crektpamu @JI st ucxonHoro obpasia, HaHECEHHOTO
Ha IOJUIOKKY OOBIYHBIM criocoOoM 1 cniektpamu Y JIK, HaHeCEHHBIX Ha IOJUIOKKY B 3JIEKTPUYECKOM U MarHUTHOM I10-
ne. BumHo, 4TO MCXOAHBINH 00pa3en UMEeT CHEeKTP NMPHUCYHIIMH KPUCTAIIMYECKOH CTPYKType 0-Zn,SiO4-Mn (pemérka
pomGosprueckas RY). Droii cTpykType IpHCyIe H3TydeHHE B BHIMMON OOIACTH C Ayay=510-530 HM 1 XOpOLIO M3-
BECTHO B JuTeparype [24-26]. B naunoii padore cnekrpst ®JI VK (puc.1b,c,d) uMeroT criekTpaibHbIE XapaKTepHc-
THKH C Ay =546-551 HM. EcTb paboThl B KOTOPBIX JIIOMHHO(OPH! ¢ MOTOOHBIMH CHEKTPaMH OTHOCAT K 0-Zn,SiOy4
KPUCTAJUTHIECKOH cTpyKType [27,28] B OompmmHCTBE paboT 0TMEYaeTCsl, YTO BIUDIEMHUT CO CTPYKTYpoit B-Zn,SiO4-Mn
AMEET CHEKTP C Ayp=570-580 um [13,17,26,29,30]. DT0 OOBSICHAETCS TeM, 9YTO JIFOMHHECIICHITUS HOHA Mn?" B
kpucramie Zn,SiO,;:Mn** (nmepexon 4Tlg(“G)—f’Alg(éS)) HaOmomaercs B 3eneHoi obmactu (490-540 HM) TSt coennHe-
HUH ¢ KOOPIWHAIIMOHHBIMH YHCIaMHU K.4. 4 1 8 u B opamkeBo-kpacHOH (570-640 M) mns coenmHeHnit ¢ K.4. 6 [25].
Ecmu mpusATh TO, 4TO cnekTpsl (puc.lb,c,d) momydeHsl OT cMecH BHJUIEMHTA CO CTPYKTypamu - u [-Zn,SiO4 , TO
NOJIYIIUPHHA 3TUX CIIEKTPOB JOJDKHA ObITh B mpenenax AA=70-80HM. B naHHO# paboTe Mmosy4eHbl CIIEKTPBI C MOJy-
mnpruHOi AA=38-40HM. YMeHbIICHUE NOITYIIUPHUHBI TI0JIOC CBHICTENLCTBYET O CTPYKTYPHUPOBAHHOCTH CHEKTPaIbHBIX
JIMHUH, 4TO B CBOIO OY€pe/b YKa3bIBaeT Ha yJyUIIEHNE JIIOMUHECHEHTHBIX XapaKTepPUCTUK KpUCTaIa. DTOMY, BUIHMO,
CIIOCOOCTBYET HalpaBJieHHast ONpeJIeNIEHHBIM 00pa30M OPHEHTAIMsI KPHCTAJUIOB B MArHUTHOM WJIM 3JICKTPHYECKOM I10-
je. BuneMur sBisieTcst TMaMarHeTHKOM, YTO CIIOCOOCTBYET €ro IMOJISIpU3allii B MarHUTHOM Toiie. [Ipu momamaHun
VK Zn,SiO; -Mn B cunpHoe anmekTpuueckoe mnoie (10° B/M) dacTHIbl NpHOGPETAIOT S1EKTPHUECKHH IHIIOIbHBIIL
MOMEHT, YTO TaK JX€ CIIOCOOCTBYET WX ONpeNeNEHHONW OpHEHTAlWH. YPOBEHb MHOJSAPH3ALNH YJIBTPaIUCIIEPCHBIX
KPHCTAJUIOB B JaHHOM CIIydae BBIIIE, YeM KPHCTAJUIOB HCXOJHOTO 0o0paslia TakK, KaK COrIacHO MHKpogororpadun
pasmepsr YJIK Haxomsarcs B mpenmemnax 10-40 M (puc.2B). Ha momnsipuzaiiuio HAHOYACTHI[ B DJICKTPHUECKOM M Mar-
HUTHOM II0JIE€ YKa3bIBaeTcs U B paborax [21,31-33].

ITpu Bo3xeficTBum Ha ucxonusit momuHOpop K-60 1 YK Zn,Si0, —Mn nonamu kuciopoxaa (oueprus 1-3 kaB)
6putn Toyuensl crekTpsl WJI (puc. 2a), mo BHemHeMy Buay HamoMmuHaromue crektpsl OJI (puc. 1a). B otinuuune ot
criektpoB DJI, KOTOPBIE OTIMYAINCH U Ayy W TOMYHMIMPUHON AA, criekTpbl MJI 1uist Bcex 00pa3lioB MMEIOT CXOXKHE
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napaMeTPshl Ayx=520-522 HM 1 AA=41 HM.

I (arb.unit)
1,01
0,51
300 600 i (nm)
a)
Puc.2. CriekTp HOHOMIOMHHECIIEHIINY U MUKPO(OTOrpad st METKOANCIICPCHBIX YAaCTHUI BHJUIEMHUTA
a) criekTpaibHble XapakTepuctuku WJI o6pasnos Zn,SiO4-Mn, 6) mukpodororpadust VK Zn,SiO4-Mn.

Otnnume crexktpoB @JI u UJI moxHO 00BsicHUTH TeM, 4to DJI 3170 00bEMHAs JIIOMUHECLEHIMSI KpUCTallIa, a
JIIOMMHECLICHIIUS BhI3BaHHAs MOHAMHU HM3KHX 3Hepruil (no 3x3B) — moBepxHOCTHas mroMuHecUeHIus. VIOHBI HU3KUX
sHepruii ~1 K»B paccenBaroTCs NOYTH MOJHOCTBIO HAa IOBEPXHOCTHOM CJO€ M IIMPOKO HCHOIB3YIOTCA I
nccie0BaHus "IepBoro MoHocios" aToMoB Kpuctaimia [34]. ['myOnHa Bo3geHCTBHS yIbTPa(HOIETOBOTO M3ITyYCHHS
Ha KPUCTAIMYECKHUE MaTepHalbl 1O HECKOJIBKUX MHUKpPOH. CX0XHe IapaMeTpsl CIIEKTPOB NMPH MOHOIMIOMHUHECIICHINN
YKa3bIBalOT Ha TO, YTO KPHCTAJUIMYECKOE OKPY)KEHHE aKTHBaTopa (MOHA MapraHiia) B TNPHIIOBEPXHOCTHOM CIIOE
ocTaéTcs HEM3MEHHBIM IIpH HW3MENbUCHHH BWJUIEMHTAa. Takke HEOOXOJMMO YYMTHIBATh, YTO MEXAHU3M
B3aUMOJICHCTBUSL MOHOB C KPUCTAJUIMUECKON pPEMETKOW TBEPAOIO Teja OTIMYAETCA OT MEXaHU3Ma B3aUMOIEHCTBUS
3JEKTPO-MarHuTHOro noist Y@ wusnydenus c BemecTBoM. llo naHHeIM Y ®-CHEKTPOCKONUM YJIBTPAIUCIEPCHBIE
kpuctamisl Zn,SiO4 -Mn npo3padHbl B BHIMMOM JHana3oHe JUIMH BOJH. Jiss TOro 4ToOBbl ONPENEeNUTh IIUPUHY
sanpeménnoil 3oupl YK Zn,SiO4 -Mn Ha cnekrpodoromerpe Cd-46 Obutn ompeneneHbl KoA(G(GHUIUEHTHI
NPOITyCKaHUs B HEOOXOAMMOW OOJAaCTH JUIMH BOJIH. 3aTeM I10 M3BECTHOM METOJMKE ONpPEACTIN KOA(P(PUIHEHTH
TOTJIONICHHS M IIOCTPOMIH Tpadukyu B koopauHatax (ahv)” -hy [22, 23]. 3uauenne mupuHE! 3anpeménHoii 30ubl (Eg)
TIOJTYYMIIN ITyTEM JIMHEHHOW MHTEPIOISLIH IPSMOJIMHEHHOT 0 yyacTka rpaduka Ha och abcuuce.

30x10°] (@) ev)?

i

4.1 42 43 44 hv(EV)

Puc.3. Crextpsl norsoienus oopasuos Zn,SiO,—Mn
Onpe/ieieHne WHPHHBI 3aTPEEHHO 30HBI 00pa3LoB B KoopauHatax (chv)? —hv; 1-nmpomsimiennsrii momunodop (K-60), 2-
YK, ocaxnéunele mpu oObIMHBIX ycnoBusX, 3- YK, ocaxnénnele B MarHMUTHOM none Hanpspk€HHocthio 0,3 Tm, 4- VK,
OCa/IGHHBIE B JIEKTPHYECKOM I071e HAnpskEHHOCTBI0 10° B/M

Ha pwuc.3. nokazans! rpagukn npomsinuieHHoro u YK Zn,SiO4 -Mn. 3HavueHne MUPHHBI 3arpeliéHHON 30HbI
obpaszma K-60 pasuo 4,16 3B, mns YK Zn,SiO4 -Mn (npu ocakaeHWM B OOBIYHBIX ycioBusx) 4,173B, mma VK
Zn,S104-Mn (TIpy OCakJIeHUH B MarHUTHOM Mosie Hanpspk€HHOCThIo 0,3 Tir) 4,27 3B u gna VK Zn,SiO4 -Mn. (npu
OCAXKICHUH B SICKTPHUECKOM T0JIe, HanpskéHHocThio 10° B/M) 4,29 5B. JlaHHbIC 3HAYCHUS MIMPHHBI 3aMpeIISHHOIM
30HBI IOJYYCHBI IPH KOMHATHOM Temnepatype. HabmronaeTcs 3aBUCHMOCTS 3HAUEHHS IMUPUHBI 3allpeEHHON 30Hb Eg
OT pa3MepoB KpHCTAUIOB M cHocoba ocaxkzaeHWa. B nmTeparype oTMeuaeTcs, 4YTO YMEHBIICHHE pa3MEpoB
HAaHOKPHUCTAJIOB TPUBOIUT M K HM3MEHEHHIO HX CIIEKTPOB CBEUYCHMA. BiusHMEe pa3MepoB HAHOYACTHII Ha HX
CIIEKTpaJIbHBIE XapaKTEPUCTHKU HamOoJiee SPKO IMpOSBISETCS NMPH pa3Mepax HaHodacTuil B obiactu 10 Hm. Chsur
CIEKTPaIbHBIX JIMHUI B JAaHHOM CJIydae MOXXHO OOBSACHHTH pasMepHbIM d3ddexTom. PazmepHbM 3ddexTom
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00BSICHSETCSI CJIBUT T10JI0C B padotax [35-39].

Takum 00pa3oM, YMEHBIIICHHE Pa3MEPOB HAHOYACTHII MO3BOJISCT KapIUHAIBHBIM 00pa30M U3MCHSTH CICKTPAab-
Hble XapaKTepUCTHKU Martepuana. [lupunHa 3anpeménHoi 30Hbl BUIJIEMUTA 3HAYUTENIBLHO YBEJIUYUBACTCS MPHU OCAXK-
neann YK Zn,SiO4-Mn B MarHUTHOM WM DJICKTPUYECKOM Tojie. B maHHOW paboTe OBLIO YCTaHOBICHO, YTO
OocaXIE€HHBIE B MAarHUTHOM WJIH JJIEKTPHYECKOM TIOJe KpUCTALTBl Zn,SiOs-Mn  yIbTpagHCIEpCHBIX pa3MepoB
VIIy4IIaloT CBOM CIIEKTpajibHEIC cBOiicTBa. [Ipnuém B HacTosmer paboTe I 3TOTO MCIONB30BAIACH HE CIICIHAIBHO
MTOJITOTOBJICHHAS TIOIJIOKKA. Pe3ynbTaTsl paOOTHl TOKA3BIBAIOT, YTO HA HEOPHEHTHPOBAHHOW MOJIOKKE, TIPU OCaXK-
neany Y JIK B MarHUTHOM WK B 3JIEKTPUYECKOM ITOJIE TOXKE MOXKHO ITONTydaTh 00pa3lbl C BEICOKUMH CHEKTPAIbHBIMU
mapaMeTpamMu OJM3KMMH K TapaMmeTpaM ULl KPUCTAJIOB BBICOKOH YHCTOTHI M MACATBHOW KPHUCTAIUIMYECKON PemeT-
KO¥.

3AK/IIOYEHUE

[Toxy4eHs! crieKTpalbHble XapaKTePUCTHKH MpH Bo30YxaeHun Zn,SiO4-Mn yneTpadroneToM U MydKOM HOHOB
KHCIIOpOoia. AHaNM3 CIEKTPOB IOKa3ajl, YTO YMEHBIIEHHE pa3MepoB KpHUCTALIOB Zn,SiO4,-Mn He BiIMSET Ha CHEK-
TpaJbHBIE XapaKTEPUCTUKU NPH BO30YXKAEHUN IyYKOM HMOHOB KHCIIOPOJA HU3KHUX dHepruid. CIeKTp JIOMHUHECICHINN
TIPY BO3ZIEHCTBUM MOHAMM HM3KHX 3Hepruil (1-3 kaB) umeer nmomnocy ¢ Ay, =521 HM n nomymmpuHoit AA=41 M. [Ipn
BO30YXICHUH yIbTPAPHUOICTOM CHEKTPAIbHBIC XapaKTePHCTUKN MEIH OTIMYUE UL 00paslloB C Pa3IMYHON pa3Mep-
HOCTBIO KPHUCTAIUIOB. Tak U MPOMBIIIIEHHOTO 00pasa CIEKTp JIIOMUHECIECHITNH UMET TOJIOCY € Ay =521 HM, a s
YIBTPAIUCIIEPCHBIX KPHCTAIJIOB BHJUIEMHTA CHEKTPANbHAS IOJOCAa MMENA Ayy=>50 HM. DTO yKa3pIBaeT Ha TO, YTO
Ppa3MepHOCTh KPUCTAJUIOB JIIOMUHO(OpPA BIUSET HA CIIEKTPAJIbHBIE XapaKTEPUCTUKH (poTomoMuHeceHInn. [Ipn n3me-
peHHH INUPHUHBI 3alpPeIIEHHON 30HBI ObUIA YCTaHOBJIEHA 3aBHCHMOCTH MIMPHHBI 3alPEHIEHHON 30HBI OT Pa3MepoOB
KpucTayuioB JroMuHodopa. [llupuna 3anpemEHHON 30HbI YBEITUUUBACTCS PU YMEHBIICHUH Pa3MEPOB KPHCTAILIOB JI0
HaHOPa3MEPHBIX BEIMYMH. 3HAUUTENbHBIN 3 (eKT ObLT MOyUeH NP OCAXKISHUU Ha MOJJIONKKY HAaHOPa3MEPHBIX KPHUC-
TaJUIOB B MarHUTHOM WJIM DJIEKTPHUYECKOM rojie. Tak Juis MpOMBIIUIEHHOTO o0paslia IIMpPHHA 3alpeniéHHON 30HBI
coctamiia 4,16 5B, a 1151 0caxAEHHBIX B MArHUTHOM M dJIeKTpuueckoMm nosje 4,27 u 4,29 3B cooTBeTCTBEHHO.
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In the paper the physical properties and thermodynamic functions of monoborides XB (X=Ti, Mn, Fe, Co) are studied with
accounting for fluctuation processes. The research was performed for alloys with boron content of 9,0-15,0 % (wt.), the rest is metal
X (X=Ti, Mn, Fe, Co). We use the microstructure analysis, the X-ray structural and the durometric analyses to determine the physical
properties of alloys. In the paper it is determined the phase composition of Ti-B, Mn-B, Fe-B and Co-B alloys and physical properties
of monoborides. In this paper for the first time it is determined the thermodynamic functions of monoborides using the Hillert and
Staffansson model with accounting for the first degree approximation of high-temperature expansion for the free energy potential of
binary alloys. We obtain the temperature dependences for such thermodynamic functions as Gibbs free energy, entropy, enthalpy and
heat capacity C, along with their values at the formation temperature for XB monoborides (X=Ti, Mn, Fe, Co). The approach under
consideration enables to give more thorough from the thermodynamic point of view description of monoborides formed from the
liquid. The outcomes of the thermodynamic function calculation for TiB, MnB, CoB Ta FeB monoborides are in good agreement
with experimental data and results of other authors.

KEY WORDS: monoborides, Gibbs energy, entropy, enthalpy, heat capacity, fluctuation process

TEPMOJUHAMIYHI ®YHKIIIi MOHOBOPUIIB XB (XB (X=Ti, Mn, Fe, Co)
H.IO. ®inonenko
Heporcasnuii 3axna0 «/JHinponemposcoka meduuna axaoemiss MO3 Yrpainuy
M. [Hinpo, gyn. Bonooumupa Bepraocwvroeo, 9, 49044, Ykpaina

VY poGoTi mociimpkeHo (i3WuHi BIacTUBOCTI Ta TepMoauHaMiuHi ¢yHKIii MoHOGOpuAiB XB (X=Ti, Mn, Fe, Co) 3 ypaxyBaHHIM
¢urykTyaniiaux nporecis. JlocipKeHHs IPOBOIIIM Ha CIUIaBax 3 BMicToM 6opy 9,0-15,0 % (mac.), inme — meran X (X=Ti, Mn, Fe,
Co). /[lna BusHaueHHs (I3MYHAX BIACTHBOCTEH CIDIaBIB BUKOPUCTOBYBAIM MIKPOCTPYKTYpHHH, PEHTTEHOCTPYKTYPHHH Ta
JIOPOMETPUYHUI aHani3u. B po6oTi Oyno BusHaueHo (aszoBuii ckiaj cmiaBiB Ti-B, Mn-B, Fe-B ta Co-B i ¢i3uuni BiactuBocti
MoHOOOpHAIB. Briepie BU3Ha4eHO TepMoAMHAMiuHI QYHKIIT MOHOOOPUIB 3 BUKOpHCTaHHAM Moerni Ximepra i Creddancona ta 3
ypaxyBaHHSM IIEpPIIOrO CTYNEHS HAOJKEHHS BHCOKOTEMIIEPATypPHOTO PO3BMHEHHS TEPMOJMHAMIYHOTO MOTEHLialy OiHapHHX
crutaBiB. st mono6opuais XB (X=Ti, Mn, Fe, Co) oTpumaHO 3aJIe)KHOCTI Bi TEMIEpaTypH TaKUX TEPMOIUHAMIYHUX (PyHKIIH, K
e”eprisi ['i00ca, eHTpomis, eHtampmis W TeruoeMHicTs Cp, a TaKkoX BH3HAUYEHO iX 3HAYEHHS MNpPU TEMIIEPaTypi yTBOPEHHS.
Bukopucranmii y naHiii poOOTI MiXiAg Ja€ MOXKIHMBICTP HagaTH HAHOLIBII MOBHUH 3 TEPMOTUHAMIYHOI TOYKH 30Dy OITHC
MOHOOOPHIIB, MO YTBOPIOIOThCS 3 pimmHH. OTpUMaHi pe3yabTaTH PO3paxyHKIB TepMOTMHAMIYHUX (yHKHiH MoHoGopuniB TiB,
MnB, CoB Ta FeB 1o0pe y3romkyloTscs 3 eKcliepIMeHTaIbHIMHI JJAHUMH Ta JaHUMH 1HIIUX aBTOPIB.

KJIFOYOBI CJIOBA: mono6opuau, eneprist [160ca, eHTpOIisl, CHTANbITIS, TEITIOEMHICTD, QIYKTyalidiHUNA TpoIiec

TEPMOJUHAMUWYECKHUE ®YHKIIMU MOHOBOPHUAO0B XB (X=Ti, Mn, Fe, Co)
H.IO. ®unonenko
TV «/{nenponempogckas eocydapcmeentasn meduyunckas akademus MO3 Yrpaunvi»
49044, Yxpauna, 2. Juenpo, ya. Braoumupa Bepnaockozo, 9

B pabore nccnenoBans! gusnueckne cBOICTBA U TepMoAMHAMHUYeckre GyHKIH MoHOOOpuaoB XB (X=Ti, Mn, Fe, Co) ¢ yuerom
(ITyKTyallMOHHBIX IpoLeccoB. lccienoBaHus MPOBOJWINCH Ha CIUIaBaxX C copepxaHueM Oopa 9,0-15,0 % (macc.), octanpHOEe —
metait X (X=Ti, Mn, Fe, Co). [lns omnpeneneHus (pU3NUECKUX CBOWCTB CIUIABOB HCIIOIb30BAJINCh MHKPOCTPYKTYPHBIH,
PEHTIEeHOCTPYKTYPHBII U JropoMeTpuueckuil ananusel. B pabote 6buth onpenesnens ¢a3oBblit coctas cruaBoB Ti-B, Mn-B, Fe-B n
Co-B u ¢usnyeckue CBOWCTBA MOHOOOPHUAOB. OKCIEPUMEHTAIbHOE OMNPEIENCHHEe TEePMOJMHAMHYECKUX XapaKTEePHCTHUK
MOHOOOPHIOB SBJISICTCS JIOCTATOYHO CJIOXHBIM. I103TOMY B JJaHHO# paboTe BIEPBBIC ONpEEICHbl TEPMOJHHAMUYECKHE DYHKIUN
MOHOOOPHIOB TpH HCHONBb30BaHMK Mojenn Xwwuiepta u CrepdaHcoHa W € y4eTOM TMEPBOI CTEHEHHM NPUOIIDKEHUS
BBICOKOTEMIIEPATypPHOTO Pa3JIOKEHHUs TEPMOJHMHAMUYECKOTO MOTEeHIHana OMHapHEIX ciuiaBoB. [ms mono6opunoB XB (X=Ti, Mn,
Fe, Co) momydyeHBI 3aBHCHMOCTH OT TEMIIEpaTypbl TaKWX TEPMOAMHAMHUUYECKMX (QYHKIUH, Kak sHeprust ['mbO6ca, sHTpomws,
SHTAJBIUS M TeIuIoeMKOocTh Cp, a Takke OmNpeeeHbl UX 3Ha4eHHs IIPH TeMieparype oOpa3oBaHus. Vcnonb30BaHHBIN B JTaHHOM
paboTe MOAXOJ MO3BOJNSAECT IPEAOCTaBUTh HamOonee IOJNHOE C TEePMOJUMHAMMYECKOH TOUKM 3PEHHUsl ONHCaHHE MOHOOOPHIOB,
o0pa3syromuxcs u3 KuAKocTH. [loydeHHbIe pe3ysIbTaThl PacueToB TepMOIUHAMUYecKuX (yHkuid MoHobopunos TiB, MnB, CoB u
FeB xopo11o cornacyroTces ¢ 3KCHEPUMEHTATbHBIMU JaHHBIMU M JaHHBIMH APYTUX aBTOPOB.
KJIFOYEBBIE CJIOBA: MmonoGopusl, sHeprus ['n06ca, SHTpOnus, SHTAIBINA, TEIUIOEMKOCTD, (DIyKTYaIllMOHHBIN IpoLece

CrutaBy, 10 MIiCTSATh OOp MalOTh MPAKTHYHE 3aCTOCYBAHHS, Yepe3 KOMIUIEKC YHIKaJIbHUX BIACTUBOCTEH, TAKUX SIK
TYTOIUIABKICTh, BHCOKAa TBEPHICTh, XiMiUHA CTIHKICTP B PI3HMX arpecHBHHX cepemosumiax Ta iHmi [1-2]. Tak,
HaIpUKIag, OOpHOM Ta CIUIaBH, II0 MICTATH OOp, 3aCTOCOBYIOTh B aTOMHIM €HEPreTHIi 3aBISIKH iX CHeliaIbHUM
BJIacTHBOCTSAM [3], a TakoX, MpU CTBOPEHHI HOBUX KOMIIO3HMILIHHMX MarepiaiiB, e B SKOCTI 3MilHIOIOuM (a3
BUKOPHUCTOBYIOTH MOHOOOpH U [1-2].
© Filonenko N. Yu., 2016
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JocnimkeHHs (i3UUHUX BIACTHBOCTEH Ta TepMOAWHAMIYHMX (PYHKIIN CIUIaBIB, O MICTATh OOp Ma€ TEOPETUYHE
Ta NMPaKTHYHE 3HAYCHHS, TOMY, 1110 MOHOOOPH/IM YTBOPIOIOTHCS HE TUIBKH B CIIJIaBaX Ha OCHOBI METaJliB 3 BMiCTOM OOpy
9,0-16,0 % (mac.), a TakoXX B pe3yJIbTaTi MpOLECY HACHYEHHS IMOBEPXHI CIUIaBIiB OOpOM 1 BIUIMBAIOTH Ha (i3W4HI
BiacTHBOCTI OopoBaHoro mapy. Kpim Toro, me J03BOJUTH pPO3POOMTH MeETaneBi CIUIaBH, IO MICTATH OOpuaH,
KOMTO3HIIIHI MaTepiaiy Ta MOKPUTTS 3 MPOrHO30BAaHUMH (Pi3MUHI BIACTHBOCTSIMA Ta (Da30BUM CKIIAJIOM.

Sk Bimomo, y cruraBax, mo Mictath 50 % (ar.) Gopy BimOyBaeThcs yTBOpeHHsS MoOHOOOpuay 3 pimmHu [1-2].
Mono6opuan TiB, MnB, CoB ta FeB MatoTs poM0OiuHy eneMeHTapHy KOMIpKY 3 4 aTOMaMH B €JIeMEHTapHiil KoMipIli
Ta BIAHOCSTHCS 0 MPOCTOPOBOI rpymH [4].

B poGotax [5-10] aBTOpm HaBOIATH pe3ynpTaTH po3paxyHKy eHeprii [i006ca ¢a3 TiB, MnB, CoB ta FeB 3
3aCTOCYBaHHSAM MOJeNel, fKi MOXyTh OyTH BHUKOPHUCTAaHI TUIBKH 3a DIBHOB&XHHX yMOB Ta HE BpaxOBYIOTh
¢uyKTyauiiiHi NpoLecH.

Meroto naHoi poboTu Oyno JociikeHHsS (I3MYHHUX BIACTUBOCTEW Ta TEPMOAMHAMIYHUX (QYHKLIH MOHOOOPH/IIB,
X 3aJIeXKHOCTI BiJl TEMIIEpaTypH 3 ypaxyBaHHSM IEPIIOrO CTYINEHs HAOJMKEHHS BUCOKOTEMIIEPATYPHOTO PO3BHHEHHS
TEPMOJIMHAMIYHOT'O MOTEHILiary OiHapHHUX CIUIABIB, IO JIO3BOJINTh BH3HAYWUTH 3HAYEHHS TEPMOJMHAMIYHHMX (QYHKIIN
MOHOOOPH/IIB, Y BUCOKOTEMIIEpATypHii 00J1acTi Ta BpaxyBaTH BHECOK (DIyKTyaliiHUX MPOIIECIB.

MATEPIAJIM TA METOJAUKA JOCJIAKEHb

JlocnimKeHHs] TPOBOAMIM Ha 3paskax i3 BMicToMm Oopy 9,0-15,0 % (mac.), iHme — meTan (THTaH, MapraHelb,
KOOQJIBT Ta 3ali30), IUId OTPUMAaHHsS SKMX BHKOPHCTOBYBAJIHM IIMXTY TaKOro CKJIamy: MeTal 3 BMicToM 99,99 %,
amopduuit 6op (3 BMmicToM Oopy 97,5 % (mac.). BummaBky 3paskiB mpoBogwid B medi TamaHa 3 TpadiToBUM
HarpiBaueM B alyHIOBHX THIIIsIX B armocdepi aprony. IBuakicts oxonompkenHs cruiaBiB ckmagana 10 K/c. [ns
BU3HAYCHHS XIMIYHOTO CKJIay CIIaBY BUKOPUCTOBYBAIIM XIMIYHMI Ta criekTpaibHuii ananmi3 [11]. MikpoTBepaicts ¢a3
BUMiproBaiu Ha ripubopi [IMT-3.

®da3oBuil CKJIa]] CIUIABIB BU3HAYAIM METOJIOM MIKPOPEHTICHOCIICKTPAIBHOTO aHami3y Ha Mikpockomi JSM—6490, a
TaKOX 3a JOIIOMOT0I0 ONTHYHOTrO Mikpockomy «Heodot-21». JlokanbHUI peHTIeHOCIEKTpaIbHIH aHalli3 MPOBEICHO 3
BHUKOPHMCTaHHSIM BHYTPIIIHIX €TaJOHIB. PeHTreHocTpyKTypHHMI aHami3 3xiiicHioBanM Ha nudpaxromerpi IPOH-3 B
MOHOXpoMaTnzoBaHHOMY Fe-Ko BunpomiHioBaHHI.

PE3YJIbTATH TA IX OBTOBOPEHHSA

MikpoctpykTtypa cmnaBieB Mn-B, Fe-B Ta Co-B B nutomy craHi, 3 BMicToM Oopy B iHTepBam 9,0-15,0 % (mac.),
MICTHTB OKPYTJIi JEHAPUTH MOHOOOPH/IIB, PO3TAIIOBAHHUX Y TBEPAOMY PO3UHHI Ha OCHOBI Oopuay metaiy (puc. 1).

Bingomo, o 6op Mae May po3uHHHICTb B TUTaHI, TOMY TIPH JIETYBaHHI OOpPOM THUTaHY B KUIbKOCTI, HABITh OLIBIIIN
Hix 0,2 % (Mmac.), 1o rpaHuLsX B-3epeH crnocTepirainy yrBopenHs Monodopuny TiB, sikuii MaB Mopdoiorito nepBUHHUX
BOJIOKOH (puc. 1a).

PesynpraTn Bu3HaueHHs mapamerpa Ipatku ¢a3 TiB, MnB, FeB ta CoB peHTTeHOCTpYKTypHHM METOJIOM
KOPEJIIOIOTH 3 JaHUMH, HaBEeJICHUMH IHIIUMH aBTopamu (Taom. 1).

Tabmuws 1

[TapameTpu KpHCTaJIiYHOI IPaTKH MOHOOOPHIIB
MoHo- Bwicr 6opy, | Ilapamerpu KpHuCTaIidyHOI IpaTKU [Mapamerpu xpucraniunoi | xepeno
6opun % (Mmac.) (excm.) rpaTku (Tabd.

a, A b, A c, A a, A b, A c, A

TiB 0,3 4,563 3,065 6,115 4,56 3,06 6,112 [1]

MnB 12,0 4,145 2,979 5,5562 4,144 2,977 5,556 [12]

FeB 12,0 4,0569 3,027 5,0683 4.061 2,295 5,502 [4]

CoB 12,1 3,952 3,021 5,254 3,956 3,043 5,253 [13]

Jus moro6opuzaie TiB Ta MnB cnocrepiranu He3HadHe 301IbIICHHS CTYIEHS MIKpOHANpPYKEHb Ta TYyCTHHH
JUCTIOKaMii (Tabi. 2) y MOpiBHAHHI 3 iHITMMHA MOHOOOPHIaMH.

Ta6ununs 2
Po3mip KpHCTaNIiTiB, T'yCTHHA TUCIOKALM, CTYIIEHb MIKPOHANPYKEeHb Y MOHOOOPHIAX
Mono6opun Bwict 6opy, % Po3mip CryneHb MIKpOHAIpPYKEHb I'yctuna
(mac.) kpucranitis L, A JIMCTIOKaLii
px1010, cm-2

TiB 0,3 1022 7,81-10-3 8,64

MnB 12,0 984 7,12-10-3 6,79

FeB 12,0 920 5,26:10-4 5,1

CoB 12,1 856 2,85-10-3 4,92
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WD=25.1mm 20.00kV  x1.50k

Puc. 1. Mikpoctpykrypa cmuiasiB 3 BMmictoMm 6opy 13 % (mac.) Ti-B (a), Mn-B (6), Fe-B (B) Ta Co-B (1)

Kpim Toro, BijomMo0, 1o Ha ()a30Bi MEPETBOPEHHS Yy CIJIaBaX Ha OCHOBI METANiB, IO MICTATh OOp MalOTh BILUIUB
JIOMIIIKK KapOoHy Ta iHIKX enaeMeHTiB [14-15]. PesynbraTu cnekrpanbpHoro ananizy ciwiasis Ti-B, Mn-B, Fe-B Tta Co-
B mnokazanu, mo y cmaBi, KpiM MeTaniB Ta 00py, MPUCYTHI: JOMImKH kapOoHy 3 BMicToM 0,05 %(mac.), KpeMHio —
0,004 % (mac.). BimomMo, 0 pO3YMHHICTH KapOOHY B OOpHAax Malia, ajie OUTbIA 332 3HAYCHHSM, HIK y CILIaBax, sKi
JIOCHIPKYBany B faHid poboti [16]. He3Baxkaroun Ha NMpHCYTHICTH KapOOHy y cIUIaBax, IO JOCITIDKYBajdd MOXHA
CTBEPXKYBATH, 10 HOTO BIUIMB Ha (a30Bi NEPETBOPSHHS HE3HAUHHMI.

OTpuMaHHA Ha IJCTaBi EKCIIEPUMEHTAIBHUX JOCIHIIKEHb 3HaUY€Hb TEPMOAMHAMIYHMX (PyHKHiH MOHOOOpHIIB
TiB, MnB, FeB Ta CoB wmictute meBHi TpymHOmi. ToMy BpaxyBaHHS BHECKY IEpIIOrO CTYIEHIO HAOIMKCHHS
BHCOKOTEMIIEPATYPHOTO PO3BHHEHHS TEPMOAMHAMIYHOTO IMOTEHIiary y Moaeni Ximiepra i CreddaHcoHa nae 3Mory
TEOPETUYHO BU3HAYUTH TEPMOJUHAMIUHI QyHKIIIT MOHOOOPHU/IIB Ta 1X 3aJISKHICTh Bill TEMIIEPATYPH.

Eneprisn I'iooca monoGopuaiB TiB, MnB, FeB ta CoB. Enepris ['i60ca ¢a3u, six Biomo, € (yHKII€0
nesanexnux sminanx G =G(p,T,y), ne p — tack, T — temmeparypa, } — MacoBuii BMicT enemeHTiB. J{is
2
MOJIbHUX YaCTOK KOMITOHEHTIB B CIIOJYI[l YH CIJIaBl BUKOHYETHCS YMOBa Z v, =1.
i=1
3a miarparkoBoro Mozaeitio Ximiepta it Creddancona [17] Oymo pospaxosano eneprito I'i6bca MoHOOOPHIB:

MeB 0 0
G," =V GtV GB+RT(yMe Iny,. +y, lnyB)+yMeyBLMe:B‘ ©)
BukopucroByroun naaHi s e€Heprii YMCTHX KOMIOHEHT OGMe , OGB [18-19], nani eHeprii B3aemonii Mix

KommonenTamu B dasi Ly, , 3 poGir [5, 7, 8, 20], oTpumano HacTynHy 3anexHicTh eHeprii I'i66ca MOHOGOPHIB Bix

Temreparypu (tabm. 3).

Mopnens Ximrepra i CreddaHcoHa MOXKHA 3aCTOCYBAaTH I PIBHOBAXHOTO CTaHy. Y TOTCHINaIax MOJEIi
Xinnepra i CreddancoHa He BpaxOBaHO BHECOK IIEPIIOTO CTYIICHsS HAOJIMKEHHS BUCOKOTEMIIEPAaTypHOTO PO3BHHEHHS
TEPMOJMHAMIYHOTO TOTEHIiady OiHapHOTO CIUIaBy, KM HEOOXiHO BPaxOBYBaTH INpH 3HAXO/KEHHI eHeprii 1'i60ca
(a3, Mo yTBOPIOIOTHCS 3 PiUHHM, Ta BKIFOYCHHI 10 pO3TIALy (QIyKTyaliifHIX IMPOIECiB.
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Tabuus 3

3anexHicTb eHeprii ['i00ca MOHOOOPHIIB BiJl TEMIIEpATYpH
Mounobopun Gil i , (JIx/mosp) Jxeperno
—83553+2]1T V nawiit po6ori
TiB ~83020+ 1,62 T 20]
—142942+ 28,03 T [21]
—-492963+18T V nmaniii po6oti
MnB —35800-9,9995 T [9]
—36225+0,439 T [12]
—-41500+98T V naniit po6ori
FeB —73410+6,5T [22]
—34300+3.25T 23]
—35786,5+13T V naniit po6ori
CoB —34500,0+0,24 T [10]
—28564+5,07 T [24]

Sk BioMoO 3 Teopii OiHApHHMX CIUIABIB, CTATUCTUYHA CyMa TaKol CUCTEMH He MOXe OyTH OO4YMCIIeHa TOYHO, aje

3risHo 3 MetonoM KipkByna Moxe OyTH 3amucaHa y BHUIVISII HECKIHUSHHOTO Psily 3a CTYNEHSIMH / [25-26]. Takum
YHHOM, eHepriro ['100ca 3 ypaxyBaHHSM TEPIIOTO CTYTICHSI HAOIMKCHHS JIJIsl MOHOOOPU/IIB BU3HAYUMO SIK:

G:zleB = Vite OGMe + Vg OGB +RT(yMe Iny, +y,Iny, ) + VaeVeLoses —

ne Z — KOOpAWHAIINHE 9UCII0, SKE 111 MOHOOOPHUIY HOpiBHIOE Z = 4.
3a pesymbraTaMu po3paxyHKy 3a (opmyinoro (1) Oymm oTpuMaHi MaTeMaTW4Hi 3alexHOCTI eHeprii 1'i60Oca
mono6opuzie TiB, MnB, CoB Ta FeB Bin Temneparypu Ta 3HaueHHs eHeprii ['106ca MOHOOOPHIIB MpH TeMIieparypi

YTBOpEHHS (Tab. 4).

2
'Me; B

LsVieda

(1

2ZRT

Ta0muns 4
3anexnocri eneprii ['i00ca MOHOOOPHUAIB Bij TeMnepaTypH Ta ii 4uciioBe 3HaYEeHHsI IPU TEMIIEPaTypi YTBOPESHHS
Momno- GM(:‘B GM(:‘B GMEB
oopun m " JIx/Monb m npu m-(JIx/mMoib)
TeMIeparypi
YTBOPEHHS,
Jx/Moib
TiB GI"® =-8955332+21T7-98-10°T"" -82821,29 -81633,7[21]
MnB G =-49296,3+18T —5,1-10°T"" -47731,88 56029 [9]
FeB G'® =—-41500+7.8T -7-10°T"' 272643 28203 [23 ]
CoB G =-35786+13T7-2,8-10°T"" 35171,2 -34086,5 [13]

Sk BuaHO 3 Tabu1. 4, oTpUMaHi 3HaYeHHs eHeprii ['100ca MOHOOOPHIIB KOPEIIOIOTH 31 3HAYEHHSAMH 1HIINX aBTOPIB.

TakuM 4MHOM, OTpHMaHa 3aJieXHICTh eHeprii ['106ca MOHOOOPHIIB Bl TeMmepaTypu JO3BOJISIE BU3HAYMTH IX
3Ha4YEHHS B BUCOKOTEMIIEpaTypHili 00J1acTi Ta BpaxyBaTH BHECOK (DIyKTyauiiHUX MTPOLIECIB.

Entponisi, entansmisi Ta Tenoemuict Cp mono6opuais TiB, MnB, FeB ta CoB. OxHiero 3 HallBayKIUBIIINX
TEpMOAMHAMIYHUX XapaKTepuCcTHK (asu € enrpomnis. EHTponiro MOHOOOPHAIB MOKHA BU3HAUUTH 32 (OpMyIIor0

or

2

2ZRT

S:_( J :_R(yMelnyMe+yBlnyB)—My§4€y§-
P

BpaxyBaHHsS BHECKY MEpIIOrO CTYICHS HAOJMKCHHS BHCOKOTEMIICPATYPHOTO PO3BHHEHHS TEPMOJIUHAMIYHOTO
moTeHIiary B cHeprii [i00ca MO3BOMMIIO BH3HAYMTH CHTAJIBINI MOHOOOPHIIB. J[ns OOYHCICHHS CHTANBIIIi

MOHOGOpHIiB Bukopuctaemo chisBianomenns [27]: AH = AG+TAS .
3anexuicTh eHtanbmii a3 TiB, MnB, CoB Ta FeB Bin remnepatypu Mae HaCTyIHHIA BUTIIAL:
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H™ =-82369+0,77-3,2-10°T" H"® =-49253+0,57 —4,25-10°T""
H™ =-38852+12T-3-10°T" H“? =-36534+0,7T-4,2-10°T""

TakuMm YMHOM, PE3yNBTaTH PO3PaXyHKY YMCENBHNUX 3HAUCHb CHTAJIBII] PH TEMIIepaTypi YyTBOPSHHS, OTPHMaHi B
JaHii pobOTi, y3romKyIOTECS 3 pe3ylbTaTaMy iHIuX aBTopis [9, 13, 21, 7,28, 29].
Hus das TiB, MnB, CoB Ta FeB 0ys10 BU3Ha4€HO TEIIOEMHICTD 3 3aCTOCYBaHHSIM CITiBBiTHOILICHHS

oS L
C =T [_) — Fe:32 y;eyé )
’ oT » RZT

N

<]

>

>
)

o 5 — 40 A

) v
3 n

g =

S 64,00 - =

2 =

2 %
N = 30

o S~
O 60,00 - =S ——B naniii po6oTi
ﬁ ——B naniii po6o1 o
2 =

= —=—[21] ‘E —=—[12]

g 56,00 — E

= 1373 1473 1573 1673 1773 1873 1973 2073 217 S 20 T T T T T T 1
5 E 1173 1273 1373 1473 1573 1673 1773
= Temneparypa, K >

&= Temneparypa, K
a 0
50 -

th th th
th S\ 1
1 1 )

40

h
=
1

o
L8]
1

——B AaaHiit pobori
—=—[28]

n
[ty
1

——B naniii poGoTi
-=[13]

h
=]}
1

49 T T T T T T
1173 1273 1373 1473 1573 1673 1773

20 T T T T T T T
117312731373 14731573 1673 1773 1873 1973 2073

2173

TenmoemuicTn,/[x-Moap 1 K-!
9]
[ ]
1
TemwnoeMuicTs, x-Moiun K !
L¥5]
[—1]

Temmeparypa, K Temneparypa, K

B r
Puc. 2. 3anexnicts Terutoemuocti Cp mono6opuais TiB (a), MnB (6), FeB (8) Ta CoB (1) Bix Temnepatypu

OTtpuMaHi pe3ynpTaTd — 3aleXHICTh TerutoeMHOCTi Cp MoHoOOpuaiB TiB, MnB, FeB Ta CoB Bix Temmeparypu
(puc. 2) — KOperIoTh 3 pe3yIbTaTaMH HaBeIEHNMH B poboTax [8, 12, 21, 28, 30].

AHami3 OTpUMaHHX PE3yNbTaTiB J03BOJIIE 3pOOWTH BHCHOBOK PO T€, II0 BpaxyBaHHS y Moxem Xiurepra i
CreddaHcoHa BHECKY IMEpIIOTO CTYICHS HAOIMKCHHS BHCOKOTEMIICPATYPHOIO PO3BHHEHHS TEPMOIUHAMIYHOIO
NOTeHIialy OiHApHUX CIUIABIB JIO3BOJISIE BUKOHATH PO3PaxyHKH TaKMX TEPMOAMHAMIYHUX BEIUYUH MOHOOOPHIIB, SIK
€HTpOIIis, CHTAJIbIIis, TEMIOEMHICTD Ta 1X 3aJIeKHICTh Bix Temneparypu. Kpim Toro, 1e gae 3Mory HaiOuIbII TTOBHO 3
TEepPMOAMHAMIYHOI TOYKH 30py HaJaTH OIHC MOHOOOPH/IIB, IO YTBOPIOIOTHCS 3 PIANHH.

BUCHOBKH

VY poboti nocmimpkeHo CTPYKTYpHi Ta (isudHi BractuBocTi MoHoOopuniB TiB, MnB, CoB Ta FeB B Ginapaux
CIIaBax 3 MacoBUM BMicToM 6opy 9,0-15,0 % (mac.), iHme — MeTai.

Crix 3a3Ha9nTH, IO TepMOAMHAMIYHI (yHKIIT (a3 Aar0Th 3MOTy IPOTHO3YBaTH (Pi3MUHi Ta XiMiYHI BIaCTUBOCTI
CIUIaBiB 32 3MIHHUX 30BHIIIHIX YMOB, TaKHX SK TeMIIepaTypa, TUCK TOmO. JlOCTaTHHO BiOMi METOIM PO3PaxyHKY
TepMoArHAMIUHUX (YHKIIH a3 MOXyTe OyTH BHUKOPHCTaHI TUTBKH 3a PIBHOBRXHHX YMOB 1 HE BpPaxOBYIOThH
¢nykryauiiiai npouecu. Tomy B podoti 3a mozpemno Xiepra i Creddancona 3 ypaxyBaHHSIM BHECKY IEPLIOTO
CTYIICHS HAOJIMKEHHS BUCOKOTEMIICPATYPHOTO PO3BHHEHHS TEPMOIAMHAMIYHOrO MOTeHIiany Monooopuais TiB, MnB,
CoB Ta FeB Oynu oTprmMaHi 3aJe)HOCTI Biji TeMmepaTrypH TakuX TepMoJIuHaMiuHux (yHKUiH, sk eHepris [i00ca,
EHTPOIis, CHTAJIbIIIS 1 TerIoeMHICTh Cp.
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OTtpumaHi pe3yIbTaTH pO3paxyHKiB TepMoamHaMiyHUX (yHKMIH MonoOopuaie TiB, MnB, CoB ta FeB moGpe

Y3TOKYHOTHCS 3 CKCIIEPUMEHTAIIbHUMHU JaHUMH.
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THE STRUCTURE OF MONOATOMIC LAYER ON GRAPHITE SURFACE
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Monatomic surface layers of graphite were simulated on the basis of experimental data, which was obtained by scanning tunneling
electron microscopy of atomically smooth surface of graphite. Values of relative deviation of the electron density were defined in the
direction perpendicular to the plane of the layer. Increase in the degree of waviness layer to 2 nm are observed by increasing of linear
dimensions under review graphite surface area of up to 25 nm. These results are confirmed by the data available for the graphene
layers, which is caused by waviness defect. Indeed, defects such as vacancies and interstitial carbon atom are formed by increasing
the number of cells to the surface layer up to 20.

KEY WORDS: graphite, surface, structure, graphene, electron density, defects

CTPYKTYPA MOHOATOMHOTI'O IIAPY HA TIOBEPXHI I'PA®ITY
B.I'. Kipiuenko, O.0. SIMnoJibcbkmii
Xapxiecvruil HayionanvHuil ynisepcumem imeni B.H. Kapaszina
61022, Xapxis, m. Ce0600u, 4

Ha ocHOBI excepUMEHTANBHUX AaHHUX, OTPUMAHHX 3a JOIIOMOTOI0 CKaHYIOUOi TyHEJIbHOI MIKPOCKOIIIl aTOMapHO IJIaJKOi MOBEPXHi
rpadity, IPOMOIETIIOBAHO MOHOATOMHI ITOBEPXHEBI Iapy rpadity. BusHaueHi 3HaueHHs BITHOCHUX BiIXWJIEHb €JIEKTPOHHOI I'yCTH-
HY B HaNpsIMi NMEpIEHAUKYISIPHOMY IuIomuHi mapy. [Ipu 36inbn1eHHi JiHIHHUX pO3MipiB AUITHKH MMOBEpXHi rpadiTy 10 25 HM cro-
CTepiraeThCs 30UIBIICHHS CTYIEHs XBIWIACTOCTI wapy a0 2 M. L{i pe3ynbraTi miATBepUKYIOTHCS aHUMH Ul BUIBHUX Ipad)eHOBHX
1IapiB, XBHIACTICTh SIKHX oOyMmoBieHa nedekramu. JlificHo, mpu 30UIbIICHH] Yncia OcepeKiB moBepxHeBoro mapy 1o 20 ¢popmy-
FOTHCS JeEeKTH TUIY BaKaHCis 1 BIPOBAKEHUH aTOM BYTJIELIO.

KJIFOUYEBI CJIOBA: rpadit, moBepxHs, CTPYKTypa, TpadeH, eIeKTpOHHA TYCTHHA, Ae()eKTH

CTPYKTYPA MOHOATOMHOI'O CJ1I0S1 HA HOBEPXHOCTU I'PA®UTA
B.I'. Kupuuenko, A.A. fAiMmnoabckuii
Xapvroeckuii Hayuonanonuil ynusepcumem umenu B.H. Kapasuna
61022, 2. Xapwvkos, ni. C60600bi, 4

Ha ocHOBe 3KCIIEpUMEHTATIBbHBIX JaHHBIX, MOTYYEHHBIX C MOMOIIBIO CKAaHUPYIOILIEH TYHHENIbHOH MHKPOCKONUH aTOMapHO IJIagKoi
MOBEPXHOCTH TpaduTa, IPOMOJIECTUPOBAHBI MOHOATOMHBIC MOBEPXHOCTHBIE CJIOU rpaduTa. OnpeneneHbl 3HaUCHH OTHOCUTENIbHBIX
OTKJIOHEHHH 3JIEKTPOHHOH IUIOTHOCTH B HAIPABICHUU MEPIEHINKYISIPHOM TUIOCKOCTH cliosi. [Ipn yBennueHnn TMHEHHBIX Pa3MepoB
0003peBaeMoro y4qacTka MOBEPXHOCTU rpaduTa 10 25 HM HaONMI0JaeTCs YBEIMUYCHNE CTETIEHH BOJHHUCTOCTH CJIOS IO 2 HM. DTH pe-
3yJIBTATHI MTOATBEPXKIAIOTCS JAaHHBIMH JJIsI CBOOOTHBIX Tpad)eHOBBIX CIIOEB, BOTHUCTOCTh KOTOPHIX 00ycioBieHa aepexramu. Jlehcr-
BUTENEHO, TIPY YBEJIIMUSHUH YHCIIA sTYeeK MOBEPXHOCTHOTO cinost 10 20 GopmupyroTcs neeKThl THIIa BaKaHCUS H BHEJPEHHBII aTOM
yriaepoza.

KJIFOUEBBIE CJIOBA: rpadguT, HOBEpXHOCTh, CTPYKTYpa, rpadeH, SIeKTPOHHAs IFIOTHOCTD, Ne(EKThI

Interest in monatomic hexagonal layers of graphite has appeared in the mid 40’s, last century [1]. In this work we
calculated the monoatomic graphite layer in the strong-coupling approximation. In graphite, each C-atom is sp’-
hybridized [2 - 6], orbital symmetry s-, p,- 1 py located on the plane of the monatomic layer (c-orbital); such orbitals are
fully occupied and do not participate in the conduction. The fourth electron has a wave function p,-symmetry; these
orbitals are perpendicular to the atomic layer (n- orbital). These m-electrons are responsible for conductivity, and it will
be further shown that energy band has both electrons and holes. n-electron interaction is considered and representation
of the energy bands of the graphite is obtained in [1] and it predicts the most important properties. The main conclusion
is the presence of degeneracy between filled and empty n - band, that follows from the symmetry of the monolayer. The
bottom 7 - band must be filled and the top - must be empty at absolute zero. Also the energy gap between the bands
must be absent. Progress in the preparation of thin film methods allowed synthesizing a monolayer of graphite
monolayer on the surface of nickel [7], the lanthanum hexaboride crystals [8], platinum [9], iridium and rhenium
[10,11], titanium carbide [12].

The first monolayer of graphite in a free state is graphene. It was obtained by Geim and Novoselov [13, 14].
Graphene is allotropic form of carbon, that consisting of a monolayer of graphite, which has a number of non-
conventional properties - good electrical conductivity, transparency, good mechanical properties, high mobility of
charge carriers at room temperature, the possibility of quantum conductivity and the epitaxial layer deposition. It is
interesting to note that the basic approximation of Solid State Physics - Born-Oppenheimer approximation (adiabatic
approximation) is broken down in graphene. So, fluctuations in the ion cores of the lattice must be included as a
disturbance in the form of phonons in the lattice in the construction zone theory of graphene [15].

© Kirichenko V.G., Yampolskiy A.A., 2016
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The aim of this work is the research of the structure of monoatomic layer on the real atomic surface of highly
oriented graphite, obtained using scanning tunneling microscopy and computer modeling monoatomic layer on the
graphite surface.

METHODS OF EXPERIMENTAL RESEARCH
Highly oriented graphite crystal served as the object of research. The purification of the graphite surface and the
formation of a real atomic surface of a layered type of crystal was produced by cleaving the top layer of crystal before
measurement. The research of the graphite surface was produced by scanning tunneling electron microscopy in normal
conditions by the scanning tunneling microscope STM — 1. The experimental data were used to construct three-
dimensional charts monoatomic graphite layer with a program Harvard Chart XL 2.0, that shows the structure of the
first surface layer of graphite and its connection with the second surface layer.

RESULTS AND DISCUSSION
Topographical image of the nanostructure surface of graphite unit cells is shown in Fig.1: ordered rows of
hexagonal graphite structure are observed in the area of highly oriented graphite, that obtained by scanning tunneling
current mode of stabilization with maximizing. The unit cell has the shape of a hexagon and consists of atoms with
different levels of the local electronic density of states. Partitioning according to the scheme of the experimental data
(Fig. 2) was carried out in all possible directions a = 0.14 nm, b = 0.24 nm. The top surface of the monatomic layer of
graphite was selected with Harvard Chart XL 2,0 program. Flat hexagonal grid was used to represent experimental data

(Fig.3).

Fig. 1. The topographical image of the surface of graphite. Fig. 2. Partitioning scheme of the experimental data concerning
Unit cell (hexagon) and a primitive (60 ° - rhombus) are show  the node (A). The first neighbors B, the second - marked (A), the
third as C.

The fact of the modulation of the vertical component, the ribs (a) of the unit cell and the ribs (b) of the primitive
structure of the cell, is important in the experimental data obtained by the electron density on the graphite surface
(Fig.3). That displays the modulation of electron density of atoms on a graphite surface. Significant periodic deviations
is noted at the height of the image of two neighboring atoms (to be exact - the provisions of the local electron density
maxima).

Z, nm

SN, vv o
4 ‘»"\Q'."rf»‘ \Q'lz' -
-

X, nm y, nm
Fig 3. The electron density distribution of 7 unit cells
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STM allows us to observe the spatial distribution of the atoms around the electron density, expressed in the values
of the coordinates z . Neutral carbon atom in the ground state is divalent and has 1s*2s*2p” configuration. The radius of
the atom is 0.62 A. Tetravalent state of carbon is formed at 2s electron switches to the 2p — state, that corresponds to the
configuration 15°2s2p,2p,2p,. The hexagonal graphite lattice belongs to the space group C6 / mmc - D 4 6h with four
atoms per unit cell. The parameter b primitive cell is 0.246 nm, the parameter d = 0.671nm, the theoretical density of
this crystal is equal to 2.267 g / sm’. Carbon atoms form a regular grid of hexagons with the distance between atoms
1.42A in each plane. Connections inside the layers, which are covalent, are trigonal hybrids (2s, 2p,, 2p,) [5, 6]. The
unit cell parameters are consistent with the data presented by other authors (see table).

Table
Graphite structure parameters
Structure Parameter of Unit cell a, nm Parameter of The distance between The height of the Links
primitive cell b, nm adjacent layers ¢, nm primitive cell d, nm
Graphite 0.146 0.3343 [16]
0.142 0.246 0.337 [1]
0.142 0.2464 0.335 0.6701 [6]
0.141 0.246 0.67 [5]
0.1418 0.246 0.335 [4]
0.1418 0.24612 0.67079 [19]
0.14 0.24 [18]
Graphene 0.142 0.246 [17]
Grafan 0.142 0.242 [17]
Grafan, ~0.153 (disagreement with | =0.242 A with the [17]
theory the theory) theory of consent

Real monoatomic layer of graphite crystal atoms are observed deviations from the equilibrium electron density,
which is represented relative to a weighted average plane and the three nearest neighbors of the central carbon atoms are
deflected in the opposite direction. This is confirmed by the data on the values of the electron density variations within
the unit and primitive cells.

These absolute values Ar deviation from the median plane depend on the distance r along the length of the ribs and
primitive elementary cells (Fig. 4, 5). It should be noted that the size of the ribs in the graphene hexagon grid somewhat
larger (0.246 nm), than on the graphite surface (0.24 nm), which is possible due to the interaction interlayer carbon
atoms in graphite.
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Fig. 4. The dependence of the deviations from the median Fig. 5. The dependence of the deviations from the median
plane depending on the distance r along the length of the unit plane depending on the distance r along the length of the unit
cell edges cell edges.

Mismatch scale grating period in planes tangential to the surface of each of the crystal layers, leads to a normal to
the surface of the crystal near the boundary stresses. These forces acting in both the vertical and horizontal directions
can realize a state of equilibrium at a relatively low level fluctuations [22 — 24]. Such equilibrium state must have a
certain vertical depth of modulation of the crystal surface to align the scale on the surface and in the bulk. Formation of
the spatial modulation of the surface layer takes place under the action of the physical mechanism of formation of
defects, therefore the role of defects, that accompany this process, may be significant

Increasing the degree of undulation of the layer to 2 nm is observed with an increase in the area under review
graphite surface of the linear dimensions of 25 nm (Fig.6). These results are confirmed by the data available for the
graphene layers, which undulation due to defects.
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Ideal two-dimensional film in the free state can not be obtained due to its thermodynamic instability. But if the
film has the defects or it will be deformed in the space (a third dimension), such a "non-ideal" film can exist without
contact with the substrate [20]. In [21] it was shown that there are free graphene film surface and form a complex
undulating shape, with lateral dimensions spatial inhomogeneities about 5-10 nm and a height of 1 nm. The results
obtained in this paper waviness parameters are in good agreement with data reported for graphene.

Indeed, in this case, defects such as vacancies and interstitial carbon atom are formed by increasing the number of
cells of the surface layer to 20. Fig. 7 shows a topographic image of the electron density distribution in the surface layer
of monoatomic 20 unit cells. Defect (vacancy) occurs in tandem with embedded carbon in bottom right of the image.
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I, nm
06 -0,6
X, nm Yy, nm
Fig. 6. Dependence waviness monatomic layer by Puc. 7. The distribution of electron density in the unit cells 20.
scaling the length of the graphite surface Defects (vacancies) with the embedded-atom is located at bottom right

The simplest defects that break down the translational symmetry of graphene are isolated 5- and 7-gons. But the

formation of such defects is energetically unfavorable because it requires quite a strong distortion of the hexagonal
structure. Much more likely a combination thereof. [25] On the other hand, stable ordering of carbon atoms is formed as
part of Graphene in their zig-zag stacking, as in the case of carbyne [26].
i As it turns out, most of the particles whose
size is less than 10 nm, has a "zigzag" metal edges
and exhibits electrical properties rather than
L & Unrecolved semiconductor [27].0n the other hand, in the
— Fit twithout metals) semiconductor quantum dot in the band gap E,
graphene zone depends on the size of the
minimum cross-by law L E,=
(1.57 £0.21)/L""***5 (where E, is measured in
eV, and L— nm) - in full compliance with the
theoretical dependence £, = 1.68/L (Fig. 8). The
nanoribbons width of 2-3 nm and a length of 20-
30 nm, in which the edges of a specific proportion
of the zigzag sections more than the "chair", the
value of E, less than nanoribbons is the same
width, but with a "chairlifts" edges [27]. In
N . connection with the results is an important
Minimum lateral dimension (nm)

Fig. 8. The dependence of the band gap of the lateral size of graphene analysis and control Of' lateral heteroger}eltles on
quantum dot structure with different edges [27] the surface of monatomic layers of graphite.
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CONCLUSIONS
Modeling monoatomic layers of graphite based on the data scanning tunneling electron microscopy of graphite
surface shows a periodic modulation of the electron density at the surface of the monatomic layer at modeling 7x 7 —
type cells. Computer modeling of the structure of mononuclear cells of the surface layers was carried out on the basis of
technology developed by the partitioning of the experimental values of the surface electron density.
The monoatomic surface layers of graphite, the values of the absolute deviations of the electron density in the
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direction perpendicular to the plane of the layer. By increasing the area under review the linear dimensions of the
graphite surface to 25 nm, an increase in the degree of undulation of the layer to 2 nm. These results are confirmed by
the data available for the graphene layers, which is caused by waviness defect. Indeed, when increasing the number of
cells of the surface layer 20 to form defects such as vacancies and interstitial carbon atom. These scaling properties of
monatomic layer on atomically clean surfaces of graphite must be considered in the analysis of the formation of
graphene and graphane.
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Tocssawaemcs ceemnoit namsmu B. T. Toroka

B 1960-m Urops BacunseBnu KypuaToB mopydmi MomonoMy XapbkoBckoMmy (msuky Braammupy TapacoBuuy
Tonoky pyKOBOACTBO HaydHOH NporpaMMoi MO pa3pabOTKE OCHOB YIPABISIEMOTO TEPMOSIEPHOTO peakTopa
CTEIUIapaTOPHOTO THIIA.

ITo »T0it mporpamme B XapbKOBCKOM (DM3UKO-TEXHUIECKOM WHCTHTYTE ObLIa CO37jaHa €IWHCTBEHHAs B YKpawHe
MOIIHAs 3KCHEpUMEHTaNbHas 0a3a Ul aKTyalbHbIX HCCIEAOBAHUI TEPMOSACPHOW IHEPreTHKH u c(hOpMUpPOBaHA
XapbKOBCKasl IIKOJIA MJIa3MHCTOB-TEPMOSIIEPIIUKOB.

B 70-x rr. mo uHUIIMATHBE W HemocpeacTBeHHOM ydactuu B. T. Toyioka mMONyduiau IIHUPOKOE pa3BUTHE
UCCJIeJIOBaHUsl B 00JIACTH HEPABHOBECHOM ILIa3MOXMMHUH BBICOKMX DHEPIUi, KOTOpblE HMPUBEIH K CO3/IaHHI0 HOBOTO
MIPOrPECCUBHOTO HANpAaBICHUS B IUIa3MEHHON TEXHOJOTMH — IOJIyU€HHE HOBBIX MaTepHallOB Ha aTOMHO-MOHHOM
YpOBHE B ycTaHOBKax «bymaT».

K 90-11 20006wune co epemeru podicoenus
unena-koppecnonoenma HAH Yxpauner B. T. Tonoxa

XAPBKOB: «<YPAT'AH-3»
(Kpynneiiwan ¢ mupe mepmoaodepHas yCmaHoeKa)

<...> akademux Kypuamos,

no pexomenoayuu oupekmopa uncmumyma CunenbHuKosa,
NPEOLoNCUL MHE B032/1A8UMb PAOOMbL RO COOPYIHCEHUIO 8 UHCTUNYME
KpynHetiwel 8 Mupe mepmosioepHol YCmManosKu <...>

U3 Bocriomunanuii B. T. Tonoka”

Bnagumup Tapacosuu Tomnok pomuics 25 nexadbpst 1926 rona B ropoxne Ymanb Uepkacckoi obmactu. «Ortua,
Tapaca BiagumupoBuya, o CBOEro CO3HATEIBHOTO BO3pacTa M JI0 €ro IIEHCHOHHOTO TIOMHIO TOJIFKO B BOGHHOH (hopme.
Mama roBopmiia, 4TO y HEro Ype3BbIYaifHO BaKHAsi M omacHas padora. OH 1mepeBo3mi1 OoJbIINe LIEHHOCTH: JAEHBIH U
BCSIKME ceKpeTHbIe Oymaru. C caMoro paHHETo JISTCTBa 3allOMHIII M MyJIpeHbIe cIoBa: QebacBs3b U (enpabereps. Co
BPEMEHEM MHE MOSICHUIIM, YTO OTell paboTall B OT/IeNIe HHKACCallly U TIEPEBO3KH LIEHHOCTEH. ...

UYuraTs Haygwiics HeoxunanHo. CaMm. Bece OykBoI 3HaN yxe qaBHO. Ho M3 HUX HUYETro He MOydyanock. Y HacC IoMa
ObuTa TOJICTAas MOMIIMBKA BEIHMKOJIEITHOTO XypHana ‘“BceMupHBIH ClegomBIT’ C HWHTEPECHBIMH pacCcKa3aMd |
KapTHHKaMU. DTH XKypHAJbl S pacCMaTpUBaJl OUYCHb YacTO, U3yUYHII KaXKIYI0 CTpaHuIy. A mpodecTs HU4ero He mor! 1
BAPYT MeHs oceHmto! Oxa3pIBaeTCs, eciu OyKBBI IPOU3HOCHUTH “HEMPABIIIBHO: HE TaK, KaKk B a30yKe, M HE IO OJHOM,
TO TMOJIy4YaThCsl MOTYT 3HAKOMbIE cJI0Ba. BoT 310 ObLIO OTKpBITHE! C TEX caMbIx TOp s morobun ureHue. boiee Toro —
OHO CTaJI0 MOEH HACTOSLIEH CTPACTBIO».

1941 ron... DBakyarus... OpeHOyprckas o0JIacTb. . .

Bosnozast Tonok — moMuMo yu€Obl — TaKkKe CTapAETCs HO-MYHCCKU U TIOMOTaTh: HapaBHE CO B3POCIBIMH PabOTaTh.
«Hauanm MBI TpyIOMTBCS B KOJX03€ YKpamHCKO-Kazaxckoro cena Adnepisi. JKeHmuHsl pabotany Ha TOKY, a s ObLI
ompeznenéH Ha “moborpeiiky” (?). Korma BmepBble ycibllian 3TO cJIOBO, TO He Mor moHsATh, yro OHO Taxoe.
Acconuanuy Bo3HUKaIH pa3Hbele. Koraa xe yBuaen sToT “arperar” — CEHOKOCHIIKY, TO M TOT/Aa HE Cpa3y MOCTHT CMBICI
METKOTO HapoJHOro Ha3BaHMsA. OOBSCHEHHE NPHUILIO MOCIE MEPBOTO TPYAOBOTO ITHS: JOO HarpeBajcs B Ipolecce
TSOKETIOT0 (PU3NIECKOro TpyAa. Bc€ okazamoch mpocToy.

A B HOs10pe 1943 roma, mpoyumBIINCE BCero aBa Mecsma B 10-m kmacce (r. Maxadkamna), oH JOOpOBOJIBHO, B
HenoJdHbIe 17 net, ymen Ha GpoHT... «3amén B mkony. Ha mepeMeHe mompomiasics ¢ KIaccoM. ..

Beuepom ke Hac, HOBOOpaHIIEB, Ha BOK3aye mpoBoxkanu poaurenu. CieHa Obita Tsokénoil. BriepBble paccraBancs
¢ MaMO#H, Bliepeiu OblIa BOMHA. Yke Ha X0y 10€3/1a, C IIOJHOKKH KPUKHYJI: “Mama, s CKOpo BEpHYCh!”».

W nelicTBUTENBHO, B KOHIE Mas 45-T0 BO3IYLIHBIN CTpenok-paaucT Bragumup Tosok Mo COCTOSHHUIO 340POBbS
6b1 nemoounmuzoBad. (Keratu, nmenHo 9 mas 1945 rona oH ObUT BBINKCAH U3 TIABHOTO BOGHHO-MOPCKOT'O TOCHHTAIS,
TJIe HaXOJIWJICS Ha N3JIEYEHUH TIOCIIE aBapuH CaMOoJIETa. )

«ITonoxxenne Moé crano HeompemenéHHbIM. Kak xuth mameire? Uro nmemats? OOpa3oBaHHE — BCETO JICBATH
KiaccoB. He moyumiicst, XoTs 1 He 10 cBOeH BUHE. JloMa pEelIiIn: TOJIBKO YUUTHCS JajbIIey.

CrnaB 3KcTepHOM dSK3aMeHBI 3a 10-i kimacc, Bomons Tomok moctymmn Ha (U3NKO-MAaTEeMaTHIECKUH (QaKyIbTeT
JIHEenpoIeTpOBCKOTr0 roCy JapCTBEHHOTO YHUBEPCHUTETA.

«Ha ¢usmare BIiepBBIe MOYYBCTBOBAN, KaK, OKAa3bIBACTCS, TPYAHO MOXKET OBITh yuuThCsa. OCOOCHHO Ha TEPBOM
Kypce. OnHO BpeMs MEHsI la)ke TIOCEeIIana MBICIIb: a He TIOMTH JIN MHE B Ipyroi By3, Iie Jierde yunthes. Ho Beiaepskan
roJl, MIOTOM OCBOMJICSA. HeBosIbHO BcriOMUHANICS TOT/AA KYPC MOJIOZOTO KpacHO(MIIOTIA ¢ eT0 IepBOHAYaIbHON 3aKaIKOH
HOBHYKOB.

* Uctopudeckue u 6buorpaduyeckue GpaxThl — co ciios Buagumupa Tapacosuua Tonoka — BIepBble 0OHAPOAOBAHbI
aBTOPOM CTaThH B KAHAWNATCKON JUCCEPTALHH.

© Tan’shyna A., 2016
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B JluenponeTpoBCKOM YHUBEPCUTETE Hauajgach U MOSI CIIOPTHBHaA “Kapbepa”. S cepbE3HO yBIEKCS BOJEHO0IOM.
MsHoro TpeHupoBaics. beut kanutanoM ¢axkynbreTckoi KoMan bl — yemnuona AT'Y 1949 ronay.

B koHIe 40-X IT. 10 crienuanbHOMY OCTaHOBJIEHHIO MTPAaBUTENbCTBA U3 psina By30B CCCP Havanu oTOop Jrydinmx
CTYZAEHTOB Ha crengaxkyiIbTeT XapbKOBCKOTO IrOCYAapcTBEHHOrO yHuBepcurera (nanee — XI'Y). B mapre 1950 r. n
Bnagumup Tonok 6611 mepeBesieH Ha 4-i Kype sIIEpHOTO OTJIeNIeHUs 3Toro (akyabTeTa.

«YUuImch MBI TOTAa, — yTouHsAeT Biaagumup TapacoBud, — oTenbHo 0T cTyaeHTOB XI['Y B HEOONBIIOM 3MaHUN
BO /IBOpE YHHBEpcuTeTa. Bxon B 3T0 momemneHue ObUI TOJIBKO MO MpOMycKaM. JIeKIMM YWTamy HaM BeXyIIve
corpyaaukn YOTU: Kupnmn [AmurpueBny CunensnukoB, AHToH Kapnoud Banprep, Anexcanmp WUnena Axuesep,
SxoB bopucosmu Daitnbepr u qpyrre H3BECTHBIC YUEHEIE.

Jlexmuu moJaranock 3aychIBaTh B CIICIIHATIBHBIC TETPAIH, TJI€ CTPAHUIIB OBUIH IIPOHYMEPOBAHBI, IPOLTHYPOBAHBI
U CKpEIUIeHBI CYypry4YHOH Ie4YaThio. DTH TeTPaaAX BEIHOCUTH 3a MPEIeNbl KOPITyca He pa3penanoch.

Yuuuch yBiIeu€HHO M O4eHb HanpspKEHHO. [la v cTuneHnus y Hac ObLIa MOYTH BTPOE OOJIbIIE YeM y CTYICHTOB
apyrux dakynsreroB XI'Y.

Juruiomuyro paboty st Bemonusii B YOTU, B naboparopun flkoBa Bopucouua @orens. OH, MOi TepBbli
HaCTOSAIIMH YYHTEINb, IPUBWI MHE HE TOJIBKO JIIOOOBb K DKCIIEPUMEHTY M TOMCKY, HO M Hay4WJ CKPYIYJIE3HO BECTH
3amicd B J1a0OpaTOPHBIX JKypHajlax, 4TOo HE pa3 IIOMOTAN0 B JayibHEWIIell Moell Hay4yHoH paboTe NpaBMIIBHO
HMHTEPIIPETHPOBATH PE3yIbTATHI.

3ammTa TUIIIOMHONW paboThl mpoxonwta B kabunete aupekropa YOTU K. [I. CunensaukoBa. Hac o omHoMy
BBI3BIBATIM B 3TOT KaOWHET AJIS 3allUTHI CBOCH IWIUIOMHOHM PabOTHL. DTO OBUIO OOYCIOBIEHO CEKPETHOCTHIO HAIIHX
pabor.

A 25 nexabps 1951 roma, kak pa3 B I€Hb MOETO 25-JT€THS, S MOJYYWI AAIUIOM 00 OKOHYaHHH XapbKOBCKOTO
rOCyJJapCTBEHHOTO YHHUBEPCUTETAY.

B XapbkoBckoMm (u3uKo-TexHHYeckoM HMHCTUTyTe Bnamumup TapacoBuu Tosok mpommén myTe OT MIIafmero
HAYYHOTO COTPY/HHKA IO IEPBOT0 3aMECTUTENSI JUPEKTOpa [0 HayyHOH paboTe.

Ero mepBbIMU 3KCTIEpUMEHTAIBHBIMU paboTaMK OBLIM HCCIEIOBaHHS B 00JacTH (PU3WKU M TEXHUKU JIMHEWHBIX
YCKOpHTENeH IPOTOHOB U 3IEKTPOHOB.

B 1956 rony B pe3ynbpTare CaMOIpPOHM3BOJIBHOIO BKIIIOYEHHUSI YCKOPHUTENSI BO BpeMs MPOBEACHUS HKCIEPUMEHTA
MIPOM30IIEeJT HEeCUYACTHBIN ciydail: Brmagumup TapacoBud mosydmn jydeBoe HOpakeHHE KUCTEH pyK (Ipu 3aMeHe
MHUIIIEHH, 00JlydaeMOil AIEeKTpOHHBIM yukom). Jlanmee ¢ ero cioB: «CaHUacTh MHCTUTYTa “KOMaHAHMpOBaia” MEHS B
Mocksy, B UactutyT Omodpmsukn Axagemnu Hayk CCCP. Kimawmka WHCTHTyTa, Kyma s moman, ObUla CEKpPEeTHBIM
yupexaeHneM. B Hell n3ydanocs BIMAHUE paAualiy Ha JIIOAEH U )KUBOTHBIX, BOSMOXKHOCTH UX JICUCHHS.

B Te rozb! MONHBIM XOAOM I UCIIBITAHUS aTOMHOTO OPYXHs, B 3TOM KIMHHKE MOCTOSIHHO HAXOAWINCH JFOIH,
paboTarome ¢ aTOMHBIM OpyKHeM H peakTopamu. Hampumep, mue 3amomumicsa Jl€ma [ankua. OH Haxogwiacs B
KJIMHUKE Y€ He nepBblit ron. JI€ma Obu1 nadopantoM MHCTUTYTa aTOMHOI SHEPrud W CTajl “3HAMEHUT TEM, YTO
BMECTE C OJTHUM HHXXCHEPOM B aBapUUHON CHUTYallMW BBIHYXXICH ObUT pa3o0parh pykamu[sic] SKCHEepHUMEHTaIbHBIN
peakTop, KOTOPBIA TOTOB YK€ OBbUI FOTOB MOWTH B “pazHoc”. Tshkeno ObUI0 CMOTPETh Ha 3TOTO MapHs: MPaBoil PyKH Y
HEro He OBbLJIO BOBCE, a Ha JIEBOH, OT KOTOPOH OCTAIIMCh KOCTH, OOTSHYTHIE IPO3PaYHON KOXKEH, OBbUIO 1Ba CKPYUYEHHBIX
nansia. [lepeaBurancs oH Ha KOCTBUISIX, HOTH OBUTH MOKPBITHI HE3Q)KUBAIOLMH SI3BAMH. . .

Htor mMoero ABYXJIETHETO JI€YeHUs OB TaKOB: aMIIyTHPOBAHbBI MOPaXEHHBIE (allaHT MaJIbLEB 1 HOPMaJIH30BaH
COCTaB KPOBH.

“ITproOpén” s 1 HeOOBIYHBIE 0COOSHHOCTH: PE3KOE CYKEHHE IIBETHOTO IOJIS 3PEHUS, IIOJTHOE OTCYTCTBUE PEAKIIHU
Ha TOPHKOE W MTHOBEHHO BO3HHKAIOIIYI0 TOJOBHYIO OONb HpH MajeHIIell a03€ PEHTITEHOBCKOTO OOIydeHHUS.
[Mocnenuss ocobeHHOCTH OTHAXABI cpadboTana B CIIIA.

B Hauane 80-x rozos, Koraa s yacTo ObIBaJ TaM B COCTaBE JeJeraluil COBETCKUX yUYEHBIX-CHELUATUCTOB MO
VOPaBIsIEMbIM TEPMOSJACPHBIM PEAKIUAM, MPOU3OIMIEN OOOMBITHRIA cioydail. B JluBepMopckoi J1abopaTopuu
(Lawrence Livermore National Laboratory. — IIpum. A.T.) Hally [IeNneranuio B COCTaBe ISATH YEJIOBEK MPOBEIU Yepe3
HeOoJbIIoe cTpoeHre. VIMEHHO TpoBeNnu, NOTOMY YTO MBI BOLUIM M TYT JK€ BBIILIM, HUYEro He ocMorpeB. Ha stor
SMM30/1 HUKTO U3 HAIlIMX He oOparwi BHUMaHus. Ho He s1...

Beriias oTTyna, s cpasy NMOYyBCTBOBAJ PE3KyIO0 TojOBHYIO 0osib. Ckazan 00 3TOM IiaBe JAeNeraniy akaaeMHUKy
E.Il. BenuxoBy: “XKens, nHac npwindHo oOuryyninn”. [Ipunmocs KOpoTKo Ha X0y OOBSCHATH, B 4éM aeno. KonedHo,
TOBOPHTH 00 3TOM HE MMEJI0 CMbICIIa aMEepHKaHIIaM, CKaH/aJI ObUT He Hy)KeH, Jia U Kak Jokaxemb? OnHako 3a o0em1oMm,
Kak Obl “HEeB3Ha4ail”, paccka3zayl TOCTEIPUUMHBIM XO035€BaM HCTOPHIO MOETo csoticmea. OHU JIOOW YMHBIE, TyMaro,
Jomo. MBI ¥ paHbIe 3HAIM, YTO B 3TOH 1a00paTOpHM 3aHUMAIOTCSI HE TOJIBKO MHUPHBIMHU JIEJIaMH, HO CO BPEMEHEM
CTaJI0 U3BECTHO, YTO TOTJa CO3AAaBAJIH TaM HEHTpOoHHYI0 00MOY. [Toxoske, Hac “00paboTany’, Ha BCAKHN CITydaii».

Kcrarn, Bpaum kaTteropumuecku 3samnperwin Bmagumupy TapacoBudy pa®otaTe ¢ JIFOOBIM HOHH3UPYIOLIUM
H3Ty4EHHUEM.

B 310 xe Bpemsi B XapbKOBCKOM (DPU3UKO-TEXHUYECKOM HWHCTUTYTE HAYaMCh UCCIIEIOBAHUS B HOBOM oOnactu
HayKHU — (PU3HKH I1a3MBI.

Jupexropom uHctuTyTa Kupmiom JImutpreBndeM CHHETBHUKOBBIM OBUT CO3/1aH Hay4HBIH OTHEN «P» U3 msatu
SKCTIEPUMEHTAIIBHBIX M JIBYX TEOPETHUECKHX JabopaTopuil. PykoBoauTenem onHoi u3 nmaboparopuil ObLT Ha3Ha4YeH
Bnanumup Tapacosuu Tonok.

«O mna3me, — kak BcnoMuHaeT Bragumup TapacoBud, — MBI IMEIH BECbMa CMyTHOE IpencTasienue. Ilpencrosina
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uHTeHCHBHas yueba. [Ipuxonmiock MHOro 4MTaTh NMEPHOAMYECKON JTUTEpaTypbl. BceM MpUILIOCH Cephe3HO 3aHATHCS
aHIIMHCKUM s136IKOM. Bekope nox pykoBoactsom Kupmina JIMutpueBnda CHHETBHUKOBA HA OTHOCUTENIBHO MPOCTHIX
yCTaHOBKaxX Hayaly MOSBISTHCS HAIIN MEPBbIE PE3yJIbTaThl padOTHI C “SKUBOM’ TIIA3MOH.

—— W
JIABOPATOPHH. -CJIEBA HAMPABO:2.B.5. KAIOMIEB
4.8.T.TOJNOK, 5.C.CTPEIKOB. CiHA. 70-e ['OJH.

B snBape 1960-ro mpuexan B XPTU Urops BacuneeBuu KypuatoB. OH mpuBe3 B HHCTUTYT HOBOE, OYEHb
HMHTEpECHOE U BaXKHOE CIEL33JaHMe — HadyaTh Ha TEPMOSICPHBIX YCTAaHOBKAX-CTEIIApaTopax HCCIENOBaHUS IO
I00ATBHOM MPoOJIeMe YeTI0BeYeCTBA — YIIPaBIsieMoMy TepMosaepHoMy cuaTesy (YTC).

Torma axagemuk KypuaToB, 1m0 pekoMeHmanumu aupekTopa WHCTUTyTa CHHEIBHUKOBA, IPEIUIOKHI MHE
BO3TJIaBUTH PabOTHI MO COOPYKEHHIO B WHCTUTYTE KPYHMHEHIIEH B MHpE TEpPMOSAEPHONW YCTAaHOBKM — CTeiuIapaTopa,
KOTOpOMY OH jan HazBaHue “Ykpamna”. S Obi1 o3amadeH. KTo-To, KOHEUHO, JOIDKEH OBUT 3TO Jenarh, HO 5 ce0s B
TAaKOW POJIM HE MPEICTABISIL.

K tomy Bpemenu motii crax padotsl B XDOTHU 6511 okoo 8 set. A “main »ku3Hb” ABYM YCKOPHUTEISM — IIPOTOHHOMY
U YHHUKaJIBHOMY 3JIEKTPOHHOMY C TOKOM B 10 ammep, 4To eIme Aoyro ObUI0 MHUPOBBIM PEKOPAOM JUIS PE30HAHCHBIX
yCKOpUTEJIeH, a B (PU3MKe I1a3Mbl yCrel “A00bITh” HUKIOTPOHHBIN PE30HAHC Ha MPOTOHAX B IUIOTHOI IU1a3Mme.

Hagepnoe, 00 aToM u OblT panee pazroBop CunesnbHukoBa ¢ Kypuaroeim. Korna 3amnmia peus 0 MoéM Hay4HOM
omsiTe, KypuaToB Beceso 3aMeTnII, 4TO HY)KHO J00aBUTH K ATOMY ONBITY MOM 33 roja U cMello HauMHaTh OOJIBLIYIO
paborty.

Kak m3BectHo, y Urops BacuiseBnua KypuaToBa Oblta mpUBBIYKA J1aBaTh MPO3BUILNA TEM, C KEM OH padoOTal.
MeHs1 OH cTall Ha3bIBaTh CTPEIIKOM-PAJIMCTOM — IIOCIIE PACCIIPOCOB O MOEH YKU3HUY.

Bcekope Bnamumup TapacoBmu Tomok Obm koMaHAWpoBaH B MOCKBY B pacmopsbkeHHe akamemmka . B.
KypuatoBa ansi MOATOTOBKM MOCTAaHOBJICHUS MPaBUTENBCTBA O pa3BUTHH padoT mo YTC B XapbKOBCKOM (H3UKO-
TEXHHYECKOM MHCTHUTYTE.

Bce num Brnaguvupa TapacoBuya Obuté pacmucansl mo dacam: B 9.00 — mocTaHOBKa 3a/1a4 Ha JeHb B pabodeM
xabunere U. B. KypuaroBa, Beuepom — nokman KypuaroBy y Hero moma o IpoBEICHHOM 3a AeHb padore. B cyb0oTy —
HOYHOH 1oe311 B XapbKoB. YTPOM B BOCKpeceHbe — 1oKna] CuHensHIKOBY. [loAroTOBKa HOBBIX Tex3agaHui. Beuepom
—noe3q B Mocksy. [Tonenensuuk: 9.00 — padouwnii kabuner Y. B. Kypuarosa...

7 despans 1960 roga Heoxxunanuo ymep Urops BacunbeBnu KypuaTos.

W3 Bocriomunanmii Bagumupa Tapacosuua Tonoka: «B msTHuIy Beuepom, 5 ¢deBpais, s npuién k KypuatoBy
MIPOCUTH OTITYCTHTH MEHsI B XapbKOB B TOT K€ BEUep, a He B CyOOOTY, Kak 0OBIYHO.

Urops BacunbeBnu ObLT B IPEeBOCXOJHOM HacTpoeHuw. HameBan uro-to, mrytwir. [lomo#, npaBna, MeHs He
OTIYCTHJI, T. K. HAMEYAJIOCh Ha cy000Ty emmé kakoe-To zeno. TyT e Mo3BOHMI 10 IpsMoMy crenrenedony B XapbKoB
CuHETbHUKOBY 1 TIEpeHEC HAMEUEHHYI0 MOIO BCTpedy ¢ HAM ¢ CyOOOTHI Ha BOCKpeceHbe. B KoHIe 3Toro TeneoHHOro
pasroBopa ckasall, 4TO coOHMpaeTcsi exaTh ¢ JKeHOH (cecTpoid CHHENBPHIKOBA) B KOHCEPBATOPHIO CIymaTh “‘PexBuem”
Monapra.

To 6bUT POKOBOIT pEeKBUEM.

B Bockpecenbe 7-ro ¢eBpaisi, Korga st Obul yxe JoMa B XapbKkoBe, M03BOHMI MHe CHHEIbHUKOB. ['0OBOpWII OH
MEIJICHHO, C TPyAOM mombupas cioBa: “Bonoxas, mHe ceiiyac mo3poumid u3 MockBbl. ropro BacuibeBudy oueHb
10x0. botock, UTo 3TO cephE3HO™.

Bckope mo paano ObUT10 0OBSBICHO O BHE3AMMHOM KOHYKMHE akageMuka Kypuatosa. EMy Obu1o TONIBKO 57 JieT. DTO
OBLIO TOpE ISt BCEH CTPaHBI.

Tak yx coBmajio, 4To0 HMEHHO B JIeHb BHe3armHOH KoHUMHBI KypuaTtoBa B razere “IlpaBma” Oblina omyOiaMKoBaHa
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ero cratbs “PasButue aToMHON (u3vku Ha Ykpaune” . Urops BacuibeBud Nucaa 0 TOM, 4TO HEJABHO MOOBIBAN B
XapekoBe B mHcTUTyTe cBoero jpyra K. JI. CuHenbHUKOBAa M 4YTO TaM HadaThl paboThl HaJ IVIAaBHOH mpobieMoin
COBPEMEHHOW HAayKH — MPOOJIEMOIl yIpaBJIeHUs TEPMOSICPHBIMH PEAKIHSIMH.

B nacrosiee BpeMsi B 00JIaCTH MCCIIEIOBAHUS SACPHBIX PEAKIMH IPH YHEPrHsX CTAJKUBAIOLIMXCS YacTHI] OT
OJJHOTO 70 CTa MHJUIMOHOB OJJICKTPOHOBOJBLT YKpawHa Omaronmapss paboram OH3MKO-TEXHHMYECKOTO HWHCTHTYTA
Axanemun Hayk YCCP B XapekoBe u Muctutyta @usuku AH YCCP B Kuese Bbllna Ha IEpBOE MECTO B ALY
OpaTCKUX peCcIyOIIUK Hallel BeNUKOH PoauHEL. ..

Haxkonen, B Hactosimee BpeMs B XapbKOBCKOM (DM3HKO-TEXHHYECKOM MHCTHTYTE HAadaThl pabOTHI HaJl IMIaBHOM
poOIeMOi COBPEMEHHOW HAayKH — MPOOJIEMOH yIpaBIIEHHUs] TEPMOSACPHBIMI PEAKIUSAME. Y CIEITHOE PEIIeHHEe 3TON
3aJja4y OTKPOET IIOMCTHUHE HEBUIAHHbIE TIEPCIICKTHBEI.

B XapbpKOBCKOM (PU3MKO-TEXHHYECKOM HHCTHTYTE PaOOTHl MO YNPABISIEMBIM TEPMOSIEPHBIM PEAKIMAM IO
o0mmM HaydHbiM pykoBoacTBoM K.J[. CuHENIpHHKOBAa HadaThl BCErO MOJITOpA - [Ba roga Hasaa. Ho 3a 310 KopoTkoe
BpeMsI BHITIIOIHEHB! Ba)KHBIE TEOPETUUECKUE M IKCIIEPUMEHTAIbHBIE UCCIIEIOBAHNS CBOMCTB MOHU30BAaHHOH IJIa3MBHI. . .
Bce aTo no3BossieT yxxe cefyac NepedTy Ha YKpauHe K IPOSKTUPOBAHUIO U CTPOUTENILCTBY KPYIIHBIX YCTaHOBOK JUISL
MIPOBEJCHUS HCCIIeIOBaHUM 110 TepMOsiAepHBIM peakuusm» [«IIpaBna» ot 7 despans 1960 roaal.

Konumna U. B. KypuaTtoBa ceppé3neiimmmM o0pa3oM oTpasuiack Ha cynp0e cremtaparopHoii nporpaMmel XD THU.
B wrore Tonpko depe3 ceMb JieT (BMECTO OJHOTO Troja, HamedeHHoro KypuaToBbIM) Obula COOpyKeHa YCTaHOBKa
3HAYMTEIHHO MEHBIIMX pa3MepoB, YeM OH Hamedal. Jla U kK ToMy ke uMs “YKpawHa’, COBCEM HE HAIpacHO JaHHOE
KypuaToBeim, ObUTO 3aMeHEHO Ha “Yparan™».

Crout mog4epKHyTh U TOT (pakT, uro Tepmosaepusie uccieaoBanms B CCCP, CIIIA u AHrmu HaYaiu IpOBOANTH
MTOYTH OJHOBPEMEHHO B Hadaie 50-X. DT pabOTHI BEUCH O TPUPOM “‘CeKpeTHO” .

Ilepen y4ensiMu ObUTa TIOCTaBIIEHA CIOXHEWIIAs 3agada — MEPEHTH OT HEYNPaBIsEMOTrO B3PBIBA BOIOPOTHON
60MOBI, IZie TepMOsIepHas peakuus yke OblIa OCYIIECTBICHA, K YNPaBIsIEMOMY IpOLECCy MOIy4eHHs 3HEPTHU.
Heo0xoaumo ObuTo HalTH crocoObl Harperh BemiecTBO 70 100 MUIJIMOHOB TpafyCoB M yIEpXaThb B HM3OJSLHMU OT
okpyxatomiet cpensl (NB: remnepatypa caMmoro TyroruiaBkoro Merajuia — Bosbgppama — Bcero 3 500 ° C).

Hauano mmpokomMy MeEXAyHapOJHOMY COTPYIHHYECTBY B 3ToW obOiactu monoxun fokian W. B. Kypuatosa B
Xapyanbckoii JIaboparopun (AHrmus, 1956 ron) o pesynprarax paboT M0 yNpaBiIsieMbIM TEPMOSAEPHBIM PEAKLUSIM B
CCCP.

U 310 ObU1a cercarus ().

AMepHKaHIIBl ¥ aHIVIMYaHEe PEIIMIIN «B JIOITY» HE OCTAaThCsl M BCKOPE BRIMYCTIIN «Nature», B KOTOPOM BCE CTAaThbH
OBUTH MTOCBSIIEHBI TOIBKO YIPABISIEMOMY TEPMOSAECPHOMY CHHTESY.

3areM Ha MEKXAYHAPOJHOM YPOBHE OBIIO MPUHSATO PEIICHHE O CO3AaHMH COBMECTHON COBETCKO-aMEPHKAHCKON
KoopanHarmoHHOH komuccuu (manee — CKK) mo ympasisieMoMy TepMOSIEPHOMY CHHTE3y. B 3Ty KOMECCHIO BXOIMIN
PYKOBOIUTENH BEAYIINX TepMosaepHbIx Jadoparopuit CCCP u CHIA.

IMocrostHHBIM usieHOM 3TOM KoMuccuu oT XDTU 6bun Hasnayen Bmagumup Tapacosuu Tomok. OO0 3TOM 3Tame
CBOEH JKM3HU OH pacckazail cienyromiee: «Pabora KOMHCCHM 3aKiTIOYaiach B €KETOJHOM O3HAKOMIICHHU €€ YJICHOB C
paboTaMu COBETCKMX M aMEpPHKaHCKUX TepMOsIepHBbIX Jaboparopuid. 3a 14 jer coBMecTHOI pabOThl MBI XOpPOLIO
y3HaJU IpyT Apyra.

B CIIA nHéM MBI O0BIYHO HampsDKEHHO padoTaly B JIAOOpATOpHH, a BeUuepoM OBUIM 00s3aTesIbHBIE TPHEMBI B
JIOMax pYKOBOAWTeNeH 3Tux naboparopuil. OTKpHITOE IEI0BOE OOCYXKAEHHE pe3yibTaToB paboT criocoOCTBOBAIO
BBIPAaBHUBAHMIO UX HAYYHOTO YPOBHS IO MEXIYHapOIHOTO.

Tepmosinepusie madoparopun CIIIA Opum pa3dpocaHbI o Beelt cTpaHe OT ATIAaHTHIECKOTO OKeaHa 10 Tuxoro.

OmHaXIbl CIYYIIIOCh Tak, 4To Mo mopore B Jloc-Amamoc (Tae ObUIH CO3HAaHBI MEPBBIE aTOMHBIE OOMOBI) MBI
OKa3aJIMCh B CaMOJIETE-TAKCH 0€3 COIPOBOXKIAIONINX HAC aMEPHKAHIEB. Bo BpeMsi mosieTa muiIoT HaMm BAPYT 3asiBHIL:
“A miit 6ateko 3 Kuea”. IIpaBna, Ha “MOBi1” CBOIX IpPEAKOB OH OOJIBIIE HUYETO CKa3aTh HE MOT, HO KOHTaKT MEXIY
HaMH BO3HHUK. M OH peurui TocTenpHuMHO MoKa3aTh HaM OKpecTHOCTH Jloc-Amamoca (caMoi 3aKphITON TeppUTOpHUN
CIIA). Msl Torma cBepxy YBUACTH HE TOJNBKO WHACHCKHE pe3epBallii, HO M OTIEIbHBIE COOPYKEHHUS, KOTOPHIE
pacnonarajguchk B IITyOOKHMX ymienbsx. Ham mojer B 3TOM paiioHE HECKOJBKO 3aTSHYJCS, YTO BBI3BAIO HEMAJlOe
0eCrOKOWCTBO aMEpUKAHIIEB, IPUJICTEBIINX Ha MECTO paHbIIE HaC.

B my3see Jloc-Anamoca HaM MOKasaiu MakeThl EPBBIX aTOMHBIX 60M0 — “Manbima” n “Toncrsika”. [Ipeanoxunm
opadoTaTh C MaHHUIYJISATOPOM — MEXaHWYEeCKOW “pyKoi” mist pabOThl C pPaJANOAaKTHBHBIMH MaTepHalaMH — U
TIOTIPOCHIIN YTO-HUOY/b HAaIlUCATh HA TTaMsTh. S| OCTaBMII UM Ha MaMsITh CBOIO TTOJMKCEH, HO OBUIO HCKYIIEHHE HAINCATh
TpaguIMOHHO-poHOe “3rmech Obu1 Boma”. B oOmem, 3a BpeMss MOMX TypoB IO AMEpPHKE HAKOMWIOCH MHOTO
BIICUATIICHUH, TIOBOJIOB JUIS PA3AyMHN U CPaBHEHHI».

Crnemyer 0cob60 OTMETHUTH TOT (akT, 4To mMeHHO ¢ 1960 roma XapbKoBcKHH (DM3UKO-TEXHUYECKAH HHCTUTYT
AKTHBHO COTPYJHHYAET CO MHOTUMH TEPMOSIICPHBIMHU IIEHTPaMH MHPA.

Hampumep, Biranumup Tapacouu Tonok kak pyKoBOIUTENb TEpMOsAEpHbIX uccienoBanuii XOTU nocermn — ¢
1960-ro o 1985 roa — cnenyromnue CTpaHbl:

* PazButHe aTOMHOM (usnky Ha Ykpaune” — u. B. Kypuatos: «B sHBape HBIHEIIHETO To/la s, Kak B CTAPOE BPEMs, POBEN B 3TOM
HMHCTHTYTE HECKOJIBKO IHEH, TOCTaBUBILIMX MHE MHOTO PajIOCTH. ..
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CHIA (o3HakomiieHHE C padOTaMH HAY4HBIX LEHTPOB B obnactu ¢usnku mia3mel 1 YTC; 1960),

Agctpus (MexayHapoaHas koHpepenuus MAI'ATD B obnacty ¢uzuku mnasmsl 1 YTC; 1961, 3ansudypr),

AHrMs (CoBEIaHKe 110 yCTOWYMBOCTH TUIa3Mbl B MarHUTHOM 11ojie; 1962, KemOpumxk),

CIIA (exeromHast KOH(pEPEHIHS aMEepUKaHCKOTO (PU3MIecKoro oomectsa; 1962, AtmanTuk-Curtn),

CHIA (o3nakomiieHHE ¢ pabOTaMH TEPMOSIEPHBIX LIEHTPOB; 1964),

Anrnmus (MexayHapoaHas KoHpepeHus mo ¢usuke mwra3mel u YTC; Jlonmon, 1965),

Uramus (o3naKoMieHne ¢ padboramu o pusuke mra3mel; @packaru, 1966),

[Bemus (2-1 eBpomneiickas koH(pepennus mo ¢msuke miazmel # Y TC; Ctokromsm, 1967),

OPT " (o3HaKomyeHHE ¢ paboTamu 1o (pusuke mwra3mel, boxywm, ['apxunr,1972),

CIIIA (uneH MOCTOSHHOW COBETCKO-aMEPHKAHCKOM KOMHUCCHHM IO TEPMOSACPHOW DHEPreTHKe, O3HAKOMIICHHE C
paboramu rta3MeHHBIX Jlaboparopwuii B [Ipunctone, Ok-Pumxke, Jloc-Anamoce, Jlusepmyine, bepkin, boctone (MTH);
1973-1987),

CLIA (o3HakomiieHHE C paboTaMu TepMOsiAepHBIX LeHTpoB B pamkax CKK; 1973,1975,1977),

YexocinoBakus (8-s eBporieiickas koHpepeHus 1o ¢pusuke miasmel u Y TC; [para, 1977),

@pannyst (03HaKOMIICHHE C PabOTaMH TEPMOSAEPHBIX EHTPOB; 1978),

CIHIA (o3nakomiieHHE ¢ paboTaMH TepMOsAEpHBIX HeHTpoB B pamkax CKK; 1979),

CIOA (9-1 mexnmyHapomHast koH(pepeHimss MATATD mo ¢usmke I1a3Mbel; O3HAKOMIICGHHE ¢ paboTaMu HAay9HBIX
meHTpoB B pamkax CKK; 1982),

CIIA (o3HakomieHne ¢ paboTaMu TepMOsAepHBIX IeHTpoB B pamkax CKK; 1985),

Upan (urenne nexuuii B Terepanckom yauBepcurete; 1994).

B 1966 romy Bmagumup TapacoBuu Tosok BO3INIaBuil OTHAelieHHE (HM3MKH IJIa3Mbl XapbKOBCKOTO (BH3HMKO-
TeXHUYEeCKOro MHCTUTyTa. OTaeNeHHe COCTOSUIO U3 IATH HAayYHBIX OTIENIOB, MHXEHEPHO-TEXHHYECKOTO CEKTOpa U
CIeHaIN3UPOBAHHOM J1a00PaTOPHH MIIa3MEHHOH TEXHOJIOTHH.

PabGotel B oTheneHny ObUIM Pa3BEpPHYTHI MO JOJITOCPOYHBIM Iporpammam «Yparaw», «tOmnwurepy, «Ilydox» n
«bynar».

CremmapaTopHasl nporpaMMa «YparaH» — camas Oonblnasi — BKIOYasa B cebs pa3paboTKy HAay4yHBIX H
TEXHOJIOTUYECKUX BOIPOCOB, CBSI3aHHBIX C COOPY’KEHHEM KPYITHBIX TEPMOSAECPHBIX YCTAHOBOK. B 4acTHOCTH, B pamMKax
9TOHM mporpaMMbl ObUIA COOpYXEHa CepHs YHHKAIBHBIX 3aMKHYTBIX MAarHWTHBIX JIOBYIIEK CTEIUIAPATOPHOTO THIIA!
«Cupuycy, «Yparas-1», «Yparaa-2», «Yparan-2m».

ITo »Toit e mporpamme OBUTH ITOCTPOEHHBI IEPBBIE B MHUpe, pa3padoraHHble B XDTU, ycoBepleHCTBOBaHHBIE
HOBBIE MOAN(HKALNY CTeIIapaTopa — TopcaTpoHsl «CaTyph», « BUHT» 1 He MMEIOImHMil aHaIOTOB B MUpE «Y paraH-3».

U BoT uTO IO 3TOMY MTOBOAY pamopToBaiia roja razera «IIpasma» ot 29 asrycra 1982 roga:

«HoBbIM mIar Ha IyTH K CO3JAaHUIO YIIPABIAEMOIO TEPMOSIEPHOIO CHUHTE3a CAENAIM ydeHble XapbkoBa. B
Ouznko-TexHudeckoM HHCTUTYTe Axagemun Hayk YCCP Hauana gelicTBOBaTh OJHA M3 KPYMHEWIIUX B MHUPE
CTEJUIapaTOPHBIX YCTAaHOBOK — “Yparan-3”. Illupokas mporpamMma HCCIEAOBaHMH IpeIycMaTpUBAeT H3y4EHUE
3aKOHOMEPHOCTEN MOBEACHUS IJIa3Mbl, HATPETON 10 HECKOJIBKUX JECATKOB MUJUIMOHOB IPayCoB. ..

[TepBbIit cTemmaparop 3Toro THma ObLI co3fnaH B HameM uHctutyre B 1970 romy. C Tex mop B pamkax
00IIIECOI03HON TEPMOSIEPHON MPOrpaMMbl B XapbKOBE CKOHCTPYHPOBAHO HECKOJBKO IMOJOOHBIX CHCTEM. YUEHBIX
TIPUBJIEKAET MX CIIOCOOHOCTH paboTaTh B IOCTOSHHOM pEXHME, HEOOXOAMMOM IUisi (DYHKIIMOHMPOBAHUS OymyIINX
MIPOMBIIUICHHBIX ~ PEakTopoB. “‘Yparan-3” — 0a30oBas yCTaHOBKa, KOTOPYIO IIPENINONAraeTcs HENpPEephIBHO
COBEpILICHCTBOBATh, HAPAIINBAs €€ MOITHOCTEY [[{umuposanue no: «3apabotan “Yparar™»].

Taxoke ycremHo pa3pabaTeiBanack U HaydHass mporpamma «fOmmTep», koTopast Obula HampaBicHA HA M3Yy4CHHE
yIepKaHHsI TOpsTYEH MIa3Mbl B 3JIEKTPOMAarHUTHBIX JIOBYIIKaX, MpetokeHHbIX O. A. JIaBpeHTbEBBIM.

OcHoBHOI ke 3amadeil mporpamMmbl  «Ilydok» Obuto u3yudenue 3S(GGEKTOB B3aMMOJCHUCTBHS IUIA3MbI  C
SNEKTPOHHBIMH M HOHHBIMH TIy4YKaMM, a TakXe HCCIEIOBaHME IPOIECCOB YCKOPEHHS 3apsOKCHHBIX YacTHIl U
reHepaly U3JIy4YeHHs B ITUPOKOM JHaIia3oHe 4acToT (Hay4yHblid pykoBoaurelns S1. b. ®aiinbdepr).

Bo Bcex mnporpamMax ObIM TONydYeHbl  (yHAaMEHTalbHbIE HaydHblEe pe3yJbTaThl. B dYacTHOCTH, Ha
cTesutapaTopax ObUIM W3y4YeHbl 3aKOHOMEPHOCTH yJIepKaHHs TUIOTHON BOJOPOJHOM IUIa3MBbl C TEMIIEPATYPOH B IECSITKU
MUJTHOHOB IPaayCoOB.

«IIporpamma “Bynatr” — Mo€ “meruiie”, BakHas M TE€Nephb yXKe IMOCIEeIHS YacTh MOSi HayuHOH Kn3HH, — He 0e3
3acoyKeHHOH ropaoctu noguépkusaer Bnaaumup Tapacosuu Tonok. — IosBinenne HayuHOM nporpaMmsel “Bymat” —
mpuMep ‘3aKOHOMEPHOH CIydalfHOCTH’, KOTJa B XOJ€ PEIIeHHs ‘‘CTpaTerndecKoil” 3ajadu yIaloch HE MPOIYCTHTH
10OOYHBIN 3P (EKT, IPaBUILHO OLEHNTH €TO 3HAYECHHE W Pa3BHUTh €r0 B I€JI0€ HOBOE HAIPABICHNE B TEXHOJIOTHH, T.C.
ymaiocs “mo gopore B MHAWIO 3aMeTHTs AMEpHKY .

OCHOBOI OTOM TEXHOJOIMH sBiseTcsa cnocod0, Haspauubli Hamu “KWB” — Kongencamus ¢  HMonnoii
BomMbapaupoBKoi.

OH poawics Tpu pa3pabOTKE CBEPXMOIIHBIX BBHICOKOBAKYYMHBIX O€3MaciiiHbIX HAcOCOB JUIsl  HAIIUX
cremaparopoB. B aTux Hacocax ucnonb3oBajiics 3(@(eKkT WHTEHCHBHOTO IMOTJIOLICHUS I'a30B CIOSMU PacIblIEHHOTO
TUTaHa. bbII0 00pallieHo BHUMaHUE HA TO, YTO NPH PACTBICHUH TUTaHA C TOMOIIBIO JIEKTPUYECKON JAyrd o0pasyercs
1a3Ma, 6osiee 4eM Ha ¥4 COCTOSIIAs U3 MOHOB TUTAHA.

[Tocne 3Toro HeTpymHO OBLIO NMPHHTH K MBICIH, YTO C HOMOIIBIO JIONOJHUTEIBHOTO 3JEKTPUYECKOTrO IO,
YCKOPSIOIIET0 HOHBI ““OoMOapaupyromye’” MOBepXHOCTh, MOKHO BHEIPUTD B HEE THTAH.
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W yxe B MHepBBIX AKCHEPHUMEHTaX OBLIM IOJTYy4YEHBl NMPOYHBIC IUIEHKH METauIoB. M3roTOBJIEHHBIE 1O 3TOMH
MIpOrpaMMe YCTaHOBKH MbI Ha3Bau “‘bynaramu’».

TexHosoruu 1 yctanoBkH “bynar” BrociencTBUH ObUTM IIMPOKO BHEIPEHBI B MPOMBIIUICHHOCTh HaIlIEH CTpaHbl U
3a pybexom. Hampumep, Obuta pojjana JIMIIEH3MsT aMEPUKAHCKOH (pupMe «MaiTu apc» ¢ MpaBoOM CO3JaHUs JOYEPHUX
¢up™m B 47 cTpaHax MUpa.

Taroke Bramgumup TapacoBud Tonok — aBTop 1 coaBTop 60nee 200 HaydHBIX padoT, 18 M300peTeHwmil U MaTeHTOB.

Cepnarue wreHa-koppectionneaTa HAH Vikpannsr Bmaguvupa TapacoBuda Tomoka mepectano 6utscs 11 mexadps
2012 ropna.

Ho... “Onu sxunu! ” — Tak roBOPAT PUMIISHE O MEPTBBIX, HE JKeJjlas IPOU3HOCUTD 3J0BEIHX CIIOB .

* Llutuposanue no: [lnymapx. CpaBHUTETbHBIE )KU3HEOMMCAHHUS B IBYX ToMax, M.: Usnarenscteo «Haykay», 1994. Usnanue BTOpOe,
ucmpasieHHoe u gononneHHoe. T. 1.
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