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In this paper we studied the weakly nonlinear stage of stationary convective instability in a nonuniformly rotating layer of an
electrically conductive fluid in an axial uniform magnetic field under the influence of: a) temperature modulation of the layer
boundaries; b) gravitational modulation; c¢) modulation of the magnetic field; d) modulation of the angular velocity of rotation. To
describe the nonlinear convective phenomena the local Cartesian coordinate system was used, where the inhomogeneous rotation of

the fluid layer was represented as the rotation with a constant angular velocity QO and azimuthal shear UO(X ) with linear

dependence on the coordinate X . As a result of applying the method of perturbation theory for the small parameter
&=+/(Ra—Ra,)/ Ra, of supercriticality of the stationary Rayleigh number nonlinear non-autonomous Ginzburg-Landau equations

for the above types of modulation were obtaned. The amplitudes of the modulated fields were considered small, which having a

2 . . . Lo .
second order &, and the parametric effects influence to the development of stationary convection in the third order & ’
Numerical solutions of the Ginzburg-Landau equations for various types of modulation of the external parametric influence had
showed that: 1) by the nonuniform rotation with a positive Rossby number Ro >0 the heat transfer in the fluid increases; 2) the

increasing of modulation frequency @@, leads to suppression of heat transfer as with positive (Ro>0), so with negative

mod
(Ro < 0) rotation profiles; 3) the effect of increasing the modulation amplitude of 5m oq 18 to increase the heat transfer anyway of
the rotation profile. It is shown that the rotational modulation has the greatest influence on the change in heat flow in the system. At
the same time, gravity modulation slightly exceeds magnetic modulation, and thermal phase modulation has a lesser effect on heat
transfer in comparison with other types of modulations.

KEY WORDS: magnetorotational instability, Rayleigh-Benard convection, critical Rayleigh numbers, weakly nonlinear theory,
non-autonomous Ginzburg-Landau equation

As known, the instability of a horizontal fluid layer heated from below in the field of gravity (the Rayleigh-Benard
convection) is a classic problem of fluid dynamics [1-3]. The problems related to the effect of rotation and magnetic
field on the Rayleigh-Benard convection cause particular interest. These problems are of applied nature for
astrophysical, geophysical and for engineering-technological research [4]. The problem of rotating Rayleigh-Benard
convection was studied sufficiently detailed in [5-6], where it was found that the Coriolis force with the rotation vector

Q parallel to the gravity vector g inhibits the onset of convection and thus induces a stabilizing effect. Rayleigh-

Benard convection, in which the axis of rotation of the medium and the uniform magnetic field coincide with the
direction of the gravity vector, was well studied in [1-2]. The case is also interesting for astrophysical problems when
the directions of the axes of rotation and the magnetic field are perpendicular to each other, and the direction of the
magnetic field is perpendicular to the direction of the gravity vector. Such problem statement corresponds to convection
in fluid layers located in the equatorial region of a rotating object, where the azimuthal magnetic field plays a
significant role. The linear theory of such convection was first constructed in [7-8]. The linear theory of rotating
magnetic convection for a random deviation of the axes of rotation and the magnetic field from the vertical axis (gravity
field) was developed in [9]. A weakly nonlinear theory and stability analysis of azimuthal magnetic convection with

B,,(R) = const was performed in [10]. It proposes a model in which the centrifugal acceleration g, = (0% (R, +R,) can

play the role of gravitational acceleration g for free convection in the local Cartesian approximation. The weakly

nonlinear theory of centrifugal magnetoconvection considered in [10] was applied to the problem of a hydromagnetic
dynamo. In all works on rotating magnetic convection [1-10], the rotation of a horizontal fluid layer with a constant
angular velocity Q = const was considered.

However, it is known that the majority of various space objects consisting of dense gases or liquid (Jupiter, Saturn,
Sun, etc.) rotate non-uniformly, i.e. different parts of the object rotate around a common axis of rotation with different

© M.I. Kopp, A.V. Tur, V.V. Yanovsky, 2020
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angular velocities. Differential (non-uniform) rotation is also observed in galaxies, accretion disks, and extended rings
of planets. Besides, such large-scale vortex structures as typhoons, cyclones and anticyclones, etc. also rotate non-
uniformly. This circumstance served as the motivation for a theoretical study of Rayleigh-Benard convection in a non-
uniformly rotating electrically conductive fluid in the axial uniform magnetic field [11-13], as well as in an external
spiral magnetic field [14] with the nontrivial topology B,rotB, # 0.

The problem of the stability of an electrically conducting fluid between two rotating cylinders (Couette flow)
and the Rayleigh-Benard problem in an external constant magnetic field were both considered in [11-12]. There was
also carried out a study of the chaotic regime based on the equations of nonlinear dynamics of a six-dimensional
(6D) phase space. The analysis of these equations has shown the existence of a complex chaotic structure - a strange

attractor. A convection mode in which a chaotic change in direction (inversion) and amplitude of the perturbed
magnetic field, taking into account the inhomogeneous rotation of the medium, occurs was found as well. A study of
the chaotic regime of magnetic convection of a nonuniformly rotating electrically conductive fluid in a spiral
magnetic field based on the equations of nonlinear dynamics of an eight-dimensional (8D) phase space was carried

out in [14]. There was also found a convection regime in which a chaotic change in direction (inversion) and
amplitude of the perturbed magnetic field occurs, taking into account the nonuniform rotation of the medium and the
nonuniform external azimuthal magnetic field. Earlier, a weakly nonlinear stage for rotating magnetoconvection (for
Q = const ), in which a chaotic regime occurs, was studied in rotating fluid layers [15-16], in conducting media with
a uniform magnetic field [17-20], and in conducting mediums rotating with a magnetic field [21]. However, the
dynamics of the magnetic field itself was not considered in these works, which corresponds to the non-inductive
approximation. Such tasks have great importance for technological applications: crystal growth, chemical processes
of solidification and centrifugal casting of metals, etc.

The study of the dynamics of a magnetic field generated by convective motions of a fluid is important for the
theory of magnetic dynamo [22]. A special role in this is played by issues related to the physical nature of inversions
and variations in the magnetic field of the Earth, the Sun, and other space objects. In [23] Rikitaki proposed an
electromechanical model of terrestrial magnetism. The study of the dynamic system of Rikitaki equations was also used
to explain the chaotic inversion of the geomagnetic field [24-27]. In recent works [28-29] was investigated a modified
system of Rikitaki equations taking into account friction and not reducing it to a three-dimensional form as for example
in [24]. This made it possible to more clearly show that at first the oscillations of the current (or magnetic) variable near
a certain stationary state with an increase in amplitude go into oscillations around an another stationary state, which
simulated inversions [29]. In [28] it is established that after chaotic behavior the system goes into stable mode.
According to the authors of [28], such a regime can describe superchrons in the inversion of the geomagnetic field. In
contrast to the works [23-29], in [11-12], [14] it is proposed to model the magnetic field inversion by a dynamic system
of equations of Lorentz type, respectively, for (6D) and (8D) - dimensional phase space.

In [13], the weakly nonlinear stage of stationary convective instability in a nonuniformly rotating layer of an
electrically conductive fluid in an axial uniform magnetic field was studied. As a result of applying the perturbation
theory method for a small parameter of supercriticality of the stationary Rayleigh number [30], the nonlinear
autonomous Ginzburg-Landau equation was obtained. This equation describes the evolution of the finite amplitude of
perturbations. A numerical analysis of this equation showed that the heat flux increases with rotation of the medium
with positive Rossby numbers Ro > 0. In [13] it is shown that the weakly nonlinear convection based on the equations
of the six-mode (6D) Lorentz model transforms into the identical Ginzburg-Landau equation. The weakly nonlinear

theory of convection was especially developed with regard to modulation of the parameters that control the convection
process, what is very important for solving many technological problems. Different types of modulation, such as
rotation [31-34], gravity [35-37], temperature [38-40] and magnetic field [41-42], were studied for stationary weakly
nonlinear convection in various media: porous media, nanofluids, and so on. In these papers [31-42] the effect of
modulation of the parameters (rotation, gravity, temperature, magnetic field) on the heat and mass transfer in convective
media was determined. A parametric effect on convection can lead to either an increase or a decrease in heat transfer. In
addition to technological problems, considering of the modulation of external fields plays an important role in modeling
convective processes on the Earth, the Sun, and other space objects [43-44].

The aim of this work is to study a linear and weakly nonlinear theory of the stationary convection in a non-
uniformly rotating layer of the electrically conductive fluid in the axial uniform magnetic field under the influence of:
a) temperature modulation of the layer boundaries; b) gravitational modulation; c) modulation of the magnetic field;
d) modulation of the angular velocity of rotation. The content of the work is outlined in the following sections. The
basic equations for the evolution of small perturbations in the Boussinesq approximation, that describe non-uniformly
rotating convection in external periodic fields: a) temperature modulation of the layer boundaries, b) gravitational
modulation, c¢) modulation of the magnetic field, d) modulation of the angular velocity of rotation, are obtained in
Section PROBLEM STATEMENT AND BASIC EVOLUTION EQUATIONS. In Section EQUATIONS OF
EVOLUTION OF FINITE AMPLITUDE FOR DIFFERENT TYPES OF MODULATION we study the weakly
nonlinear stage of stationary convection in a nonuniformly rotating layer of an electrically conductive fluid under the
action of modulation of external fields. Using the method of perturbation theory with respect to the small parameter of
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supercriticality of the Rayleigh number & =./(Ra—Ra,)/ Ra, ) we obtained the nonlinear Ginzburg-Landau equation

with a periodic coefficient for each type of modulation. The results of numerical solutions of the non-autonomous
Ginzburg-Landau equation for each type of modulation show the dependence of the heat transfer (Nusselt number Nu )
on the amplitude o the frequency ®, , of the modulation and the profile of the nonuniformly rotation (number

mod m

Rossby Ro) are also presented in Section EQUATIONS OF EVOLUTION OF FINITE AMPLITUDE FOR
DIFFERENT TYPES OF MODULATION.

The results developed in this work can be applied to various astrophysical and geophysical problems that consider
magnetic convection in the rotating layers of the Sun, hot galactic clusters, accretion disks and other objects.

PROBLEM STATEMENT AND BASIC EVOLUTION EQUATIONS
Let us consider a nonuniformly rotating flow of an electrically conductive fluid located between two impermeable

horizontal planes z =0 and z = &, which are heated from below and cooled from above according to the periodic

law. The temperature of the lower and upper horizontal boundaries is modulated in accordance with a time-harmonic
law:

T1=75+A7T[1+5251cos(@t)] at z=0 )

TZZY})—A—zT[l—gzé‘lcos(d)Tt+¢)] at z=h,

where 7} = const is the temperature relative to which oscillations occur with a frequency of @, and a phase shift of

@, AT is the temperature difference between the lower and upper planes in the absence of modulation, O, is the
amplitude of thermal modulation, & is a small parameter. In a cylindrical coordinate system an electrically conductive
medium (plasma) rotates in the azimuthal direction with the speed v, = RQ(R,?). Here C(R,?) is the angular

velocity of rotation, which makes small oscillations in time according to the periodic law:
Q(R,t) = Q(R)(1+ £°8, cos(@t)), )

where c?)R is the frequency of rotation modulation, 52 is the amplitude of rotational modulation.

It is convenient to switch from a cylindrical coordinate system (R,,z) to a local Cartesian system (X,Y,Z)
in order to describe nonlinear convective phenomena in a nonuniformly rotating layer of an electrically conducting
fluid. If we consider a fixed region of a fluid layer with a radius R, and an angular velocity of rotation

Q. (1) = QR 1) = Qu (1+ &3, cos(@t)), Q, = const,
then the coordinates X = R— R, correspond to the radial direction, ¥ = R (¢ — @,) to the azimuth and Z =z - to

the vertical direction (see Fig.1).

Fig. 1. Scheme of the shear flow in rotating flows, the flow being approximated in the local Cartesian coordinate system
as a linear shift with velocity U, O(X ).

Then, nonuniform rotation of the fluid layer can be represented locally as a rotation with a constant angular velocity
Q,(¢) and azimuthal width [46], which velocity profile is locally linear: U, =-—g€d,(¢)Xe,, where

q=-dInQ/dInR is the dimensionless shear flow parameter defined using the profile of angular velocity of rotation
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_ R 0Q
Q(R)=Q(R/R,) ?. The parameter g is related to the hydrodynamic Rossby number Ro :Eﬁ_R by the

relation: ¢ =—2Ro0 . Note that the accretion disks with the shear flow parameter ¢ =3/2 (Ro =—-3/4) correspond
to the Keplerian disk, ¢ =2 (Ro=—1) corresponds to the disk with a constant angular momentum or Rayleigh
rotation profile. The case ¢ =1 (Ro=—1/2) corresponds to a system with a flat rotation curve, while ¢ =0
(Ro =0) corresponds to a uniform (or solid-body) rotation with a constant angular velocity.

We assume that the direction of the external magnetic field B, coincides with the axis of rotation of the fluid
Q|| OZ . In addition, the external magnetic field B, and the gravitational acceleration vector g = (0,0,—g) change

with time according to the harmonic law

B, = B,,(1+&°5, cos(@,t))e,, ?3)

_ 2
g=-gy(1+&75, cos(w,1))e,,
where 03,0, are small amplitudes of magnetic and gravitational modulation, By, = const, @,,®, are frequencies

modulation of magnetic and gravitational fields.
The influence of modulation of external fields will consider on the basis of the equations of
magnetohydrodynamics in the Boussinesq approximation [1-2]:

= 2
6—v+(\7V)\7 = —LV(P+B—)+ (BV)B + gfBTe, + WV )
ot £ 87 70,
‘Z—f +(¥V)B—(BV)v =nV*B )
o, (V)T = 4V°T (6)
ot
divB=0, divi =0, %

where €, is the unit vector directed vertically up the OZ axis, [ is the coefficient of thermal expansion,

P, = const is the density of the medium, v is the kinematic viscosity coefficient, 77 = c*lAno s the magnetic

viscosity coefficient, 0 is the conductivity coefficient, } is the coefficient thermal conductivity of the medium. Let us

represent all quantities in Eqgs. (4)-(7) as the sum of the stationary and perturbed components V = U, +1,

B= Eo +b, P= Po+ P, T =T, +0.The equations for the stationary state are:

dp,
d—Z‘) = poghI, ®)
—2gQ2X = 1 dp, ©)
Py dX
oT, d’T,
— = 10
ot dzZ? (10

The expressions (8)-(9) show that centrifugal equilibrium is established in the radial direction and hydrostatic in the
vertical direction. The solution of the equation (10) with boundary conditions (1) has the form [45]:

T,(z,0) = Ty(2) + &6, - f,(z,0)AT, (11)

AT 2z
T =T +—|1-——|,
S(Z) 0 2 ( hj

where
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i 2 i@, h g
—1
fi(z,t)=Res| a(A)e" +a(-A)e " |e T}, A7 =——L (l)—— —A ,
V4 2 e —e
where 7§ (z) is the stationary temperature, f,(z,¢) is the oscillating part of 1, , the symbol Re denotes the real part.

Subtracting the equations for the stationary state (8)-(10) from (4)-(7) we can find the evolution equations for small
perturbations:

6—”—qQ X6—+(uV)U +2Q), xii + (i V)ii = —ivp+ ! ((B,V)b+(bV)b)+ gple, + Wi
ot oY Po 47p,
ob ob
a——qQ Xa —(B,V)ii —(bV)U, + (V)b — (bV)ii = Vb (12)
%—qQ X%+(uV)T +(@V)0 = yV°6
ot oy

divb=0, divu=0

b> bB, .
Here the pressure p includes the disturbed magnetic pressure p, = 8_ + 4— p=p+p,.
T T

Let us consider the dynamics of axisymmetric perturbations, then all the perturbed quantities in the equations (11)
will depend only on two variables (X, Z):

i = (X, Z).W(X,2),mX,2)), b = (il(X,2),%(X,Z), WX, 2)), p= p(X.Z),0 = 0(X,Z)
The solenoidal equations for axisymmetric velocity and magnetic field perturbations will take the form

ou ow oiu  ow
—+—=0, —+—=0 (13)
oX oZ oX o7z

The remaining equations in the coordinate representation will take the following form:

(ﬁ_vv j“ f @=L 00 fye— Gy + Buln 9L (14)

ot P, 0X 4rp, 4rp, OZ
(g—vvzjv+(ﬁV)v=—ZQoofRu(l—g}- (EV)ﬁ+BLfma—v (15)

ot 2) 4np, 4rmp, OZ
(g—vvzjw+(ﬁV)w=—ia—p+g L ¢ W+—B°°fm o (16)

ot P, 0Z ¢ 47p, 4rp, OZ

0
(5—77 j oof + @V)i—(bVyu = (a7
0 2
E—UV 0Of +qQ oo foll + @V = (bV)v =0 (18)
(%_W jw B, f VY- (BV)W=0 (19)
(ﬁ_;(vzje—(jvwez&l-%ATwﬂﬁV)&:O,C:g, (20)
ot oz h

where fp =1+&°5,c08 @y, f,, =1+&°5,cos dyt, f, =1+°5, cos @t .
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In the equations (14)-(20) the nabla operators can be described as:

2 2
(aV) = aiJrai V2282+82.
oX  Coz’ oxX° oz

To eliminate the pressure P in the equations (14) and (16), we need to differentiate the equation (14) with respect to

Z . The equation (16) is required to be differentiated with respect to X and then by subtracting them from each other,
we can obtain the equation for ¥ - the components of the vortex rotu = €, @:

(6 2j 0 ( ou 8uJ 0 ( ow 8w) B, f, ol
W ot —| u—t w— | — | u e+ W | = I Q1)
Ot 0Z\ oX 0Z) oX\ oX 0Z) 4np, 0Z
+ 1 i[ﬁa_u_i_ auj i[ﬁ%_ﬁ.ﬁ;a_wj +2’QOOfR@_g0f>ﬂ%
4rnp,\ OZ\ ©0X 0Z) oX\ oX oz oz o oX
where @ = u_ow, is the ¥ - component of the vortex, / = di_ow - Y -current component I = roth = le,.
0Z oX 0Z o0X

According to the equations (13) it is convenient to introduce the stream function ¥ through which the components of
the perturbed velocity are expressed:

0 0
__v v
oz oX
Similarly, we can introduce the stream function ¢ for perturbations of the magnetic field:
. 0 .0
oz oX

As aresult, the equations (2) and (15) become more compact

0 2 Ju 0y 1 2 2
——W~* |V +2Q Buof Vo)-J(y,V 22
(at ) 14 oofRaZ 47p, aZ of:BaX 47p, p)—-Jw,Viy) (22)

0 oy Byf, ov 1 ~

——W 2Q 1+ Ro %0 = J(o,)-J(v, 23
(al‘ )V 00z ( ) oz arp, 7 47, (@, v)=J(y,v) (23)

The notation J(a,b) = Ga 0b _ Oa b - the Jacobian operator or the Poisson bracket J(a,b) = {a,b}.

0X 0Z 07 oX

Further, by differentiating the equation (17) with respect to Z and by differentiation the equation (19) with
respect to X, and then by subtracting them from each other, we can find the equation for the current [/ :

(a j 0 ( on _oi au ﬁuj
—nV [ I+—|u—+w (24)
ot oz\"ox "oz "oax Vaz

o ow ow _ow aw ow
U——tw—-u—- =By /.
oxX oz ox az

X oz
Equations (20) and (14) can also be written in a compact form using the definitions of the stream functions { and ¢ :
0 ) oy
—-nV -B —=-J(v, 25
(a 7 J(/’ win 7, v, 9) (25)
o op
5 oof 2 fyRo— = J(@.v) = Iy, V) (26)
The form of the equation (16) for temperature disturbances is simplified in a similar way:
0 2 oy .. O oy
—— V' 1 0-C—+¢"0, - ———AT =-J(yv,0 27
(az x ] ox N ez ex .0) @7

Equations (18), (19), (21), (22) and (23) together with the boundary conditions
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dv - d
w=viy=0, L=0 v=0, YL=0, 9=0 a z=0,h 28)
dZ dz

describe nonuniformly rotating convection under the action of modulation of external fields. For convenience, in

equations (22)-(27) we turn to the dimensionless variables, which we mark with an asterisk:
2

(X, Z)=h(x' 2 )t = = 0" o= hB,o VZ%V*, 5=B,5,0=Cho".
1%

Omitting the asterisk symbol, we will rewrite equations (22)-(27) in dimensionless variables:

o —2)en v R N 00
=V} |V +Ta- f,—-PrPm 'Qf, —V’p—Ra- f,—=
(az J v g Oy Vo—Rato g

=PrPm™'Q-J(¢,V@)-Pr - J(v,Vy)
[%—szv—m-fR(1+Ro)%—Z/—Per‘1Qfm % =
=PrPm'Q-J(p,v)—Pr"-J(w,v)
(g—Pm1V2j¢—Pr1 £ 66_12// =—Pr' J(v,p)) (29)

ot

(Q—Pm-lvzjﬁ -pPr'f, &\ RoTa - . 9P _ py-t (J(@,v)=J(w, 7))
Ot oz 0z

(Pr 0 vzja - a—”’(l — &%, %j = _J(w.0),
zZ

o ox
where the dimensionless parameters are: Pr=1v/ y ( Prandtl number), Pm =v /7 (magnetic Prandtl number),
4Q0h" By h’ ch*
Ta = % (Taylor number), QO = = (Chandrasekhar number), Ra = & ( Rayleigh number on
4mp,vn 14

scale h).
In the absence of the thermal phenomena Ra =0 and f, = f, = f, P 1, the system of equations (29) was used

to study the nonlinear saturation mechanism of the standard MRI [47]. In the case when the external field modulation is
absent 51523’4 =0 and Ra # 0, the system of equations (29) was used to study the weakly nonlinear and chaotic

modes of stationary convection in a nonuniformly rotating magnetoactive electrically conductive medium [11-13].

EQUATIONS OF EVOLUTION OF FINITE AMPLITUDE FOR DIFFERENT TYPES OF MODULATION

In this section, we analyze the nonlinear stage of stationary convection in a nonuniformly rotating electrically
conductive medium in a constant magnetic field under the influence of small oscillations: a) the temperature field at the
layer boundaries; b) gravitational field; c) external magnetic field; g) the angular velocity of rotation. We will consider
all these effects separately (see Fig. 2). Then we will compare the value of the heat transfer (Nusselt number) for each
type of modulation, i.e. quantify heat transfer in terms of finite amplitudes. These amplitudes arise when an interaction
occurs between several modes of perturbations. Such an interaction can be described only in the framework of a
nonlinear or weakly nonlinear theory based on the perturbation theory method. Here we will perform our research in the
framework of a weakly nonlinear theory. The small expansion parameter in this theory is the relative deviation of the

Rayleigh number Ra from the critical value Ra,. :

Ra,
Then all the perturbed quantities U in equations of the type LU =—N(U |U) (N(...) are nonlinear terms) are
represented as a series in the perturbation theory

U—-eU®+8U%+8U% +. ..
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The equations for the perturbations in various orders of & take the following form:
g LoUY =0,
g LU =-NU" [U")
e oy® = _dy® _N(U(l) |U(2)) _N(U(Z) |U(1))

The condition for solving this chain of nonlinear equations is known as Fredholm s alternative (see, for example [48] )

Z+G)8

Z4GylB,

0 TT) -‘% (1- €% Cos(w,t+0))

b)

T T, #8501 + &% Cos(o1)
B=E(1+ 6%, Cos(o,)

. ﬁo I §o=§m(l & 8253COS(G)Bt)) Z Eo [ ﬁo =§oo(1 T 325§°S(wat))
d)

Fig. 2. Cartesian approximation for a nonuniformly rotating magnetoconvection under parametric influence: a) temperature
modulation of the boundaries of the liquid layer; b) modulation of the gravity field; ¢) modulation of the external magnetic field;
d) modulation of the angular velocity of rotation. A nonuniformly rotation in the local Cartesian coordinate system consists of
rotation with a constant angular velocity Q, and shear velocity U || OY .

<UT,R.H.> =0. (30)

Here U is a non-trivial solution of the linear self-adjoint problem LU =0 , Where L isa self-adjoint operator,
which is determined from the following relation:

<U’f,/;U> = <ﬂU‘f,U>, 31)

where <,> is the inner product, which here has the following definition:



13

Weakly Nonlinear Magnetic Convection in a Nonuniformly Rotating Electrically Conductive... EEJP. 2 (2020)
| 27k,
(£.8)=[ [ 1 gz,
z=0 x=0

where R.H. are right sides of the perturbed equations with nonlinear terms. We represent all the variables in equations
(29) as an asymptotic expansion:

Ra=Ra,+ &R, +&'R, +...
— 2 3
W=y, +tEW, +EW; +...
V=ev eV, H e+ (32)
— 2 3
P=&Q+&EQ,+EQ+...
V=gV + TV, T+
0=:e0+50,+&60,+...
Here Ra, is the critical value of the Rayleigh number for convection without modulation. The amplitudes of the

perturbed quantities depend only on the slow time 7 = g’t. For simplicity we will take into account the nonlinear
terms in (29) only in the heat balance equation. As it is shown in [23], this approximation is equivalent to applying the
Galerkin approximation of the minimum order to the equations (29). In the lowest order, we get the equation:

M, =0, (33)
o
vl
where M|, =| ¢, |, L is the matrix operator of the form:
‘71
LG ]
-v* JTa 9 _pm PrQQV2 0 —Ra, 9
Oz Oz ox
—vTa(l+ Ro)2 -Vv? 0 —Pm’™! PrQi 0
Oz Oz
- pt 0 —Pm™'V? 0 0
L= 0z
1 8 a -1y72
0 ~Pr'=  RoJTa— ~Pm’'V 0
Oz Oz
' 2 0 0 0 -Pr'V?
ox

The solutions of the system of equations (33) with the boundary conditions of (28) have, respectively, the following
form:

w, = A(r)sink xsinnz, 6, = A(Tz)kc cosk xsinnz, ¢ = A(Tz)—gpmsin k.xcosz,
a r
2 —
5= A(t)m°~NTa(1+ Ro(1— Pm))Pm sink_xsin 7z, (34)

Pr(a* + 7°0)

_ A(t)zNTa (1+Ro)a* +7*°QPmRo
n a’ . a*+1°0

sink xcosnz, a’=k’+n’.
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The amplitude A(7) is still unknown. The critical value of the Rayleigh number Ra, for the stationary
magnetoconvection in a nonuniformly rotating electrically conducting medium is found from the first equation of the
system (34) and has the form of the formula obtained in the linear theory [11-12]:

(P +kY N 7 (7* + k)0 N (7’ +k2)Ta N 7’TaRo((” +k2)* + 7°QPm)
K K2 (T +k)+7°0) K@ +K) +7°0)

c c

Ra

(35)

It should be noted that for the absence of heating Ra = 0, the threshold value of the hydrodynamic Rossby number
Ro has the form:

Ro = a*(a* +71°0) +7’a’Ta
¢ 7’Ta(a* + 7°0Pm)
Passing to dimensional variables

0 o, 7°0Pm @, Ta 4Q° o’ )
. > T 220 s 2 0 2 ¢
a 0,0, a w, a ,

we obtain the expression for Ro,, [41]:

2 2 22 2
_(a)A+a)Va),7) +45° Q' w,

Ro,, =
cr 2 g2 2 2
4Q°¢ (0 + @)
where the following notation has been introduced: @, = vk * and w, = nk ® are the viscous and Ohmic frequencies,
22
respectively, and @, is the Alfven frequency, a)j = kz2 cf‘ = 42 O Therefore, in the limiting case of Ra=0,
7Py

magnetorotational instability appears in a nonuniformly rotating electroconducting fluid in a constant magnetic field.
The criterion for its appearance is the condition imposed on the angular velocity profile CX(R) of the rotating liquid,

i.e., Rossby number Ro > Ro,, . Figure 3 shows diagrams of the dependency of the critical Rayleigh number Ra,_ on
the wavenumbers for various angular velocity profiles (Rossby numbers Ro ). It can be seen that for negative Rossby
numbers Ro < 0 the critical Rayleigh number Ra;"m becomes smaller than in the case of uniform rotation Ro =0

and rotation with positive numbers Ro > 0.

Ra,
4000
3000
Ra?in
1000
— —— = Ro=1
0.0 0.5 1.0 1.5 20 25 n/k

Fig. 3. Dependences of critical Rayleigh number Ra, on wavenumbers 7/ k for different Rossby numbers Ro for constant
parameters O =50, 7a =100 and Pm=1.

According to the formula (31), it is necessary to find solutions of the linear self-adjoint problem fMJ =0,

+ ~f
where the matrix M| has the form: M IT = (l//;r , HIT , (of R v;r )Tr and L is a self-adjoint matrix operator:
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-v* Ra(ﬁi Pm™' Pr Qﬁﬁv2 Jrap L
Ox 0z 0z
Racﬁ2 ~Ra PV’ 0 0
Ox
rt ~ ~
L' =| pp' pr QP§V2 0 ~QPr* PmPV* 0 (36)
z
2
Jtap L 0 0 viop v
oz oz

The solutions of the system of equations (36) have the form:

w! = A(r)sink xsin z,

A(7)k, .
o =— ( 2) ¢ cosk,xsin rz, (37
a
A(r)mPm .
= —% sink_xcos 7z,
a” Pr
A(t)nTa (1+Ro)a* + 7°OPmRo .
v = ) - A )4 : Q sink_x cos 7zz.
a a +7°Q
For the second order of &, we have the following equation:

LM, =N,, (38)

v, N,,

v, N,,

where M,=|p,|, N,=|N,|
v, Ny,
L 0, i _st i
N, =N,,=N,;=N,, =0,
N :—PI'_I al//l a91 _%aWI
2 ox 0z Ox Oz
Using solutions of (34) and boundary conditions of (28), we can find solutions of equations (38):
A (D> .
=0, 0,=- LK Goomz), 9,0, (9)
8ra

v,=0, v,=0.
To analyze the intensity of the heat transfer, a horizontally-averaged heat flux is introduced at the boundary of the layer
of electrically conducting fluid (Nusselt number):

kT 06,) |
c .[ (zjdx
— —27[ 0 az dz=0 — kcz 2
Nu(z)=1+r— == =1+ —5A4(7) (40)
kc C(@%] 4q
I — % ldx
2z Oz y

The heat flow intensity (of Nusselt number Nu ) will be analyzed after the expression for the amplitude A(7) is

obtained. As can be seen from the an asymptotic expansion (32), modulation effects contribute only in the third order in
& , so we will consider these effects separately from each other in the third order in & .
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Temperature modulation of fluid layer boundaries
Let us consider only the temperature modulation of the layer boundaries, then in the equations (29) it is necessary

toput fr = f, = f, =1. At the third order, we have

LM, =N,, (41
_‘//3_ _N31_
V3 Ny,
Where My=|@;|, Ny;=| Ny |;
Vs Ny,
| 0, | | Nys |
2
N :_ivzw +Ra 96, _ a’ aA(T)—Ra ke A) sink_xsin 7z,
oo TN or s ‘
ov 7vTa (1+Ro)a* +7°OPmRo 0A(r) .
N32__8_rl:_ . 170 s sink_x cos 7z,
N,, = 0% _ —ﬂf—m- 0A(z) sink,xcosnz
or a Pr Or
~ 2
N, _ oy _ 7w NTa(l+Ro(1—Pm))Pm 0A(r) sink xsin 7z,

or Pr(a* + 7°0) ot

N, :—%—PI‘_151%%—PI'_I|:6W1 00, 00, oy, +a‘//2 06, 06 81//2}_

or Oz Ox Oox 0z Ox Oz ox E_E 1574

-173

__k 0A@) k,xsinzz—Pr' 6, %kc/l(r) cosk,xsin 7z + Z—Zk"/f(r) cosk,x sin 7z cos 27zz.
z a

2
a- Ot

The solvability condition (Fredholm alternative) for the third-order equations 0(6‘3) is found from the formula (30):
| 27lk,
[ | [Pvl R, +RaPO!-R,+OPr*Pm  PV’p! - Ry+v| Ry, |dxdz=0 (42)
z=0 x=0
where the notations are introduced
2

- 0
P=(1+Ro)V* —QPmRog,RN =N,,R,=N,,R,=N,,

2

R, =-V'N, + QPr@i V’N,, ++/ TaQPmPrRo%.
z z

By integrating into (42), we obtained a nonlinear equation for the amplitude A(7), which refers to the non-autonomous

Ginzburg-Landau (GL) equation for stationary convective instability, with a time-periodic coefficient in the following
form:

0A
Ay E — Ay (v)A+ A}TA3 =0 (43)

Here the coefficients AIT,ZT,3T have the following form:

2 2 7*Ta((1+ Ro)a* + 7*OQPm(RoPm —1 4 2
AIT:aerkj PrRaC—”—zQPm— (( ) y 2Q2 ( ))_7Z4Taﬁ?0QI;m ™
a a (a"+77°0) a'(a"+7°Q)
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k> k’Ra, k'Ra,
Ay () =—5Ra, ———%0,-1(7), Ay =—75,
a a 8a
where the integral /(7) is equal to:
1 2 -iopT . _jg ~
of.(r,z Te T (e -1 10)
I(T)=J-—f1( )sinzﬂzdz=Re > ( 5 ) , @p=—F.
Oz A" +4n g

0
In the limiting case, when there is no temperature modulation &, = 0, the equation (43) was obtained in [13]. In the

absence of modulation, the equation (43) has an analytical solution with the known initial condition Ao = A(0):

A(r)= 4 45)
T

1

In [23], the effect of different rotation profiles (Rossby numbers Ro ) on the heat transfer value (Nusselt number Nu )
using (45) was studied. The equation (43) will be solved numerically for different rotation profiles and modulation
types:

« In-phase modulation (IPM) ¢ =0,

* Out-phase modulation (OPM) ¢ =1,

* Only Lower boundary modulated (LBMQO) ¢ = —ioo, which means that the modulation effect will not be
considered in the upper boundary but only in the lower boundary.
Further, we will consider Ra2 R Rac , since the nonlinearity is considered near the critical state of convection.

The results of numerical solutions of the equation (43) for the case of in-phase modulation ¢ =0 for Rossby numbers
Ro =(2,0,-3/4,—1) are shown in Fig. 4.
Nu

3.0

25

2.0

1.0 L5 T
Fig. 4. Dependence of the Nusselt number Nu ontime 7 for Rossby numbers Ro = (2,0,—3/4,—1) in the case of in-phase
(IPM ,¢ =0) of temperature modulation for a frequency @, =2 and an amplitude 5, =0.5.

The fixed parameters of convection and temperature modulation are respectively equal to:
O/n*=0Q,=80,Ta/n* =T, =10°, Ra /x* = R, = 9500, Pm =1,
Pr=10,4,=0.5,0,=2,5 =0.5.

As can be seen from Fig. 4 the heat flow increases towards positive Rossby numbers (Ro > 0) in the time interval
7 €[0,1]. The heat flow reaches the final value for all rotation profiles.

Fig. 5 and Fig. 6 show the numerical solutions of the equation (43) respectively for the case of (OPM ) and
(LBMO) . Here we also see an increase in heat flux towards positive Rossby numbers (Ro > 0), then there is a
periodic change in heat transfer for all rotation profiles. The comparison of results of in-phase modulation (/PM ), out
of phase modulation (OPM) and when only lower boundary temperature is modulated (LBMO) for fixed
parameters Ro =2, w, =2, 0, = 0.5 is presented in Fig.7.
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Comparing these graphs, we can conclude that the variations in the Nusselt number ANu are greater for the case of

out-phase modulation ((OPM')):  ANu|, > ANu|,_ . > ANu]|,,.
Nu

3.1

3.0

29

2.8

2.7

2.6

2.5

wn

0 1 2 3 4 T

Fig. 5. Dependence of the Nusselt number Nu on the time 7 for Rossby numbers Ro = (2,0,-3/4,—1) for the case of phase
(OPM ,¢ = 7r) of temperature modulation for frequency of @, =2 and amplitude of 6, =0.5.

Nu

3:1

3.0

29

2.8

2.7

2.6

25

w

0 1 2 3 4 T

Fig. 6. Dependence of the Nusselt number Nu on the time 7 for Rossby numbers Ro = (2,0,-3/4,-1)
for the case of temperature modulation of only the lower boundary of the layer (LBMO, ¢ = —i)
for frequency @, =2 and amplitude 5, =0.5.

Nu
oy 1 " LBMO
OPM
2.0
1.5
1.0
0 2 4 6 8 T

Fig. 7. Three types of temperature modulation: I/PM,OPM ,LBMO for fixed parameters Ro=2, w, =2, 6, =0.5.
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In Fig. 8, we have depicted the variation of Nu(7) with time 7 for different frequencies of the out-phase (¢ = )
modulation of @, =2,5,10,30 and for a fixed Rossby number Ro =2 and amplitude 8, = 0.5 . Here it can be seen

Nu

32

3.0

28

2.6

24

e
=

(S R

22

gee
G

2.0

0 2 4 6 8 T

Fig. 8. Dependence of the Nusselt number Nu on the time 7 for the case of phase (¢ = 7) temperature modulation for frequency
o, =(2,5,10,30) , amplitude &, = 0.5 and Rossby number Ro=2.

Nu
3.0
28

28 —5=0l

9,=103

8,=105

"""" 8,=10
24
0 2 4 6 8 T

Fig. 9. Variations of the Nusselt number Nu depending on the amplitude of the phase temperature modulation &, = (0,0.1,0.3,0.5)
for the Rossby number Ro =2 and the frequency @, =5.

that an increase in the modulation frequency @, leads to suppression of heat transfer, i.e. variations in the number Nu
are reduced:

ANu |

=2 AN, s> ANu| _jo>ANu|, _3

A similar phenomenon is observed for nonuniformly rotation with other profiles. In Fig. 9, we have presented the
unmodulated (51 =0) result of Eq. (43) and compared it with the present results of modulated case for different
amplitudes 6, = 0.5,0.3,0.1. It can be seen from these graphs that modulation of the temperature boundaries of the
layer leads to a periodic change in heat flow, i.e. the value of the number Nu changes periodically in time 7 and

increases with increasing amplitude 0, .

Gravity field modulation
We now turn to the next method of parametric action on stationary magnetoconvection in a nonuniformly rotating

electrically conductive medium. Let a fluid layer carries out vertical harmonic oscillations with a frequency cf)g and a

small amplitude 82§ . Then, in the equations of motion written in the reference frame associated with the fluid layer,
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the acceleration of gravity g should be replaced by g,(1+&°5, cos(@,1)) (see formula (3)). In the equations (29)

we set 0, =0 and fa =1 . = 1. As a result, the equations of the asymptotic expansion in the third order take the
following form:

LM, =N,, (46)
_W3_ _N31_
Vs N,
where M, =| @, |, N;=| Ny |,
Vs Ny,
| 6, | | Ny |
0 o 00 00,
N, = _EV v, +Raza—x‘+RaC54 cos(a)gr)a—x‘—
2 2
= (az @) _ Ra, 2 AZ(T) — Ra S, cos(w,7) ke A(T)jsink xsin 7z,
ot a ‘ ¢ a’ ‘
4 2
N, = _%: oz 2Ta _(1+R0)cj +7§ OPmRo _ OA(T) sink x cos 7z,
ot a a +rn°Q or
N, =- P __ 7[2Pm 2A@) sink_xcoszz
ot a"Pr Or
~ 2 .
N, = _ oy, _ ' ~NTa(1+Ro(1-Pm))Pm OA(7) sink xsinzz,

or Pr(a* +7°Q) or
N =—%—Pr‘{a% 06, 006, oy, +8l//2 06, _ 96, al//z}:
» ox 0z Ox 0z dx &z Ox Oz
__k, 04(7) Pr 'k’

5 cosk xsinzz + —26A3(r) cosk, xsin 7z cos 27z.
a- Ot 4a

We substituted the values of the elements of the matrix N; into the solvability condition (42) for the third-order

equations 0(83) . After completing the integration in (42), we have obtained the equation for the evolution of the finite

amplitude A(7) in the form of a non-autonomous GL equation:

A %—AZG(T)A + A, 47 =0, @
where the coefficients 4, , 3, have the form
2 4 2
A, =d+ 1; PrRa, —Z—jQPm K Ta((1+Rozz4 :r_i;zgfzm(RoPm —1)) B Zzzfig:g)z .
A1) = ];_SR"C (22 +9, cos(a)gr)], A = %’ w, = %

Using the numerical solution of the equation (47) and the formula (40), we have determined the change in the heat
transfer (Nusselt number Nu ) from time 7. We chose the parameters of the convective medium and the initial
amplitude as in the previous section:

Q/n*=Q,=80,Taln" =T, =10°,Ra /x* = R, =9500,Pm=1,Pr=10,4,=0.5.

Fig. 10 shows the time dependence of the Nusselt number Nu 7 for different rotation profiles of
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Ro =(2,0,-3/4,—1) of the electrically conductive medium (plasma) in an oscillating gravitational field with a
frequency of w, = 10 and an amplitude of &, =0.3. From Fig. 10 it is clear that the heat transfer in the plasma

increases for a nonuniformly rotation with a positive Rossby number (Ro > 0). This process is well depicted in
Fig.10.

Nu

35

3.0

1.5

1.0

0.0 0.2 04 0.6 08 1.0 12 14 T

Fig. 10. Dependency of the Nusselt number Nu on the time 7 for Rossby numbers Ro =(2,0,-3/4,-1) in an oscillating
gravitational field with a frequency @, = 10 and an amplitude 5, =0.3.

Nu

35

0 1 2 3 4 T

Fig. 11. Dependency of the Nusselt number Nu on the time 7 for positive Rossby numbers Ro=(2,0) in an oscillating

gravitational field with a frequency @, =(10,25,50,100) and an amplitude 54 =0.3.
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Ro=-3/4

Nu

0 1 2 3 4 T

Fig. 12. Dependency of the Nusselt number Nu on time 7 for negative Rossby numbers Ro =(-3/4,—1) in an oscillating
gravitational field with a frequency @, =(10,25,50,100) and an amplitude 5, =0.3.

From Fig. 11 and Fig. 12, we can see the effect the variation of Nu(7) with time 7 for different frequencies
modulation frequencies @, =10,25,50,100 and for different rotation profiles Ro=(2,0,-3/4,—1) of the

electrically conductive medium (plasma).

0 1 2 3 4 T

Fig. 13. Variations of the Nusselt number Nu depending on the amplitude of the oscillating gravitational field &, =(0,0.1,0.3,0.5)
for the Rossby number Ro =2 and the frequency @, =10.
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As the frequency increases from 10 to 100, the magnitude of Nu(7) decreases, and the effect of modulation on

heat transport diminishes. Therefore, the effect of @, stabilizes the system:

ANu| _jo>ANu| _p5> ANu| _50>ANu| _jg
g g g g

Now let us compare the heat transfer in the absence of &, =0 and in the presence of modulation (@, =10) for

different amplitudes J, = 0.5,0.3,0.1 of the gravitational field. This process is shown in Fig. 13.

Ro=2
Nu 0
35

3.0

2:5

2.0

1.5

1.0

Nu

35
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1.5

1.0

0.0 0.2 0.4 0.6 0.8 T

Fig. 14. Variations of the Nusselt number Nu depending on the Taylor number 7; =(10°,10%,5-10%,10°) for the amplitude

parameters of the oscillating gravitational field 0, = 0.5, frequencies @, =50 for positive Rossby numbers Ro = (2,0).

Here, the dashed line shows the mode of establishing the final value of Nu(7) for the case O, = 0. Here, the
dashed line demonstrates the regime of establishing the final value of Nu(z) for the case J, = 0. Obviously, the
excess of number Nu(7) over the unit is caused by the convection occurrence. From Fig. 13 we can see that
modulation of the gravitational field leads to a periodic change in heat flow, i.e. the value of the number Nu changes

periodically in time 7 and increases with increasing amplitude 54 .
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Ro = -3/4
Nu

3.8

0.0 0.2 0.4 0.6 0.8 T

Fig. 15. Variations of the Nusselt number Nu depending on the Taylor number 7, = (10°,10*,5-10%,10°) for the amplitude
parameters of the oscillating gravitational field o, = 0.5, frequencies @, =50

for negative Rossby numbers Ro = (-3/4,-1) .

In Fig. 14 and Fig. 15 we have depicted the effect of Taylor numbers 7, = Ta/z* = (10°,10%,5-10%,10°) on
Nusselt number Nu for fixed values of the modulation frequency of the gravitational field @, = 50, amplitude
0, =0.5 and Rossby numbers Ro =(2,0,—3/4,—1). From Fig. 14 it can be seen that for the Rossby number

Ro =2, with an increase in the Taylor number 7| the heat transfer (the Nusselt number Nu ) in the system also
increases:

ANu |

;< ANu |T1:1 0 < ANu |T1:5'1 0

=10 <ANul 08

Increasing of the Taylor number for solid-state rotation Ro =0 has almost no effect on heat transfer. However, for

negative rotation profiles Ro =-3/4 and Ro = —1 (see Fig. 15) with increasing Taylor number 7| heat transfer in
the system decreases:

ANu |T1:103 > ANu |T1:104> ANu |T1:5_104> ANu |T1:105
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Modulation of an external magnetic field
In this section, we will study the stationary regime of nonlinear magnetoconvection under the influence of a time-
dependent magnetic field. We represent the magnetic field as the sum of the constant (stationary) and oscillating parts.

The oscillating part has the second order g 53 with respect to the expansion parameter (the supercriticality parameter
of the Rayleigh number &) (see formula (3)). Assuming in the equations (29) 51 =0 and f, R= f P 1, the equations

of the asymptotic expansion in the third order in & will take the following form:

LM, =N,, (49)
_'//3_ _N31_
V3 N,
where M,=|¢;|, Ny=| Ny |,
Vs Ny,
_‘93_ | Nss |

N, = _ivzl/ﬁ + Ra, %4' o, COS(WBT)QNgvzﬂ -
a,z. ax 52

_ (az 0A(T) _ 4, KoAR)

2
or a

+7°Q6, cos(a)Br)j sink_xsin 7z, Q = Pr Pm™'Q,

N,, = —%+ 8, cos(w,7)0 M _
or Oz

Ta

7 8A(r)
a’*(a* +71°0)

[((1+R0)a +7 QPmR )———

+ 7°a’Q(1+ Ro(1— Pm))3, cos(w,7) A(r) [sink x cos 2z,

N, =—%+Pr '8, cos(w,r)—+ oy, _
or 0z

_ [_ Pm OA(7)

7A(7) | .
+ 0, cos(w,T sink xcoszz,
a’Pr or (@) =5 Pr ‘

Ny, = M, Pr's, cos(a)Br)% =
or Oz

Ta

_ aA(r)
a’Pr(a* + 7°Q)

{ *Pm(1+ Ro(1 - Pm))——=

— &, cos(w,7)((1+ Ro)a” + ﬂzQPmRo)A(r)]sin k.xsinnz,

_ 06, -1[5!//1 06, 06,0y, Jy, 06, 06 al//2:|_
Nyy=——="-Pr - + e e
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Using the solvability condition (42) and the values of the elements of the matrix /N, we can obtain the equation for the

evolution of the finite amplitude A(7) in the form of a non-autonomous GL equation:

0A
A, P A, (T)A+ 4,4’ =0, (50)

where the coefficients A1 M 2M3M have the form

2 2 7°Ta((1+ Ro)a* + 7*OQPm(RoPm —1 4 2
ty K prg 7 g T\ RO+ TOPM(ROPM D) ' TuRoQP
a a (a"+77°0) a*(a*+7°0Q)

(51

2
4, ()= k—;Raz —207°8, cos(w,7) +
a

7Z'4QTa 1 4 21 4N)
+ 2@+ 70) Lﬁ 70 (2(1 + Ro)a" + RoPm(n"Q —a )) PmRo}é'3 cos(w,7),

~ 4

@y, _kRa,
s 3IM N

g’ 8a*

In the limiting case, when there is no rotation (7a = 0, Ro = 0), the equation (50) coincides with the result of [41].

Wy =

Then, let us perform a numerical analysis of the equation (50) for different rotation profiles Ro = (2,0,—-3/4,—1) for

fixed convection parameters Q/7° =0, = 80, Ta/z* =T =10, Ra/zn* =R =9500, Pm=1, Pr=10,
A4, =0.5 and magnetic field modulation @, =10, 6; =0.3.

Nu

35

30

25

— Ro=2

15 —— Ro=0
—— Ro=3/4
Ro=1
1.0
0.0 0.2 04 0.6 08 1.0 12 14 T

Fig. 16. Dependency of the Nusselt number Nu on the time 7 for Rossby numbers Ro =(2,0,—-3/4,—1) in an oscillating magnetic
field with a frequency of @, = 10 and with an amplitude of &, =0.3.
From Fig. 16 it can be seen that for nonuniformly rotation with a positive Rossby number (Ro >0), the
variations of the heat flux in the plasma increase: ANu |, < ANu |, 3, < ANu |, < ANu |, , .
In Fig. (17) and Fig.(18), the Nusselt number Nu(7) with respect to time 7 has been plotted for different
modulation frequencies @, =10,25,50,100 and for different rotation profiles Ro =(2,0,—3/4,—1) of the

electrically conductive medium (plasma). Here we see that an increase of the modulation frequency @, leads to

suppression of heat transfer for the different Rossby numbers Ro , i.e. variations in the number Nu are reduced:

ANu| _1o> ANu| _ns> ANu| _s0>ANu| _jgq
g g g g
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0 1 2

3 4 T

Fig. 17. Dependency of the Nusselt number Nu on the time 7 for positive Rossby numbers Ro =(2,0) in an oscillating magnetic

field with a frequency of @, = (10,25,50,100) and with an amplitude of 6, =10.3.

Nu
3:5
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2.5

2.0

Ro = -3/4

Fig. 18. Dependency of the Nusselt number Nu on the time 7 for negative Rossby numbers Ro =(-3/4,-1) in an oscillating

magnetic field with a frequency @, =(10,25,50,100) and with an amplitude of &, =0.3.
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Fig. 19. Variations of the Nusselt number Nu depending on the amplitude of the oscillating magnetic field J; =(0,0.1,0.3,0.5) for
the Rossby number Ro =2 and frequency @, =10 .

Fig. (19) shows the dependency of the heat transfer value Nu on 7 in the absence of 53 =0 and in the presence
of modulation of the magnetic field (@, =10) for different amplitudes 0, = 0.5,0.3,0.1. The dashed line shows the
regime of establishing the final value of Nu(7) for the case d; =0. In Fig. (19) we can see that the modulation of the

magnetic field leads to a periodic change of the heat flux, which increases with increasing amplitude 53 .
Ro =2

Nu

335

0.8 1.0

Ro=0

0.0 0.2 0.4 0.6

Nu

35

0.6 0.8 1.0

00 02 0.4

Fig. 20. Variations of the Nusselt number Nu depending on the Chandrasekhar number Q, = (80,750,2000,5000) for the amplitude

parameters of the oscillating magnetic field &, =0.5, frequency @, =50 with positive Rossby numbers Ro =(2,0) .
In Fig. (20)-Fig. (21) we have depicted the effect of the external magnetic field (Chandrasekhar number (J,) on

the heat transfer with an oscillating magnetic field of frequency @, =10 and amplitude 53 =0.3 for different
profiles of nonuniform rotation of (Ro = 2,0,—3/4,—1). Increasing the external magnetic field, i.e. Chandrasekhar
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numbers from O, = 80 to O, = 750 for Ro =2 leads to a decrease of the heat flow, which is almost stabilized at a
certain level.

The Nusselt number Nu increases with the increasing the value of the magnetic field

ANu| _on<ANu | < ANu |
0,=80 o o

=2000 =5000

Similar picture can be obtained for other rotation profiles (Ro = 0,—-3/4,—1):

ANu | < ANu |

0,=80 0,=5000 °

Ro =-3/4

Nu

35

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 T

Fig. 21. Variations of the Nusselt number Nu depending on the Chandrasekhar number Q, = (80,750,2000,5000) for the amplitude

parameters of the oscillating magnetic field 8, = 0.5, frequency @, =50 with negative Rossby numbers Ro =(-3/4,-1).

Rotational speed modulation
One of the important ways of parametric influence on convective instability is the modulation of the angular
velocity of rotation. The first experiments on rotation modulation were carried out in [50]. It was also found there the
onset of instability in Couette flow can be inhibited by modulating the rate of rotation of the inner cylinder. Later,
numerical [43] and laboratory experiments [51] were carried out for the effect of rotation modulation on Rayleigh-
Benard convection. In [43] it is shown that the modulation of the rotation of Q(z) =€, + AQsin(et) causes a periodic

change in the Coriolis force, and therefore has an effect on the onset of convection. In [51], the experiments were
carried out with a periodic dependency of the angular velocity Q(#)=Q,(1+ SBcos(wr)) (Q,=0.104 rad /s,

£ =0.212) for modeling large-scale atmospheric flow dynamics in order to create a longer-term weather forecast.

Here we also assume that the oscillating part is of the second order of smallness g 53 in the expansion
parameter (the supercriticality of the Rayleigh number &) (see the formula (2)). Assuming in the equations (29) 51 =0
and f, = f. ¢ = 1, the equations of the asymptotic expansion in the third order (83 ) take the form

LM, =N,, (52)
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Fig. 22. Dependency of the Nusselt number Nu on the time 7 for Rossby numbers Ro =(2,0,-3/4,—1) when modulating rotation
with a frequency of w, =10 and amplitude § =0.3.
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k. 0A(r) Prl i

< cosk, xsinzz + ——< 4’ (r) cosk xsin 7z cos 2 7z.
' 4a

a- Ot

By substituting the values of the elements of the matrix /N, into the solvability condition (42) for the third-order

equations 0(6‘3), we can obtain the equation for the evolution of the finite amplitude A(7) in the form of a non-
autonomous GL equation:

04

AlRE_AZR(T)A+A3RA3 =0, (53)
where the coefficients A1 R2RAR have the following form
k2 2 7°Ta((1+ Ro)a* + 7> OPm(RoPm —1) ‘TaRoOPm?
A1R=a2+ ZPrRac—”—zQPm— ( TR )—7[4 a40Q2m , (54)
a a (a"+770Q) a(a+rn°Q)
k> 27°Ta((1+ Ro)a" + x*ORoPm) @ k'Ra,
AZR(T)=?Ra2—52 COS(CORT)' az(a4+7[2Q) > Dp =_§; ASR =v.

Here we carry out a numerical analysis of the equation (50) for different rotation profiles (Ro = 2,0,—3/4,—1) and
we also present the results of the dependence of the heat transfer (Nusselt number Nu ) from the time 7 (see Fig. 22).

We consider the convection parameters to be fixed Q/7° =Q, = 80, Ta/z* =T, =10, Ra /z* = R =9500,
Pm=1, Pr=10, Ao =0.5 and rotation speed modulation has a frequency and an amplitude: @, =10 and
0, = 0.3 . From Fig. 22, we can observe that for nonuniform rotation with a positive Rossby number (Ro =2) the
variations of heat flow are greater than for nonuniform rotation with negative Rossby numbers (Ro = —3/4,—1) and
(Ro=0):

ANU [gpeg< ANU [, 34 < ANU |, < ANU 5.,

0.0 0.5 1.0 1.5 T

Fig. 23. Dependency of the Nusselt number Nu ontime 7 for positive Rossby numbers Ro = (2,0) for modulation of rotation
with a frequency w, =(10,25,50,100) and the amplitude 6 =0.3 .
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Ro = -3/4

Nu

0.0 0.5 1.0 1:5 T

Fig. 24. Dependency of the Nusselt number Nu ontime T for negative Rossby numbers Ro = (-3/4,-1) when modulating
rotation with a frequency of @, =(10,25,50,100) and the amplitude 6 =0.3 .

In Fig. 23-Fig. 24, we have depicted that for higher value of the modulation frequency @ for different Rossby
numbers Ro = (2,0,—3/4,—1) leads to suppression of heat transfer, i.e. the magnitude of Nu decreases:

ANu > ANu > ANu > ANu
=10 =25 lby=50 ;=100

Nu

i —

cco o

Z’J __________________________

0.0 0.5 1.0 L5 T

Fig. 25. Variations of the Nusselt number Nu depending on the amplitude of the modulation of rotation &, =(0,0.1,0.3,0.5) for the
Rossby number Ro =2 and the frequency @, =10 .
In Fig. 25, we have defined the dependency of the heat transfer Nu on 7 in the absence of 52 =0 and in the
presence of rotational speed modulation (@, =10) for different amplitudes 0, =0.5,0.3,0.1.

Here, the dashed line depicts the regime of establishing the final value of Nu(7) for the case 0, =0. In Fig. 25,
we can see that modulation of rotation leads to a periodic change of the heat flow, which increases with increasing
amplitude 0, .
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0.0 0.5 1.0 15 T

Fig. 26. Variations of the Nusselt number Nu depending on the Taylor number 7, = (10°,10*,5-10*,10%) for rotation modulation
parameters (5, = 0.5, @, =50 ) with positive Rossby numbers Ro = (2,0) .

Ro =-3/4

Nu

3.0

0.0 0.5 1.0 1S T

Fig. 27. Variations of the Nusselt number Nu depending on the Taylor number 7, = (10°,10*,5-10*,10%) for rotation modulation
parameters (5, = 0.5, @, =50) for negative Rossby numbers Ro =(-3/4,-1) .
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From Fig. 26 and Fig. 27, we can determine the change of heat transfer Nu for different Taylor numbers
T =Ta/z* =(10°,10*,5-10*,10°) for a fixed value of the rotation modulation frequency @, =50, amplitude

0, =0.5 and Rossby numbers Ro = (2,0,—3/4,—1). It can be seen from these graphs that for different Rossby

numbers Ro = (2,0,-3/4,—1), with an increase in the Taylor number 7| heat transfer (Nusselt number Nu ) in the
system also increases:

ANu |T1:103< ANu |T1:1 s < ANu |T1:5_104< ANu |T1:105 .

CONCLUSION
A weakly nonlinear theory of stationary convection in a nonuniformly rotating electrically conductive fluid with a
vertical constant magnetic field under the parametric action of: a) temperature modulation of the layer boundaries,
b) modulation of gravity, ¢) modulation of an external magnetic field, d) modulation of the angular velocity of rotation
is developed. We studied the influence of time-periodic modulation on stationary Rayleigh-Benard convection using the
perturbation theory method for the small parameter of supercriticality of the Rayleigh number

&= \/ (Ra—Ra,)/Ra, . Furthermore, we considered the amplitudes of the modulated fields to be small, which

having a second order 0(82). In the first order &, the parametric effect does not influence to the development of
convection and we obtained the result of the linear theory [11]. In the third order &’ , the nonlinear Ginzburg-Landau
equation with time-periodic coefficients for four types of modulation are obtained. A numerical analysis of these
equations have shown a number of general laws:

* The heat transfer increases for nonuniform rotation with a positive Rossby number (Ro > 0).

+ With increasing the modulation frequency of @, , the Nusselt number ANu decreases, which leads to
suppression of heat transfer as with positive (Ro > 0), so with negative (Ro < 0) rotation profiles.

Ro =2
Nu
O A T R
I'E 1 rot.mod ll ",‘ ."‘ l'.l
6 L
| gravmad | ‘: ‘: : ‘.
: IR A
2 ; ! l".rnag.n’«ad | i =. H i
0
0 1 2 3

2 3 4 T
Fig. 28. Dependency of the Nusselt number Nu on 7 for various types of modulation for positive Ro =2
and negative Ro =-3/4 Rossby numbers
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* The effect of increasing the modulation amplitude of 8, , is to increase the heat transfer anyway of the rotation
profile.
For the case of gravitational modulation, an increase the Taylor number 7| leads to a decrease in the variations of

the Nusselt number ANu (Fig. 14-Fig. 15). However, the heat flux increases (Fig. 26-Fig. 27) for large numbers 7] in

the case of rotation modulation. With increasing the Chandrasekhar number Ql, heat transfer is at first suppresses and

then increases (Fig. 20- Fig. 21) for the case of modulation of the magnetic field.
Finally let us compare the different types of parametric effects on a stationary nonuniformly rotating
magnetoconvection among themselves. In Fig. 28 we have depicted the results of numerical solutions of the equations

(43), (47), (50), (54) for fixed convection parameters: Q/7° = Q, = 80, Ta/z* =T, =10, Ra /x* = R, = 9500,
Pm=1, Pr=10, A4,=0.5. The frequencies and amplitudes of four types of modulation were considered equal:
o, =0, =0, =w, =10 and 6,=6,=0,=0,=0.3, phase ¢ =7 . In Fig. 28 we can observe that the
rotational modulation has the greatest influence on the change in heat flow in the system for positive (Ro =2) and
negative (Ro =-3/4) rotation profiles. Gravity modulation slightly exceeds magnetic modulation:

AN” |grav.mod 2 AN” |
types of modulations: ANu |

. Thermal phase modulation has a lesser effect on heat transfer in comparison with other

< ANu | < ANu | < ANu |

mag .mod

temp.mod mag .mo grav.mod rot.mod *
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CJIABOHEJITHIMHA MATHITHA KOHBEKIISI B EJEKTPOITPOBIZTHOMY CEPEJIOBHIII],
IO HEOJHOPITHO OBEPTAETHCA, IIJI AI€FO MOAYJIALII 30BHILIHIX TOJIIB
Muxaiiso M. Konn®, Anaroiii B. Typ®, Booxumup B. SInoBcskuii™”
“Incmumym monoxkpucmanis, Hayionanvna Axademis Hayx Yrpainu
np. Hayxu 60, 61001 Xapxis, Yxpaina
bXapKiSCbKuﬁ HayionanbHuu yHieepcumem imeni B.H. Kapazuna
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina
VYuisepcumem Tynysu [UPS], CNRS, [ncmumym docniodcenv acmpoghizuku ma nianemonozii
9 npocnexm nonxosnuxa Powe, BP 44346, 31028 Tynyza Cedexc 4, @panyis
HocmipkyeTbest  cnaboHemiHiifiHa CTajis CTAl[iOHApHOI KOHBEKTHBHOI HECTIMKOCTI B IIapi eJNEKTPONMPOBIAHOI piAWHH, IO
HEOJHOPIAHO 00epTAEThCS B aKCiaJbHOMY OIHOPIJHOMY MATHITHOMY IIOJI IiJ [i€l0: a) TeMIepaTypHOi MOAYJSILIT MeX MIiapy;
0) rpaBiTamiifHOl MOIYJISMLIi; B) MOIYJIALIT MarHiTHOTO IOJIS; T') MOAYJIALIT KyTOBOi MIBUAKOCTI oOepTanHs. [ onmcy HemiHIMHUX
KOHBEKTHBHHMX SIBUI BUKOPHCTOBYBAJIACs JIOKaJbHA JIEKapTOBa CHCTEMa KOOPAMHAT, B sKiil HeOAHOpinHe oOepTaHHs LIapy pilvHH

[39]
(40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
(48]

MIPEJICTABIIAETCS y BUIIISAI 00EPTaHHA 3 HOCTIHHOIO KYTOBOIO IIBUAKICTIO € 1 asuMyTansHuM 1mupoM U, (X) , npodias MBUAKOCTI

SIKOTO € JIOKAJbHO JiHIHHMM. B pe3ymbTari 3acTocyBaHHS METOAY Teopii 30ypeHb 3a MaluM IapaMeTpoM HaIKPUTHYHOCTI
cTamioHapHOro yncia Penes oTpuMaHi HEaBTOHOMHI HeMiHiMHI piBHAHHA TUITy ['iH30ypra-Jlannay ans mepeniueHuX BHIIE BUMAIKIB.

AMIUIITYId MO/ TOBAHMX TMOJiB BBAKANMCS MATHMH, SKi MAIOTh APYTHil TOPSAOK &£, a TApaMeTPHUYHMil BIUTMB Ji€ Ha
CTalliOHapHy KOHBEKIIiIO B TPETLOMY NOPAAKY & . UncenbHi pimenHs pisHsub [iH36ypra-Jlanmay 1jist pisHHX THIIB MOMYJSLIi
30BHIIIHBOTO MAapaMETPUYHOTO BIUIMBY MOKa3ald, mI0: 1) Ipu HEOAHOpiAHOMY OOepTaHHI 3 MO3UTUBHUM ducioM Pocbi Ro >0
TEIUIONEPEHOC B PifMHI 30UIBIIYE€ThCS; 2) 301IbIIEHHS YaCTOTH MOAYJIALI] @, MPU3BOIUTH A0 MOAABIECHHS TEILIONEPEHOCY K IPH

MO3UTHBHUX Ro >0, Tak i mpu HeraTUBHUX Hpodinax oOepraHHA; 3) 30UIbLICHHS aMIULTYIM MORYIAUii O, , HPU3BOAUTH IO

MiABUIICHHS TEIUIOOOMiHY AJsl AOBiTBHOTO mpodimo obGepranHs. [lokazaHo, mo HaHOIMBIINI BILUIMB HA 3MiHY TEIUIOIIOTOKa B
cucTeMi oKasye obepraibHa MOy, [Ipyn mpoMy TpaBiTariiiHa MOIYJISLisS TPOXH HEPEBHUIYE MAarHiTHY MOJYJISIIIO, a TEIUIOBa
(ha3oBa MOIyIALis, B TIOPIBHSHHI 3 IHIIMMH THUITAMH MOJYJIALIH, OKa3y€e MEHIINH BIUIMB Ha TEIIONEPEHOC.

KJIFOUOBI CJIOBA: xonBekuis Penes-benapa, marnitroobepranbHa HECTIHKICTh, KpUTHYHI uncia Penes, ciaboneniHiliHa Teopis,
HEaBTOHOMHE piBHsHHS [ 1H30ypra-Jlannay

CJIABOHEJIMHEWHASI MATHUTHASI KOHBEKIUSI B HEOJJHOPOTHO BPAILIAIOIIENACS
SJEKTPOMMPOBOJANIEN CPEJE MO AEMCTBUEM MOJIYJISIAY BHEITHUX MOJER
Muxaua H. Konn’, Auaroanii B. Typ®, Baaanvup B. Sluosckmii™
“Uncmumym monoxkpucmannos, Hayuonanenas Axademust Hayk Yrpaunol
np. Hayxu 60, 61001 Xapvkos, Yxpauna
bXapbKosc;cmZ HayuoHanvuslll yHueepcumem umenu B.H. Kapaszuna
ni. Ceoboowl, 4, 61022, Xapvros, Yrkpauna
“Vnusepcumem Tynysoir [UPS], CNRS, Hncmumym ucciedoeanuti acmpo@usuxi i nianemonouu

9 Agenio Ionkosnuxa Powe, BP 44346, 31028 Tynysa Cedex 4, @panyus
HUccnenyercs cnaboHenuHeiHas CTaaus CTAalMOHAPHOW KOHBEKTHBHOW HEYCTOHYMBOCTH B HEOAHOPOAHO BPAIIAOIIEMCS CIIOE
NIEKTPONPOBOAAIIEH JKUIKOCTH B aKCHAIBHOM OJHOPOJHOM MAarHUTHOM IIOJIE TIOJ AEHCTBHEM: a) TeMIEpaTypHOH MOIyINSIHU
TpaHUIl c10sT; 0) TPAaBUTAMOHHON MOIYJISINH; B) MOIYJIAIIMNA MarHUTHOTO TIOJIS; T) MOJYJISAIMN YTJIOBON CKOPOCTH BparmeHus. Jis
OIMICAHMS] HENMHEWHBIX KOHBEKTHBHBIX SIBICHHH HCIIONIb30Bajach JIOKaJbHAs JEKapToOBas CHCTEMa KOOPAWHAT, B KOTOPOM
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HEOJHOPOJHOE BPAILCHUE CIIOS KUAKOCTU IPEJACTaBIACTCS B BHJIE BpALIEHUS C IIOCTOSIHHOW YIVIOBOH cKopocTblo )
a3uMyTalbHbIM 1IMpoM U (X), mpoduip CKOPOCTH KOTOPOTrO JIOKaIbHO JIMHEEH. B pesynprare NmpHMEHEHHs METOJa TEOpHU

BO3MYIICHHI 1O MajoMy IapaMeTpy HaJKpMTUYHOCTH CTallMOHAapHOro uucna Pames ¢=./(Ra—Ra,)/ Ra, moIyYeHsI

HEaBTOHOMHbIEC HEJIMHEHHbIE ypaBHEeHUs THIa [ MH30ypra-Jlanaay juis nepedynciIeHHbIX BhIIIE CIIy4aeB. AMIUIMTY (bl MOIYJIUPYEMBIX
HoNei CcuMTaNMCh MalbIMH, HMMEIOIIMX BTOPOH TNOPANOK &°, a NapaMeTpUUeckoe BO3JEHCTBUHE OKasblBaeT BIUAHHME HA
CTALMOHAPHYIO KOHBEKIIMIO B TPEThEM TMOpsiake & . UnclienHble pelienust ypapHenuii [un30ypra-Jlangay juis pasiuuHbIX THIIOB
MOJIYJISIIUY BHELIHEro MapaMeTPHYECKOro BO3JICHCTBUS MOKa3ajiH, 4To: 1) IPH HEOJHOPOJHOM BpAIIEHHH C HOJOXKHTEIHHBIM
gnucioM PoccObu Ro >0 TemnomepeHOC B JKHAKOCTH YBEIHYMBAETCS; 2) YBEIMYCHHE YacCTOTHl MOIYJSIHMH @, , HPUBOIUT K

MOJAABJICHUIO TEIUIONEPEHOCA KaK IMNPHU ITOJOXKUTEIIbHBIX R0>0, TaKk U HOPpU OTPULATCIIbHBIX Ro<0 HpO(l)I/IHSIX BpalliCHUsI;
3) YBCJIUMYCHUE aMIUIUTY/Abl MOAYJISAIIUN é‘mod NPUBOAUT K ITOBBINICHUIO TerioooOMeHa JJI1 IPOU3BOJIBHOI'O HpO(i)I/IJISI BpalllCHUA.

INokazano, uTo Hambonbllee BIUSHIE Ha M3MEHEHHE TEIIONOTOKAa B CHCTEME OKa3bIBaeT BpamiaTenbHas Momyisnus. Ilpm stom
TPaBHUTAIMOHHAS MOMYJISIIUSI HEMHOTO IPEBBIIIAET MATHUTHYIO MOJYJIIMIO, a TeIUIoBas (a3oBas MOIYJSIMS, O CPABHEHHUIO C
JpYTUMH TUIIAMU MOZYJIALUM, OKa3bIBACT MEHbIICE BIUSHUE HAa TEILIONEPEHOC.

K/IIOYEBBIE CJIOBA: xonBekuus Pones-benapa, marnuroBpamarenbHas HEyCTOMYMBOCTb, KpUTHUUYECKHE uuciaa Panes,
ciaboHeJIMHEeHHas TeOpHUs, HeaBTOHOMHOE ypaBHeHHe ' un30ypra-Jlannay.
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The instability of a freely falling jet of liquid in air taking into account the viscosity of the contacting media is considered. In
neglecting the viscosities of both media, instability was studied by Rayleigh and Plateau. They showed that instability develops as a
result of the action of surface forces, and is expressed in a change in the cylindrical shape of the boundary of a freely falling jet of
liquid with air into a sequence of spherical drops. In subsequent works, by phenomenological consideration of viscosity by means of
the Ohnesorge number, it is shown that the viscosity of each of the contacting media affects the nature of the instability. However,
this method of taking viscosity into account is not entirely correct, because does not take into account the specificity of the boundary
conditions existing at the interface. It is proposed to use percolation boundary conditions, the validity of which is proved by the
example of the exact determination of the threshold velocity of occurrence of Kelvin-Helmholtz instability. A dispersion equation of
the Rayleigh-Plateau problem with percolation boundary conditions that describes the instability taking into account the viscosity of
both media is obtained. The dissipative nature of the development of such instabilities is substantiated. The growth rates of
instabilities are determined in cases when: the jet and medium have a low viscosity (ideal fluids); the jet is characterized by high
viscosity, and the environment is small; the jet and the environment are highly viscous. It is shown that the theoretical model of
droplet decay of the jet in the absence of viscosity of both media is quite good, in quantitative terms, consistent with experimental
results. The maximum increment is equal yg =~ 0.32, against the Rayleigh-Plateau increment yg, = 0.34, for disturbances with

the same wave number X~ 0.7. It was also shown that for viscous jets and a weakly viscous environment, the instability

increment describes the experimental results with a rather high degree of accuracy. Numerical calculations show that for jets of
comparable viscosity, the instability increment decreases with increasing viscosity of the environment. If the viscosity of the
environment is constant, then the increment of instability will be greater where the viscosity of the stream is higher. It is shown that
the results of theoretical calculations are in good agreement with the available experimental data.

KEYWORDS: Rayleigh-Plateau instability, surface tension, viscosity, percolation boundary conditions, dissipative instability,
instability increment, wave number, instability range.

In the classical formulation the Rayleigh-Plateau problem is associated with a study of the hydrodynamic
instability of the cylindrical boundary of a freely falling jet of liquid with respect to its decomposition into separate
droplets.

Joseph Plateau first observed and characterized this instability in 1873 [1]. He noted that the instability occurred
when the liquid column length A exceeded the column diameter D =2R by a factor of about 3.13, i.e. when the

condition A >3.13-2R, was satisfied. Later lord Rayleigh corroborated the Plateau's work results by theory giving an

analytical description of this physical phenomenon [2, 3]. He showed that such an unstable behavior of a jet was due to
the availability of small perturbations on its surface, which could increase at certain wavelengths. Rayleigh showed that
sinusoidal perturbations of the surface were unstable due to effect of surface forces. However, the criterion for
instability development defined by him differs from Plato's criterion and takes the following form A >4.51-2R, . Taking

account of the formation of small intermediate droplets between the main droplets leads to a slight decrease in the
unstable wavelength to the value of 1>4.42-2R, [4]. However, such a decrease does not violate the general

conclusions regarding the criterion for the development of instability, which has been confirmed with a sufficient
degree of reliability by a significant number of experiments [5].

The physical phenomenon under consideration has a simple physical substantiation. The process of decomposition
the ow into droplets is due to the need of the system to occupy a position with the minimum potential energy. And since
in a free state a fixed cylindrical volume of a liquid is subject to surface tension forces, it will tend to take a spherical
shape that has a minimal surface and, therefore, the minimum potential energy of capillary forces [6]. The above
mentioned refers to a cylindrical liquid jet that is unstable with respect to its decomposition into droplets. However, the
list of such processes in the ambient environment is much longer [5]. Study of such processes is motivated not only by
their practical application, but also by a scientific content. The latter should include the definition of physical
mechanisms leading to decomposition of jets under various conditions, as well as the description of the effect of surface
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tension and viscosity on the dynamics of processes. And if the surface tension is the basis of instability, then viscous
forces can lead to a change in the characteristic decomposition times without changing the limits in which the stability
of the system is observed [5].

As a rule, the viscosity in problems of jet stability is taken into account phenomenologically by introducing, along
with the jet radius R,, a new characteristic length, called the “penetration depth”. This length is determined by the

Ohnesorge number Ok =v,/p/oR, [7] and has the form: /, = /v/o where v - the coefficient of kinematic viscosity, o

- the liquid density, o - the coefficient of surface tension.

Comparison of the Rayleigh theory for jets with no viscosity, as well as the Rayleigh-Chandrasekhar theory in
viscous media with experimental data [5] indicates a certain agreement. In some cases, the issue of agreement remains
open due to the lack of measurement error data in [5]. Therefore, the method of taking account of the viscosity of media
by means of the Ohnesorge number is not entirely correct, since it does not take into account the specifics of the
boundary conditions at the media interface.

If we consider the liquid jet and the surrounding air as two contacting media with their characteristic parameters,
then the Rayleigh problem [2, 3] transforms into the Kelvin-Helmholtz problem [8, 9]. In this case, as shown in [10],
the jet instability increment can be obtained from the Kelvin-Helmholtz instability increment, assuming the gravity
force equal to zero. At the same time, as shown in [11], only the use of percolation boundary conditions makes it
possible to take into account the viscosity of both media, to determine the threshold number and the increment of
instability development. Under this approach the threshold velocity of instability development coincides with the
experimentally measured. Therefore, on the basis of the foregoing in the present work we consider the Rayleigh-Plateau
problem within the framework of the Kelvin-Helmholtz model of instability development, taking into account the
viscosity of both media and using percolation boundary conditions.

For further research of the Rayleigh-Plateau problem we will turn our attention to the obtained experimental
results. So, in the experimental implementation of the Rayleigh-Plateau problem a liquid jet from a pipe of a certain
radius is falling vertically under gravity. Initially, at the exit of the pipe, the jet has a constant radius equal to the radius
of the pipe. The length of the falling liquid jet increases and reaches such a critical value, when the jet loses its
cylindrical shape as a result of decomposition into a sequence of droplets of almost the same size. Capillary instability
of a liquid jet owing under pressure from a pipe of diameter D=4 mm is presented in Fig 1. The initial sonic
perturbations superimposed on the jet had a wavelength of 4 = 168 mm, 50 mm and 18.4 mm. Their effect on the jet
stability during the motion from top to bottom, respectively, is shown in Fig. 1 [12]. The figure shows that the last value
of the wavelength is closest to the value of 1/D >3.13 found by Joseph Plato.

To understand the physical phenomena underlying the droplet instability of a cylindrical free-falling jet we present
below the result of study of the instability of freely falling jet decomposition into droplets obtained by Rayleigh [2, 3].

-

= = — = ==«  0g
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Figure 1. Capillary instability of a liquid jet owing under pressure from a pipe with a diameter of D = 4mm. The initial perturbations
of the jet shape are initiated by sound waves of a wavelength equal to 42, 12.5 and 4.6 of the pipe diameter [12].

THE RAYLEIGH'S PROBLEM
Rayleigh investigated the stability of boundary of a cylindrical liquid jet of radius R, density o and surface

tension o in a cylindrical coordinate system 7,¢,z , where the axes ¢,z were parallel to the interface and the axis z
was oriented vertically upwards. As the values, describing the stability of the liquid boundary, he chose radial - W, and
vertical - W, perturbation of liquid velocity, displacement of liquid interface e(r, @, z,t) from the equilibrium position

R, R(r,zt)=R,+¢&(r,zt); |5| <<R, and deviation of liquid pressure from equilibrium  p,

p(’";zyt):po'i'ﬁ(r’z’t)’ |l’3|<<p0
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For small axially symmetric perturbations of the form

W, =U,(r)exp(—iwt +ikz); W,=U_(r)exp(—iot +ikz);

z

p=P(r)exp(—iat +ikz); &=¢,(r)exp(—iot+ikz). &

2 . . .
where,  and k = 7” - the frequency and the wavenumber of the interface perturbation, respectively, 4 - wavelength

of the perturbation, the dispersion equation has the form [2,3]:

) ok I, (kR,))

®® =—(1-k*R? )
( “)pR; 1,(kR,)

2

where, I, (x) , 1 (x) modified Bessel's functions of the first kind of the zero and the first order, respectively [13].
It follows from (2) that the instability arises for negative values of the square of the frequency w’® <0, i.e. when

kR, <1. In this case the radius perturbation increases with increment:

1,(K)

o)1=

3)

where, ¢ ~ exp( ;/RPI) variation of the liquid boundary displacement in time, I'| = /% 0, K =kR, - dimensionless
PLy
wave number.
From the condition K >1 it follows that the instability is possible when the length of the working circle of the jet
is less than the perturbation wave length in vertical direction. Calculations (3) gives the maximum increment is equal to

7o =0.343,Jc/pR; and is reached at K =0.7 . For example, for a water jet of 10 cm in diameter at the surface
tension coefficient o = 72.58 erg/cm’ (at a temperature of 20°C) and density p =1 g/cm’ [14], the characteristic time
of jet decomposition into droplets is about of order:

-1 pR3 53
max) - _ 291 [0 —291 =3.82s.
(VRP ) \/ p \72.58 @

From (3) follows that if the radius of the jet decreases the characteristic decomposition time decreases. For water
jet of 1 mm in diameter this time will be 3.8 ms. Let us compare the obtained expression for the increment (3) with the
experimental data given in Fig. 1. It follows from the figure that the last value of the sound wave length does not
coincide with, but it is most closely to the Rayleigh value: K =0.7=27R,/A —> 4 =6.28-0.2/0.7 =1.79 cm, which is

about 1.25cm in the experiment. Comparing theory with experiment there is a slight mismatch of theoretical
conclusions with experimental data. Therefore, there is a need to find models that would eliminate this discrepancy. In
the next section a model for describing the instability of jet decomposition into droplets based on the Kelvin-Helmholtz
theory of instability is proposed, which takes into account surface tension, viscosity of both media and uses percolation
boundary conditions.

RAYLEIGH-PLATEAU INSTABILITY IN THE FORMULATION OF THE KELVIN-HELMHOLTZ
PROBLEM WITH PERCOLATION BOUNDARY CONDITIONS
Let us consider the problem of stability of a liquid jet owing freely from a pipe in the formulation of the
Kelvin-Helmholtz problem. Oscillation of the interface between two media with density p,,p, and coefficients of

dynamic viscosity g, 4, in a cylindrical coordinate system p,¢#,z (axes @,z are parallel to the interface, the axis z is
oriented vertically upwards) we will describe using three functions: two functions for the velocity potentials
?s (r,¢, Z,t), the function of the liquid interface displacement from the equilibrium position, where the perturbed

radial position of the interface R(r, ¢,z,t) is determined by expression (1). As in the previous section, due to the axial

symmetry of the problem we assume the perturbed values independent of the azimuth angle ¢ . With this consideration
the velocity of the fluid in media 1, 2 is determined by the expression: W,, =V, (r,z,t)= ﬁ(gol(g) (z2)+ 1, (r,z,t)),
where (pl(g) (z) - the potential of liquid velocities in the equilibrium state; ¢, ,(7,z,) - the potential of the disturbed
velocity of the medium 1, 2; ¢, (r,z,t) - operator of gradient in a cylindrical coordinate system;

‘(pl(,OZ)(Z)‘ >>|¢1,2(r, z,t)| - the smallness disturbance condition. The location of viscous media and the boundaries
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between them are schematically presented in Fig.2. The boundary of viscous media is determined by the expression
R=R,+¢(r,zt) and the media move at different velocities 7, , parallel to the axis z .
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Fig. 2. The layout diagram of the interface of viscous media R =R, + g(r,z,t) moved

at different velocities 7, , parallel to the axis z
For the case shown in Fig. 2 the potential of the equilibrium velocity can be represented as:
(01(2) (Z) =V,z+C, (5)
where, C,, - constant.

The equations for functions ¢, (r,z,¢) and &(r,zt)are well known [15], they consist of the equation for the

incompressibility of a liquid and the equation describing the kinematic boundary condition. The equation for the liquid
incompressibility is as follows:

s .0
A, = Aﬁol,z + ;2 =0, (6)
Oz
1o o. 0. o ... . S . . .
where, A...=——r—+ AL+ P The potential of the equilibrium velocity of the medium (5) automatically
z

ror or o7 -
satisfies the equation (6). In further calculations we omit the sign for the convenience of writing. The kinematic
boundary condition determines the radial velocity of the liquid at media interface:

dR _ 0, . OR = =\p] O,
R U e (LA T s ™
After linearization (7) we have:
Yy
o +V, (22 _%%n ®)
ot r=Ry+&(r.zt) 0z r=Ry+&(r.zt) or r=Ry+&(r.zt)

Equations (6), (8) should be supplemented by a dynamic boundary condition. This condition can be obtained by
integrating along the coordinate r of the radial component of the linearized Navier-Stokes equation:

T:p[a(,j_VtH(W)ijp:o ©)

over a thin transition boundary layer ~A<r—R, — g(RO,z,t) <A, according to the expression:

l‘:R0+£(R0,:,t)+A r=Ry+A
m[ [ (T,_)dr]:m[ [ (T,)dr] (10)

£—0 r:R0+S(R0,z,t)—A r=Ry-A

Let us obtain this dynamic boundary condition. To simplify the procedure of integration over a thin transition layer we
present the coefficient of dynamic viscosity of both media ,u(r) in the following model form:

,u(r) =1 0(=r+Ry—A)+ 1,0(r —R, —A)+

(11)
+(ﬂ1 +,uz)((9(r—R0 +A)—-0(r—R, —A)),

where, 6(x) - asymmetric unit function (x)=1 at x>0 and 6(x)=0 at x<0. When obtaining a dynamic

boundary condition, the model dependence (11) characterizes its percolation boundary conditions [11]. The physical
nature of “percolation boundary conditions” is the effect of the mutual periodic penetration of contacting media near the
interface in areas not previously occupied by them. Such penetration of media is taken into account by a model
representation of the viscosity coefficient at the interface in the form of stepwise functions of the radius. The proposed
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model representation is valid, because in the Kelvin-Helmholtz instability problem with a at boundary [15], the use of a
viscosity coefficient in the form of superimposed steps of the form (11) leads to the dispersion equation, which gives a
threshold ow velocity corresponding to the experimental one. After linearization the Navier-Stokes equation (9) takes
the form:

00p 10 {6(¢(°)(z)+¢)] _[20,”(7) 6, (r)iﬁ_é)}@_p:o (12)

Ot Ox, Ea Ox, or o ¥’ or ) ox,

where, k=r, i=r,z, x, =r, x, =z, the corresponding term should be summed on index "i".
For the selected model dependence of the medium viscosity ,u(r) upon the coordinate z the main contribution to
the dynamic boundary condition makes a summand proportional to 8,u(z) / 0z . Integrating (12) over a thin transition

layer (R0 -AR, +A) along the radius, taking into account (8), and then tending to zero A — 0, we obtain the
following dynamic boundary condition:

— 1Py 2

2
0 . 0P 1o o 0'e
—o+V, /| +2| ——+=— +pl +o0—== t 13
p(@tw oz j‘l (r or BZZJMB p| con 1

1 aZZ
In (13) the pressure difference corresponds to the Bernoulli equation and is determined by the expression:

) I/ZZ I/IZ
p|1 = p, — p, = const , where, const = p, 7—,01 B
Thus, we have a system of equations for perturbed values on the jet boundary:
o’
MG+ =0, (14)
’ oz
06
¢| 1,2 og|  _9Pa (15)
ot re, 0 vk or rr,
2 —Pr
0 . 0P 1o @& o0’¢
—o+V,— || +2|—+— oc—-=0. 16
p(&t(p b j] [r or 622)”}1 0z* (16)

We'll submit the velocity potentials ¢ and the interface displacement & in the form of
Py ~ 1o (r)exp(ikz—iot), &~ g(r)exp(ikz—iwt), where @ and k are the frequency and the wavenumber of the

wave, k=2x7/d, d - the perturbation wavelength along the jet axis. Then from equation (14) we obtain a radius-
restricted solution for a perturbed velocity potential fl(r) in medium 1 and an infinity-restricted solution for a

perturbed velocity potential in medium 2:

f,(r)= 4L, (kr), 0<r<R,

fo(r)=BK,(kr), Ry<r<o (17)

where, 1,(x),K,(x) - modified Bessel functions of the second kind of the zero order [13], 4,B - constants. From

(15), (16) we obtain the system of equations:

—i(w—kV,) = Ak, (KR, ). (18)
—i(@—kV,) = ~BIK, (KR, ), (19)
2 — P2
0. . 0p 10 & o
—p+V, == || +2| —=—+=— —=0. 20
p(@tw 12 ﬁzj‘l [rar azzjl e 0

where, K, (x) - modified Bessel function of the second kind of the first order [13].

Solution of equations (18) - (20) in the Lamb type reference system
PV Ky (kR))/ K, (kR, )+ pV; 1, (kR,)/1,(kR)) =0 gives the following dispersion equation:
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I, (kR,)

( s [1+kRO MJWW [l‘kRo 1, (kRO)D

o+ 20 K. (kR 1 (kR -
SR T

Ilikj:}rﬂm [1—kR0 ITEZJI:Z;DJF @
)
(

K, (kR,) I, (kRy))
(szRo K, (kRO) + pkR, 1, (kRo)J

Let us consider the solution of equation (21) with no viscosity, i.e. assume g, = 1, =0. In this case the equation
(21) takes the form:

(22)

R3
— 2 X=kR, Y =aG P

W oR, o

The instability increment is determined by the expression:
Vxo (X,G)=Im(Y(X,G)) (23)

and is realized at positive values of the radical expression (22).
The summands for water and air proportional to small values p,V,’ / oV <<1 and p,/p, <<1can be neglected

where, G =

in (23). As a result, we come to the following expression for the instability increment:

X 5L(X)
Vo (X, G)=—== [1-GX ——. (24)

e 0O~ T )
In (24) the constant G is specified by the system parameters at the initial time. Let us determine its value. From
experimental studies of jet decomposition into droplets with no viscosity it follows that instability is possible for X <1

[5]. Therefore, from the condition of stability . (1,G)=0 it is easy to determine the value G':
G=1,(1)/1,(1)~2.24.

We compare the obtained expression for the increment (24) with the experimental data shown in Fig. 1 as well as
with those given in the review [5]. Let us consider first the experimental data in Fig. 1. But first of all we note that the
excitation wavelengths prescribed in the experiment do not correspond to the wavelengths in Fig. 1. For example, an
excitation with a wavelength of 18.4 mm is prescribed for a lower jet and the excitation wavelength in the Fig. 1 is of
the order of 12 mm.

The same can be seen on the second and third jets. At the second jet the excitation wavelength is 50 mm and the
Fig. 1 shows the superposition of a prescribed wavelength and a wavelength close to the resonance one. At the third jet
the excitation wavelength is equal to 168 mm and the Fig. 1 shows an evidence of shorter wavelengths, so that the
prescribed wavelength does not have time to show itself. However, despite this we'll determine the comparative value
of increments of jet decomposition into droplets.

The distance of jet decomposition for all images, as follows from Fig. 1, we will determine by a distance including
several excitation wavelengths of the jet N . We assume that the instability increment of the lower jet decomposition in
Fig. 1 is equal to p,. Then the distance of the lower jet decomposition is determined by the expression

Al =NA =V,[]y,. The wavelength is A4 =46-4=184 mm and the corresponding wavenumber
X, ~27-2/4.6-4=0.68.
The distance of the second jet decomposition is determined by the expressionAl, = NA, = V,/y, . The excitation

wavelength is 4, =12.5-4=50 mm and the corresponding dimensionless wavenumber X, ~27-2/12.5-4=0.25.



44
EEJP. 2 (2020) Oksana L. Andreeva, Leonid A. Bulavin, Viktor I. Tkachenko

Then, on the basis of given estimates, the instability increment of the second jet decomposition is smaller than the
increment of the lower jet by a factor of Al /Al, 4.6/12.5~0.37, i.e. is equal to ¥, ~ »,Al, /AL, = 7,-0.37.

For the upper jet the instability increment of jet decomposition is less than the increment of the lower jet by a
factor of Al /AL, =4.6/42 =~ 0.11, i.e. it is equal to y, = »,Al, /AL, = ,-0.11 and the dimensionless wavenumber is of the

order X, ~27-2/42-4=0.08.
If we assume that the lower jet is close to the resonant decomposition into droplets, this means that the value of the
dimensionless increment is of the order of the maximum increment (24), which is realized at X,= 0.7. Numerical

calculations show that the maximum increment (24) is reached at G=2.24, which corresponds to the water velocity
Vi=12.6cm/s. Based on the above reasoning we determine from (24) the value of the maximum increment

Y =0.32479 .

Fig. 3 shows a dependence graph of the instability increment of jet decomposition (curve 1) obtained from the
expression for the Rayleigh-Plateau instability increment (3). Dark markers on this graph indicate the values of
instability increments obtained on the basis of the experimental data presented in Fig. 1. Light markers in Fig. 3 indicate
the experimentally measured points describing the dependence of the dimensionless instability increment ¥ (.X') on the

dimensionless wave number X for ideal liquids [5]. The dependence of the dimensionless increment on the
dimensionless wavenumber (curve 2) described by expression (24) is presented in Fig. 3 for comparison.

It follows from Fig. 3 that the theoretical model of jet decomposition described by formula (24) with no media
viscosity corresponds closely in quantitative sense to the experimental results. Taking account of media viscosity, as
follows from the solution of the Kelvin-Helmholtz problem in viscous media [11], can lead to a quantitatively different
result.

In the next section we present the solution of the Rayleigh-Plateau problem in the Kelvin-Helmholtz formulation
with allowance for the viscosity of both media.
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Figure 3. Dimensionless instability increment ¥ (.X') as a function of the dimensionless
wavenumber X for ideal liquids. Curve 1 corresponds to the dimensionless increment
of Rayleigh-Plateau instability (3), curve 2 is given by expression (24).

TAKING ACCOUNT OF MEDIA VISCOSITY EFFECT ON RAYLEIGH-PLATEAU
INSTABILITY IN THE FORMULATION OF THE KELVIN-HELMHOLTZ PROBLEM
Low viscosity media

o : R; o .
At dimensionless variables G = ﬁ, X =kR,),Y = oG Pl e dispersion equation (21) takes the form:
1 Pilty o

Y+ zl'ﬁﬂ[zl {1+XMJ—21' X Mﬁz (1—XMJ+X—2[1— GXﬂJ =0. (25)

VG 1,(X) k(X)) 7 G 1(x) L(x)) 6 I,(X)

M ;t _ M
9 2 =
R,pV, R,p V)

The relationship between the dynamic viscosities of air and water x4, >> u, and the relationship between velocities of

where, ;ll = - dimensionless coefficients of dynamic viscosity of the media 1 and 2, respectively.

media V;> >>V,’ are taken into account in the expression (25).

Using the reasoning of the previous section on ideal water-air jet decomposition we can determine the
characteristic parameters of the jet decomposition of viscous water-air media, provided that the ow velocity of water in
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the viscous case remains the same as in the ideal case. In numerical calculations of the increment in the expression (25)
the following parameter values were chosen: ;zl =2.17-107; ,212 =3.91-10", which correspond to the viscosity of
water and air under normal conditions. The numerical analysis (25) shows that taking account of water and air
viscosities does not significantly change the value of the instability increment compared with their ideal analogue and
the range of unstable wavenumbers remains as before.

Thus, when taking into account the viscosity of water and air, the jet decomposition into droplets is possible within
the range of wavenumbers 0 < X <1, which corresponds to the jet diameters. The obtained criterion corresponds to
Plato's experimental conclusion that the instability of the jet occurs when the length of the liquid column satisfies the
condition A4 >3.13-D . The maximum increment is equal to Y ( ) 0.32391, smaller in magnitude than for ideal

media Y (X ) <y and is achieved for perturbances with a wavelength X, =0.7.

Thus, the proposed model of decomposition of the viscous fluid jet into droplets corresponds to the experimental
data; makes it possible to take into account the effect of viscosity on the jet decomposition velocity and to estimate the
characteristic parameters of the process.

As we see, the instability increments in media with low viscosity differ slightly from increments for ideal media.
Let us consider the instability of jet decomposition in media with a finite viscosity.

The jet is characterized by a high viscosity and the ambient medium — by a low viscosity
Let us consider the jets whose viscosities are not small. The description of jet instability with the Ohnesorge

number  Oh = p;'\p,/(cR,)=0.58 [5] by expression (25) shows that the curve with parameters

;zl =0.39>> ;12 ~7.0-107 has the smallest departure from the experimental data. Based on the condition for the

development of instability 0 < X <1 an optimal value of the parameter G = 0.45 is calculated. Value of the increment
determined by the equation (25) relative to the experimental data (curve 2) is shown in Fig. 4.
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Figure 4. Dimensionless instability increment of decomposition of a viscous liquid jet in the
air Y(X) for Oh =0.58 as a function of the dimensionless wavenumber X (curve 1, [3]).

Curve 2 corresponds to the increment (25). Experimental points are shown by markers [5].

From the comparison of curves 1 and 2 in Fig. 4 it follows that taking account of the high viscosity of the jet in the
expression for the increment (25) makes it possible to describe the experimental results with a sufficiently high degree
of accuracy. For liquid densities p, << p, the relationship Oh, <<Oh, is satisfied. The interval of unstable

wavenumbers remains the same 0 < X <1.

The jet and the ambient medium are characterized by a high viscosity
In the case ,Zzl > ;12 ~1 the instability increment is determined by the expression (25), since we believe that
V> >>V; as before. The result of the numerical calculation of the instability increment of jet decomposition obtained
from equation (25) with allowance for viscosity in both media is shown in Fig. 5. The Ohnesorge number Ok =0.58
and the followmg parameter values are used for calculations:

o 1 =183 yz =1.64, G=10 - follows from the condition for instability development 0 < X <1 (curve 2,
Flg 5);
e 1, =183 yz =18, G=16 - follows from the condition for instability development 0< X <1 (curve 3,

Flg. 5).
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Figure 5. Dimensionless instability increment of viscous fluid jet decomposition in a viscous
medium as a function of the dimensionless wavenumber X for Oh =0.58 and parameters: curve

2- /AJI =1.83; /AJZ =1.64; curve 3 - /AJI =1.83; ,th =1.8. Curve 1 corresponds to curve 1 of Fig. 4.

From numerical calculations it follows that with the same Ohnesorge numbers for the jet Oh the instability

increment decreases with increasing viscosity of the ambient medium ;12. At a constant viscosity of the ambient

medium the instability increment is greater there, where the jet viscosity is greater. This conclusion is in contrast to the
theoretically obtained conclusion about decrease in the instability increment with increase in the jet viscosity [5]. This
contradiction is associated probably with the specificity of the boundary conditions used at derivation of the dispersion
equation.

CONCLUSIONS

In this paper the theoretical solution of the Rayleigh-Plateau problem about the instability of a freely falling uid jet
is compared with the available experimental results. The mismatch of the theory with the experiment was revealed. In
this case taking account of the jet viscosity does not significantly improve the agreement of the theory with the
experiment. Therefore, it was proposed to investigate the Rayleigh-Plateau instability in the formulation of the Kelvin-
Helmbholtz problem with percolation boundary conditions with allowance for the viscosity of the contacting media. A
dispersion equation was obtained taking account of the viscosity of both media for percolation boundary conditions. It
was shown that for viscous jets and a weakly viscous ambient medium the instability increment describes the
experimental results with a sufficiently high degree of accuracy. Numerical calculations show that for jets with the same
viscosity the instability increment decreases with increasing viscosity of the ambient medium. If the viscosity of the
ambient medium is constant, then the instability increment will be greater where the viscosity of the jet is greater.
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JACUITIATABHA HECTIMKICTD PEJIES-IIJIATO
Oxcana JI. Anapeesa™”, Jleonin A. Bynasin®, Bikrop L. Tkauenko™”
“HHI] "Xapxkiscoruii (izuxo-mexniunutl incmumym"
eyn. Akaoemiuna, 1, 61108, Xapkis, Ykpaina
thpKiGCbKud Hayionanvnuii ynieepcumem imeni B.H. Kapaszina, Xapkis, Ykpaina
ni. Ceoboou, 4, 61022, Xapxis, Yrpaina
‘Kuiscokuii Hayionanvnuii ynieepcumem imeni Tapaca [lesuenka
8yn. Bonooumupcera 64/13, 01601, Kuis, Ykpaina
Po3risiHyTO HECTIlKICTh CTPYMEHS PIAMHH, 10 BUTBHO Iaja€, B HOBITPI IPK BpaXyBaHHI B'SI3KOCTI CEPEIOBUII, 110 KOHTAKTYIOTh. Y
HEXTyBaHHsI B'SI3KOCTI 000X CepeloBHII HecTiiikicTh mocmimkeHa B pobortax Pemes i Ilnmaro. Bonu moxaszanu, 1o HecTifKicTh
PO3BUBAETHCSI B PE3YJIbTATi Aii MOBEPXHEBHX CHJI, 1 BUPAXAETHCSA B 3MiHI IMIIHAPUYHOI (OPMHU TpaHUI CTPyMEHs DPIAMHHM, LIO
BUIBHO Mafae, 3 MOBITPSM Ha IOCTIIOBHICTh C(HEPUIHUX Kparesb. Y HACTYIMHHX poOOTax, IUIIXOM (PEHOMEHOIOTIYHOTO BPaXyBaHHS
B'SI3KOCTI 3a gomoMororo uncia OH3arepa, NOKa3aHo, 0 Ha MOKa3HUKH HECTIMKOCTI BIUIMBAE B'S3KICTh KOXKHOI 3 KOHTAKTYHOUHX
cepenoBunl. OpHaK Takui MeToJ OOJIKY B'SI3KOCTI € He 30BCIM KOPEKTHHM, TOMY IO HE BPAaxXOBYE CIENU(IKy TPaHHUIHUX YMOB,
ICHyIo4y Ha KOPJOHI pO3Iily cepemoBHil. B poOOTI 3ampoNnOHOBAaHO BHKOPHUCTOBYBATH IEPKOJAIINHI TpaHWYIHI YMOBH,
NIPAaBOMIPHICTh SIKMX JOBEJICHA HAa INPUKIAAI TOYHOTO BU3HAYEHHS IIOPOroBOi HIBHAKOCTI BMHHMKHEHHs Hectiiikocti KenbBiHa-
Tensmronbua. {ns 3anaui Penes-ITnaro 3 nepkoysiiiHUMHU IpaHUYHMMH YMOBaMH OTPHMAHO JMCIEPCiiiHe PIBHSHHS, K€ OIHCYE
HECTIHKiCTh IPU BpaxyBaHHI B's3kocTi 000X cepenoBuil. OOIPYHTOBAHO MUCHUIIATHBHHN XapaKkTep PO3BUTKY TaKMX HECTIHKOCTEH.
Bu3Ha4yeHO iHKPEMEHT PO3BUTKY HECTIMKOCTI y BHIAgKax, KOJU: CTPYMiHb 1 CEPeIOBHUILE MAIOTh Mally B'S3KiCTh (ileasbHi pianHK);
CTPYMiHb XapaKTEPU3YETHCS BEIUKOIO B'S3KICTIO, a HABKOJMINHE CEPEOOBHUINE - MAJOI0; CTPYMiHb 1 HABKOJHIIHE CEPEIOBHUILE
XapaKTepH3yIOThCS BEJIMKOI B'si3KicTio. II0Ka3aHO, 1O TEOpeTHYHA MOAENb KPAIUIMHHOTO PO3Iady CTPYMEHS Y BiICYTHICTBH
B'I3KOCTI 000X cepefoBHIl MJOCUTH m00pe, B KIUIbKICHOMY BIIHOIICHHI, BIATIOBIZA€ EKCIEPUMEHTAIFHUM pe3yJIbTaTaM.

MakcumanbHuil iHkpemenT gopisuioe ¥ = 0.32, nporu nukpemenra Penes-Ilnato ¥, =~ 0.34, nns 36ypens 3 ogHakoBUM

xBiiboBuM uuctoM X~ 0.7. ITokasaHO TaKOX, IO JUIA BY3bKHX CTPYMEHIB i CIIaGOB'I3KOTO HABKONHIIHBOIO CEPEJOBHIIA

IHKpEMEHT HECTiHKOCTI 3 JOCHTh BHCOKHM CTYIICHEM TOYHOCTI OMHUCY€ EKCIIEPHMEHTalbHI pe3yibTaTH. UHCIOBI po3paxyHKH
MMOKa3yI0Th, 110 JJIsl CTPYMEHIB 3 TIOPIBHSHHOIO B'SI3KICTIO IHKPEMEHT HECTIHKOCTI 3MEHIIYETHCS 3 POCTOM B'SI3KOCTi HABKOJIMIITHBOTO
cepenoBuma. Y pasi, SKIIO B'S3KICTh HAaBKOJHMIIHBOTO CEPENOBHINA IOCTiiiHA, TO IHKPEMEHT HECTIMKOCTI Oyae Oinmbime Tam, e
Oimpime B'S3KICTH CTpyMeHs. IlokazaHO, IO pe3ylbTaTH TEOPETHYHHX PO3PaxXyHKIB J0OOpe VY3rOMKYIOTbCS 3 HasBHUMH
eKCHEPUMCHTAIbHUMH JaHUMH.

KJIFOUYOBI CJIOBA: wmectilikicts Penes-IInaro, moBepxHeBHil HATAr, B'S3KICTh, MEPKOJLMINAHI IPaHWYHI yMOBH, AWUCHIATHBHA
HECTIHKICTh, IHKDEMEHT HECTIMKOCTI, XBUIILOBE YUCIIO, IHTEPBAT HECTIHKOCTI.

JACCUITATUBHAS HEYCTOMYUBOCTD PIAJIEA-TIIATO
Oxcana JI. Annpeesa™”, Jleounn A. Bynasun®, Buxrop U. Tkauenxo™
“HHI] "Xapvkosckuil uzuxo-mexunuyeckuil unemunmym'"
ya. Akademuyeckas, 1, 61108, Xapvkos, Yxpauna
bXapbKosc;cmZ HayuoHanvHvli yHusepcumem umenu B.H. Kapasuna, Xapvros, Ykpauna
ni. Ceo600wi, 4, 61022, Xapvros, Yxpauna
‘Kuesckuii Hayuonanvnuiil ynusepcumem umenu Tapaca [llesuenko
ya. Braoumupckas 64/13, 01601, Kues, Ykpauna
PaccmoTpeHa HEYCTOHYHMBOCTD CBOOOJHO IMAJaroLIel CTPYH JKHIKOCTH B BO3AyXe IPU YUeTe BSI3KOCTH KOHTAaKTHPYIOLIMX cpex. B
MpeHeOpeKEHUN BI3KOCTEH 00eux cpel HEyCTOHYMBOCTH HccienoBaHa B paborax Panmes u Ilnmaro. OHM mokasamu, YTO
HEYCTOMYMBOCTh PAa3BUBAETCSA B Pe3yJIbTaTe ACHCTBHS MOBEPXHOCTHBIX CHII, U BBIPAXKAETCSl B U3MEHEHUH ILIMINHIPUYECKOH (OpPMBI
TPaHUNBI CBOOOIHO TMANAIOIIEH CTPYH JKHIKOCTH C BO3LYXOM Ha IIOCIEAOBATEIBHOCTH CEpPHUECKHX Kameldb. B mocmemyrommx
paborax, myTeM ()CHOMEHOJIOTMYECKOTO ydeTa BSI3KOCTH mocpeacTBoM umcina OH3arepa, MHOKa3aHO, 4YTO Ha XapakTep
HEYCTOWYMBOCTHU BIUSET BA3KOCTH KaXKIOU M3 KOHTAaKTUPYIOMUX cpex. OMHAKO TaKOH METOJ| ydeTa BSI3KOCTU SIBJISIETCS HE COBCEM
KOPPeKTHBIM, T.K. HE YUYHUTBHIBAe€T CHEHU(MKY TpaHWYHBIX YCIIOBHH, CYyIIECTBYIOUIyI0 Ha TpaHMIE pasmena cpex. B pabore
MIPE/UIOKEHO HCIIOJIb30BaTh IMEPKOJSLHOHHBIE I'DAHUYHBIC YCIOBHS, NPABOMEPHOCTh KOTOPBIX JIOKA3aHAa Ha IPHUMEpPE TOYHOTO
OIpEe/eNICHHs] OPOTOBOH CKOPOCTH BO3HMKHOBeHHs HeycroiumBoctH KenbBuna-I'enpmronsua. st 3amaum Panes-Ilmato ¢
MEPKOAMOHHBIMA TPAHUYHBIMU YCJIOBUSIMU TOJyYEHO IHUCTIIEPCHOHHOE YPaBHEHHE, KOTOPOE ONHUCHIBAET HEYCTOWYMBOCTH MPHU
yueTe BA3KOoCcTH o0enx cpesi. OG0CHOBAaH AMCCUIATHBHBIN XapakTep pa3sBUTHA TaKHX HeycToHumBocTel. OmpeeneHbl HHKPEMEHTHI
pa3BUTHA HEYCTOMYMBOCTEH B CIydasx, KOrJa: CTIpysl M cCpela HMEIOT Malylo BSI3KOCTh (WACalbHBIC XXHUAKOCTH); CTPYs
XapaKTepHu3yeTcs OOJNBIIOI BA3KOCTBIO, @ OKPYXKAIOIIAsi Cpefia - MaJOH; CTPYs M OKPY’Karomlasi cpefa XapaKTepHU3yloTcs OOMbIIOi
Bs3KocThIO. [IoKa3zaHo, YTO TeopeTHUYecKas MOJENb KaIelbHOTO pacliajia CTPyH B OTCYTCTBHE BSI3KOCTH OOCHMX Cpell JOCTaTOYHO

X0pouo, B KOJUYECTBEHHOM OTHOMICHUHU, COOTBETCTBYET JSKCIICPUMCHTAJIBHBIM PE3YyJIbTaTaM. MakcumanbHBIN HWHKPEMEHT paBCH

Ve = 0.32, nporus nukpementa Pones-Ilnato yy, ~ 0.34, 1ns Bo3MyIieHnit ¢ 0QMHAKOBBIM BONHOBBIM unciom X, =~ 0.7.

[TokazaHo TakXke, 4TO JUIS BSIBKHX CTPYH M C1a00BS3KOH OKpYIKalOIiei cpeibl HHKPEMEHT HEYCTOHYMBOCTH C JIOCTAaTOYHO BBICOKOM
CTENEHbI0 TOYHOCTH OIUCHIBAET HKCIIEPUMEHTAIbHBIC Pe3ybTaTbl. UNCIIEHHbIE pacueThl II0Ka3bIBAOT, YTO JUI CTPYH ¢ cpaBHUMOMH
BA3KOCTBIO HMHKPEMEHT HEYCTOMYMBOCTH YMEHBIIAETCS C POCTOM BSI3KOCTH OKpYy)Karomle cpeapl. B ciyuae, eciam BS3KOCTh
OKpY>Karolllel Ccpe/ibl MOCTOSIHHA, TO MHKPEMEHT HEeyCTOHYMBOCTH OyzeT Ooblie TaM, rae Oomblie BA3kocTh cTpyd. Ilokasano, 4ro
Pe3yNbTaThl TEOPETUIECKUX PACUETOB XOPOIIO COTIACYIOTCS ¢ UMEIOIIUMUCS IKCIEPHMEHTATBHBIMH JaHHBIMH.

KJIFOYEBBIE CJIOBA: neycroitunBocTs Panmes-Ilnaro, moBepXHOCTHOE HATSDKEHHE, BAZKOCTh, MEPKOJISIMOHHBIE TPAaHUYHBIC
YCIIOBHS, TUCCUNIATUBHAS HEYCTOIMYNBOCTD, HHKPEMEHT HEYCTOMUUBOCTH, BOJIHOBOE YHCJIO0, HHTEPBAJ HEY CTOMUYUBOCTH.
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The presence of an internal layer with an active medium in a hot radiation source is considered, which can be described by a quantum
two-level system located near equilibrium. The population of the upper and lower levels is approximately equal. It is shown that
during convection from deeper hot layers, which supports the inversion of the populations of the active system, generation of induced
radiation pulses is possible, the intensity of which is comparable to or greater than the intensity of the background spontaneous
radiation of the source. With a sufficient thickness of the surface layers due to the effects of radiation scattering in them, the emission
spectrum of a completely black body may well form there. Pulse generation near a previously detected new threshold of induced
radiation can lead to a periodic change in the radiation intensity of the source as a whole. This threshold is determined by the equality
of the squared population inversion to the total number of states. The generation of pulses of induced radiation is considered both in
Einstein's representation, on the basis of balanced equations, and using a semiclassical description for small values of population
inversion and for low levels of electric field intensity, when the Rabi frequency is less than the line width. The description of the
induced radiation process is reduced to a one-parameter system of equations. Periodic solutions are represented by closed trajectories
on the phase plane (relative density of quanta, relative density of population inversion). A similar layer with an active medium, which
can be described by a quantum two-level system located near equilibrium, can exist in stars and is most likely localized in the
photosphere. If there is significant convection in the star’s atmosphere, conditions can be realized for generating pulses of induced
radiation. It turns out that one can see the similarity of the obtained solutions with known observations of changes in the luminosity
of Cepheid stars (Cepheus delta and the North Star).

KEYWORDS: pulse generation of induced radiation, convective source of population inversion, periodic change in the luminosity
of Cepheid stars.

Spontaneous and induced radiation. In the most general case, particle radiation can be either spontaneous,
independent of external influence, or stimulated, imposed by an intense external field [1,2]. Consider a particle that has
its own field. If this field or part of it is not able to propagate independently of the particle, accompany the particle, then
there is no radiation. If, however, during particle motion, translational or vibrational, the particle field is considered,
then under certain conditions there will be a part in it that will be able to propagate independently in the medium. The
work of this part of the field on the particle will not be zero and will lead to its deceleration or to a decrease in the
amplitude of the oscillations, respectively, which is a sign of the presence of radiation of field energy by the particle [3].

It is also important to note that the value of the work of the particle’s own field on its own current is always sign-
defined and describes only the radiation process, which is one of the important characteristic features of spontaneous
processes. Another characteristic feature of spontaneous emission is the fact that its sources are independent and the
radiation process is not imposed by a wave at this frequency existing in a given medium or system [4].

The induced radiation is due to the fact that an external field in the entire interaction space modulates the
movement of particles of the medium. In this case, radiation (or absorption) of many particles located at different points
in space may well occur in phase with this field. Ch. H. Townes drew attention to this in his Nobel lecture: “... the
energy emitted by molecular systems has the same field distribution and the same frequency as the inducing radiation,
and, consequently, a constant (possibly zero) difference phases” [5]. Such radiation synchronized by an external field,
as well as particle absorption, leads to a sharp increase in the efficiency of interaction between particles and the field.
The cause of the induced (stimulated) radiation, as it turned out, is the presence of population inversion (a positive
definite difference of particles at higher and lower energy levels) [1].

Formulation of the problem. Consider the radiation source and select in it the layer where the medium is located,
capable of generating periodic radiation pulses.

For example, such a layer in stars can be localized in the region of the photosphere. In some cases, there may be
several such layers. It is possible to simulate the active zone of this layer by a two-level quantum system, and the
populations of these two levels will be considered approximately equal. With a very insignificant excess of the upper
level population (the population inversion is positive in this case), in addition to spontaneous emission, the generation
of induced radiation is possible, the threshold of which was found in [6,7]. With a sufficient thickness of the overlying
layers due to the effects of scattering of radiation emanating from the active zone of the two-level system in them, the
emission spectrum of a completely black body may well form there [8].

In addition, we will assume the existence of strong convective flows emanating from layers closer to the hot
region of the source of the source, which are capable of introducing a certain fraction of excited atoms of this active
substance into the active zone. That is, such convective flows are able to increase the population inversion in the core.
© V.V. Kostenko, V.M. Kuklin, E.V. Poklonskiy, 2020
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One can verify that the intensity of the induced radiation of a given spectral line, described by a two-level system, can
significantly exceed not only the spontaneous intensity of atoms of a given substance, but also the spontaneous emission
of the entire spherical source as a whole.

The purpose of this work is to consider the generation of periodic pulses of induced radiation in a heated gas with
a fraction of active particles in two states (two-level system). It is important that in a certain active zone of the radiation
source, the number of active particles at two energy levels is approximately equal, the population inversion is much less
than the total number of particles. Under these conditions, the intensity of the induced radiation is comparable to the
intensity of spontaneous emission. It is assumed that in this active zone, which is transparent to radiation at the
frequency of the energy transition, due to convection, active particles from the underlying dense layers enter the excited
state. That is, in the core there is a source of inverted (excited) active particles.

MODEL OF PULSES GENERATION IN EINSTEIN REPRESENTATIONS
According to the ideas of A. Einstein, the description of the simplest one-dimensional two-level system in the
presence of radiation at the transition frequency using the so-called balance equations is as follows [1]:

on, /Ot =—u, -n,—w, -u-N,, 0

on /0t =u, -n,—w, -u-N,, 2

moreover, the total number of particles of the system in the first and second levels is constant y =, + n, = Const su,, — 18

the rate of change in the number of quanta of the second excited level due to spontaneous emission processes,
u = n, —n,~ 1s the population inversion. The rate of change in the number of quanta (particles) at these levels due to the

induced processes of radiation w,, - N, - n, and absorption,y,, . v, ., . Here y, is the number of radiation quanta (spectral
density) at the transition frequency, for which the equation

ON, /0t ==8,N, +uy -n,+wy, - - N, . 3
where 5, — is the decrement of absorption (or radiation loss) of quantum energy. Generally speaking, the relationship

between the coefficients u,, and w,, in the general case can be represented as follows

Ay 20 “

3

Uy

Wy, —87 ho-B,, e
where A,, and le are the corresponding Einstein coefficients. The dimension of this ratio in the three-dimensional

case is time per unit volume, since we are talking about the spectral density of quanta. For yellow light the numerical
value g ~0.25, for violet at the edge of the visible spectrum g ~ 0.6

The traditional idea of the instability threshold in neglecting spontaneous processes meets the requirement of
positivity of the right-hand side of (3) or, what is the same

M= My =6 [ Wy, ©)

One can detect the threshold for the appearance of such radiation due to competition with spontaneous processes at

a certain critical value of population inversion f¢,, [6,7]. In the absence of absorption of quantum energy (0, ,=0),
the new threshold for the generation of induced radiation is determined by the relation

1= b, ~QNY = (20, + )] ©)

Near this thresholdn, > n, ~ N /2, the inversion value u <<n,,n,is very small. It is important to note that under

these conditions the induced radiation is comparable to spontaneous. Collisions with fast electrons of the medium can
provide a transition from the lower energy level of the quantum system to the upper energy level:

Ot/ wy 0t =2[(v—uy,)/ wy - —=2u-N,, ™)
where v is the effective frequency of collisions with fast electrons of the medium andn, ~ n, » N /2. In this case V~u,,
, we can introduce into consideration the quantity

2[(‘/_“21)/1"’21]'”1:/‘;10' ®)
where 1 = (¢t = 0) is some initial population inversion value that exceeds the threshold (6).

The condition /; =0 describes the equilibrium state of collisional excitation by free electrons of the main gas of

active atoms and their radiative relaxation (due to spontaneous emission). A transition from a higher nonradiative level
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(in this caseVv-nm ~u,,-n,) can take an active part in the excitation of the upper working level, then a dark line

(absorption line at the frequency of this transition) appears in the spectrum, which allows one to determine the sort of
particles and the working levels of the quantum system.

Under the discussed conditions, at various levels of initial inversion both near the threshold (6) and far from it,
equations (3), (7) are similar to the Statz-DeMars equations [9], which describe relaxation (that is, damped) oscillations
with the establishment of a stationary state. The situation changes if transfer of population inversion from other, for
example, inner layers of the radiation source, can occur

=V-oulox=V-u/l>0, 9

where —V -V ~V - pu-17"it is responsible for convective transfer of inversion with speed V from denser

underlying source layers [10].

In these works, it was shown that the inversion flux into the region of the active medium can lead to a change in
the relaxation nature of oscillations to periodic. In this case, one can observe the appearance of characteristic sawtooth
periodic pulses of induced radiation against the background of the average radiation flux. It is important to note that

such pulses occur only under equilibrium conditions /, =0and also in the case of proximity of the generation
thresholds (5) and (6), and their repetition rate depends on the quantum absorption decrement §, and the rate of change

of the inversion due to its transfer. In the discussed models, for convenience of description, the field quanta were
divided by origin: y (" - the density of the number of quanta of the incoherent radiation field and the density of the

number of quanta of the field of induced radiation Nk(”’” . The equations describing the generation of sawtooth pulses of
induced radiation in a continuous medium can be written in the form [10]

ON, /0T =M-N,—6-N_, (10)

M /8T =K-M-2M-N_+1,, (11)

where M = 11/ 14, is the relative population inversion, 7 =w,, - 1, -t, N, =N/~ 1s the relative number of quanta of

induced radiation@ = 6, / w, 1ty » K=V /wyp,l> Ny=N/2u; -
The change in the relative number of quanta of spontaneous emission N, =N "/, is described by the

equation
(12)

When I,>0, when the collisional excitation is large, the induced radiation is monotonic in nature, in the case of

N, /0T =(N,/2)-6-N

inc inc

1, <0 you can see that there is no induced radiation. That is, the generation of periodic pulses reveals itself only under

conditions of equilibrium of the processes of collisional excitation by free electrons of the main gas of active atoms and
their radiative relaxation mainly due to spontaneous emission /; =0 [10]. In this case, the integrated radiation

intensity during the appearance of a pulse can increase several times. It should be noted that the authors of [10] noticed
the considered phenomenon only under the condition of equilibrium 7 =(and also in the case of proximity of the

generation thresholds (5) and (6).

DESCRIPTION OF THE PULSE GENERATION PROCESS USING THE QUASICLASSIC THEORY

With a higher field intensity or with a significant inversion, the induced radiation in a bounded waveguide system
should be described by a semiclassical theory [11], where the medium is described quantum mechanically and the
electric field in the classical representation. The nature of the process depends on the ratio of the line width of the wave
packet to the Rabi frequency, which determines the probabilities of induced radiation or absorption of field quanta
[12,13] in each region of the waveguide along its length. With a significant population inversion or in strong fields, the
line width can be neglected. For small population inversions and for low electric field intensities, when the Rabi
frequency is less than the line width of the wave packet, the behavior of a two-level system is similar to the description
of the process presented in [1].

Let us consider a one-dimensional model for perturbations of the electric field, polarization, and population
inversion slowly varying with time, which describe the excitation of electromagnetic waves in a two-level active
medium, the equations of which can be represented as [11]

O°E 0E ,0E o’P
—+0,——c¢ =-4r—-, 13
ot P o o’ or> (13)
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—t+y,—+@® -P=—"7-"""uF, 14
o Y12 o 7 H (14)
0 2 oP
KBS, (15)
ot hao ot

where the transition frequency @ between the levels corresponds to the field frequency, we neglect the relaxation of the
inversion due to external reasons, J,, is the decrement of field absorption in the medium, and d ,, is the matrix element
of the dipole moment (more precisely, its projection on the direction of the electric field), x=(n,—n)- the population
difference per unit volume, 7, and 7 - levels populations in the absence of a field, y,, - the width of the spectral line,
N=(n+n,)is the density of the dipoles of the active medium. Fields are represented as
E=[E(t)-exp{—iat}+E*(t)-explior}] and P =[P(t)-exp{—ict} + P*(¢)-exp{ict}].

Wherein< E* >=2|E(t)['.  The number of field quanta is then  determined  as

<E*>/Anho=2|E| /Arho =N . - Spontaneous emission is absent in this representation, but as shown above,
it is not difficult to take into account, for example, using equation (12). For slowly varying amplitudes, the equations

OE i
—+0-E==P, 16
or 2 (16)
Z—I;+ r,P=—-iME, (17)
aﬂ:K~M+i[EP*—E*P], (18)
or 2

the notation is used here y/y =M , K =(V /Q 0o and we immediately note that changes in population inversions will
12 .

be determined by the choice 4 and initial conditions, &, 5 d,, || E, |/h = d,, | [47w- 14,/ h] " is the Rabi frequency
E(@) P(r) 47@
= 2 0 P= 2
[47how,] [47howp,] Q,

corresponding to the value of the electric field amplitude | E, |= [47xhou,]"”

>

=04, T, =7,/Q,, 0=0/Q,.

At low field intensities or a large line widthT',, =y,,/Q, >>1, using the notationN =< E*>_/4zhawuy,,
M=M=pl 1y, 7=t/ 71, K, = 1Q)7,/Q,)> ©, =(5,/Q,)-(r,,/Q,)> We obtain the system of equations (10) -
(11) when the equilibrium condition is satisfied /, =0.

That is, it is easy to see that the previous description (10 - (11) corresponds to the equality, whence it follows. You
can make the system of equations one-parameter by dividing the right and left parts by and passing to the values, write
the equations in the form

oM

— -K,-M-2M-N_, (19)
or,
N _M.N 20N (20)
or,

That is, it is easy to see that the previous description (10 - 11) corresponds to the equality 7 = 7, , whence it follows

wy, = Q2 / - 7,, - YOu can make the system of equations one-parameter by dividing the right and left parts by ®; and
passing to the value N, =0©,-N,, M=0,-M,, 7,=0,-7,, K =0, K,, write the equations in the form

ZM2 =K, M,-2M,-N,, 21
7
ON.
_2:M2'N2_2N29 (22)

07,
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(o 2 2
where 7, =0, -7, =5t , M, =1~ ,N2:<E_>Q_0,
Hy -7y 4rheo 6y,
These equations describe the generation of induced radiation, with the number of quanta per unit volume

N, =N,“", which is the periodic pulses with some constant component.

In addition, there is a spontaneous incoherent component of the same source, the number of quanta of which is
equal y =y @, , described, for example, by equation (12). A significant part of the radiation of a quantum source

is induced radiation, which is almost monochromatic. However, if the quantum source is surrounded by a fairly
extended atmosphere, due to multiple scattering, as noted in [8], the radiation characteristics will approach the radiation

characteristics of an absolute black body. The total number of radiation quanta per unit volume is equal to
N=N, +N,, and in spontaneous emission, all types of radiation should be taken into account, and not just the
radiation of a quantum source. It is important to note that despite an extremely small population inversion, the intensity
of the induced radiation may well exceed the spontaneous intensity.

System (21-22) has a singular point (2, K, /2) and a stationary solution: M, =2, N, =K, /2. In the case of small
deviations M,, N, from the singular point, the system can be linearized and the equation for the phase trajectory
obtained: K,(M,—2)" +8(N, K, /2)* = Const . The phase trajectory turns out to be a closed line, which indicates the

presence of stable periodic solutions.
In Figure 1-3 shows the time dependences M,, N, and phase trajectories for different cases of removal from the

critical point at X, =20. The initial values M , for were set constant A, (0) =2, the choice of the curve was controlled

by removing the initial value N,(0) from its critical value equal to 10.

N[ M, '
15
10
5
L 0
0 1 1, 0 1 T,

Figure 1. a). The behavior of the relative magnitude of the density of quanta as a function of time 7, b) The behavior of the relative
density of the inversion of populations as a function of time 7, , for 1 - N,(0)=4;2- N,(0)=6;3- N,(0)=8;4- N,(0)=9;5-
N,(0)=9.6.

M2 T T

10

0 10 20 N,
Figure 2. Phase diagrams for the system of equations (21) - (22) when choosing the initial conditions in the form 1 - N,(0)=4;2 -
N,(0)=6;3- N,(0)=8;4- N,(0)=9; 5- N,(0)=9.6.
For clarity, Table 1 shows the minimum number of quanta n, , (constant component in the induced radiation), the

maximum number of quanta N, the average value of the number of quanta NV, , , the amplitude of oscillations

N.

2max

max

=N, i » and the period of oscillations 7, . It should be noted that the average value of the relative number of

quanta V,,, depends only on the choice of the position of the center of the diagram - its critical value K, /2.

2av

The graph of the number of quanta N, changes has the form of a sinusoid for phase trajectories near the critical

point (calculation 4 and 5). For phase trajectories far from the critical point (calculations 1, 2), the change graph N,
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takes the form of a saw: a sharp increase and a slow decrease. Such behavior is characteristic of the Cepheid luminosity,
where fusion has reached its ultimate element — iron: significant sawtooth fluctuations in the luminosity of the Cephei
delta and small sinusoidal oscillations of the North Star.

Table 1.
The results of the solution of equations (21)-(22)
N data N in N N, N e = Nain T,
1 4 20,188 10 16,188 1,289
2 6 15,474 10 9,474 1,0964
3 8 12,308 10 4,308 1,0147
4 9 11,071 10 2,071 0,9984
5 9,635 10,374 10 0,739 0,9941

ABOUT POSSIBLE APPLICABILITY OF THE MODEL
Indeed, such a generation may well occur in cosmic conditions, where their radiation is generated in the
photosphere of stars. The presence of pulsations is possible if the conditions are met in the presence of convection,
which ensures the delivery of inverted atoms of the active substance from the dense underlying layers, that is
—v-0u/ox=v-u/l, convection should be quite intense (v [1-Wy,) > fyys - We show that the above-considered model of

generation of pulses of induced radiation can be useful for describing a periodic change in the luminosity of Cepheid
stars.

As noted above, N, can describe the generation of induced radiation, for example, in the photosphere of stars,

which is a pulse with a certain constant component. In addition, there is a spontaneous incoherent component of the
same source. To this radiation, it is necessary to attach the constant radiation of the rest of the heated material of the
star, i.e. the total emission of the star takes the form

N(z)=N,+N,(7) (23)

The value of the constant component NV, (the spontaneous incoherent component of a quantum source and the

constant radiation of the rest of the warmed matter of the star) must be added to /V, . This addition can be estimated by
knowing  the  relationship  between the maximum and minimum  luminosity of a  star
k=(N,+N,. )/ (N, +N,,_ . ), onthe other hand, the ratio of the maximum and minimum luminosities of a star
is k=1L, /L, =10%*"="™) [14], here m, is the apparent magnitude at the maximum luminosity of the star, m, - at the

minimum luminosity. Below we will focus on the values of the apparent magnitude obtained from observations. Using
the known apparent magnitude m , knowing the distance to the star d in parsec, we can calculate the luminosity [14]:

m=M,, +5lg(d /10)-2.51g(L). 4)

To compare the luminosities of stars with each other, the absolute magnitude (apparent magnitude from a distance
of 10 parsecs) M, =m—-5lg(d/d,), d,=10 is used, d here is the distance in parsecs to the star, d = 273 for the
Cephei delta and d = 133 for the North Star. Then the luminosity of the star in units of the luminosity of the Sun is
equal toL =10""""""L L =1, where M,, =4.77 is the absolute magnitude of the Sun. To obtain the

dependence of the luminosity of the star on time L(7) , we multiply (23) by the coefficient A, i.e.
L(z)=A-N(r)=A-[N,+N,(7)]. (25)

Table 2 shows the calculation results for the Cepheus delta and the North Star. For this, the values of Table 1 are
taken from the first and fifth rows.

Table 2
The calculation results for the Cepheus delta and the North Star
Stars m; m; k Ny | Mo | Moo N, A L L,

Cephei delta| 3.48 4.37 2.27 4 20,188 10 8.748 | 84.507 | 24453 | 1077.3
North Star | 2.092 | 2.125 | 1.031 | 9.635 | 10,374 10 14.315 | 84.412 2084 2021.6
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You can make sure that the average value L is determined by the formula
L=4-(N,, +N,). (26)

2av
Fig. 4a and Fig. 4b show the time dependences of the number of quanta and the corresponding luminosity of the
Cephei delta and the North Star. The bottom curve is the number of quanta of induced radiation. The upper curve takes
into account the constant component of spontaneous emission due to other elements of the radiation source, in addition
to the quantum system.
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Figure 4. Time dependences of the relative number of quanta (left scale) and the corresponding luminosity (right scale)
of the Cephei delta (a) and the North Star (b).

The lower curve on each fragment represents the number of quanta of induced radiation. The upper curve takes
into account the constant component of spontaneous emission due to other elements of the radiation source, in addition
to the quantum system.

Fig. 5 and Fig. 6 below show the change in the stellar magnitude of the star of the Cepheus delta [15] and the
North Star with time [16]. The ordinate shows the values of the apparent magnitude, while the abscissa shows time in
fractions of the period of change in the brightness of the star.
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Figure 5. The change in the stellar magnitude of the star of the Cepheus delta with time. (solid curve received in the 1930s N.F.
Florey using a visual photometer) see, for example, [17] and the solution of equations of system (21) - (22) in the same variables
when choosing the level of spontaneous emission and scales (dashed line).
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Figure 6. The change in the magnitude of the North Star with time. (solid curve) and the solution of the equations of system (20) -
(21) in the same variables when choosing the level of spontaneous emission and scales (dashed line).

CONCLUSIONS
The state of a gas radiation source close to equilibrium under collisional excitation by free electrons of the main
gas of active atoms and their radiative relaxation due mainly to spontaneous emission was considered [10]. In such a
medium, for a two-level system, when the population inversion is much less than the total number of states, there are
conditions for the generation of pulses of induced radiation.
Moreover, the intensity of such pulses is comparable with the intensity of spontaneous emission of the system. It
was shown earlier that during convection from deeper hot layers, which supports (is the source) the population
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inversion of the active system, it is possible to generate periodic pulses of induced radiation, the intensity of which is
comparable to or greater than the intensity of the background spontaneous radiation of the source [10]. With a sufficient
thickness of the surface layers due to the effects of scattering of radiation in them, the emission spectrum of a
completely black body may well form there [8].

Pulse generation near a previously detected new threshold of induced radiation [10] under the conditions of such
convection can lead to a periodic change in the radiation intensity of the source as a whole. This threshold is due to
competition between spontancous and induced radiation, which weaken the population inversion and is determined by
the equality of the square of the population inversion to the total number of states. A consideration of the generation of
pulses of induced radiation in the present work is carried out both using Einstein's balanced equations and on the basis
of a semiclassical description for small population inversions and at low levels of electric field intensity, when the Rabi
frequency is less than the width of the radiation line.

It is shown in the paper that the description of the induced radiation process reduces to a one-parameter system of
two equations (21) - (22). Periodic solutions are represented by closed trajectories on the phase plane (relative density
of quanta, relative density of population inversion). A similar layer with an active medium, which can be described by a
quantum two-level system located near equilibrium, can exist in stars and is most likely localized in the photosphere. If
there is significant convection in the star’s atmosphere, conditions can be realized for generating pulses of induced
radiation. It turns out that one can see the similarity of the obtained solutions with the well-known observations of
changes in the luminosity of Cepheid stars (Cepheus delta and the North Star). Moreover, the ratio of periods of change
in luminosity is (according to table 1.) also similar (accurate to 2.5%). It is important to note that the solutions of
equations (21) - (22) for these two cases are on the same diagram in Fig. 3, which corresponds to one type of object. As
well as small amplitude Cepheids (DCEPS) of the North Star type, they belong to the class of classical Cepheids, the
brightest representative of which is the Cepheus delta.
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ITPO NEPIOANYHI 3MIHM CBITHOCTI KOCMIYHUX /I’KEPEJI 3 AKTUBHUM CEPEJJOBUIIIEM
B.B. Kocrenko, B.M. Kykuin, €.B. Iloxnoncbknii
Xapxiscoruti Hayionanvnuil ynieepcumem imeni B.H. Kapazina, Xapxis, Yxpaina
nn. Ceoboou 4, Xapkis, Yrpaina, 61022
Po3risiHyTO HasBHICTH B rapsdoMy JDKepeli BUIIPOMIHIOBaHHS BHYTPIIIHBOTO IIAPY 3 aKTUBHUM CEPEJIOBMILEM, IO 3HAXOAUTHCS
nobau3y piBHOBaru i MPEICTaBICHO KBAaHTOBOIO JBOPIBHEBOIO CHCTEMOIO, HACENICHICTI BEPXHBOTO 1 HIDKHBOTO pIBHIB SIKOT
npubau3Ho onxHakoBi. [lokazaHo, IO MpH KOHBEKII 3 OUTBII TMHOOKHX TapsYWx INapiB, sKa MIATPUMYE IHBEpPCIIO HACENICHICTI
aKTHBHOI CHCTEMH, MOJIMBa TeHEpalis IMITyJbCiB iHAYKOBAHOTO BHUIPOMIHIOBAaHHS, IHTCHCHBHICTh SKHX MOpIiBHAHHAa abo
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MepeBepIIy€e IHTCHCUBHICTD ()OHOBOT'O CHOHTAHHOTO BHUIPOMIHIOBaHHS [pkepena. [Ipu qocTaTHIi TOBIIMHI MOBEPXHEBUX IIApiB 3a
paxyHOK e(eKTiB pO3CilOBaHHSI B HHX, TaM LIJIKOM MOXe C(HOPMYBATHUCS CIEKTP BHIPOMIHIOBAHHS aOCONIOTHO YOPHOIO Tija.
IeHepaitist iMITysbCiB TOONM3Y BHSABICHOTO paHillle HOBOTO MMOpOra iHAYKOBAHOTO BHIPOMIHIOBAaHHsS 3/aTHA MPHBECTH IO
MepiOMYHOI 3MiHM IHTEHCHBHOCTI BHIIPOMIHIOBAaHHS JDKepela B mitomy. Llelf mopir BH3HayaeThcs PIBHICTIO KBaJApaTy iHBepCii
HACEJICHOCTI TIOBHOMY YHCIy CTaHiB. Po3risia reHeparii iMITyJbCiB iHAYKOBAaHOTO BHIIPOMIHIOBAHHS MPOBOJHTHCS SIK HA OCHOBI
OalaHCHHUX PIBHSHB, TAK i 3a JOIOMOT'OI0 HAIIBKJIACHYHOTO OIUCY HMPH HEBEJIMKHUX 3HAYEHHSIX iHBEpCil HACEIECHOCTI i IPH HU3BKHUX
pIBHAX IHTEHCHBHOCTI €JEKTPHYHOTO IIOJIS, KOJMM dYacTora Pabi Menme mwpuHE miHil. Onmc mpomecy iHIyKOBaHOTO
BUIPOMIHIOBAHHS 3BOAUTHCS JIO OJHONAPAMETPUYHOI cHCTeMi piBHSAHb. IlepioguyHi piNIEHHS MPEACTABIEHI 3aMKHYTHMH
TpaekTopisiMu Ha (azoBoi IUIomMHI (BiTHOCHA INUIBHICTH KBAaHTIB, BITHOCHA LIUIBHICTH iHBepcii HaceneHicti). [ToxiOGHuii map 3
aKTUBHHMM CEpPEOBHUILIEM B BUIUISAAI KBAaHTOBOI JBOPIBHEBOI CHCTEMH MOXE iCHYBaTH B 3ipKax i LIBHALIE 32 BCE JIOKATi30BaH B
obnacti ¢ortochepu. Ilpu HasBHOCTI B armocdepi 3ipkM 3HAYHOIO KOHBEKLII MOXYyTh OyTH peai3oBaHi yMOBH [UIsl TeHeparil
IMITyJIbCIB 1HAYKOBAHOTO BHUIIPOMIHIOBaHHS. BHSBIA€THCA, IO MOXKHA MOOAYUTH MOAIOHICTE OTPUMAHHX pillleHb 3 BiIOMHUMH
CIIOCTEPEIKECHHSAME 3MiH CBITHOCTI 3ipok-iedein (menptu Ledes i Ilomsaproi 3ipku).

KJIIOYOBI CJIOBA: renepamisi iMITyJbciB iHAyKOBAaHOTO BHUIIPOMIHIOBAHHS, KOHBEKTHBHE JDKEpENIO IHBepcii HaceJeHICTi,
MepioIUYHA 3MiHA CBITHOCTI 3ipoK-Tiedei.

O NEPUOJUYECKOM U3BMEHEHUHU CBETUMOCTU KOCMHUYECKHUX UCTOYHUKOB
C AKTUBHOM CPEJOM
B.B. Kocrenko, B.M. Kykun, E.B. Ilokaonckuii
Xapvrosckuil Hayuonanvuwill yHugepcumem umenu B.H. Kapasuna, Xapvkos, Yrpauna
nn. Ceoboowr 4, Xapwvros, Yxpauna, 61022

PaccmoTpeHo Hanuyue B ropsdyeM HCTOYHUKE HU3JIyY€HHs BHYTPEHHErO CJIOS C aKTHBHOW cpenoil, KOTOpYH MOJKHO OIHUCATh
Haxopsmeiics BOIM3KM paBHOBECHS] KBAaHTOBOH JBYXYPOBHEBOH CHCTEMOMH, HACENICHHOCTh BEPXHETO M HIDKHETO YPOBHEW KOTOPOit
IpUMepHO paBHa. [loka3aHo, YTO NpH KOHBEKIMM H3 Ooiee IIIyOOKHX TOPSYMX CJIOEB, KOTOpas MOAJCPIKUBACT HHBEPCUIO
HACEJICHHOCTeH aKTUBHOH CHCTEMbl, BO3MOXHA I€Hepalys MMILYJIbCOB MHIYLHPOBAHHOIO W3IY4YEHUs, MHTEHCUBHOCTb KOTOPBIX
CpaBHMMa WJIM IPEBOCXOJUT HMHTEHCHBHOCTb ()OHOBOTO CIIOHTAHHOTO W3JIyYeHHs HCTOYHMKA. [IpM 1OCTATOYHOW TOJLIMHE
MOBEPXHOCTHBIX CIIOEB 3a cueT 3(P(EKTOB pacCesiHUs B HUX H3Iy4YEHHs, TaM BIIOJHE MOXET c(HOPMHUPOBATHCS CHEKTP M3TyUCHUS
abCcomoTHO 4epHOro Tena. ['eHeparus MMITyJIbCOB BOIHM3M OOHAPYKEHHOTO paHee HOBOTO MOPOTa MHAYILHMPOBAHHOTO H3Ty4CHUS
croco0Ha MPUBECTH K MEPHOANIECKOMY M3MEHEHUIO HHTEHCHBHOCTH HM3Iy4eHHS HMCTOYHHKA B IEJIOM. DTOT IOPOT ONpPEAENAeTCS
PaBCHCTBOM KBaJpaTa MHBEPCHUM HACEICHHOCTEH IIOJHOMY 4HCIy COCTOSHMHA. PaccMoTpeHuMe reHepalud HMILYJIbCOB
HH]TyIIIPOBAHHOTO U3IIydeHHs IIPOBOINTCS KaK B IPeJICTaBICHIH DIfHIITeHHA, HA OCHOBE OalaHCHBIX yPaBHEHUH, TaK U C TOMOIIBIO
MOJTYKJIACCUYECKOTO OIMMCAHUSI NPH HEOONBLIMX 3HAYEHHMSX WHBEPCUHM HACEJICHHOCTEH M NPH HU3KUX YPOBHSX HHTEHCHBHOCTH
UIEKTPUIECKOTr0 I10JIs1, Korjia yacrora Pabu MeHbine mupuHbl tuHnd. Onucanue mporecca HHAYIUPOBAaHHOTO M3JIy4YeHHS! CBOANTCS
K OJHONAapaMeTpHYecKol cucremMe ypaBHeHHi. [lepronuueckue pelieHns MpeaAcTaBiIeHbl 3aMKHYTHIMU TPAaeKTOPHUAMH Ha (a30Boit
IUIOCKOCTH (OTHOCHUTENbHASI IUIOTHOCTh KBAaHTOB, OTHOCHTENbHAsl IUIOTHOCTh WMHBepCcUH HaceneHHocteil). IlomoGHbl cioit ¢
AKTHBHOM Cpe/oi, KOTOPYI0 MOYKHO ONMCaTh HaxoJsimieiics BONM3M paBHOBECHS KBAaHTOBOH IBYXYpOBHEBOW CHCTEMOH MOXET
CyIIIECTBOBAThH B 3BE3/IaX M CKOpPEE BCETO JIOKATH30BaH B obmactu goTtocdepsl. [Ipu Hammumu B aTMocdepe 3Be3bl 3HAYUTENEHON
KOHBEKIIMH MOTYT OBITh PEAIN30BaHbI YCIOBHUS IJIsI TEHEPAIMN HMITyIbCOB MHIYIIMPOBAHHOTO M3TydeHNs. OKa3bIBaeTCs, 9YTO MOKHO
YBHIETH IO00HE MONYyYSHHBIX PEIICHNI C M3BECTHBIMH HaONIONEHUAMH H3MEHCHHSIMU CBETUMOCTH 3Be3i-Liedenn (nenbTor Ledes
u [lonspHoH 3BE3/HI).

K/IIOYEBBIE CJIOBA: reHepanus UMIYJbCOB HHIYLUPOBAHHOIO M3JIY4YECHUS, KOHBEKTHUBHBI MCTOYHUK HHBEPCUU
HACEJICHHOCTEH, TIepUOIMIECKOe N3MEHEHUE CBETUMOCTH 3Be3/I-Lieden .
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The composition of the neutron stars from its surface region, outer-core, inner-core, and to its center is still being investigated. One
can only surmise on the properties of neutron stars from the spectroscopic data that may be available from time to time. A few
models have suggested that the matter at the surface region of the neutron star is composed of atomic nuclei that get crushed under
extremely large pressure and gravitational stress, and this leads to the creation of solid lattice with a sea of electrons, and perhaps
some protons, flowing through the gaps between them. Nuclei with high mass numbers, such as ferrous, gold, platinum, uranium,
may exist in the surface region or in the outer-core region. It is found that the structure of the neutron star changes very much as one
goes from the surface to the core of the neutron star. The surface region is extremely hard and very smooth. Surface irregularities are
hardly of the order of 5 mm, whereas the interior of the neutron star may be superfluid and composed of neutron-degenerate matter.
However, the neutron star is highly compact crystalline systems, and in terrestrial materials under pressure, many examples of
incommensurate phase transitions have been discovered. Consequently, the properties of incommensurate crystalline neutron star
have been studied. The composition of the neutron stars in the super dense state remains uncertain in the core of the neutron star. One
model describes the core as superfluid neutron-degenerate matter, mostly, composed of neutrons (90%) , and a small percentage of
protons and electrons (10%). More exotic forms of matter are possible, including degenerate strange matter. It could also be
incommensurate crystalline neutron matter that could be BCC or HCP. Using principles of quantum statistical mechanics, the
specific heat and entropy of the incommensurate crystalline neutron star has been calculated assuming that the temperature of the star
may vary between 10°K to 107K . Two values for the temperature T that have been arbitrarily chosen for which the calculations
have been done are 1.7x10°K and 1.7x10"K . The values of specific heat and entropy decrease as the temperature increases, and
also, their magnitudes are very small. This is in line with the second law of thermodynamics.

KEYWORDS: terrestrial materials, incommensurate phase, incommensurate crystalline neutron star, superfluid, neutron-degenerate
matter

An incommensurate quantum solid or crystalline solid is one that need not to have an integer number of atoms per
unit cell [1]. For an HCP (Hexagonal Close Packed) lattice of volume V and lattice constant “a”, the number of lattice
sites N, is written as,

Ny =V— M
a

If in the ground state the crystal is incommensurate, then its number N of atoms differs from its number of sites
N, such that N # N_. To know how incommensurate the ground state actually is for the quantum solid, it is essential to

know or measure the density and lattice constant “a” precisely and simultaneously. If the incommensurability is denoted
by £, then it is defined as,
Ng—N
e=—"— (NY>N) 2)
N ‘
The quantity & is defined as the net fractional vacancy number. If &, is the value of & at absolute zero
temperature, and 8 is the change in the incommensurability away from its ground state value (s,) , then,

E=6+0 3

Staying at 7 =0, the incommensurability is changed away from its ground state value (g,) by changing the
number of lattice sites and consequently changes in lattice constant “a”. Thus, if E| is the ground state energy, then E
may be the harmonic increase in the crystal energy, when the crystal temperature stays at 7 =0. At the ground state,
(8,),0 =0, sinces =¢,.

If however, the ground state of the crystalline state is commensurate, then there will be exactly one atom per
lattice site (N =N S) , and hence ¢ =0. In fact, the value of € depends on the magnitude of the difference between the

© K.M. Khanna, D K. Kandie, J.K. Tonui, H.K. Cherop, 2020


https://orcid.org/0000-0003-4311-9987
https://orcid.org/0000-0003-1894-239X
https://orcid.org/0000-0002-9860-4691
https://orcid.org/0000-0002-0832-9340
https://doi.org/10.26565/2312-4334-2020-2-04

58
EEJP. 2 (2020) Kapil M. Khanna, David K. Kandie, et al

number of atoms (N) and the number of sites (N, ). It is well known that in the ground state of solid JHe, the

difference in N and N_ is around 1%, whereas in the neutron stars it could be as much as 10% since in the crystalline
state of the neutron stars, there could be roughly 10% protons and electrons, and the rest 90% could be neutrons. The
structure of crystalline solids is based on a periodic repetition of a certain basic arrangement of atoms. In many solids or
materials, this basic arrangement shows vibrations, which are also periodically repeated. If the periodicities of the
repetition of the basic (structure) arrangement and that of the variation of this arrangement are commensurate, a super
structure results. However, if there do exist solids where the periodicity of the repetition of the basic arrangement and
that of its variations are not commensurate, in that case one gets an incommensurate or modulated structure [2, 3, 4a,
4b].

Neutron stars have overall densities of 3.7x10"kgm™> to 5.9x10"kgm™ which means 2.6x10" to 4.1x10"

times the density of the Sun [5]. The density of 3.7x10" kgm™ derives from mass 2.68x10*" kg /volume of star of
radius 12km and 5.9x10"kgm™ is derived from mass 4.2x10% kg /volume of star of radius 11.9km . These densities
are comparable to the approximate density of an atomic nucleus which is of the order of 3x10" kgm™ . The neutrons

star’s density varies roughly from 1x10°kgm™ in the crust, then increases with depth to about 6x10'7 or 8x10' kgm™
(denser than the atomic nucleus) deeper inside the neutron star (the core of the neutron star) [6].

In terrestrial materials under pressure, many examples of incommensurate phase transitions have been discovered
[4a]. Hence, we decided to study the properties of an incommensurate crystalline neutron star. It is still not known
exactly whether the crystalline structure is BCC or HCP, and whether it is in the crust or interior (core) or both.
However, it will be easier to study experimentally the neutron star crusts as compared to the study of the core or interior
of the neutron star.

In neutron stars, which are very high density systems, an essential new concept will be the Fermi energy E, . The

quantum mechanical way to think about it is in terms of the uncertainty principle [7], which is expressed as,
AxAp =H 4

and thus in a dense system, like the neutron star, there is a finite momentum, and hence there is the definite energy
associated with the confinement. Therefore, squeezing the neutron star increases its total energy, and hence the Fermi
energy Ep acts as the pressure — called the degeneracy pressure. Now at the densities of neutron star, i.e.,
p>6x10"gem™ or so, the electrons are highly relativistic, whereas the neutrons and protons are
(my =m, =1837m,) slightly less relativistic since these are heavy particles when compared to the electrons. At very

high densities, the neutron star has a smooth distribution of neutrons, plus a 5-10% smattering of protons and
electrons. Since the number of neutrons is comparatively very large, the neutron Fermi energy could become very high
enough such that the other particles like protons and electrons could appear as separate entities. The composition of the
super dense neutron star remains uncertain in the core of the neutron star. One model describes the core as superfluid
neutron — degenerate matter, mostly composed of neutrons, and a small percentage (10%) of protons and electrons.

More exotic forms of matter are possible, including degenerate strange matter [8a]. In the crystalline state, the neutron
star is assumed to be composed of some 90% neutrons, and 10% protons. It is also surmised that when the temperature

of the neutron star is 7 =100KeV =11.5942x10°K , the proton fraction (F,) could have different values at different

densities of the neutron star. It is proposed that F, increases as the density o of the neutron star increases [8a]. This
means that the neutron star in such a crystalline state is incommensurate, and this means that the number of sites (N, )

for the neutrons is more than the number of neutrons (N ) If the number of neutrons is 90% , then 10% of the sites will

be occupied by the protons. The incommensurability for neutrons and protons will be given by Eq.(2). Keeping this in
mind, a theory is developed for the incommensurate neutron star, and its thermodynamic properties, especially specific
heat (C,) and entropy (S) are calculated.

SIGNIFICANCE OF THE RESEARCH WORK

Although several equations of state have been proposed, the exact equation of state for neutron star is still not
known. Similarly, the exact composition of the neutron star from its surface region to the core is still not known. Some
models indicate that the matter at the surface of the neutron star is composed of ordinary atomic nuclei crushed into a
solid lattice with a sea of electrons flowing through the gaps between them, and there could also be some protons.
Nuclei with very high binding fraction such as iron could exist in the surface region. The structure of the neutron star
varies drastically and characteristically from the extremely hard and very smooth (with maximum surface irregularities
of approximately Smm) surface to the inner crystalline crust and core of the neutron star. Proceeding inwards, one can
encounter superfluid neutron-degenerate matter, mostly composed of neutrons, some protons and electrons. Although
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the inner crust and core have very high temperatures, of order of 10K to 10K ; extremely high density results in
extremely high gravitational field or stress, and extremely high pressure; and all put together can result in a crystalline
structure of the neutron star with 90% neutrons and 10% protons. It is also not known exactly whether the outer crust
and the inner crust are BCC or HCP and there are suggestions that the proton fraction could be more than 10%. Since
the neutron star assumed to be composed of 90% of neutrons, 10% protons, is very compact, has very large density, has
very large or extremely large gravitational stress and pressure; it can be safely assumed that it may be an
incommensurate crystalline structure. It was therefore decided that, the crystalline state of a neutron star with 90%
neutrons and 10% protons be studied to understand some thermodynamic properties of the neutron star, such as specific
heat and entropy. A crystalline structure of this type is called incommensurate, and in this, the number of sites and the
number of occupants of the sites are not equal, rather, the number of sites is more than the number of occupants [6, 8a,
8b, 8c, 8d].

The theory of quantum statistical mechanics; the method of calculating the activation energy of vacancy
formation in crystalline neutron star, have been used to study the problem and the principles of thermodynamics have
been used to calculate the specific heat (C,), and the entropy (S), of the incommensurate crystalline state of the neutron

star.

THE THEORY OF INCOMMENSURATE CRYSTALLINE NEUTRON STAR
A neutron star’s almost incompressible structure results in very large density, even more than nuclear density, and
this causes protons and electrons to combine into neutrons, the process that gives such stars their name. The
composition of the cores of the neutron stars is still not exactly known, but they may consist of a neutron superfluid or
some unknown state of matter, or have some crystalline structure [9, 10a, 10b].
It is possible that not all the neutrons may become part of the crystalline state of a neutron star. There may be some free
neutrons whose lifetime may be about 15 minutes, and they can decay as,

n—>pte +V, &)

where, 7= neutron, p = proton, e = electron or B-particle and V, = neutrino associated with negative electron

emission.

This shows that due to the B — decay, there will be electrons and protons in addition to the neutrons in the neutron
star. The electron number density and the proton number density are small compared to the neutron number density
[11]. The maximum number density of the protons cannot be more than 1/8 of the total number of density in the

neutron star [12]. Thus, it can be assumed that the crystalline state of a neutron star is incommensurate, i.e., the number
of sites N is not equals to the number of neutrons, and that Ng > N.

It is to be emphasized that in terrestrial materials under pressure, many examples of in-commensurate phase
transitions have been discovered [13]. Information so far indicates the existence of BCC structure in the crust of the
neutron star. It is still not exactly known whether in the interior of the neutron star, the structure is BCC or HCP.
However, it is easier to study experimentally the neutron star crust compared to the interior of the neutron star [14]. It
seems quite certain that both the crust and the interior of the neutron star are in the crystalline state such that there may
be 90% neutrons and 10% protons that may occupy the crystal sites, and hence the neutron star will be in the
incommensurate crystalline state. Hence, we consider a crystalline system composed of 90% neutrons and 10%
protons. For the lattice system for protons, only 10 out of 100 lattice sites will be occupied, the rest will be empty.
Similarly for the lattice system for neutrons, 90 out of 100 lattice sites will be occupied, the rest will be empty.
However, in the crystalline state, the difference between the neutrons and protons will be assumed to disappear, and
even if they are at the same lattice site, they can co-exist on the same lattice site without disturbing each other or the rest
of the system, or the particles on the rest of the lattice sites.

It is well known that in the crystalline state or a quantum solid, the system is intrinsically restless, and the energy it
possesses is the zero-point energy that is calculated using the Heisenberg’s Uncertainty principle [15,16]. In this
manuscript, the crystalline state is assumed to be incommensurate such that the number of neutrons N, is less than the

number of sites (N,) and also the number of protons (N ,)is less than N . Thus the ground state of the quantum state
is incommensurate such that N, <N, and N, < N . The energy of such a system is calculated in this manuscript using

the principles of quantum statistical mechanics.
Now we will write the incommensurability constant, &, for protons as,

Nv_Np
&, =——"
N

Ky

(6)

and the incommensurability constant, ¢, , for neutrons as,
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£, = )

By definition ¢, and &, #1, they are both less than 1 (¢, <1,¢, <1) . It is also assumed that there is no disorder

(in the crystalline state) and no inter site interaction in the crystalline state. This would mean that the particles and sites
can be freely permuted. The number of ways we can permute particles and sites will then be (N, + N, + N,)!. Since in

the crystalline state, the distinction between protons and neutrons is lost, permutation among them must be excluded by
dividing by (N, +N,)!.

Similarly, the permutations among identical sites must also be excluded by dividing by N, !. Thus the number of
ways in which neutrons and protons can be distributed among the sites is given by P , such that,

e (N,+N,+N,)

(NN, =) ®

Hence the statistical count, C, for the incommensurability of neutrons and protons in the crystalline neutron
matter in a neutron star is,

N, +N, +N
s (N)(N, +N,)!
Taking logarithms of both the sides, we can write,
N +N +N)!
logC = logHP: logn%
s s (NN, +N)!
= [log(N, + N, +N,)=log N, - log(N,, +N,)!] (10)
For large N , Stirling’s theorem gives,
logN!=NlogN-N (11)
Using Eq. (11) in Eq. (10) and simplifying, we get,
logC=Z[(N,+N,+N,)log(N,+N,+N,)=N logN —(N,+N,)log(N,+N,)] (12)

Now we assume that N, is uniquely determined for a given crystalline structure, and in that case, it will have only
one value. We denote this by 7, such that, 7, = N, , although we will continue with the notation N_ for the number of
sites. Hence, the summation over S in Eq. (12) will have only one value on the right hand side, and we get,

logC=(N,+N,+N)log(N,+N,+N,)-N logN —(N,+N,)log(N,+N,) (13)

Now from Eq. (6), we can write,

N, =2 (14)
1- g,
In addition, from Eq. (7), we can write,
N
N =L (15)
l-¢

Combining Egs. (14) and (15), we can write, for N_,
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(N,N,)"
[(l -g, )(1 -g, )]%

Using Egs. (14) and (15), we can write the values of (N + N, + N,)and (N, + N,)in Eq. (13), i.e.,
N, +N,+N, =N +N(1-¢,)+N(1-¢)=NGB-¢,-¢,) (17)

N, = (16)

and
N,+N,=N/(1-¢,)+N,(1-¢,) =N (2-¢,-¢,) (18)
Substituting Eqgs. (17) and (18) in Eq. (13) gives,
logC=N, {(3—6‘p —gn){logN_y +10g(3—gp -&, )} —log N, —(2—£p —gn){logNs +10g(2—5p -g, )}} (19)
Re-arranging terms in log N, and the other terms gives,

logC=N, {(3—é‘p —gn)log(3—5p —8,,)—(2—5[, —gn)xlog(Z—gp -&, )} (20)

Eq. (20) will be used to calculate the thermodynamic properties, especially specific heat C, and the entropy S of
an incommensurate neutron star. Thus we have to fix the values of the incommensurability constants ¢ ande, .

In general, a neutron star is divided into many regions. The outer crust is supposed to be solid, and has nuclei and
electrons. The inner crust is assumed to be solid-superfluid and composed of nuclei, neutrons and electrons; the outer
core is supposed to be superfluid — superconductor and composed of neutrons, protons and electrons; the constitution of
the inner core is still uncertain [17, 18, 19, 20, 21, 22, 23, 24, 25].The density of each region of the star also varies.
Depending upon the types of excitations, the specific heat expression also changes. In another calculation the specific
heat was also calculated in the different baryonic density conditions corresponding to the inner crust and in the

temperature range 100Kel (T =11.5942x10°K ) to 2MeV(T =2.3188x10"K ) . Different values for the proton
fraction against total baryonic density were obtained at 7 =100KeV" [26, 27, 28, 29]. However, we have assumed that

in the incommensurate crystalline state of the neutron star, the number of neutrons is 90% , and the number of protons
is 10%, and this will determine the values of ¢, and ¢, .

Now in the case of incommensurate quantum solid, vacancies can occur such that the number of particles that
occupy the sites is less than the number of sites. In general, vacancies occur naturally in all crystalline materials. At any
given temperature, up to the melting point of the material, there is what is called equilibrium concentration (ratio of
vacant sites to those containing atoms [15, 16], is also called vacancy concentration). At the melting point of some
metals, this ratio can be roughly 1:1000. Now the temperature dependence of the vacancy concentration, N, can be

modeled by,
Y
N,,:NS(e "TJ 21

where, O, - energy required for vacancy formation, k - Boltzmann constant, 7 - Absolute temperature, N, -

concentration of atomic sites.
Here Njis given by,

(22)

where o - density, 4 - atomic mass, and N, - Avogadro’s number.

Vacancies are formed during solidification due to vibrations of atoms, plastic deformation, BCC and HCP.
To make the calculations more explicit, we write,
N, = vacancy concentration,

N, = number of sites,
N, = number of protons

N, = number of neutrons
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Now for protons, vacancy concentration, v, is the ratio of vacant lattice sites to those containing protons [27]

ie.,

y = 23)

Similarly, the vacancy concentration, v, , for the neutrons is the ratio of vacant lattice sites to those containing

neutrons [17], i.e.,

v, = (24)

Now if @, is the energy required for proton vacancy formation, and Q, is the energy required for neutron vacancy

formation, then from Eq. (21), we can write,

v, =— : (25)
P Np
(%
v, = —Nf]; N Ne o (26)
Combining Egs. (25) and (26), we can write,
1 [Qp‘*'Q,,]
N, =(vv,)re (27)
Substituting for N_from Eq. (27) in Eq. (20), gives,
L 58]
logC = [(3—@ —8’,)10g(3—5p —5n)—(2—5p —5n)><10g(2—8p -&, )J(Van)z et (28)

Eq. (28) depends on the essential parameters of the incommensurate crystalline state of the neutron star in such a way
that the N is eliminated. Now we can write,

logC =[4 —B](van )% e( K ] (29)
where,

A:(3—€p—5n)log(3—5p—gn) (30)

B=(2-¢,-¢,)log(2-¢,-¢,) 31

The Gibb’s free energy of the incommensurate crystalline neutron star can be written as, G, i.e.,
G =—|klogCdT (32)

Substituting for log C from Eq. (29) into Eq. (32) and integrating gives, Gas,

2 7 T’ (Q,;;Z]
G=2k’[4-B](v,v,) {Q,,+Qn]e (33)
&3
G=nT?e (34)

where,

n=2k2[A—B](van)%(Q i QJ (35)
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THE ENTROPY (S)
The entropy, S, of the system is given by,
oG
S=—] = 36
& (36)
0,+0,
0,+0, ) |%%)
S=p| —L—"-2T|e 37
77( oy (37
Eq. (37) is obtained by substituting the value of G from Eq. (34) in Eq.(36).
THE SPECIFIC HEAT (Cy)
The specific heat C, is given by,
oS
C =T|—= 38
(2] o
Substituting the value of S in Eq. (38) from Eq. (37), we obtain,
2 0,+0, 0,+0, 0,+0,
+ +
Cv __ Qp Qn l e( 2kT ] —277Te{ 2kT ] +277 Qp Qn e[ 2kT ] (39)
2k T 2k

CALCULATION OF THE ACTIVATION ENERGY OF VACANCY FORMATION IN CRYSTALLINE
NEUTRON STAR

In the incommensurate crystalline neutron star, there will be activation energy(Qn) for vacancy formation for
neutrons and the activation energy(Qp) for vacancy formation for protons. From Eq. (26), the vacancy formation
activation energy, O, , for neutrons can be written as,

0, = —kTlog~= (40)
N,

s

Similarly the activation energy, Q , , for the vacancy formation for protons can be written from Eq.(25) as,

v
0,= —leogN—” (41)

Thus in the crystalline neutron star in which 90 9/ of the sites are assumed to be occupied by the neutrons, and
109 are occupied by protons, v, =1/9 and v, =9 .Now, to get the values of the entropy S and specific heat C, , we
have to calculate the values of O, and @, from Egs. (40) and (41), and to get the values of O, and Q,, we need the

value of N that is obtained from Eq.(22). To know the value of N_, we need to know the value of the density o of
the neutron star, and this is assumed to be,

p=3.7x10"kg/m’ to 5.9x10" kg /m’ (42)

Now we have to calculate the activation energy for vacancy formation by first calculating the number of sites N

given by Eq. (22). The general expression for the activation energy, O, , for vacancy formation is given by,

QO =—-kT log(]]\if” j =kT log (Nij (43)

v
4

Knowing the temperature 7' of the star, O, can be calculated by knowing N, which is the equilibrium number of
vacancies at the temperature of the star. Thus, for neutron star with 90% neutrons, the vacancies at equilibrium will be
10%, and for on-site protons, which are 1()%; , the vacancies at equilibrium will be 90% . Hence for neutrons on-site,

I= % = % , and for protons on-site, N/ = % N = % N . Now we can calculate Q" for neutrons on-site, and

Q7 for protons on-site. Using Eq. (43) we get, for 7=10°K,

Q! = kT log10 = 2.3kT =198.375¢V (44)
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Similarly, we can write for Q7 as,
o :leog%:kT[zs()—z.w]=0.11kT:24.30eV (45)

Eq. (44) gives the activation energy for the vacancy formation in the case of neutrons, and Eq. (45) gives the activation
energy for vacancy formation in the case of protons when the temperature of the neutron star is 7 ~ 10° K . However, in
literature different values for the temperature, 7', of neutron stars are given. For instance in one calculation [26], T
Variation is taken as T =100KeV =11.5942x10°K toT =2MeV =2.3188x10""K , and the specific heat was
calculated for the inner crust of the neutron star. They also calculated the variation of the proton fraction with baryonic
gas density at T =100KeV . Since there are large variations in the density, composition and temperature of the neutron
star as we go from the core to the crust, all the values of different physical parameters will be approximate or
speculative. In general thermodynamic calculations of the inner crust neglect temperature variation of the proton
fraction since the chemical potentials of neutron (,) , proton (u,) and electron (x,) depend on the temperature via an

equilibrium condition [27],
w1, (T) =, (T) = pu,(T) (46)

Thus in our calculations, we have assumed that N and N7 will remain constant even if the value of 7' changes, and
the value of 9’ and Q7 given in Eqns. (44) and (45) will be used to calculate the values of entropy S and specific heat
C, for different values of 7' that may vary between10°K to 10” K .

CALCULATION OF ENTROPY (S)

In physics, entropy is defined as a mathematical function that describes the thermodynamic macro state of a
physical system constituted from the statistical description of the system. Entropy describes the thermodynamic
evolution of the system in time, and hence entropy plays a key role in any process in Universe, and this is particularly
so in astrophysical objects in nature such as stars, neutron stars etc. Same is true of the specific heat since both specific
heat and entropy are related to each other via a fundamental thermodynamic relation

TdS = du + pdv (47)

The expression for entropy, S , is given by Eq. (37). In the expression for entropy, the values of 9 and Q7 (or O,
and QO , ) are given by the Eqns. (44) and (45). We have to calculate the value of n, which is given by Eq. (35). For

9 1
g, =—and £, =7, and v, = 9 and v, = — . The value of 7 will be written as,
10 10
1
=2k*(1.386 48
g ( )(198.375eV+24.3er (48)
Thus the expression for entropy, S, is,
1.7x10°
s 2_1'9;25 xlOlﬁerg(e r ] (49)

Now if we arbitrarily decide that the temperature 7 of the neutron star is 1.7x10°K , and this is being done for
convenience of calculation (7 can vary from 10°K to 10K ), we get,

S =2.4435x102erg/ K (50)

We can go on increasing the value of 7 as, 2x1.7x10°K, 3x1.7x10°K, and so on to 10* x1.7x10°K and we find

1.7x10°
that (e T ]keeps decreasing such that for 7 =10*x1.7x10°K its value will be roughly 1.00007757, which can be

approximated as unity. Hence, for T =1.7x10' K , the value of the entropy will be,
S =2.4435x10"erg/ K sh

CALCULATION OF SPECIFIC HEAT (Cy)
In the same manner, the specific heat ¢ can be calculated from Eq. (39). For T =1.7x 10°K ,C, is,

C, =2.875x10 erg /K (52)
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and for 7 =1.7x10" K , it will be,

C,=2.875x10"%erg /K (53)

The values of entropy (S) and specific heat (C,) obtained in Eqgs. (51) and (53) respectively, are very small for an
incommensurate crystalline structure of the neutron star.

RESULTS AND DISCUSSION
When the neutron star is formed, the proton — neutron phase is assumed to have a temperature of 7 =10" K , and
this is called hot phase. Later a stationary hot phase gets established whose temperature T =10° K. After a few hours of

the formation of the neutron star, the final cold stationary phase is established and has a temperature 7 =1x10" K. All
these temperatures have approximate magnitude [28, 29]. The change in entropy with time is a consequence of the very
process of evolution of the star, and this is due to the attempt of the gravity of the system to sustain the star in a state of
quasi — hydrostatic equilibrium. Distant observers on the Earth can only surmise or anticipate or do some approximate
calculations about the properties of the neutron star from whatever data they can collect on the Earth. No actual
experiments can be done, at least as of to — day, on the surface of the neutron star. Hence the data used and the results
obtained in the calculations will be approximate or possible results.

Now the present understanding is that a neutron star has a mass of the order of 1.4M , where M, is the mass of

the Sun. This huge mass is contained in a comparatively (when compared to the size of the Sun) smaller radius of the
order of 10km , hence the density of the neutron star is very large and very strong gravitational force exists in the
neutron star. The composition of the neutron star with 90% neutrons and 10% protons is assumed to be a crystalline
state resulting in incommensurate crystallization of the neutron star. Using these parameters, in this manuscript,
calculations have been done for the entropy and specific heat of the neutron star. The state of crystallization is
immensely rigid under very strong gravitational forces and hence the numerical values of the specific heat and entropy
obtained in this paper are very small. Hence, we can write that very small specific heat means that the neutron star in
the incommensurate crystalline state does not absorb heat or absorbs very small heat. Similarly, very small entropy
means that there will be no disorder (except the zero-point-energy disorder) in the incommensurate crystalline state of
the neutron star, and this again, could be due to very large density (more than the nuclear saturation density) and very
strong gravitational force. Calculations show that both the specific heat (C,) and entropy (S) , decrease with increase in

temperature of the neutron star.

Prevalent models suggest that the crust of the neutron star is extremely hard, but very smooth with maximum
surface irregularities of the order of Smm, and it is surmised that this is due to very large gravitational field [30]. The
crust may be composed of very heavy elements like platinum, gold, uranium, iron etc. There Q values can be

calculated by the methods outlined in this manuscript. Assuming that the neutron star is composed of these elements,
the entropy and the specific heat can also be calculated. We will have to know or assume the comparative abundance of
these elements to calculate S and C, [31].

It is not known [31] what exactly is at the centre of the neutron star. Since Pressure is greatest at the centre, it may
be composed of hyperons, kaons and pions. The outer 1 km is assumed to be solid although its temperature is of the
order of 10°K or 10’K. There exists a very strong magnetic field of the order of 10"’ gauss (the Earth’s magnetic field is
0.5 gauss). In some cases the magnetic field could be 10" and 10"°gauss. The gravity on a neutron star is roughly
2 billion times stronger than gravity on Earth. It is so strong that it can even bend radiation from the star, and this
process is called gravitational lensing. There exist staggering pressures and incompressible density, and this may lead to
a neutron superfluid, or an incommensurate crystalline state of the neutron star. It is this state that has been studied in
this manuscript [32]. In fact, the entropy of cold crystallized and incommensurate lattice has been studied, and our
calculations show that the entropy decreases with increase in temperature of neutron star, and this is in agreement with
the second law of Thermodynamics.

In neutron stars, there is decrease of entropy due to gravitational contraction, and this is at the expense of increase
in the entropy of the whole environment due to the release of very high — energy radiation (neutrinos) during the life of
the stars in the main sequence.

Cumming [33] and his collaborators calculated that the core temperature after the accretion outburst constraints
the core specific heat. It was found that the larger the specific heat, the smaller the rise in core temperature during the
outburst. Alternatively, if the core temperature is large, the specific heat will be smaller, and this is the result of the
calculations done in this manuscript. It may be a good idea to do the calculations by considering the existence of gold,
platinum, uranium and silver as part of the lattice. (As a rule the existence of these heavy elements as a part of the
incommensurate crystalline structure should lead to reduction of the specific heat Cj and entropy S).

In spite of high temperature of the core (z 10°K ) , due to large gravity stress and very high density in the core of

the neutron star, the specific heat C, and the entropy S are very small. This is due to the fact that the core is not able
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to vibrate, and this also means the absence of conventional restlessness in the crystalline state, irrespective of whether
we deal with the crystallization of the core or the crust of the neutron star. The study of incommensurate quantum

crystal by Anderson [34] for systems on the Earth, C, = AT’ + BT, whereas the temperature variation for C, for

neutron stars as obtained in this paper is (1/ T ) .

There is a marked difference between the study of thermodynamics of an incommensurate quantum crystal by
Anderson and his collaborators [34] and the study of incommensurate crystallization of neutron matter in neutron stars
in this manuscript. In the phenomenological thermodynamic description of low temperature incommensurate quantum
solid, Anderson et.al developed a theory in which the lattice constant and density can change independently. In the
temperature range considered by them (T = OK to T= 1.4K), the vacancies and interstitials are assumed to be
incorporated in a highly correlated quantum state of the system. The temperature dependence is a consequence of the
existence of only low frequency modes called phonons. Considering a given mass of helium at a fixed volume, they

used the expansion of free energy at low temperature and obtained an expression for the specific heat; C, = AT” + BT .

The problem of incommensurate crystallization of neutron matter in neutron stars is quite different. Here the system is
composed of 90% neutrons and 10% protons. The 90% neutron sites are considered as vacant sites for protons, and 10%
proton sites are treated as vacant sites for neutrons. Both neutrons and protons are fermions and there are no such thing
as low frequency modes of the type of phonons. The density of the helium system is very low, whereas a neutron star
has very large density, more than the saturation nuclear density, and hence has extremely high gravitational stress. The
core of the neutron star is said to be an isothermal system. The internal structure is extremely compact and strong that it
does not permit any disorder. Due to these factors, our calculations lead to very small specific heat and entropy. The

variation (1/ T ) means that, as T increases, there is a very small variation in specific heat and entropy in line with the

second law of thermodynamics.
The gravity stress, the very high density and the very high temperature at the core of the neutron star result in the
lowering of the specific heat and the entropy compared to the values of C, and S at the crust region of the neutron

star. Although the core of the neutron star is extremely dense such that the core is not able to vibrate, it still sustains
very high temperature, of the order of 10° —10">K . However, the exact structure, density, gravitational stress and
temperature of the core of the neutron star is open to discussion. Physicists cannot agree on what exactly happens inside
the neutron star.

Once the neutron star is cooled from a temperature of the order of IOMeV(E 10°K ) which is the temperature of
the neutron star when it is born and cooled by the emission of huge amount of energy via neutrino emission to
temperatures of the order of O.IMeV(E 10° to IOSK) or less, it becomes cold and crystalline. Due to very large

density, even more than the density of nuclei, there is a huge gravitational stress in the crust to the core of the neutron
star. The very large gravitational stress leads to the incommensurate structure of the neutron star. The crystalline
structure may be such that, it will not permit any disorder and that means accepting no heat, which means very little
entropy and specific heat. This is exactly the result of the calculations done in this manuscript.

Considering a uniform neutron matter inside the crust of the neutron star, calculations showed that the specific
heat increases [35]. Whereas for an incommensurate crystalline structure of the neutron star, calculations in this
manuscript show that the entropy S and the specific heat C, are quite small.
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HEPO3MIPHA KPUCTAJIIBALIA HEUTPOHHOI PEUOBAHU Y HEUTPOHHUX 3IPKAX
Kamnia M. Xanna, Jleig K. Kanni, I:xoexn K. Tonyi, Xe3ekis K. Uepon
Disuunuil paxyremem, Yuisepcumem Endopem
P.O. Box 1125-30100, Enoopem, Kenis
Cknan HEHTPOHHMX 3IpPOK BiJ HOro MOBEpPXHEBOI 0O0JIACTi, 30BHINIHBOTO S/Ipa, BHYTPINIHBOTO sIpa i JO HOro IEHTPY BCe IIe
JOCIIDKY€ThCsl. MOXKHA TUIBKH 3/[0TaTyBaTHCs PO BIACTHBOCTI HEHTPOHHUX 3IPOK IO CIEKTPOCKOMHYECKHM JaHUMH, SIKI MOXYTh
OyTH IOCTYIHI Yac Bix yacy. Y psii Mojelne nepeadayaeTsest, o peuoBUHA B TOBEPXHEBIH 001aCTi HEHTPOHHOT 3ipKU CKIIaIA€ThCS
3 aTOMHUX sJiep, SKi PyWHYIOTBCS IIPU HAJ3BHYAHO BEMKOMY TUCKY 1 IpaBiTalifHOMy Harpysi, i Ile IPU3BOAUTE J0 CTBOPCHHS
TBEP/IOi PELIITKH 3 MOPEM EJICKTPOHIB, 1, MOXKIIHBO, [IEIKOT KIIBKOCTI MPOTOHIB, 10 MPOTIKAIOTh Yepe3 NPOJIOMH B peruitii. Sapa 3
BHCOKHM MAcOBHM YHCJIOM, TaKi sIK 3aii30, 30J0TO, IUIaTHHA, ypaH, MOXYTb iCHyBaTH B 00iacTi moBepxHi abo B obumacti
30BHIIIHBOTO siApa. BeTaHOBIIEHO, IO CTPYKTYpa HEUTPOHHOI 3IpKU Jy’Ke CHIBHO 3MIHIOETHCS MPH MEPEXOAl Bi MOBEPXHi 0 Aapa
HelTpoHHOT 3ipku. [loBepxHs OyXke >KOpCTKa 1 ayke riaaka. [loBepxHeBI HEPIBHOCTI UM CTAHOBJIATH OJM3BKO 5 MM, TOZi SIK
BHYTPIIIHS YacTHHA HEHTPOHHOI 31pKM MOKe OyTH CBEpXTEKydel i CKIQJaTHUCS 3 BUPOPKEHOTO HEHTPOHHOrO pedoBHHH. OmHAK
HEWTpOHHA 3ipKa € My’kKe KOMIIAaKTHI KpPHCTalidHi CHCTEMH, 1 B 3eMHHX Marepiajax, IO 3HAXOAATHCS I THCKOM TaKOX Oyio
BUSIBJICHO 0araTo MNpUKJIAAIB HEBINNOBIIHMX (a30BUX mepexoiiB. B pesynbrari Oynn BHMBYEHI BJIACTUBOCTI HEBiIIOBIIHOIO
KpPHUCTANIYHOI HEHTPOHHOT 3ipku. CKilag HEHTPOHHMX 3IPOK B CBEPXIUIOTHOM CTaHi 3aJIMIIAETHCS HEBH3HAYCHUM B SIIPi HEHTPOHHOT
3ipku. OfiHa MOJIENb ONUCYE SAPO SK HAAIUIMHHY HEUTPOHHO-BUPOJUKEHY MATePil0, B OCHOBHOMY CKJIAJIA€ThCS 3 HEUTPOHIB (90%) 1
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HEBEJIMKOI Bi/ICOTKA MPOTOHIB 1 €NEKTPOHIB (10%). MoxmBi Ginbl ek30TH4HI POpMM MaTepii, BKIIOYAIOUH BUPOJUKEHY MBHY

marepito. Lle Takox Moxke OyTH HEBIMOBiHA KpUCTaliYHa HEHTpOHHA MaTepis, sika Moxke Oyt BCC abo HCP. BukopucTtoByrouu
NPUHLIMIN KBAaHTOBOI CTATUCTHYHOI MeXaHiku, OyJia po3paxoBaHa IUTOMA TEIUIOEMHICTb i €HTPOIs HEBIANOBIJHOI KPUCTAIIYHOT
HEHTPOHHOI 3ipKM BHUXOASYM 3 TIPHUITYIIEHHS, IO TEMIepaTypa 3ipKd Moke 3MiHIOBaThCS Big n0 Bynm moBinmeHO oOpaHi aBa
3navenns ansa remnepatypu T - 1.7x10°K i 1.7x10"°K nns axux Gymnu 3po6ieHi oGumcienns. 3HaueHHs TUTOMOT TEMIOEMHOCTI i
CHTPOIIi 3MEHILYIOTBCS 3 POCTOM TEMIIEPATypH, @ TAKOXK IX BEIMYUHH Tyske Maii. Ile BiANoBigae Apyromy 3aKoHy TepMOJHHAMIKH.
KJIIOYOBI CJIOBA: 3emui Marepianu, Hepo3MipHa (asa, Hepo3MipHA KPHCTATIYHA HEHTPOHHA 3ipKa, HAATEKYJiCTh, BUPOKEHA
HEHTpOHHA MaTepis.

HECOPA3MEPHASI KPUCTAJIIM3AIIAA HEUTPOHHOT'O BEIIECTBA B HEMTPOHHBIX 3BE3JIAX
Kanua M. Xaunna, [uja K. Kanau, ko031 K. Tonyn, Xezexus K. Uepon
Qusuueckuil paxynomem, Yuusepcumem Inoopem
P.O. Box 1125-30100, Drnoopem, Kenus
CocTaB HEHTPOHHBIX 3BE3 OT €ro IOBEPXHOCTHOH 0O0JIaCTH, BHEIIHETO S/pa, BHYTPEHHETO sJpa M K €ro IEHTPY BCe elle
uccienayercst. MOKHO TOJIBKO JOTaJbIBAaTHCS O CBOMCTBAX HEHTPOHHBIX 3BE3J MO CIIEKTPOCKONMYECKHM JAHHBIM, KOTOPBIE MOTYT
OBITH JTOCTYNHBI BpeMsi OT BpeMEHH. B psie Mozeneil mpexanonaraercs, 4TO BEIIECTBO B ITOBEPXHOCTHOW 00JAaCTH HEHTPOHHOI
3BE3/IbI COCTOMUT M3 aTOMHBIX siJiep, KOTOPbIE Pa3pylIaloTcs IPH YPE3BBIYAHHO OOJIBIIOM JIaBICHUH U IPaBUTALIOHHOM HAIPSDKCHUH,
U OTO IPUBOAUT K CO3JAHUIO TBEPJIOH PEIIETKH C MOPEM O3JIEKTPOHOB, W, BO3MOXKHO, HEKOTOPOTO KOJMYECTBAa IPOTOHOB,
MIPOTEKAIOMNX Yepe3 Operiu B pemieTke. Sapa ¢ BHICOKMM MacCOBBIM YHCIIOM, TaKHM€ Kak *eje30, 30J0TO, IUIaTHHA, YpaH, MOTYT
CYILECTBOBATh B 00OJACTH MOBEPXHOCTU MM B OONACTH BHEIIHETO siApa. Y CTAHOBIIEHO, YTO CTPYKTypa HEHTPOHHOH 3BE3/bl OUYEHb
CHIIBHO MEHSETCS NPU NepexXofe OT IOBEPXHOCTH K SApPY HEHTPOHHOH 3Be3/bl. [IOBEpXHOCTH OUCHB JKECTKAas W OYEHb TIIAJKas.
IloBepxHOCTHBIE HEPOBHOCTH €/1Ba JIM COCTABILIIOT MOPSIAKA 5 MM, TOT/a KaK BHYTPEHHSS 9acTh HEHTPOHHOH 3BE37bI MOXKET OBITh
CBEpPXTEKyUYel M COCTOATh M3 BBIPOXKJEHHOTO HEWTpOHHOrO BemecTBa. OfHAKO HEHTPOHHAS 3Be3lla MPEACTABISICT COOOH OYEHb
KOMITaKTHBIE KPUCTAJUTMYECKUE CUCTEMBI, 1 B 3¢MHBIX MaTepHanax, HaXOIIIUXCs IO/ JaBIEHHEM Takke ObIIIO 0OHApYKEHO MHOTO
NPUMEPOB HecopasMepHBIX (a3oBBIX IepexojoB. B pesynbraTe ObUIM H3Y4eHBI CBOICTBA HECOPa3MEPHOM KPUCTAJLINYECKOM
HeWTpoHHOH 3Be3bl. CocTaB HEHTPOHHBIX 3BE3]l B CBEPXIUIOTHOM COCTOSIHMH OCTAeTCsl HEOINPEACNICHHBIM B spe HEHTPOHHOM
3Be3fbl. OfiHA MOJENb OMHCBIBAET SAPO KaK CBEPXTEKYUyl0 HEHTPOHHO-BBIPOXKICHHYIO MATEPHUIO, B OCHOBHOM COCTOSIIYIO U3
HEHTPOHOB (90%) 1 HEOOJIBLIOTO MPOLEHTA NMPOTOHOB U JIEKTPOHOB (10%). Bosmoxkubl Gosee sk3oTvueckne (GopMbl MaTepuw,

BKJIIOYAsl BBIPOXKICHHYIO CTPAHHYIO MaTepHI0. DTO TaKKe MOXKET ObITh HECOpa3MepHas KpHCTaIIMdecKas HEHTpPOHHAs MaTepws,
kotopast MoxeT ObiTe BCC mm HCP. Mcnonbs3yst mpUHIMITEI KBAHTOBOW CTaTUCTUYECKOW MEXaHWKH, ObIIa paccuMTaHa yIeTbHas
TEMJI0EMKOCTb U SHTPONHMS HECOPa3MEPHON KPUCTAJUINYECKOW HEHTPOHHOM 3BE31bl UCXOS M3 MPEANOI0KEHUS, YTO TEMIepaTypa
3BE3/IHl MOYKET U3MeHAThCs 0T 10°K 1o 10 K. BhUTH MpOM3BONBHO BHIGPAHHI ABA 3HAYEHHS Mis TemmepaTypsl T — 1.7x10°K u

1.7x10"°K ans KOTOPBIX GBLIM CIENAHBI BEIYUCICHHS. 3HAUCHHs yIENbHOH TEIUIOEMKOCTH U DHTPOIHH YMEHBIIAIOTCS C POCTOM
TEMIIepaTyphl, a TAK)KE UX BEINYHHBI O4€Hb MaJbl. DTO COOTBETCTBYET BTOPOMY 3aKOHY TEPMOIMHAMHUKH.

KJIOUEBBIE CJIOBA: 3emHble Marepuanbl, Hecopa3MepHas (asza, Hecopa3MepHas KpUCTaJUIMYecKass HEWTpOHHas 3Be3la,
CBEPXTEKYU€ECTb, BBIPOXKACHHAS HEHTPOHHASI MaTEPHSI.
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In this paper, we have studied the structural, electronic, optical and magnetic properties of Co,CrZ (Z= Al, Bi, Ge, Si) compounds
by using two different methods one is full potential linearized augmented plane wave (FP-LAPW) method as implemented in
WIEN2k and second is pseudo potential method as implemented in Atomistic Tool Kit-Virtual NanoLab (ATK-VNL). The
respective band gaps in their minority-spin of Co,CrZ (Z= Al, Bi, Ge, Si) are 0.696, 0.257, 0.602 and 0.858 eV near the Fermi
level, which is implemented in WIEN2k code and showing 100% spin polarization. Further, these compounds have been found to
be perfectly half-metallic ferromagnetic (HMF). However, above mentioned compounds shows zero band gaps in ATK-VNL
code. The calculated magnetic moment of these compounds Co,CrZ (Z= Al, Bi, Ge, Si) are 3.06, 4.99, 3.99 and 3.99up
respectively in FP-LAPW method. However, the respective magnetic moment of these compounds is found to be 3.14, 5.08, 4.11
and 4.08up in ATK-VNL code. Optical properties play an important role to understand the nature of material whether it can be
used as optoelectronics device. From the optical Spectra, complex dielectric functions calculated values are 312.370 and 141.991,
299.812 and 111.368, 288.127 and 106.342, 290.688 and 99.095 for the compounds Co,CrZ (Z= Al, Bi, Ge, Si) respectively by
using WIEN2k. The maximum energy loss is observed between 11.4 to 13eV for above these compounds. The refractive index
values for the compounds Co,CrZ (Z= Al, Bi, Ge, Si) are observed as 18.104, 17.602, 17.252 and 17.289 respectively. In the
optical conductivity spectrum a sharp peak is observed at 1.6 - 2.3eV.

KEYWORDS: Half-metallic ferromagnetic, band gap, dielectric constant, magnetic moment

A German mining engineer and chemist Friedrich Heusler discovered the Heusler compounds [1]. The Full
Heusler compounds are the ternary compounds of the composition 2:1:1 with chemical formula X,YZ and having
structure of the L2, formed by four interpenetrating FCC-lattices [2-3]. Heusler alloys shows half metallic
ferromagnetism and was first predicted by de Groot [4]. Half metallic ferromagnets (HMFs) having band structure
for majority spins is metallic and for minority spin is semiconducting presenting 100% spin polarization at Fermi
level. Half metallicity attracted more attention due to its various applications in Spintronics devices, such as
nonvolatile magnetic random access memories, magnetic sensors, spin-resonant tunneling diodes, spintronic
transistors and spin light emitting diodes and so on [5-10]. Felser et al. [11] have studied the X;RbCa (X = C, N, O)
full-Heusler compounds showing the half-metallicity primarily originate from the spin-polarization of the p-like
states of N and O atoms. Bai et al. [12] have presented a comprehensive review of the Heusler family with special
focus on its broad applications in the field of magnetic data storage, ranging from CPP-GMR read heads, to MRAM
arrays, and emerging SPRAMs. These compounds are outstanding functional building blocks for spintronics devices.
Sharma et al. [13] have investigated that Fe,CrAl compound has high density of states and shows a 100% spin
polarization in the vicinity of the Fermi level. Rai et al. [14] have also proposed that Full-Heusler compound
Co,CrGe is half-metallic ferrimagnet using Generalized-gradient approximation for the structural and local spin
density approximation for electronic calculation. It was found that the Co,YZ compounds exhibit half-metallic
ferromagnetic and an apparently linear dependence of the Curie temperature on the magnetic moment [15]. Among
the Heusler compounds, Co-based compounds were investigated by ab initio techniques and most of them are found
HMFs [16-17]. Seema et al. [18] had investigated the effect of disorder by using density functional theory on
electronic, magnetic and optical properties of Co,CrZ (Z= Al, Ga, Ge, Si) Heusler compounds. They consider three
types of disorders DO3, A2 and B2 in which B2 disorder retains the spin polarization whereas DO3 and A2 disorder
leads decrease in the spin polarization value at Fermi level.

In this paper, we have calculated the structural, electronic, optical and magnetic properties of Co,CrZ (Z= Al, Bi,
Ge, Si) compounds, by using WIEN2k code and Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) code within
Generalized-gradient approximation (GGA) for exchange correlation functions.

COMPUTATION DETAILS
Wien2k code based on the full-potential linearized augmented plane wave (FP-LAPW) method [19,20,21] was
applied for the fundamental physical properties calculations of Co,CrZ (Z= Al, Bi, Ge, Si) compounds within

© Sukhender, L. Mohan, S. Kumar, D. Sharma, A.S. Verma, 2020
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Generalized-gradient approximation (GGA) for exchange correlation functions. Wien2k is one of the most accurate
methods for performing electronic structure calculations for solids. Core states are considered relativistically and
valence states are considered as semi-relativistic way and energy between these two states was set -6.0Ry. We have
used 1000 k-points in the first Brillouin zone for this code. For the calculation of optical properties we used here 10000
k-points. The convergence or cutoff parameter R, K.« is set to 7.0, which is used to control the size of the basis sets.
Here plane wave radius is denoted by R, and maximum modulus for reciprocal lattice vector is denoted by K.x. The
energy convergence criterion was taken as 0.0001Ry. The angular momentum maximum (1) value is taken as 10. In
the central region the charge density and potential were elaborated as a fourier series with wave vector up to Gy,=10.
For the each atom muffin tin sphere radii (Ryr) are tabulated in Table 1.

Table 1
Muffin tin radius (Ryr) for Co,CrZ (Z= Al, Bi, Ge, Si).
Compound
RMT (a.u.) . :
Co,CrAl Co,CrBi Co,CrGe Co,CrSi
Co 2.38 2.22 2.28
Cr 2.26 2.12 2.17
4 2.15 2.26 2.12 1.89

Pseudo-potential method has been carried out in the framework of density functional theory implemented in the
commercially licensed Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) package [22,23]. First-principles calculations
was applied to investigate electronic and magnetic properties of Co,CrZ (Z= Al, Bi, Ge, Si) using Pulay Mixer
algorithm. For investigations, we use double-zeta ({) polarized basis set for electron wave function expanding and GGA
for exchange-correlation functional [20]. For spin polarization, up and down initial state have been selected for the
atoms. We used 10 x 10 x 10 Monkhorst-Pack k-mesh [24] for brillouin zone sampling to maintain balance between
computational time and results accuracy. Further, for optimisation of structures we do not impose any constrain in x, y
and z directions. The structures are permitted to optimized until each atom achieve force convergence criteria of 0.05
eV/A.

RESULTS AND DISCUSSIONS:
Structural Study
The Full Heusler compounds have the composition 2:1:1 with chemical formula X,YZ having structure of the L2,
(space group: 225 Fm-3m) formed by four penetrating FCC-lattices with atomic positions at X; (1/4, 1/4, 1/4), X, (3/4,
3/4, 3/4), Y (1/2, 1/2, 1/2) and Z (0, 0, 0). Where X and Y atoms are transition metal and Z is main group metal or
semimetal. The equation of state given by Murnaghan [25] gives the value of total energy & pressure as a function of
volume is stated as:

B BV 1 Vo\BP BV,
F) = o [B_p<<BP () 1) - 1)]
PW) = (D -1},

where

dE dpP d?E
e Bp=-V—=

Pressure (P) = — w =V

In the above equations Ej is the minimum energy at T = OK, B is the bulk modulus, Bp is the pressure derivative of
the bulk modulus and V, is the equilibrium volume. The structural optimization results are shown in Figure 1. The
optimized lattice parameter in WIEN2k for Co,CrBi is slightly higher than the ATK lattice parameters; but the
optimized lattice parameters in WIEN2k for Co,CrAl, Co,CrGe and Co,CrSi are slightly less than the lattice parameters
optimized in ATK-VNL. Calculated values of the optimized lattice parameter, equilibrium energy and pressure
derivative have been presented in Table 2.
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Table 2
Lattice parameter, Bulk modulus, Equilibrium energy and Pressure derivative for Co,CrZ (Z= Al, Bi, Ge, Si).
Lattice Constants a, (A) Bulk modulus (GPa)
Equilibrium Pressure
Compound Calculated Calculated
WIEN2k ATK WIEN2k ATK Energy (Ry) derivative (GPa)
Co,CrAl 5.712 5.843 195.42 172.96 -8161.392 4.842
Co,CrBi 6.151 6.120 195.32 198.36 -50838.608 -0.832
Co,CrGe 5.740 5.833 218.32 216.10 -11873.869 4.159
Co,CrSi 5.633 5.794 191.00 215.75 -8255.854 4.054
Co2CTA Co2CrBi
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Fig. 1. Volume optimization for the lattice parameters

Electronic and magnetic properties

Spin polarized calculations of Co,CrZ (Z= Al, Bi, Ge, Si) compounds within Generalized-gradient approximation
(GGA) full Heusler have been carried out at the optimized lattice parameters. The calculations revealed a gap in the
minority states and zero gaps in the majority states at the Fermi level resulting 100% spin polarized band structure at the

In Spintronics, magnetic moment is associated due to intrinsic spin of electron. By using the given formula the
spin polarization has been calculated theoretically.
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_nT—nl
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Ifn; =0o0rn; =0; P, =1 or -1 in these cases only up or down spins are exist and the spin polarization is 100%.
Such materials are known as half metals ferromagnetic or Heusler alloys with 100% spin polarization. If the value of P,
is vanishes then the materials are paramagnetic or anti-ferromagnetic even below the magnetic transition temperature
[26]. This impressive category of materials has highly prospective for different application such as spintronics,
magneto-electronic devices to increase data processing speed and integration density increasing etc. In Heusler alloy
magnetic moment is key point in spintronics and obeys Slater-Pauling rule. This rule correlates the magnetic moment
per atom of transition element alloys to the average number of valance electron per atom:

m =N, — 2N,

Where m is magnetic moment per atom in pg N, is average number of valence electron per atom & N, (N;) shows
the number of minority spin (majority spin) valence electron per atom.The component of spin degree of freedom creates
non-volatility in materials [27]. The obtained energy gap and spin polarization for the above approximation is
summarized as under in Table 3. The detailed results of band structures and density of states are shown in Figures 2-5.

Table 3
Energy gap and spin polarization for Co,CrZ (Z= Al, Bi, Ge, Si)
Energy gap E, (eV) Spin polarization
Compound . WIEN2k . . ATK . WIEN2K ATK
Up spin Down spin Up spin Down spin
Co,CrAl 0.0 0.696 0.0 0.0 100% P, vanishing
Co,CrBi 0.0 0.257 0.0 0.0 100% P, vanishing
Co,CrGe 0.0 0.602 0.0 0.0 100% P, vanishing
Co,CrSi 0.0 0.858 0.0 0.0 100% P, vanishing
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Fig. 2. DOS of Co,CrZ (Z= Al, Bi, Ge, Si) using WIEN2K Code
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Fig. 5. (continued) Band Structure of Co,CrZ (Z= Al, Bi, Ge, Si) using ATK-VNL Code

By counting the number of valence electrons of the Heusler alloys, it is possible to predict the magnetic properties
of the alloys. Even 24 valence electron concentration semiconductors are possible in case of three transition metals per
formula unit. For example Fe,Val is a non magnetic semiconductor with non-magnetic iron. Co,YZ Heusler compounds
have more than 24 valence electron concentration and follow the Slater-Pauling rule. If the numbers of valence
electrons are differ from 24, and then these materials are magnetic, where the magnetic moment per formula unit is
directly related to the number of valence electrons minus 24 (M = Z,— 24). Here M denotes the total magnetic moment
per unit cell and Z, is the total number of valence electrons. An important distinction from the half Heusler compounds
is that the full Heusler compounds have two distinct magnetic sub-lattices [17]. For the ferromagnetic half-metallic
Heusler compounds, the Curie temperature increases by ~175 K per added electron. For example Co,CrAl has 27
valence electrons with a saturation magnetization of 3 ug/formula unit is ferromagnetic with a magnetic moment that
mainly resides on the Co sites with a Curie temperature of ~525 K [11]. From the results, it was observed that the
magnetic moment exists mainly on Co and Cr positions, while the Z position atom has negligible small magnetic. It was
observed that Z atom having more valence electrons increases more magnetic moments on both sits at Co and Cr. The
results also revealed that when Al replaces by Si or Ge or Bi increases the localized magnetic moments on both sites at
Co and Cr due to addition of increased valence electrons. As the electro-negativity increases localized magnetic
moments are increases at X and Y site. There is a good agreement with the Slater-Pauling behavior. Here we have
observed that there are very slight difference between full potential linearized augmented plane wave (FP-LAPW)
method implemented in WIEN2k and pseudo-potentials method implemented in ATK-VNL. There is also good
agreement between above these methods. The calculated results for magnetic moments for Co,CrZ (Z= Al, Bi, Ge, Si)
obtained using full potential linearized augmented plane wave (FP-LAPW) method implemented in WIEN2k and
pseudo-potentials method implemented in Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) within Generalized-
gradient approximation (GGA) for exchange correlation functions is tabulated in Table 4.

Table 4.
Total magnetic moments of the compounds Co,CrZ (Z= Al, Bi, Ge, Si).

Magnetic moment (Ug)
Compound Z, Slater-Pauling
WIEN2k ATK 2, - 24)
Co,CrAl 27 3.07 3.15 3.00
Co,CrBi 29 5.00 5.08 5.00
Co,CrGe 28 4.00 4.11 4.00
Co,CrSi 28 4.00 4.08 4.00
Optical properties

Optical properties play an important role to understand the nature of material whether it can be used as
optoelectronics device. In the present section, we discuss the optical properties of the compounds Co,CrZ (Z= Al, Bi,
Ge, Si). For the optical properties, we calculate the dielectric function, optical conductivity, reflectivity, excitation
coefficient, absorption coefficient and electron energy loss as a function of photon energy for the above compounds.
The complex dielectric function describes the optical response of a material on incident electromagnetic radiation.

e(w)=¢,(w) + gz (w)

where ¢, (w) real represents polarization and anomalous dispersion of medium and ig,(w) corresponds imaginary part
represents the absorption or loss of energy into the medium [28, 29]. The different optical spectra are shown in Figure 6.
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The imaginary part of dielectric function for all four compounds shows the main peak in visible region, after that
imaginary part of dielectric function decreases continuously. The zero frequency real (¢; (»)) and imaginary part of
complex dielectric functions values are 312.370 and 141.991, 299.812 and 111.368, 288.127 and 106.342, 290.688 and
99.095 for the compounds Co,CrZ (Z= Al, Bi, Ge, Si) respectively as observed from the figure 6 (a) and 6 (b). Optical
conductivity is an important optical parameter for conduction of electron due to an applied electromagnetic field. In the
optical conductivity spectrum, several peaks are observed between 5.4 - 8.6eV and a sharp peak is observed at 1.6 -
2.3eV. As the material has high absorption coefficient means that they absorb more photon, which excite electron from
valence band to conduction band.

The values of absorption coefficient are an increase along the values of energy is increases towards visible region
to ultraviolet region as shown in the figure 6 (d). Electron energy-loss function gives the energy loss of a fast moving
electron when passing through the medium. The plasma frequency is the frequency corresponding to plasma resonance
at which sharp peaks are associated. As if the frequency is above the plasma frequency then the material showing the
dielectric behavior and below which the material shows metallic behavior. The maximum energy loss is observed
between 11.4 to 13eV for above these compounds as shown in figure 6 (e) and extinction coefficient spectra is
displaced in the above figure 6 (h). A prominent peak is shown in the visible region and then value of extinction
coefficient is decreases in the ultraviolet region. The values of zero frequency reflectivity are 0.810, 0.802, 0.799 and
0.798 for the compounds Co,CrZ (Z= Al, Bi, Ge, Si) respectively as observed from figure 6 (f). Noticeably, from the
absorption and reflection spectra relation, if the absorption is maximum then obviously reflectivity will be minimum.
The region in which material substantially absorbs light and it cannot effectively reflect light in the same span. The
refractive index is the important optical property due to wide applications because it determines the dispersive power of
prisms, focusing power of lenses, light guiding, and critical angle for total internal reflection etc. How fast light is
traveling through the materials is described by refractive index. The values for zero frequency refractive index for the
compounds Co,CrZ (Z= Al, Bi, Ge, Si) are observed as 18.104, 17.602, 17.252 and 17.289 respectively.
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Fig. 6. Calculated optical parameters (a) real part of dielectric function, (b) imaginary part of dielectric function, (c) optical
conductivity, (d) absorption coefficient, (e) electron energy-loss function, (f) reflectivity, (g) refractive index and (h) extinction
coefficient for Co,CrZ (Z= Al, Bi, Ge, Si).
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Fig. 6. (continued) Calculated optical parameters (a) real part of dielectric function, (b) imaginary part of dielectric function, (c)
optical conductivity, (d) absorption coefficient, (¢) electron energy-loss function, (f) reflectivity, (g) refractive index and (h)
extinction coefficient for Co,CrZ (Z= Al, Bi, Ge, Si).

CONCLUSIONS

Structural, electronic, optical and magnetic properties of Co,CrZ (Z= Al, Bi, Ge, Si) compounds have been studied
by using full potential linearized augmented plane wave (FP-LAPW) method implemented in WIEN2k and pseudo-
potentials method implemented in Atomistic Tool Kit-Virtual NanoLab (ATK-VNL) within Generalized-gradient
approximation (GGA) for exchange-correlation functional. From this study we have found that most of the compounds
show half metallicity and 100% spin polarization with L2, ordered stable structures. Calculated magnetic moments have
good agreement with the Slater-Pauling behavior. For above listed compounds, the optical properties named as
reflectivity, refractive index, excitation coefficient, absorption coefficient, optical conductivity and electron energy loss
have been calculated. Also, we have analyzed their optical spectra. The predicted results of Co,CrZ (Z= Al, Bi, Ge, Si)
are suitable for Spintronic applications.

ORCID IDs
Sukhender, https://orcid.org/0000-0002-2149-5669; ‘=’Lalit Mohan, https://orcid.org/0000-0003-3323-8296
Sudesh Kumar, https://orcid.org/0000-0002-7507-4712; ‘©’Deepak Sharma, https://orcid.org/0000-0001-9163-9050
Ajay Singh Verma, https://orcid.org/0000-0001-8223-7658

REFERENCES

[1] Fr. Heusler, and E. Take, Trans. Faraday Soc. 8, 169-184 (1912), http://dx.doi.org/10.1039/TF9120800169.

[2] J.Li, Y. Li, G. Zhou, Y. Sun, and C. Q. Sun, Appl. Phys. Lett. 94, 242502 (2009), https://doi.org/10.1063/1.3156811.

[3] F. Casper, T. Graf, S. Chadov, B. Balke and C. Felser, Semicond. Sci. Technol. 27, 063001 (2012),
https://doi.org/10.1088/0268-1242/27/6/063001.

[4] R.A. De Groot, F.M. Muller, P. G.Van Engen, and K.H.J. Buschow, Phys. Rev. Lett. 50, 2024-2027 (1983),
https://doi.org/10.1103/PhysRevLett.50.2024.

[5] S. A.Khandy, L. Islam, D. C. Gupta, and A. Laref, Full Heusler alloys (Co,TaSi and Co,TaGe) as potential spintronic materials
with tunable band profiles, J. Solid State Chem. 270, 173-179 (2019), https://doi.org/10.1016/j.jssc.2018.11.011.



79
Structural, Electronic, Optical and Magnetic Properties of Co,CrZ... EEJP. 2 (2020)

[6] T. Graf, C. Felser, and S.S.P. Parkin, Prog. Solid State Chem. 39, 1-50
(2011),https://doi.org/10.1016/j.progsolidstchem.2011.02.001.

[71 M. Zipporah, P. Rohit, M. Robinson, M. Julius, S. Ralph and K. Arti, AIP Advances 7, (2017) 055705,
https://doi.org/10.1063/1.4973763.

[8] J. Kubler, G. H. Fecher, and C. Felser, Phys. Rev. B, 76, 024414 (2007), https://doi.org/10.1103/PhysRevB.76.024414.

[91 Z.Q. Bai, Y.H. Lu, L. Shen, V. Ko, G.C. Han and Y.P. Feng, J. Appl. Phys. 111, 093911 (2012),
https://doi.org/10.1063/1.4712301.

[10] V. Ko, G. Han, J. Qiu, and Y. P. Feng, Appl. Phys. Lett. 95, (2009) 202502, https://doi.org/10.1063/1.3263952.

[11] C. Felser, L. Wollmann, S. Chadov, G.H. Fecher, and S.S.P. Parkin, APL Mater. 3, 041518 (2015),
https://doi.org/10.1063/1.4917387.

[12] Z. Bai, L. Shen, G. Han, and Y.P. Feng, Spin 2, 1230006 (2013), https://doi.org/10.1142/S201032471230006X.

[13] V. Sharma, and G. Pilania, J. Magn. Magn. Mater. 339, 142150 (2013), https://doi.org/10.1016/j.jmmm.2013.03.008.

[14] D.P. Rai, A. Shankar, Sandeep, M.P. Ghimire, and R.K. Thapa, J. Theor. Appl. Phys. 7, 1-6 (2013),
https://doi.org/10.1186/2251-7235-7-3.

[15] G.H. Fecher, H.C. Kandpal, S. Wurmehl, and C. Felser, J. Appl. Phys. 99, 08106 (2006), https://doi.org/10.1063/1.2167629.

[16] M. Tas, E. Sasioglu, C. Friedrich, S. Blugel, and I. Galanakis, J. Appl. Phys. 121 (2017) 053903,
https://doi.org/10.1063/1.4975351.

[17] H.C. Kandpal, G.H. Fecher, and C. Felser, Journal of Physics D: Applied Physics, 40(6), (2007), 1587-1592,
https://doi.org/10.1088/0022-3727/40/6/S01.

[18] K. Seema, N.M. Umran, and R. Kumar, J. Supercond. Nov. Magn. 29, 401-408 (2016), https://doi.org/10.1007/s10948-015-
3271-7.

[19] P. Blaha, K. Schwarz, G.K.H. Madsen, D. Kvasnicka, and J. Luitz in: WIEN2k, An Augmented Plane Wave+Local Orbitals
Program for Calculating Crystal Properties, editor: K. Schwarz (Technical Universitatwien, Austria, 2001), ISBN 3-9501031-
1-2.

[20] J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865-3868 (1996), https://doi.org/10.1103/PhysRevLett.77.3865.

[21] E. Sjostedt, L. Nordstrom, and D.J. Singh, 114, 15-20 (2000), https://doi.org/10.1016/S0038-1098(99)00577-3.

[22] Atomistix ToolKit-Virtual Nanolab (ATK-VNL), QuantumWise Simulator, Version. 2014.3, http://quantumwise.com/.

[23] Y.J. Lee, M. Brandbyge, J. Puska, J. Taylor, K. Stokbro and M. Nieminen, Electron transport through monovalent atomic

wises, Phys. Rev. B, 69, 125409 (2004), https://doi.org/10.1103/PhysRevB.69.125409.

4] H.J. Monkhorst, and J.D. Pack, Phys. Rev. B, 13, 5188-519 (1976), https://doi.org/10.1103/PhysRevB.13.5188.

5] F.D. Murnaghan, Proc. Natl. Acad. Sci. USA, 30, 244-247 (1944), https://doi.org/10.1073/pnas.30.9.244.

6] D.P. Rai, and R.K. Thapa, J. Alloys Comp. 542, 257-263 (2012), https://doi.org/10.1016/j.jallcom.2012.07.059.

71 S. Wurmehl, G.H. Fecher, H.C. Kandpal, V. Ksenofontov and C. Felser, Appl. Phys. Lett. 88, 032503 (2006),

https://doi.org/10.1063/1.2166205.

[28] R. Jain, N. Lakshmi, V.K. Jain, V. Jain, A.R. Chandra, and K. Venugopalan, J. Magn. Magn. Mater. 448, 278-286 (2018),
https://doi.org/10.1016/j.jmmm.2017.06.074.

[29] S. Sharma, A.S. Verma, and V.K. Jindal, Materials Research  Bulletin 53, 218-233  (2014),
https://doi.org/10.1016/j.materresbull.2014.02.021.

CTPYKTYPHI, EJEKTPOHHI, OIITUYHI TA MATHITHI BJACTUBOCTI
CIIOJIYK XICJIEPA Co,CrZ (Z = Al, Bi, Ge, Si)
Cyxenzep®, Jlaxitr Moxan®, Cyaem Kymap®, Jlinak Illapma®, Amkaii Cinrx Bepma®™*
“@izuynui axyremem, banacmxani Biosmim, banacmxani 304022, Inois, b Xiiunui ¢axynvmem, banacmxani Biosanim,
Banacmxani 304022, Indism; “@isuunuil paxyromem, Inoicenepnuii konedsc IIMT, Beruxa Hoioa, Inois

V wiif poboTi MM BUBYMIIH CTPYKTYpHi, €1€KTPOHHI, ONTHYHI Ta MarHitTHi BractuBocti cnonyk Co,CrZ (Z = Al, Bi, Ge, Si) 3a
JOTIOMOTOI0 TBOX PI3HHUX METOJiB, OJWH — II€ METO] MOBHOIIHHOI JiHeapu30BaHOi po3mupeHoi mrockoi xBuii (FP-LAPW)
peamizoBanuii y WIEN2k, a npyruii — nceBaonoTeHIiitanid Metoa, pearizopanuii y Atomistic Tool Kit-Virtual NanoLab (ATK-
VNL). Bignosigui 3a6oponeni 30uu mis Co,CrZ (Z = Al, Bi, Ge, Si) 3Haxomathcs Oinst piBas Pepmi 0,696, 0,257, 0,602 i
0,858 B, mo peanizoano B koai WIEN2k i nokasytors 100% cninoBy nossipusanito. Kpim toro, 6yiio BUSBICHO, IO Li CIIOIYKH
€ igeanpHO HamiBMetaniynumu ¢epomarHitamu (HMF). Onnak Buinesragani CHoilyKd MOKa3yrlOTh HYJbOBI 3a00pOHEHI 30HH B
koxi ATK-VNL. O6uucnenuit merogom FP-LAPW marHiTHHII MOMeHT mux cronyk Co,CrZ (Z = Al, Bi, Ge, Si) ctanoButs 3,006,
4,99, 3,99 i 3,99 pp BimnosimHo. Oxnak y koni ATK-VNL BignoBimHuii MarHiTHHA MOMEHT LUX CIIOJNyK CTaHOBHTH 3,14, 5,08,
4,11 ta 4,08 ug. OnNTHYHI BIIACTUBOCTI BIMIrpaloTh BAXJIMBY pOJb AJIsl PO3YMIHHS NPHUPOAM MaTepialy, YM MOXXKHA HOro
BUKOPHCTOBYBAaTH SIK IPHUCTPId ONTOEHCKTPOHIKKM. OOUYMCIICHI 3 ONTHYHUX CHEKTPIB KOMIUICKCHI [iefeKTpuuHi (yHKUii 3
pukopuctanHsiM WIEN2k cranosmsare 312,70 1 141,991, 299,812 1 111,368, 288,127 i 106,342, 290,688 i 99,095 mns crmomyk
Co,CrZ (Z = Al, Bi, Ge, Si) BiamoBigHo. MakcHMaJbHI BTpaTH CHEPTIi U BHUIE 3a3HAYCHHUX CIIOIYK CIIOCTEpiraoThes Mixk 11,4
1o 13eB. 3HaueHHs mokasHuka 3anomieHHs uist cionyk Co,CrZ (Z = Al, Bi, Ge, Si) cnoctepiratotbes sk 18.104, 17.602, 17.252
i 17.289 BignoBigHO. B criekTpi onTHYHOT MPOBIAHOCTI Pi3KHii ik criocTepiraerbes mpu 1,6 - 2,3¢B.

KJIFOUYOBI CJIOBA: naniBmeraniuyuuii pepomMarHeTuk, 3a00poHeHa 30Ha, JieIeKTpHYHa KOHCTAaHTa, MATHITHUH MOMEHT

CTPYKTYPHBIE, 3JIEKTPOHHBIE, OITUYMECKUE U MATHUTHBIE CBOMCTBA
COEJMHEHHWI XUCJIEPA Co,CrZ (Z = Al, Bi, Ge, Si)
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(ATK-VNL). CootBerctByromue 3anpetHsie 3086 a1t Co,CrZ (Z = Al, Bi, Ge, Si) Haxoasarcs okono ypoBHs ®epmu 0,696, 0,257,
0,602 u 0,858 5B, uro peamm3oBano B koge WIEN2k u moxassmBator 100% crnmHOBYI0 momstpm3ammio. Kpome Ttoro, Gbu1o
00HApYKEHO, YTO ITH COCIMHCHHUS SIBISIOTCS HICATBHO HAaMMBMETATUYHUMEI (eppomarautel (HMF). OmHako BBINICYTTOMSHYTHIC
COEIMHEHMSI TIOKa3bIBalOT HyJieBble 3anpeTHble 30HbI B kojie ATK-VNL. Hcuucnennsiii meronom FP-LAPW marHuTHbIE MOMEHT
stux coeaunenuit Co,CrZ (Z = Al, Bi, Ge, Si) coctamsier 3,006, 4,99, 3,99 u 3,99 up coorBercrBenno. Onnaxo B koge ATK-VNL
COOTBETCTBYIOIMI MAarHUTHBI MOMEHT 3THX COelWHEeHuil cocraBuser 3,14, 5,08, 4,11 u 4,08 pg. Ontudeckue cBoicTBa UTParOT
BaXHYIO pOJb JUIS IOHUMAaHHUS TPHPOIBl MaTepualia, MOXXHO JIA €ro HCIOJNB30BaTh KaK YCTPOHCTBO ONTO3JICKTPOHHKH.
BbIunciieHHBIE W3 ONTHYECKUX CIEKTPOB KOMIUICKCHBIE IUAJIEKTpHYecKre (yHKuuK ¢ ucnonb3oBaHuneM WIEN2k cocrasisior
312,70 u 141,991, 299,812 u 111,368, 288,127 u 106,342, 290,688 u 99,095 mns coemunenuit Co,CrZ (Z = Al, Bi, Ge, Si)
COOTBETCTBEHHO. MaKCHMalbHBIE TOTEPH DYHEPTHH MJIs BBINICYKAa3aHHBIX COCTUHEHWH HaOmromarorcs mexnay 11,4 mo 132B.
3HayeHne mokazaTens npernomieHus s coeauHennit Co,CrZ (Z = Al, Bi, Ge, Si) Habmronarores kak 18.104, 17.602, 17.252 u
17.289 cooTBeTcTBEHHO. B criekTpe onTuueckoil MpoBOANMOCTH pe3Kuii NUK Hadoaercs npu 1,6-2,35B.

KJIFOYEBBIE CJIOBA: nonymeraminyeckuil (eppoMarHeTHK, 3ampeTHas 30Ha, JUANICKTPUYECKas IMOCTOSHHAs, MarHUTHBIN
MOMEHT



81
EAsST EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 2. 81-88 (2020) DOI:10.26565/2312-4334-2020-2-06

PACS: 95.55.-n; 95.55.Br; 42.15. Dp; 42.15Fr; 42.15.j

SPEED MEASUREMENT IN AN ACCOMOVING REFERENCE SYSTEM

Volodymyr M. Svishch
National Aerospace University "Kharkiv Aviation Institute”
17, Chkalova St., Kharkiv, 61070, Ukraine
Corresponding Author: viadimir.svishh@rambler.ru
Received February 13, 2020; revised March 2, 2020; accepted March 10, 2020

A method of direct measurement of the observer's velocity (peculiar velocity) relative to the accompanying reference
system is proposed and investigated. To measure peculiar velocity, it is proposed to use the measurement of stellar light
aberration. A comparison of the use of light aberration and the Doppler Effect for measuring velocity relative to relic
radiation was made. When using the Doppler Effect, the total speed of the observer was measured - the Hubble speed
and the radial component of the peculiar speed of the observer. As a result of the analysis of the components of the
observer's velocity in the comoving reference frame, the Hubble and peculiar velocities of the observer, their essential
features are formulated. The analysis of the shape of the wave fronts of the CMB radiation, the radiation of quasars, the
radiation of stars and the radiation of ground sources is given. As a consequence of this analysis, the decisive influence
of the shape of their wave fronts on the possibilities of measuring stellar aberration and the absence of such an effect
when measuring velocity using the Doppler Effect are shown. Measurement of light aberration in an inertial system
enables direct measurement of the observer's peculiar velocity in an comoving reference frame. Knowing the observer's
peculiar velocity is important for increasing the accuracy of determining the Hubble velocity of especially objects of
relatively small remoteness. The proposed structures of devices for measuring the peculiar velocity of an inertial
reference system were investigated. Peculiar speed is determined by the measured light aberration without switching to
another frame of reference. Their expected accuracy and reliability were evaluated. The practical use of the proposed
structures is possible in astronomy and spacecratft.

KEYWORDS: relict radiation, stellar light aberration, comoving reference frame, Hubble velocity, peculiar velocity,
collimator, photo detector.

The measurement of the observer's speed relative to other objects (stars, galaxies, blazars, relict background) is
primarily associated with the characteristics of their radiation. The most ancient radiation that can be observed in
general in the universe is relict. In accordance with the inflation hypothesis, this residual radiation fills the space of a
constantly expanding universe after “separation” from the plasma of the Universe cooled to 3000K about 300,000 years
after the Big Bang [1-4]. In fact relict radiation was discovered by Penzias and Wilson in the Laboratory named after
Bell in 1964 [5]. In the early 80s with the development of the space industry, it was possible to establish the property of
isotropy of relict radiation. In 2006, John Mather and George Smoot were awarded the Nobel Prize in Physics for their
discovery of the blackbody shape of the spectrum and the anisotropy of cosmic microwave background radiation.

The results of J. Mather and J. Smoot were confirmation of the origin of the universe as a result of the Big Bang
[6-10]. According to the observations of the COBE satellite and the calculations performed, all galaxies and
constellations move relative to relict radiation with great speed, about hundreds of kilometers per second.

The measurement of our own velocity relative to relict radiation is an important task in understanding the structure
of the Universe.

The temperature of the relict radiation in the direction of the constellation Leo is 0.1% higher, and in the opposite
direction 0.1% lower [11-13]. This fact is interpreted because of the Doppler effect that occurs when the Sun moves
relative to the “motionless” relict background at a speed of about 370 km/s towards the constellation Leo. That is, the
Doppler shift of the radiation frequency caused by our own speed relative to the reference frame associated with relic
radiation. These measurements allow better understanding both the structure of the modern Universe and the early
moments of its history [12, 13].

Relict radiation is isotropic only in the coordinate system associated with the entire system of scattering galaxies,
in the so-called “comoving reference frame”, which expands with the Universe. In any other coordinate system, the
relict radiation intensity depends on the direction, the so-called dipole component. The comoving reference system is
thus distinguished from all other reference systems (a selected reference system - SRS), since only in it the proper,
peculiar velocity of the observer and all objects of the universe is directly determined.

By the definition of an comoving reference system, only in it are states possible for a system A with a dipole
component of relict radiation equal to 0 in any given point of space. This is the only "absolutely" resting frame of
reference — SRS.

Vg = Vg + Vp=o, Vg = 0,1, = 0. D
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Here, vy - hubble velocity component of the total vy velocity, determined by the expansion of the Universe; -
peculiar (intrinsic) system A speed.

The vector magnitudes of the velocities, in the SRS are always collinear due to the isotropy of the expansion of
space. The collinearity of vectors allows us not to focus on this further when adding or subtracting them.

Measurements from artificial Earth satellites using the Doppler shift of the radiation frequency substantially
refined the data of the dipole component [14].

However, the speed of the observer directly affects the observation of extraterrestrial objects. The effect of stellar
aberration primarily manifested this influence. The expression of its magnitude directly includes the speed of the
observer.

Light aberration was measured only with a relative change in the observer's speed relative to starlight, associated,
for example, with the daily rotation of the Earth (daily), with the orbital movement of the Earth around the Sun
(annual), of the Sun around the core of the Galaxy (secular). Their measurements are taken, passing from an inertial
system with one speed to an inertial system with another speed [15]. These velocities, and the corresponding
aberrations, are components of the observer's full, peculiar velocity and the corresponding complete aberration. Since it

is not possible to change the completely peculiar velocity, complete aberration ¢ = arcsin vjp considers unobservable.

In any closed inertial reference system containing an observer and a radiation source (in a "car"), their mutual
position is known. Therefore, if it is possible to measure the aberration of the source in this system, the peculiar velocity
vp; of the system is easily determined.

The possibility of measuring the full aberration of light and its observer’s own motion velocity hasn’t been
previously considered.

The study of the possibility of measuring the speed of the observer relative to the selected reference system (SRS)
associated with relic radiation, and the possibility of measuring the speed of the inertial reference system (IRS) relative
to the SRS without moving to the SRS or any other IRS using full stellar aberration is the goal of this work.

FEATURES OF THE DOPPLER EFFECT AND STELLAR ABERRATION

We consider the components of the observer's velocity in the SRS vy taking into account the features of this
reference system associated with relic radiation.

Let’s distinguish two components of the observer's velocity vs, v, - the peculiar, intrinsic velocity of the observer
relative to the SRS, associated with a change in the position of the observer in space, and vy — the Hubble velocity,
associated with the expansion of the space of the Universe (inflationary, gamma) vy = vy + v,.

The peculiar v, and Hubble vy speeds are fundamentally different.

If the observer's own peculiar velocity v, can’t exceed the light speed ¢ (v, < c), then the (inflationary) Hubble
expansion speed of space vy can exceed it ¢ = vy = c.

The second fundamental difference: the peculiar velocity v, is oriented in space (anisotropic) and does not depend
on the distance of the observer to the beginning of the SRS, and the Hubble speed vy is isotropic in direction (doesn’t
depend on the direction) and depends on the distance from the object to the beginning of the reference system vy =
H(t)dl. Hubble speeds vy, of vyp an equidistant from two points observer will be equal in magnitude, and points of

space A and B located in the same direction will be equal in magnitude, but oppositely directed vy, = —vyp.
Because of measuring the Doppler shift of the relic radiation frequency will have common velocities vs, = vy, +
Vpa» Vsp = Vyp — Vpg, Vya = —Vyp in opposite directions A, B. Half of the difference in these velocities is equal to the

component of the peculiar velocity v, of the observer in the direction A, B

Vpap = —VEA;sz~ 2
The maximum of this difference using the Doppler Effect allows you to determine the magnitude and direction of
the Earth's own speed relative to the relict radiation. The search for the maximum of this difference is caused by the fact
that the Doppler Effect determines the radial velocity directed along the propagation of the light wave.
Unlike the Doppler Effect, stellar aberration depends directly on observer's own speed v, a = arcsin v?p.

Measurement of stellar aberration of relict radiation sources would directly determine the peculiar velocity of the
observer v, = csin a. However, measuring stellar aberration of relict radiation sources is difficult due to its significant
features compared to the Doppler Effect.

Let consider the features of stellar aberration and the Doppler Effect as applied to the measurement of the
observer's own speed, taking into account the previous analysis of the relict radiation features.

Let choose such stars from the set of stars A and B that their speeds v, and vy are equal in magnitude to observer’
speed v, and are multidirectional v,, = v, = —vg. However, their aberrations are equal @y = ap = arcsin %"

This indicates that:
1) the speed of light ¢ is independent of the speed v,, vy of the source [17];
2) stellar aberration depends on telescopes speed v, relative to the speed of light flux inside the telescope [16];
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3) stellar aberration is observed in an inertial system v, = v,, with a fixed source (star A) and an observer.

Similar conditions exist on the Earth with ground sources. However, stellar aberration of terrestrial sources is not
observed.

Let’s compare stellar aberration and the Doppler Effect in more detail.

First, stellar aberration does not depend on the source velocity [17]. The Doppler Effect depends on the relative
velocity of the source and observer including the Hubble velocity. The Doppler Effect is absent with equal speeds of the
observer and the source. That is, in a moving inertial system with a source and an observer, the Doppler Effect is not
observed.

Aberration is also observed in a moving inertial system with a fixed source. (An example of a star having a speed
equal to the speed of the observer during the radiation of the light flux entering the telescope input at the time of
measurement - see above). However, only parts of its components (daily, annual) were measured.

This is because, since the position of the star is unknown, measurements have to be made when moving from one
inertial system to an inertial system with another opposite speed. From the measured difference in the positions of the
star at opposite speeds, double aberration 2«,, is determined. The impossibility of practical independent determination
of the position of the star at the time of measurement determines it.

Thus, having a fixed source, with its fixed position relative to the observer, the observer in the inertial system can
measure the stellar aberration of the source without switching to another inertial system, as the deviation of the
observation pipe from the known position of the source. Using the known aberration of the source a,,, the observer
would determine the speed v, of the inertial system during measurement relative to the light flux of the source without
going beyond the inertial system v,, = c sin a,,.

However, we don’t observe the aberration of ground sources.

Stellar aberration depends on the speed of the observer perpendicular to the propagation direction of the light wave
of the remote radiation source ("very far from the origin") [17].

The condition of the distance of the radiation source from the observer actually determines the requirements for
the wave front shape of the radiation source at the input of the stellar aberration-measuring device. That is, the light
wave of a star has a plane wave front. A plane wave is characterized by the fact that the direction of its propagation and
the amplitude are the same everywhere [18, 19]. When measuring using the Doppler Effect, such requirements for the
shape of the wave front of the source do not arise.

Stellar aberration depends on the speed of the device relative to the propagating light wave in place and while the
measuring device is in space (here and now).

Thus, stellar aberration depends on the peculiar velocity of the observer at a given time, at a given point in space
and does not depend on its Hubble velocity. This allows determining the component of the current peculiar observer’s
velocity using the aberration value.

In measurements, using the Doppler Effect, we obtain the sum of the radial, peculiar, and Hubble velocities. The
Doppler Effect of stationary ground sources and the observer is absent due to its physical nature. The stellar aberration
of terrestrial sources should essentially be observed, but is not observable.

Let us consider the differences between the essential parameters of the radiation of the observed sources during
measurements of stellar aberration and the Doppler Effect.

The frequency spectra of the sources are very diverse and their analysis allows you to get rich information about
the sources, medium and space that their radiation passed to the observer. To measure speed using the Doppler Effect,
the most important parameter is the frequency shift. Stellar aberration is independent of the radiation frequency of the
source. Another parameter is the shape of the wave fronts of the sources.

SHAPE OF WAVE FRONTS OF SOURCES
The shape of the wave fronts does not significantly affect the Doppler Effect, but is very important when
observing stellar aberration. The equality of the velocities of the relict radiation, the radiation of distant quasars, the
radiation of the stars of our Galaxy and the radiation of ground sources follow based on the independence of the speed
of light from the speed of the source and the constancy of its value in vacuum. However, the shapes of their wave fronts
are significantly different.

The wave front of radiation of ground-based point sources has a spherical shape of positive curvature p = %,
where R has a finite value. The direction of wave propagation at each point of the wave front coincides with the radius
of this point from the center of the sphere at the time of wave emission [18]. The wave front of the emission of stars in
our Galaxy is almost flat due to their remoteness R = (4 — 300000) of light years and the curvature of their wave
fronts p = 0. The wave front of the radiation of quasars (blazars) is also flat due to their even greater remoteness. Their
distance at redshift is z = (2 — 20). A plane wave differs by the property that its direction of propagation and
amplitude are the same everywhere.

Sources of relict radiation are also removed even further. Their remoteness by redshift z > 1000 R = oo, however,
they were extremely specific. Sources of relict radiation are everywhere around us. They scatter in all directions from
the observer with a Hubble speed vy significantly exceeding the speed of light (z > 1000). The wave front of their
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total radiation is similar to the wave front of a source of radiation of negative curvature (—p = —c0 — R — 0) at the
observation point.

Relict radiation is isotropic in all directions. This causes difficulties in increasing the accuracy of determination
using the Doppler effect of the direction of the vector of our own velocity relative to the SRS, associated with relic
radiation. Measuring aberration relative to relict radiation is impossible because of its isotropy and the curvature of its
wave front.

Thus, aberration is not observed in relict radiation(—p — —o0), ground-based sources stationary relative to the

observer (p = % - is the finite value of the spherical wave front) and is observed in stars and blazars (including stars that

are stationary relative to the observer, p = 0 - a plane wave front).

That is, when observing a nearby (not remote) source located in the same inertial system with the observer, but
having a plane wave front (p = 0) similar to a stellar one, it becomes possible to measure the aberration of such a
source [18]. From the measured aberration of such a source, it is easy to determine the intrinsic speed v, of the inertial
system without going beyond this system.

Since the position of the source in the inertial system is known, there is no need to switch to another inertial
system, for measure of full light aberration. There is the possibility of prolonged observation of the peculiar velocity of
the Earth and its possible changes.

Let consider the possible structures of the peculiar velocity v, meters of an inertial system without going beyond
this system, for full aberration measure.

PECULIAR VELOCITY METERS

The measurement of the observer's own speed is important not only in cosmology. Such measurements are
practically important for spacecrafts in deep space exploration. When accelerometers do not work for a long time, in
addition to measurement accuracy, the reliability of the device is important. Let consider some measuring instruments
of own speed.

The structure of possible peculiar velocity meters consists of blocks 1, 2, 3 measuring the velocity v, components
installed on the X, y, z axes of the observer's reference frame (Fig. 1). Blocks 1, 2, 3 (Fig. 2) associated with the block 4
of the processing of their output information.

) 3
-I
~1
1
| x
o | —

4

Fig 1. Peculiar velocity meters structure

Meters differ in the used measuring units. The simplest measurement unit 2.1 (Fig. 2) consists of a point radiation
source 1, a collimator 2, a lens 3, a body 4, and a photo detector 5. The photo detector can be made in the form of a
positional sensitive two-dimensional photo matrix or an analog two-dimensional sensitive element.

The photo detector 5 is installed in the perpendicular optical axis of the plane-measuring 2.1 unit with mutually
perpendicular directions at a distance from the lens 3. Each measurement unit is mounted on the corresponding axis of
the observer's reference system so that the selected directions of their photo detectors coincide with the direction of the
axes perpendicular to the installation axis of the measurement unit. To increase the sensitivity, an eyepiece can be
installed in front of the photo detector.
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Thus, each photo detector 5 is a two-dimensional screen s, — x,y; Sy — Z,¥; Sy, — Z, X with axes perpendicular to
the corresponding installation axis of the measuring unit z, x, y (Fig. 3).

The spherical waveform of a point source compensates for the aberration caused by the movement of the device
with a ground source [18]. Therefore, when assembling each measurement unit, the relative position of the point
source 1, lens 3 and photo detector 5 without collimator 2 is adjusted. The image of source 1 is focused at the
beginning of the corresponding coordinates of photodetector 5. This alignment fixes the location of point source 1, lens
3 and the origin of photo detector 5 on the optical axis of the measurement unit.

1 1 1
| |
2 2 A 2 A
3 3 3.a
N — ~T
> TTTn
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4 4 4
\ 6 N
5 L 5 L 5 \I' r' L
Sl ‘\%_z
2.1 2.2 23

Fig.2. Measurement blocks 2.1, 2.2, 2.3.

Then, to form a plane wave front perpendicular to the optical axis of the measurement unit, a collimator 2 is
installed and the image of source 1 is refocused without reference to the origin of the photo detector 5. Thus, the
conditions for observing a “star” with a known fixed position on the optical axis of each measurement unit are created.

& X fr = 2Va) I B 1
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Fig. 3. Measurement screens

After installing the aligned measurement units along the axes z, X, y on the photo detectors s offsets A; from A,,
A, A, are proportional to the corresponding velocity v,,; component A,.
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. . Vip . A . .
As shown in [18], aberration o;,= % sin¥; = TL Hence, the velocity v,,; component vy, is equal to

_ A1
Vip = €7 siny;’ Q)

where L —is the pipe length of the measuring unit, ¥; - is the angle between v;;, and the axis of the measuring unit.
According to the components v;,,, projections of the vector of the current peculiar velocity of the meter in the
observer's reference system are obtained, proportional s, — X, ¥,; Sx — Yx, Zx; Sy — Xy, Z, (Fig. 3.1). Projections of
the peculiar velocity vector on the axes of the same name z, x, y on different photo detectors should be equal to
X; = Xy,Ys = Yu» Zx = Zy. Using these projection values, the processing unit calculates the magnitude and direction
of the vector v,; of the current peculiar velocity of the meter in the observer's reference system. Aberration
measurements can be made using optically active materials [16]. The refractive indices of an ordinary ray and an
extraordinary ray n, # n, are different in the direction perpendicular to the optical axis of the uniaxial optically
active substance 6 (2.2, Fig. 2). This leads to a difference in the aberration angles of the ordinary and extraordinary

2
ray oce=%oc0 and their displacements Ay, Ay Aoy Apy Dex Aey [16]. Accordingly, the expressions for the

e
projections of the velocity v,; component v;;, along the ordinary v,;, and extraordinary v, rays will be v,;, =

Api 1 20 1 . . o . .
2 ——and vy = cn—i -2 —— where L is the length of the tube of the measuring unit with an optically active
L sin¥; ng L sin¥;

substance.

When using filled with a uniaxial optically active substance with an axis that coincides with the optical axis of the
measurement units 2.2 (Fig. 2), they are aligned with the reference to the origin of the photo detectors without
collimator 2 using an ordinary ray. Then, a collimator 2 is installed and focusing is again performed without reference
to the origin of the photo detector 5. For installed aligned measurement units with optically active substance along the
axes z, X, y the photo detectors receive double images of sources 1, according to ordinary x, x, ¥, Yy Zy 2, and
extraordinary X,q X1 Y1 Vx1 Zx1 Zy1 rays (Fig. 3.2).

1
sin¥;
Xy, 7, correspond to images of a source along an ordinary ray. Images of a source along an extraordinary ray s, —
Xz1, Y715 Sx — Yx1) Zx13 Sy — Xy1,Zy1 also correspond to projections of the current peculiar velocity vector v, =

né Ao 1

o . . Ao
Projections of the current peculiar velocity vy, = c% vector of the meter s, — X,,V,; Sx — Vs Zys Sy —

n3 L siny;

Here, the difference in the refractive indices of the ordinary and extraordinary rays n, # n, in the perpendicular
optical axis of the measurement units is taken into account [16]. By these values of the projections, by the ordinary
1ay S; — Xz, ¥z Sx — Yxr Zx; Sy — Xy,Zy, and on an extraordinary ray S, — X,1,¥z1; Sx — Yx1» Zx1; Sy — Xy1,Zy1, the
processing unit calculates the magnitude and direction of the vector v,; of the current peculiar speed of the meter on
ordinary v,;;, and extraordinary v,;, rays. Their values must be equal vy = Veip.

To measure the peculiar velocity using a Young's interferometer [18], light sources 1 were installed in the
measurement units 2.3 (Fig. 2), in the form of a brightly lit narrow gap. Instead of lenses 3, there are installed
screens 3.a with narrow slots parallel to the slit of light source 1 so that the slits of light source 1 and screens are
perpendicular to the corresponding axes X, y, z of photo detectors 3.3 s,s,s, in the observer's reference
frame (Fig. 3).

When adjusting the measurement units, the position of the interference pattern on the photo detectors s, sy s, is
fixed. The collimators 2 of the luminous flux of the source 1 are installed in the aligned measurement blocks 2.3. The
collimators 2 provide the output of the luminous flux with a plane wave front parallel to the plane of the screen 3.a.

The interference patterns on the photo detectors 3.3 s, s, 5, will shift to Ai, = —in%sin'}’ in the opposite

direction to the corresponding components v, of the velocity v,,;. Based on these values Ax, Ay, Az, projections,
inziwc and from them the magnitude and direction of the
vector v); of the current peculiar velocity of the meter [18].

To calculate the current peculiar velocity vector by processing unit 4 (Fig.1), the projection values of the
measurement units along any two axes are sufficient. Projection values from the third measurement unit can be used
to increase the accuracy and reliability of measurements.

The projection values for an ordinary ray and for an extraordinary ray when using measurement units filled with
uniaxial optically active substance 6 (2.2, Fig. 2) can be used to further increase the reliability of measurements. This
is especially important when measuring the current speed of vehicles in deep space.

The use of measurement 2.3 (Fig.3) units with a Jung's interferometer makes it possible to measure the velocity
vp; component v,; along only one axis in the observer's reference frame. However, the use of a shift in the

interference pattern on photodetectors can improve the accuracy of measuring the velocity component.

the processing unit calculates the components v, =
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In all analysis results, first-order quantities Eare obtained. The influence of motion (second order At,Ar

2
magnitude :—2) determined by the Lorentz transformations here may not be taken into account when measuring order
magnitudes E .
CONCLUSIONS

1. Measurement of light aberration in a closed inertial system enables direct measurement of the (peculiar) speed
of the observer in a comoving, selected reference system (SRS) without the Hubble component.

2. By measuring the component of the current peculiar velocity vector Vy in the selected direction, and by the

total speed Vs using the Doppler effect, it is easy to calculate the Hubble speed determined by Universe expansion Vy

(averaged) by z > 1000 in the same direction.

3. The expected accuracy of measuring the speed of the inertial reference system is better for a device with
measuring units based on Jung's interferometer.

4. In a device with blocks filled with a uniaxial optically active substance, we obtain double duplication of the
measurement channels. This increases the reliability of the devices, which is important when used to track the peculiar
speed of the Earth and in spacecrafts for deep research.
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BUMIPIOBAHHS IIBUJIKOCTI B CYITYTHIA CUCTEMI BIIUIIKY
B.M. CBum
Xapkiscorkutl Hayionanvhuil aepoxocmiunuil ynisepcumem im. M. €. JKykoscvroeo «Xapkiscorkuii agiayiinuti iHcmumymy
eyn. Uxanoea 17, Xapxis, Ykpaina, 61070
3anporoHOBaHO Ta JOCIIPKEHO CIOCiO MpsSMOro BHMIpPY LIBHAKOCTI croctepirada (MEKyJsIpHOI MIBUIKOCTi) BIAHOCHO CYIyTHBOT
cucTeMH Bimtiky. [t BUMIipy MEKyJISIpHOI LIBHAKOCTI MPOMOHYETHCS BHKOPHCTOBYBATH BHUMIipIOBaHHS 3ipKOBOi abeparllii cBitia.
IIpoBeneHo MOpiBHIHHS BHKOpUCTaHHs abepauii cBiTia Ta epexry Jonmiaepa i BUMIPIOBaHHS UIBUAKOCTI BITHOCHO PETiKTOBOTO
BUNpoMiHioBaHHs. [Ipu BukopucTanHi epekty Jlomnmiepa BUMIPIOEThCS CyMapHa IIBHIKICT CriocTepirada — XabIoBChKa MIBUAKICT
Ta pajiaiibHa CKJIAJ0Ba MNEKYJSIPHOT IIBHIKOCTI cIHOCTepiraya. B pe3ysibrari MpOBEAEHOro aHaji3y CKJIAJOBUX MIBHUAKOCTI
crocrepiradya B CYMyTHIH CHCTeMi BiAJIiKy, XabJIOBChKOI Ta MEKyJSIPHOI IIBHAKOCTEH crocrepirada, copMysibOBaHO iX CYTTEBi
ocobnmuBocti. HaBexmeHo anamiz ¢opmMu  (QPOHTIB XBWIb PEIIKTOBOTO BHUIIPOMIHIOBAHHS, BHIIPOMIHIOBAaHHs —KBa3apis,
BUIIPOMIHIOBAHHSI 3ipOK Ta BUIIPOMIHIOBaHHS Ha3eMHHUX pKepes. B Hacmizok nporo aHamisy, mokazaHoO BU3HAYaJIbHHUN BILUIMB (HOPMHU
X XBUJIbOBHX (PPOHTIB HA MOKIIMBOCTI BUMIPIOBaHHS 3ipKOBOi abeparlii Ta BiICYTHICTh TaKOTO BIUIMBY MPH BUMIPIOBaHHI IIBUAKOCTI
3 BUKOpUCTaHHM edekty Jlormnepa. BumiproBanHs abGeparii cBiT/Ia B iHEpLiifHINA CHCTEMI HaIa€ MOMIIUBICTD IPSMOTO BUMipPIOBaHHS
MEKYJISPHOI MIBUAKOCTI CIIOCTepirada B CYyHyTHIH CHCTeMi BiTiKy. 3HaHHS HEKYJIAPHOI IIBUAKOCTI CIOCTEpiradya BaKIHMBE IUIS
MiABHUIIEHHS TOYHOCTI BH3HAYEHHS XaOJOBCHKOI IIBHUAKOCTI OCOOIMBO 00’€KTiB MOPIBHSAHO HEBENHMKOI BimmaieHocTi. JlocmimkeHi
3allPONIOHOBAaHI CTPYKTYPH MPHUCTPOIB BHMIPIOBAHHS MEKYJIAPHOI MIBUAKOCTI 1HEPLiHHOI ccTeMH Bimmiky. [lekynspHa MIBHAKICTH
BHU3HAYAETHCS TI0 BUMIPEHHIH abeparlii cBiTia He MepeXOoAsyH 0 iHIIOT CHCTEMH BiIiKy. BUkoHaHO OLIHKY 1X O4iKyBaHOI TOYHOCTI
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Ta HagifHoCTi. IIpakTHYHe BHKOPHCTaHHS NPOMNOHOBAHUX CTPYKTYP MOXJIMBE B aCTPOHOMII Ta amapaTax JOCTIKCHHS HaJeKOro
KOCMOCY.

KJIFOUYOBI CJIOBA: penikToBe BUIIPOMiHIOBaHHS, 3ipKOBa abepallist CBiTjIa, cucTeMa BiUliKy, XaOlIOBChKa HIBHUAKICTb, MIEKYJIIPHA
HIBUJIKICTD, KOJIiMaTOp, oTonpuiimay.

H3MEPEHHUE CKOPOCTH B CONYTCTBYIOIMEN CUCTEME OTCYETA
B.M. CBuu
Xapvrosckuil HayuonansHwill aspokocmudeckuti ynusepcumem um. M.E. JKykoeckozo «Xapbrogckuil asuayuoHHultl UHCINUMYM»
Xapvxos, Vkpauna, 61070

IpemnokeH W wHccIenOBaH CHOCO0 MPSMOTO HU3MEPEHMsl CKOpocTH HaOmiomaTens (IIEKYISIpHOH CKOPOCTH) OTHOCHTEIBHO
coIyTcTBYIOLIEH cucTeMbl oTcuéra. [l M3MEpeHUus! MEKyJSpHOW CKOPOCTH IpeJIaracTcsi HCIOIb30BaTh M3MEPEHHUE 3BE3IHOMN
abeppanuu cBera. IIpoBenieHO CpaBHEHHE HCIOJIB30BaHMS abeppauuu cBera U >ddekra Jomiepa st U3MEPEHHUsS_CKOPOCTU
OTHOCHUTEIBHO PETMKTOBOro uanyueHus. [Ipu ucnonb3oBannu sddexra JJomaepa uamepsercs cyMmapHas CKOpOCTb HabroaaTens —
XabJIOBCKas CKOPOCTh U pajualibHasl COCTaBISIONIAs MEKyJAPHOIH ckopocTH HabmiomaTtens. B pesynbraTe MpoBeAEHHOTO aHaIM3a
COCTaBIISIOMINX CKOPOCTH HAOIIOAATENsI B COMYTCTBYIOIIEH CUCTEMe OTCUETa, XabIOBCKON M MEKYJIIPHOW CKOPOCTe Habmrogarens,
chOpMyIHpOBaHBl HMX CyIIECTBEHHBbIE ocoOeHHocTu. [IpmBeneH aHamu3 (OpMBI BOJHOBBIX ()POHTOB PEIMKTOBOTO H3IyUEHHS,
M3Iy4eHUs KBa3apoB, U3IYUYCHUs 3BE3[ U U3IYUYCHUsS Ha3eMHBIX MCTOUYHUKOB. BeaeacTue aToro aHanusa, oka3aHo OIpenelstoniee
BIMSHHAE (HOPMBI MX BOJHOBBIX (D)POHTOB HA BO3MOXKHOCTH M3MEPEHHMs 3BE3HON abeppalii M OTCYTCTBHE TAKOTO BIMSHUS HPHU
NU3MEPeHHU CKOPOCTH C Hcnonb3oBaHueM 3bdekra Jomnepa. M3mepenue abeppauuu CBeTa B HHEPLMAIBHOH CHCTEME [aeT
BO3MOJKHOCTb IIPSIMOTO M3MEPEHHs NMEKYJIIPHONH CKOPOCTH HAOJIOaTelsl B COMYTCTBYIOIIEH cucteMe oTcuéra. 3HaHHUE MEeKyJIsIpHOM
CKOpPOCTH HaOmofaTens BaKHO Ul MOBBIIICHHUS TOYHOCTH ONpeesIeHHs XaOJI0BCKOH CKOPOCTH 0COOCHHO OOBEKTOB CPAaBHUTEIBHO
HeOoNbIIOoN yaaneHHocTH. MceaenoBaHbl MpeioKeHHbIE CTPYKTYPbl YCTPOMCTB U3MEPEHHsI MEKYIISIPHON CKOPOCTH MHEPLUAIBHON
cucTeMbl oTcueTa. [lexymsipHas CKOpOCTh OHpenersieTcs 10 M3MEpeHHOW abeppamuy cBeTa 0Oe3 mepexoma B APYTYIO CHCTEMY
orcuéra. OueHeHa X OXHIaeMasi TOYHOCTh M HAaIEKHOCTh. [IpakTHdecKoe MCIIONb30BaHHUE MPEATOKEHHBIX CTPYKTYP BO3MOXKHO B
aCTPOHOMMUH ¥ aIIaparax Ul HCCIeIO0BaHuUs JaIbHEro KocMoca.

KJIIOUEBBIE CJIOBA: pennkToBOE H3ITydeHHUE, 3BE3JHAs abeppallys CBeTa, CUCTeMa 0TCUETa, XaOJIOBCKast CKOPOCTb, IIEKyJIISIpHAs
CKOPOCTH, KOJUTUMATOp, (POTOIPHEMHUK.
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The present work is dedicated to study of the possibilities of improving the production method of ''C and '®F medical isotopes using
a linear electron accelerator. Experimental studies of ''C and "*F isotopes production by the photonuclear technique were carried out
in [1]. Various targets were irradiated by bremsstrahlung photons following by measurements targets’ activities. This experimental
research has been carried out in the energy range from 10 to 40 MeV. The current work studies an angular distribution of
bremsstrahlung photons in order to estimate the possibilities of producing maximum achievable levels of medical isotopes '*F and
"1C activities. The angular distribution of bremsstrahlung photons is an important property of the irradiation stand which contains an
assembly of targets. This important property allows designing necessary changes in the target assembly setup used to produce
medical isotopes. The research presented in the current work was done as a computer simulation. The computer software package
‘KIPT* was developed in C++ programming language, using the Geant4 toolkit in order to obtain the angular distribution of
bremsstrahlung photons. Experimental setup materials as well as structural elements positions were defined in the
DetectorConstruction class of our program. The parameters of an electron beam were defined in the PrimaryGeneratorAction class.
The electron beam diameter was defined as 8 mm, energy E.=36.7 MeV, corresponding to the real experiment carried out at the
“Accelerator” Science and Research Establishment of Kharkiv Institute of Physics and Technology [1]. Models of physical processes
occurring while the electron beam crosses the target assembly were defined in the PhysicsList class. All classes and modules
necessary for the analysis of simulation results were included to our program together with visualization modules. Visualization
modules use the OpenGL graphics library and the Qt5 software to represent the relative position of experimental setup parts and to
visualize particle trajectories. As a result of this work, the angular distributions were obtained for the beam of electrons and
bremsstrahlung photons directly before the target. This result will allow target assembly parameter optimization for optimal
production of medical isotopes by the photonuclear technique.

KEY WORDS: bremsstrahlung converter, angular distribution, Geant4 simulation, medical isotopes production

The use of radionuclides in nuclear medicine, biology as well as to assess the state of the environment and in other
areas is widespread. Many nuclear centers have reactors or accelerators. These centers have technologies for the
development and research of radionuclides producing methods. Radiopharmaceuticals created on the basis of these
radionuclides make it possible to obtain information about pathological changes in various organs of a person after the
injection of radiopharmaceuticals into the patient’s body. At present, scientists of leading scientific centers conduct
research on the production of radiopharmaceuticals by the photonuclear technique [1-3].

Scientists of Kharkiv Institute of Physics and Technology are conducting research in the field of photonuclear
isotope production technique [1]. The target irradiation by bremsstrahlung flux is carried out to study the possibility of
obtaining the maximum achievable activity levels of medical isotopes (in particular, ''C and "*F ) using a linear electron
accelerator. Further research is planned for development of radiopharmaceuticals based on these isotopes.

The use of computer simulation tools allows one to conduct a preliminary virtual experiment. This work is an
assessment of the method of computer simulation of electrons and bremsstrahlung photons angular distributions for the
experimental setup described in [1].

FORMULATION OF THE PROBLEM
Radioisotopes (''C and'®F ) can be obtained as a result of photonuclear reactions “X(y,n)"'Y when using a

linear electron accelerator. Lithium fluoride is used as a target in [1] to study the possibility of "*F production. Fluorine
interacts with incident gamma rays, and final products are formed as a result of a nuclear reaction — the fluorine isotope

BF and a neutron:
19 18
Ly —> F+n.

The energy of incident gamma rays must be above a threshold of 10.4 MeV to obtain the fluorine isotope "*F [4].
Glucose C,H,,0, is used as the target for labeling with ''C isotope. The carbon isotope ''C is formed in the reaction

12 11
C+y—> C+n,

when glucose is irradiated by bremsstrahlung photons. The threshold of this nuclear reaction is 18.7 MeV [4].
© V.V. Lisovska, T.V. Malykhina, 2020
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The target is placed in an aluminum capsule located immediately after the water-cooled bremsstrahlung converter.
The bremsstrahlung converter consists of several layers of refractory metal with a large atomic number z and atomic
mass A . Tantalum was used in [1] as a suitable material with high density.

Incident electrons with initial energy E, =36.7 Mel undergo multiple scattering while passing through the

convertor. Thus bremsstrahlung photons from scattered electrons can be directed into larger cone than ones produced by
only incident beam. Therefore, it is advisable to preliminarily estimate the angular distribution of produced gamma rays
by a simulation method. Such simulation helps to estimate the optimal size of the aluminum capsule, which contains the
target for the production of isotopes.

RESEARCH METHODS
The computer program that uses the Geant4-10.5 toolkit was designed to evaluate the angular distribution of
bremsstrahlung photons in experiments on the production of radioisotopes by the photonuclear method.
The program contains definitions of the DetectorConstruction class, which describes materials of the necessary
components of the real experimental setup [1], as well as their sizes and structural elements relative positions. Fig. 1
shows a simplified diagram of a simulated experiment.

Fig. 1. The simplified diagram of the experiment [1]
1 — direction of primary electrons; 2— bremsstrahlung converter; 3 — target

Important parameters of the primary electron beam are described according to the real experiment conditions in
the PrimaryGeneratorAction class, which is a part of the program. The beam diameter is described using the
G4UniformRand() method [5]. The beam diameter value is 8 mm. The energy of primary electrons is described using
the G4RandGauss::shoot method. The beam energy is 36.7 MeV. Models of all necessary physical processes that occur
when an electron beam passes through a converter and target assembly are described in the PhysicsList class. The
program also has all classes and modules necessary for the analysis of simulation results as well as visualization
modules.

The PhysicsList class of our program describes physical processes using the Livermore model of low-energy
electromagnetic processes. The Livermore low-energy electromagnetic process model implements the interaction of
electrons and photons with matter down to energies of 250 eV. The Livermore model describes the following processes:
photoelectric effect, Compton scattering, Rayleigh scattering, electron-positron pair formation, bremsstrahlung, and
ionization. Realization of electromagnetic processes at low energies is valid for elements with atomic number up to 99,
and a minimal energy 10 eV [6]. Data used to implement low-energy processes is collected in a set of evaluated data
libraries, such as EEDL (Evaluated Electrons Data Library), EPICS2017 (Evaluated Photons Data Library) [4], etc.
Multiple electron and positron scattering is implemented using the G4eMultipleScattering class and the
G4GoudsmitSaundersonModel model. The G4GoudsmitSaundersonModel model was implemented in 2017, and today
provides the best accuracy in the transport of electrons with energies below 100 MeV [6]. Description of photonuclear
processes in the PhysicsList model of our program contains a parameterization that uses the
G4PhotoNuclearCrossSection class.

Figure 2 shows fragments of preliminary Geant4 modeling in an interactive mode. This figure represents the
OpenGL visualization of 10 electrons passage through one layer of 1 mm tantalum and 1 mm of water. The energy of
electrons is 36.7 MeV. Primary electrons are directed at normal to the converter. The trajectories of electrons and
bremsstrahlung photons are presented in Fig. 2 (a, b).

It is noticeable (Fig. 2) that electrons deviate from the original direction of motion even when passing through the
first layer of tantalum. Therefore, bremsstrahlung photons are spread by some angle.

Computer simulation of the passage of 10000 primary electrons with an initial energy of 36.7 MeV was carried out
in a batch mode in order to analyze the bremsstrahlung photons angular distribution in details. Electrons and
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bremsstrahlung photons were monitored at the moment of crossing the target boundary. Coordinates of electrons and

bremsstrahlung photons that crossed the target boundary with energies above the threshold were written to a file for
further processing.
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Fig. 2. The passage of 10 electrons with an energy of 36.7 MeV through one layer of 1 mm tantalum and 1 mm of water:
1 — tantalum layer; 2 — water

Figure 3 shows the results of data processing of primary electrons (Fig. 3a and Fig. 3b) and bremsstrahlung
photons (Fig. 3¢ and Fig. 3d) passage through four layers of the converter.

Fig. 3. The angular distribution of primary electrons (Fig. 3a and Fig. 3b) and bremsstrahlung photons (Fig. 3¢ and Fig. 3d) after
passing through four layers of the converter
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Fig. 4a and Fig. 4b present histograms obtained by calculating the frequency characteristics of the radii of the
electron beam and bremsstrahlung photons after passing through four layers of tantalum and water. The graph does not
show single events with radius values above 40 mm.
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Fig. 4. Frequency characteristics of the radii of the electron beam (a) and bremsstrahlung photons (b) after passing through 4
layers of tantalum and water

The most probable value of the scattering radius of bremsstrahlung photons was obtained as a result of processing
the statistical data: X . =6.85mm , and o =3.2mm (Fig. 4b). Therefore, there is a significant deviation of scatter radii

of bremsstrahlung photons. We can obtain the value of the circle radius into which bremsstrahlung photons hit with a
probability of 68% when crossing the capsule boundary using the “Three sigma rule” [7]:

3.65mm<R< 10mm .

Therefore, the maximum probability diameter of the bremsstrahlung photons scatter circle is 20 mm. This means
that the capsule containing the target must have a diameter of at least 20 mm if located directly behind the tantalum
converter.

A series of virtual nuclear physical experiments are being conducted to determine the "*F and ''C isotope yeild
after increasing the diameter of the target to 20 mm.

CONCLUSION
As a result of the work, the angular characteristics of the primary electrons beam and bremsstrahlung photons
directly in front of the target were obtained. This allows optimal placement of the target assembly for the medical
isotopes production by the photonuclear method. It was found that the maximum diameter of the circle into which
bremsstrahlung photons hit with a probability of 68% when crossing the target boundary is 20 mm. Consequently, with
the increase of the target diameter from 10 mm [1] to 20 mm, it will be possible to increase the activity level of medical
isotopes due to more proper size of the target.
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KOMIT'IOTEPHE MOJEJIIOBAHHSI KYTOBOT'O PO3IIOALTY EJIEKTPOHIB
TA TAJIBMIBHUX TAMMA-KBAHTIB Y TAHTAJIOBOMY KOHBEPTOPI
B.B. JlicoBcbka, T.B. Maauxina
Xapxiecvruil Hayionanvruil yHisepcumem imeni B.H. Kapaszina
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina

Ipexcrapnena poGoTa IPHCBIUCHA JOCIIHKCHHIO MOXKIHBOCTI YI0CKOHATCHHS METOIB OTPUMAHHS MeAHIHuX i3oTomis ''C a '*F i3
BHUKOPHCTAHHSM JIHIHHOTO IIPUCKOPIOBada eIeKTPOoHIB. Y poOoTi [1] mpoBoauiIics: eKCIepUMEHTAIBHI JTOCIIKEHHS HallpalOBaHHs
dorosaeprnm criocodom izoromis '°F ta ''C y pi3HuX MileHSX Mpy ONPOMiHEHHI TOTOKOM ralbMIiBHOIO BHIPOMIHIOBAHHS LLTEOBHX
MirreHe#. ExcriepuMeHTanbHi JAOCTIIKCHHST TIpoBeicHI B Jiama3oHi eHepriid Bim 10 MeB mo 40 MeB. V mpencrasneniii po6ori
HPOBOAATHCS JIOCITIPKEHHS KYTOBOTO PO3INOJiIYy TalbMiBHUX TaMMa-KBaHTIB 3 METOI0 3'SICYBaHHS MOXJIMBOCTEH OTPHMAaHHS
MAaKCHMAJIBHO JOCSKHHX PiBHIB akThBHOCTI Memmunmx isortomis '*F ta ''C. KyToBuil po3momin raabMiBHHX raMMa-KBAHTIB €
BaXIJTUBOIO XapaKTEPUCTUKOIO BUIPOMIHIOBAILHOTO CTEHILY, IO MICTUTH 30ipKY HITbOBUX MiLICHEH, TOMY II0 3HAHHS X BAXKIUBUX
mapaMeTpiB J03BOJsI€ BHECTH HEOOXimHI 3MiHM 1O KOHCTPYKIii 30ipKH MiIIeHeH AJs HAampalioBaHHA MEIUYHUX i30TOIIB.
JocipkeHHs, IpecTaBieH] B JaHiil poOOTi, BUKOHYBAIUCS 3ac00aMH KOMIT'IOTEPHOTO MOJETIOBaHHS. J[Jsl BUpIIIEHHS 3a1adi 1po
KyTOBHI PO3NOALNT raJbMIBHUX I'aMMa-KBaHTIB Oyna po3pobOieHa xomm'torepHa nporpama KIPT moBoio C++ 3 BHKOPHCTaHHSIM
6iomiotekn kinaciB Geant4. IIporpama wmictute Bu3HaueHHs kiacy DetectorConstruction, B SKOMy OIMCYIOTbCS Matepiaiu
HEOOXIZHUX CKJIQJOBUX EJIEMEHTIB PEabHOI €KCHEPHMEHTAJIbHOI YCTAHOBKM, a TaKO)XX B3a€MHE pO3TAlIyBaHHS BCIX €JIEMEHTIB
KoHCTpYKWil. Y kmaci PrimaryGeneratorAction, 10 BXOJHTh [0 CKJIady HpPOrpaMH, OMKCAaHI MapaMeTpH MydYKa MEpBHHHHUX
enexTpoHiB. JliaMeTp mydka enekTpoHiB popBiHioe 8 MM, eHeprist E. = 36.7 MeB, BiamoBigHo 0 yMOB peaibHOTO eKCIIEPHUMEHTY,
mpoBeneHoro B HaykoBo-mocmimHomy kommuiekci «IIpuckoproBaw»y HHI[ XTI [1]. ¥V kmaci PhysicsList onmcysammess moneni
(i3nYHUX TpoIEeciB, MO BiAOYBalOTHCA P MPOXOHKEHHI MydKa eIEeKTPOHIB Yepe3 MimeHb. [Iporpama Takox MiCTHUTH BCi KilacH i
MOJIyJIi, HEOOXIJHI [UIS aHANI3y pe3yJbTaTiB MOJETIOBAHHS, a TAKOXK MOMYIb Bisyasizamii. Momyii Bi3yaiizanii BUKOPHCTOBYIOTh
rpadiuny 6i6mioreky OpenGL, a Takox mporpamHmii cepBic Qt5 miust OGLIBII HAOYHOTO YSBIEHHS B3a€EMHOTO PO3TAIIyBaHHSI
CJIEMEHTIB EKCIIepUMEHTAIbHOI YCTaHOBKHM 1 Bi3yaunizalii TpaeKkTopiil eJeKTpOHIB, MO3MTPOHIB, raMMa-KBaHTIB. Y pe3yibTaTi
BUKOHAHHS POOOTH OTPHMaHi KyTOBi XapaKTEpHCTHKHU ITy4YKa NEPBUHHUX EJIEKTPOHIB 1 raJbMIBHUX raMMa-KBaHTIB 0€3M0CEpEIHBO
nepes LUIbOBOI MIIICHHIO, 110 J03BOJIUTh ONTHMI3yBaTH MapaMeTp 30ipKH LIJbOBHUX MillleHeW Ul HAMpalfOBaHHS MEAUYHHX
i30ToriB GOTOSAEPHIM CIIOCOOOM.

KJIIFOYOBI CJIOBA: koHBepTep TalbMiBHOTO BHUIPOMIHIOBAaHHS, KyTOBHH po3moain, Geant4-mMoAenroBaHHS, BHPOOHHITBO
MEIMYHNX 130TOMIB

KOMIIBIOTEPHOE MOJEJUPOBAHUE YI'JIOBOI'O PACIIPEJAEJEHUS IEPBUYHBIX 3JIEKTPOHOB
1 TOPMO3HBIX TAMMA-KBAHTOB B TAHTAJIOBOM KOHBEPTEPE
B.B. JIucoBckas, T.B. Majgbixuna
Xapvroeckuil Hayuonanvuwill ynusepcumem umenu B.H. Kapasuna
matioan Ceo600w1, 4, 61022, Xapvkos, Ykpauna

Jlannast paGoTa MOCBAIIEHA HCCIEIOBAHMIO BOIMOKHOCTH YCOBEPIICHCTBOBAHHS METO/IOB MOy UeH s MEIHIIMHCKIX H30TOMOoB 'C 1
8E ¢ ucrons3oBaHHEM IHHEHHOTO YCKOpHTEIISL 3NEKTpoHOB. B pabore [1] mpoBOAMIHCH 3KCIIEPUMEHTANBHBIE HCCIICAOBAHUS
HapaGOTKM (OTOSAEPHBIM crIocoGoM m30TomoB '°F 1 ''C B pasiiuHBIX MHIICHSX, IPH OOITYYCHHH TTOTOKOM TOPMOSHOTO H3ITyYeHHS
LIEJeBBIX MHUILEHEH. DKClepUMEHTalbHbIE MCCIEI0BaHUs IMpOBeACHbl B jauamna3zone sHepruit or 10 MsB no 40 MaB. B
IIPE/ICTAaBICHHON paboTe MPOBOJSITCS HCCIENOBAHUS YIJIOBOTO pacIpefeleHHs TOPMO3HBIX raMMa-KBaHTOB C IEJIbIO BBISICHCHUS
BO3MOXKHOCTEil IONyYeHHs MAKCHMAIBHO IOCTIDKHMBIX yPOBHEH aKTMBHOCTH MeIHUMHCKMX u3otomoB ''F u ''C. Vriosoe
pacrpeiesieHie TOPMO3HBIX I'aMMa-KBaHTOB SIBIISIETCSl BAKHOH XapaKTEPUCTHKOI OOJydaTelbHOIro CTEH[a, COJeprKamiero cOOpKy
LENEBbIX MUIIEHEH, T.K. 3HAHHE 3THX BAXXKHBIX MApPaMETPOB MO3BOJISIET BHECTH HEOOXOAMMBIE U3MEHEHHs B KOHCTPYKIHIO COOPKH
MHUIIEHEH 1 HapaOOTKH MEIUIIMHCKHX M30TOMOB. MccnenoBaHus, MpeacTaBiIeHHbIe B JaHHOW paboTe, BBIMOIHSAINCH CPECTBAMHU
KOMITBIOTEPHOTO MOJIEIHPOBaHUs. J{jisl penenus 3a1aqu 00 yIII0BOM paclpeieIeHUH TOPMO3HBIX TaMMa-KBaHTOB OblTa pa3paboTaHa
kommblotepHas mporpamMa KIPT Ha sspike C++ ¢ wmcnosnp3oBanmeM Oubimorekn kimaccoB Geantd4. [Iporpamma comeput
omnpenenenus xacca DetectorConstruction, B KOTOPOM ONHUCHIBAIOTCS MaTEPHAIBI HEOOXOAUMBIX COCTABHBIX DJIEMEHTOB PEeabHOI
OKCIIEPUMEHTAIBHOM ~ YCTAaHOBKHM, a TaKKe B3aHMMHOE pacCIIOJOKEHHE BCEX JJIEMEHTOB KOHCTPYKIHMH. B kiacce
PrimaryGeneratorAction, BXOJsIIeM B COCTaB IPOIPaMMBbI, ONUCAHBI ITapaMeTPhl ITyyKa MEpBUYHBIX JIEKTPOHOB. [lnamerp myuka
2JIEKTPOHOB ObLI 3anaH 8 MM, sHeprus E.=36.7 M»3B, coriacHO yclIoBUSM pealbHOIO 3KCIEpUMEHTa, IpoBoaumoro B HayuHo-
nccienoBarenbckoM komiuiekce «Yckoputenas»y HHI[ XOTU [1]. B kmacce PhysicsList onmchiBamuch Mopenu (GH3HIECKHX
MIPOLIECCOB, MPOMCXOMAIMX MPH NMPOXOXKICHHU IMydKa 3JIEKTPOHOB uepe3 cOopky muineHeil. IIporpamMma Taxke COIEpKHT Bce
KIIacChl M MOMYIH, HEOOXOAMMBIE JUIl aHaldW3a pe3ylbTaTOB MOACNUPOBAHMSA, a TAaKXKe MOIYNb BH3yalH3anuu. Momymnn
BH3yalIM3aldd HCHONB3YIOT rpaduyeckyto Oubmmoreky OpenGL, a Tarke mporpamMHbIii cepBuc Qt5 mms Gosee HarsIHOTO
MIPE/ICTABICHAS] B3aMMHOTO PACIIONIOXKEHHUS 3JIEMEHTOB SKCIIEPUMEHTANBHOH yCTAaHOBKU M BHU3yalN3allil TPACKTOPHI 3JIEKTPOHOB,
MIO3UTPOHOB, TaMMa-KBaHTOB. B pe3ynbrare BBINOIHEHHS pPabOTHI IONYYCHBI YTJIOBBIE XapaKTEPUCTUKHU ITydKa IT€PBHYHBIX
9JIEKTPOHOB M TOPMO3HBIX FraMMa-KBaHTOB HEIOCPECTBEHHO Iepe/l 1eJIeBON MHUILIECHBIO, YTO NO3BOJIUT ONTHMHU3HPOBATH NapaMeTphl
cOOpPKH IIeNeBBIX MUILICHEH 1151 HApaOOTKHU MEANIIMHCKIX U30TONOB (hOTOSIIEPHEIM CIIOCOOOM.

K/IFOYEBBIE CJIOBA: koHBepTep TOPMO3HOTO H3JIy4eHHs, yIJIoBoe pacmpeneneHue, Geant4-mMoaeaupoBaHHe, HPOU3BOACTBO
MEIULUHCKUX U30TOMOB
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The study aimed at enhancement and optimisation of SnS conductivity via annealing for field effect transistor’s semiconductor
channel layer application. Interstitials and vacancies in SnS films are known to cause carrier traps which limit charge carriers and
hence limit the achievement of the threshold voltage for a field effect transistor operation. Tuning of SnS conductivity for transistor
application is of emerging interest for novel device operation. SnS thin film semiconductors of 0.4 um thickness were deposited
using Aerosol assisted chemical vapour deposition and annealed in open air at annealing temperatures of150, 200, 250, 300 and
350°C. Variation of the annealing temperature from 150 through 250°C enhances the crystallinity of the annealed thin film samples
by increasing the number of crystallites of the annealed films which is also buttress by the decreasing values of FWHM. However a
further decrease in crystallite size at higher annealing temperature of 300 to 350 °C was observed which could be attributed to the
fragmentation of clusters of crystallites at higher annealing temperature. Increase in annealing temperature increases grain size
leading to the reduction in grain boundaries and potential barrier thereby changing the structure and phase of the films which in
essence affects the electrical conductivity of the SnS thin films. The films annealed at 250 °C exhibited optimum conductivity. The
average hall coefficients of the samples deposited at 150 to 250°C were positive which indicates that the films annealed at this
temperature range are of p type conduction while the average hall coefficients of the samples deposited at 300 and 350 °C were
negative indicating that the films are of n type conduction. The conductivity change is essential for the use of SnS as a semiconductor
channel layer especially in a field effect transistor where the device can be tuned to work as a p type or n type semiconductor channel
layer.

KEY WORDS: SnS thin film, annealing, conductivity, grain size, transistor, semiconductor

Metal chalcogenides such as Tin(II) sulphide (SnS) and metal dichalcogenides such as Tin(IV) sulphide (SnS,) are
of interest as potential candidates for the semiconductor transport channel of field effect transistor and has been
previously used in an electric double layer field effect transistor [1]. Chalcogenides consist of a transition element and
one or more chalcogenides elements. SnS thin film is abundance in the earth’s crust with an orthorhombic crystal
structure. It has been reported to be of p type conductivity with a carrier concentration on the order of 10'cm™ and hole
mobility of 1.4 cm*V's™ [2].

The operation of a field effect transistor is essentially dependent on the choice of semiconductor channel layer
material since the voltage required in switching a transistor and also the minimum gate to source voltage differential
that is needed to create a charge carrier conducting path between the source and drain is dependent on the transistor
semiconductor channel layer [3].

However, oxides, nitrides, carbon nanotubes and organic semiconductor have been the widely reported materials
[4]. Therefore, the investigation of other semiconductor materials such as SnS thin film is of interests for novel field
effect transistor performances. An essential factor to be considered in the investigation of SnS as a semiconductor
material for transistor application is the conductivity and conductivity type since a field transistor can operate as p-type
or n-type carrier channel. Optimisation of conductivity is essential for attainment of transistor threshold voltage, easy
reproducibility of film properties and simplicity in device design.

The electrical conductivity of semiconductor thin films strongly depends on the preparation conditions and
techniques. Low resistive films are often obtained by the creation of excess metal atoms through heat treatment called
annealing to fill up interstitials and vacancies which are structural defects in an SnS thin film or by the incorporation of
suitable and control amount of dopants [5].

Annealing is the method of conductivity tuning or control employ in this research which is dependent on the
choice of annealing temperature and annealing environment. For the choice of annealing temperature, it is generally
recommended that the annealing temperature of any material should be less than one-third of its melting point [5]. Since
the melting point of SnS is approximately 900 °C, the annealing temperature for SnS should be < 300 °C. As such the
annealing was carried out at a choice temperature range of 150 to 350°C (150, 200, 250,300 and 350 °C). A starting
annealing temperature of 150 was chosen to allow for minimum temperature required for reacting components. Open air
annealing in atmosphere oxygen was chosen due to its cost effectiveness in set up and acquisition which could scale
down the deposition cost.

Hence, we report for the first time the tuning of SnS carrier conductivity and conductivity type with variation of
annealing temperature in an open air environment for field effect transistor application.

©T. Daniael, U. Uno, K. Isah, U. Ahmadu, 2020
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EXPERIMENTAL PROCEDURE

Soda lime glass substrates were cleaned using the cleaning methods described as follows: (a). The substrates were
washed in sodium lauryl sulphate (SLS) solution to remove oil and protein. (b). To remove the organic contaminants,
the substrates were immersed in piranha solution (H,SO,: H,O, (3:1)) for 30 minutes. (c). The substrates were then
ultrasonically cleaned in distilled water using a sonicator and kept in methanol until it is ready to be used. (d). Finally,
to use the substrate for deposition process, the substrate were taken from the methanol and dried in air at 150 °C. Six
samples of as deposited SnS semiconductor thin films were deposited individually using 0.1 M Tin chloride dehydrates
and 0.2 M of Thiourea which was weighed in stoichiometric proportion and dissolve in ethanol solvent (0.2M of
Thiourea (CH4N,S) solution was prepared with 0.60896g of CH4N,S salt made up to 10 ml of ethanol as solvent while
0.1 M SnCl,.2H,0solution was prepared with 0.90252 g of SnCl,.2H,0 salt made up to 10 ml of ethanol as solvent).
The two solutions were mixed and stirred for 1 hour using a magnetic stirrer at room temperature, after which the
resulting solution was then deposited on the substrate by aerosol assisted chemical vapour deposition (AACVD) at a
constant substrate temperature of 258 °C. Five out of the six as-deposited samples of SnS thin film were annealed in
open air at annealing temperatures of 150, 200, 250, 300 and 350°C while one of the samples was left unannealed. The
as deposited and the annealed samples were allowed to cool to room temperature before undergoing film
characterisation.

The crystal phase analysis was carried out at room temperature using X-ray diffractrometry (D8 Advance, Bruker
AXS, 40Kv, 40 mA) with monochromatic CuKa (A=1.540598 A) over a scan mode of step size 0.034° and counts
accumulated for 192.1 s at each step for 26 ranging from 20° to 80°.The XRD diffractogram was obtained using
OriginPro 2018 software with the FWHM for the peaks estimated using a Gaussian function. Results were analysed
with the scientific graphing analysis software and phase identification was done using the inorganic crystal structure
data (ICSD) pattern [6] after which the crystallite size, d-spacing, lattice parameter, dislocation density and micro strain
were analysed respectively.

The lattice parameters a, b and ¢ value for the orthorhombic crystallographic system of SnS thin film was
calculated from the observed values of 26 using d values (interplaner spacing) for the orthorhombic structure [7]

2 2 2
1/d2hkl =h a2t k /b2+l /c2 (1)

XRD pattern of the films were first indexed after which three peaks whose (hkl) is known were selected and
resolved for a, b and c lattice constants of the SnS thin film which is also equivalent to:
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Where V (unit cell volume)=abc (for orthorhombic), d is the space between lattice planes, h k 1 are the miller indices
while a, §,y are the diffraction angles. Where d is the space between lattice planes and h k 1 are the miller indices. The

atomic spacing parameter d was estimated from the Bragg’s equation [8]:

2d sin 0 = nk 2)
yl
d= 2sin@ (3)
where n=1, A=1.5406A". The average crystallite size of the films were calculated using the equation:
_ 0921
B Bcosb (4)

B = full width at half maximum (FWHM), 6 = diffraction angle, k = Shape factor and A = wavelength of the X-rays
(1.5406 A) and D= average crystallite size respectively.
Dislocation density 6 was calculated using D [7]:

1
§=—; &)
D is the grain size of the film. The micro-strain € was estimated using the equation [8],
__B
&= 4tané (6)

Quantitative information about the preferential crystallite orientation of the SnS thin films were obtained from the
texture coefficient (TC) using the relation [6]:
e
T W) @

I is the measured intensity of the intense peak in the XRD spectrum, I, is the intensity for completely random
sample or the standard intensity of the hkl plane taken from the JCPDS 00-039-0354 card and N is the number of
reflections considered in the analysis.

The morphology and the microstructure of the SnS thin film was characterized using High Resolution Scanning
Electron Microscopy (HR-SEM, Zeiss) while the elemental composition of the as deposited and the annealed films were
characterised by an Energy dispersive X-ray spectroscopy (EDS; Oxford instrument) attached to the SEM. The
instrument was operated at a voltage of 20 kV while the images were captured at 5 kV. A Profilometer (VEECO
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DEKTAK 150) was used to carry out measurement of the thickness of the as deposited and the annealed SnS thin films.
After which the carrier density, carrier mobility and carrier type were determined by an ECOPIA Hall Effect
measurement system (HMS 3000 Hall measurement system) based on Van der pauw configuration. The current was
varied from + 1 mA to 1 mA at room temperature. A magnetic field of 8000 gauss was employed for the Hall Effect
measurement.

RESULTS AND DISCUSSION
Thickness measurement and compositional analysis of the annealed SnS thin films
The thickness of the as deposited and the annealed films were found to be 0.4 pm. The main constituents’ elements
and their relative concentrations are given in Table 1.The SnS thin film annealed at the different annealing temperatures
were smooth, pin hole free and adheres firmly to the soda lime glass substrate surface. The films were all brown in
colour without any significant colour change. The composition of the SnS thin films varied with the increase in
annealing temperature as shown in Table 1.

Table 1
SnS thin film elemental composition (atomic percent) at varied annealing Temperatures.
TA(°C) Sn S Ca Na Cl Si 0] TOTAL

(at. %) (at. %) (at. %) (at. %) (at. %) (at. %) (at. %) 100

0 29.851 52.154 8.352 1.044 5.620 1.740 1.250 100
150 29.804 52.203 8.345 1.040 5.624 1.743 1.249 100
200 29.873 52.131 8.350 1.041 5.622 1.744 1.248 100
250 30.572 51.432 8.346 1.042 5.623 1.742 1.248 100
300 29.634 52.374 8.349 1.044 5.621 1.741 1.247 100
350 29.770 52.233 8.347 1.043 5.622 1.743 1.251 100

Figure 1 gives the EDX spectrum of the as deposited SnS thin film and the SnS samples annealed at annealing
temperatures of 150, 200, 250,300 and 350°C. From the figures, it is evident that the film contained Tin (Sn) and Sulpur
(S) elements which are as labelled. However minute quantity of Na, Ca, Si, Cl and Ca were also observed which could
be attributed to their presence in the glass substrates. The decrease in sulphur content at 150 to 250 °C could be
attributed to the rate of re-evaporation of sulphur from the SnS film layers with increase in annealing temperature due to
the high vapour pressure of Sulpur or the loss of Sulpur during annealing at higher temperatures [5,9].

350 °C

_ — 300 °C

] Sn — 250 °C

cl ;0 Ca Na ——200°C

T — 150 °C

4 n —0°C

J oCl & Na
2Na

cps/a.u
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Figure 1. EDS spectrum of the SnS thin film semiconductor annealed at 0,150, 200, 250,300 and 350 °C.

X-ray diffractomer (XRD) Analysis
Figure 2. Show the XRD pattern of SnS thin film annealed at different annealing temperatures. The peaks were
identified using the JCPDS card number 39-0354 data and are labelled with corresponding orientations. All reflections
were indexed to orthorhombic SnS phase as compared with the standard JCPDS card. The X-ray diffractogram or
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spectrum of the annealed films exhibited peaks of different orientations at 20 values of approximately 31.7° and 66.8°
corresponding to (040) and (080) peaks for samples annealed at 0 (as deposited), 150, 200, 300 and 350 °C annealing
temperature. The position of the (040) peak shifted with annealing to higher 20 values from initial value of 31.71° for
as deposited to a maximum value of 31.74°C for the annealed films which could be due to the release of intrinsic strain
through annealing.

No impurities peaks of elemental sulphur, tin or other tin sulphide phases were identified in the XRD pattern of the
annealed films which buttress the formation of pure SnS phase and absence of oxidation of SnS with annealing in open
air. The as deposited film possess a broad peak being characteristics for an amorphous material or one with very small
nano-crystals. The annealed SnS films exhibited an orthorhombic structure with calculated lattice parameters of
a=0.429 nm, b=1.123 nm and ¢=0.399 nm with no change in the structure of SnS films with changes in annealing
temperature. The observed d spacing as compared to the standard d spacing is shown in table 2.

- 040 ——350°C
080 —— 300 °C|
— 250 °C|
040 — 200 °C|
T — 150 °C|
= ——0°C
g 080
5 | A
g 040
£ 040
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2 080
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Figure 2. XRD pattern for SnS thin film at annealing temperatures of 150, 200, 250,300 and 350°C.

Table 2.
Observed and standard d spacing for annealed SnS thin films
S/N Annealing 20 (°) Observed Standard
Temperature (°C) D spacing (4) D spacing (4)
1 0 31.73912 2.8201 2.8000
2 150 31.74278 2.8167 2.8000
3 200 31.7253 2.8182 2.8000
4 250 31.71153 2.8194 2.8000
5 300 31.72585 2.8181 2.8000
6 350 31.72785 2.8180 2.8000

The calculated d spacing are closely related to the standard JCPDS data. Although a slight difference occurs in the
values which could be attributed to the presence of unit cell volume contraction that might signify the presence of strain
in the annealed films [5]. The calculated texture coefficient values of the five annealed samples is given in Table 3.

Table 3.
Calculated texture coefficient for the annealed SnS thin films
S/N Annealing Texture coefficient (TC)
Temperature °C TC (040) TC (080)

1 150 1.09 0.10
2 200 1.17 0.83
3 250 2.52

4 300 1.05 0.95
5 350 1.40 0.60

The value obtained shows that all the TC values of (040) plane of the annealed SnS thin film component are larger
than 1 which indicates that all the SnS films are polycrystalline with preferred orientation along the (040) plane and
denotes that the number of grains along the (040) plane is more than that on the other planes [9, 10]. The degree of
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preferential orientation initially increased with increase in annealing temperature for samples annealed at 150 to 250 °C
with a maximum value at the sample annealed at 250 °C for each plane after which it decreases.

At annealing temperature of 150°C, it could be inferred that the SnS thin film undergoes incomplete
recrystallization giving rise to a peak with similar intensity to that of the as deposited film. The orientation and intensity
of the film increases with increase in annealing temperature to 200 °C  which could be attributed to improvement in
crystallinity and signifies decrease in dislocation density and density of grain boundaries as a result of decrease of donor
sites that are trapped at the dislocation and grain boundaries. However with increase in annealing temperature to 250 °C,
the intensity of SnS thin film of (040) preferencial orientation decreases which could be attributed to the decomposition
and re-evaporation of adsorption atoms away from the surface as the SnS becomes thermodynamically unstable at high
annealing temperatures which leads to increase in the speed of atoms so as to look for a site of lowest surface energy
structure leading to a formation of a more improved crystalline film. A further increase in the intensity and crystallinity
of the SnS films occurred at annealing temperature of 300-350 °C which could be attributed to the increase in thermal
oscillation of atoms in their lattice position at high temperatures.

The peak associated with the (040) plane was used to calculate the structural parameters of the films been the
preferred orientation of the annealed SnS thin films. The summarised structural parameters are given in in table 4 while
figure 3 shows the variation of average crystallite size with annealing temperatures of 150, 200, 250,300 and 350°C.

Table 4.
Summary of calculated structural parameters for the annealed SnS thin films

Annealing Full width 20 (°) Average Dislocation Micro straing
Temperature (°C) half maximum crystallite size | density & X x 1074

B(®) D (nm) 10'*(Lines/m?)
0 (as deposited) 0.13633 31.73912 60.57 2.73 5.72
150 0.14008 31.74278 58.95 2.88 5.88
200 0.13139 31.72530 62.94 2.52 5.52
250 0.12644 31.71153 65.30 2.35 5.31
300 0.13343 31.72585 61.89 2.61 5.60
350 0.15962 31.72785 51.73 3.74 6.70
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Figure 3. Composite variation of average crystallite size with annealing temperatures

Figure 3 shows the variation of average crystalline size evaluated. The crystallite size initial decreased to 58.95 nm
from the value of 60.57 nm of the as deposited SnS thin film at 150 °C annealing temperature which could be as a result
of the insufficient temperature to move grain boundaries or the fragmentation of clusters of SnS crystals to initiate
recrystallization [5]. The crystallite size however increases with increase in annealing temperature from 58.95 nm for
SnS film annealed at 150 °C to 62.94 nm for the film annealed at 200 °C and to 62.94 nm for the film annealed at 250 °C.
Increasing the annealing temperature from 150 through 250 °C enhances the crystallinity of the annealed thin film
samples by increasing the number of crystallites of the annealed films which is also buttress by the decreasing values of
FWHM and correlates with the report of [11]. Annealing enables Oswald ripening which is the consolidation and
growth of larger grains at the expense of smaller ones with a rate of occurrence aided by temperature. The increase in
crystallite size could also be attributed to the decrease in grain boundary and reduction in deformation as well as defects
in the crystals which signifies increase of degree of perfection of grains with the removal of defects and the reduction of
pores.
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However a further decrease in crystallite size at higher annealing temperature of 300 to 350 °C was observed
which could be attributed to the fragmentation of clusters of crystallites at higher annealing temperature. The sample
annealed at 250 °C exhibits the best crystallinity with the largest grain size and decrease in defects density and decrease
in donor sites trapped at the dislocation and grain boundaries.

Micro strain € and dislocation density 6 which are crystal defect parameters exhibits a reducing trend for the
samples annealed at 150 to 250°C with increase in annealing temperature and with increase in average crystallite size.
The decrease of dislocation density for SnS thin films annealed at 150 to 250 °C indicates the presence of higher
crystallinity of SnS films than the samples annealed at 300 to 350 °C where the dislocation density and micro strain
increases further.The change in the strain may be due to the recrystallization process in the SnS films. Also micro strain
is an inherent and natural component of nano grained materials due to the large number of grain boundaries and the
short spacing between them. Increase in crystal size with annealing temperature causes increase in surface energy which
causes the varying magnitude of the strain [12].

SEM Analysis
The scanning electron microscopy micrograph at magnification of 20000 x for all the annealed samples of SnS
thin film at various annealing temperature as compared to the as deposited is shown in Fig. 4.

EHT = 5,00 KV Signal A= InLens Date 28 Sep 2018 EHT = 5.00 kv Signal A= InLens Date :1 Oct 2018
WD = 4.9mm Mag= 2000 KX Time :14:27:07 H WD = 4.6 mm Meg= 2000KX Time 13:56:11
— » x

EHT = 5.00 kv Signal A = InLens Date -1 Oct 2018 EHT = 5.00kV Signal A = InLens Date 11 Oct 2018
WO = 4.3mm Veag= 20.00K X Tine H14:08:84 H WD = 4.5 mm Mag= 20.00 K X Time 14:00:38

WD = 4.3 mm Mag= 2000KX Time :14:10:13 H WD = 45mm Mag= 2000 KX Time :14:14:30

EHT = 5.00 kv Signal A = InLens Date 1 Oct 2018 EHT = 500 kV Signal A = InLens Date 1 Oct 2018 ﬁ

Figure 4. The surface morphology of SnS thin films annealed at 0, 150, 200, 250, 300 and 350°C.
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A gradual change was observed from the micrograph in the growth of grains of SnS films from island nature to a
more densely packed thin film nature as the annealing temperature increases from 150 to 350 °C. The grains lie
randomly oriented with a decrease in grain boundaries with increase in annealing temperature. Similar results have been
reported by [5]. Figure 5 shows that the grain size which is as labelled on each column increases with increase in
annealing temperature.
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Figure 5. Composite average grain size plot for annealing temperatures of 150 to 350°C.

Increasing the annealing temperature increases grain size leading to the reduction in grain boundaries and potential
barrier which enhances the release of trap carriers thereby increasing the conductivity of the SnS thin film with
annealing.

Hall Effect measurement
The Hall Effect measurement showing carrier concentration, average hall coefficient, carrier mobility, resistivity,
conductivity and sheet resistance is shown in table 5.
Table 5.
Electrical parameters for annealed SnS thin films using Hall Effect measurement

Annealing Bulk concentration | Average Hall Carrier mobility | Resistivity p Conductivity o
Temperature (°C) Nj (em™) coefficient Ry | p (cm*/Vs) (Qcm) (Qcm)”!
(cm’/c)

0 2.238 x10"° 6.928x10° 4337 x10° 3.612 x10° 2.768 x10°
150 2.850 x10"° 1.795%x10" 1.523 x10° 1.217 x10* 8.214 x10”
200 3.010 x10" 1.833x10" 1.571 x10° 1.121 x10* 8.921 x10”
250 3.167 x10" 1.971x10" 1.619 x10° 1.025 x10* 9.756 x107
300 -3.721 x10° -8.678x10° 1.692x10* 1.249 x10° 8.008 x10°°
350 -6.664x10° -9.367x10° 3.905 x10* 1.241 x10° 8.057 x10°®

Compared to the as deposited SnS thin film annealed at 0 °C, the annealed samples showed improvement in their
semiconducting properties. The average hall coefficients of the samples deposited at 150 to 250 °C are positive which
indicates that the films annealed at this temperature range are of p type (with holes as majority carriers) conduction
while the average hall coefficients of the samples deposited at 300 and 350 °C are negative indicating that the films are
of n-type conduction. The change in conductivity could be attributed to the release of tin atoms with annealing at higher
temperature. The inversion (transmutation) in type of carrier charge could also be related to impact defect due to crystal
growth in material with changes in annealing temperature or the thermal oscillation of atoms in their lattice position at
high temperature which may cause a release of atom from its location to filled space left behind. Annealing enhances
increase carrier concentration, reduction in resistivity due to improvement in crystallisation and increase in grain size
leading to decrease in defects density and crystal boundary which enhances increase in the SnS thin film conductivity.

With the increase of annealing temperature, the carrier concentration and mobility increases while the film
resistivity decreases except that of films annealed at 300 and 350 °C. The carrier concentration and mobility reached a
maximum of 3.167 x10'°Nj (cm™) and 1.619 x10°(cm?/Vs) with a p type conductivity. This could be explained by the
fact that increase of annealing temperature leads to improved crystallisation and increase in grain size in the films which
could enhance the decrease of crystal defects, grain boundary and crystal bonding reduction, hence the release of the
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electrons that are trapped at the grain boundary thereby decreasing resistivity and increasing conductivity. However
above 250 °C, higher temperatures enhance stronger crystal lattice vibration which could results in crystal lattice
defects. Such defects become dispersion centres leading to increase of films resistivity. Similar reports have been
reported by [13].

Temperature dependence of electrical conductivity
A deposited film of 0.40 pm thickness which was annealed at 250 °C was used to study the temperature
dependence of electrical conductivity of the deposited SnS thin film by heating to a temperature of 300 °C after which
the resistivity/conductivity was measured as the temperature reduced by 5 °C intervals. The obtained data was analysed
using Arrhenius equation [14]. A plot of In (¢/0,) versus (1/T) is given in Figure 7.

T T T T T T T T T T
1.6 1.8 20 22 24 26 28 30

1000/T (K™
Fig. 7. The dependence of In (¢/a,) versus (1000/T) for SnS thin film

The activation energy of the charge carriers evaluated from the slope of the curve was obtained as 0.520 eV. The
value of the activation energy may be attributed to the deep acceptor states arising from the Sn vacancy which plays
significant role in the p type carrier conductivity of the SnS semiconductor. The excess of non-metallic atoms (Sulpur)
which is also evident in the elemental composition of the film, induces a proportionate Sn vacancy sites such that every
anion would introduce two positive type (p-type) conductor which is supported by the fact that the activation energy of
the SnS thin film depends on elemental ratio, presence of crystal defect and the deposition method used. It is also
evident from the graph that the conductance increases with temperature which indicates the semiconducting behaviour
of the thin film [10].

CONCLUSION

The SnS thin film semiconductors of 0.4 um thickness were deposited using aerosol assisted chemical vapour
deposition (AACV) and annealed in open air at annealing temperatures of 150, 200, 250, 300 and 350°C. The annealed
SnS thin film was found to be polycrystalline consisting of Sn and S elements in varying composition with increase in
annealing temperature. No noticeable change was noticed in the crystal structure of the films while the change in the
lattice parameters was marginal. No impurities peaks of elemental sulphur, tin or other tin sulphide phases were
identified in the XRD pattern of the annealed films which signifies the formation of pure SnS phase. The preferred
orientation of all the annealed films was found to be along the (040) plane. Increasing the annealing temperature from
150 through 250°C enhances the crystallinity of the annealed thin film samples by increasing the number of crystallites
of the annealed films which is also buttress by the decreasing value of FWHM. However a further decrease in crystallite
size at higher annealing temperature of 300 to 350°C was observed which could be attributed to the fragmentation of
clusters of crystallites at higher annealing temperature. A decrease of dislocation density and micro strain for SnS thin
film samples annealed at 150 to 250 °C was noticed indicating the presence of higher crystallinity of SnS films than the
samples annealed at 300 to 350 °C where the dislocation density and micro strain increases further. A gradual change
was observed from the SEM micrographs in the growth of grains of SnS films from island nature to a more densely
packed thin film nature as the annealing temperature increases from 150 to 350 °C. Increase in annealing temperature
increases grain size leading to the reduction in grain boundaries and potential barrier thereby changing the structure and
phase of the films which in essence affects the electrical conductivity of the SnS thin films. The films annealed at 250
°C showed an optimum film property for in terms of the conductivity and band gap which are essential for application as
a semiconductor channel layer in a field effect transistor. The average hall coefficients of the samples deposited at 150
to 250°C were positive which indicates that the films annealed at this temperature range are of p type (with holes as
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majority carriers) conduction while the average hall coefficients of the samples deposited at 300 and 350 °C are negative
indicating that the films are of n type conduction.

To the best of our knowledge and within the limit of available literature, no report has been made on the tuning of
SnS thin film semiconductor properties with annealing in an open air environment for transistor application, hence
turning the results described here innovative to the scientific community.
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TIOHIHI ITPOBIAHOCTI TOHKOIO IIJIIBKH SnS ITPU BIAITAJII ¥ BIAKPUTOMY ITOBITPSIHOMY
CEPEJOBHMIII JJI51 3BACTOCYBAHHS B TPAH3UCTOPAX
Tomac daniea™, Yuo Yno”, Kacum Icax”, Ymapy Axmany”
“Kagpeopa ¢pizuxu / 2eonozii / 2eopizuxu, Anexc Exeeyme, @edepanvruii ynicepcumem Hoygy Anixe
Ixeo, P.M.B 1010, wumam E6ownii, Hicepis
bKadyedpa Gizuxu, Qedepanvruti mexnonociunuil ynisepcumem, Minna
P.M.B 065, Minua, wumam Hizep, Hicepis
JocnimkeHHss copsMOBaHE Ha TOKpAIIEHHS Ta ONTHMI3alil0 MPOBiAHOCTI SnS 3a JOMOMOror BiANaly A 3acTOCYBaHHS B
HaIiBIPOBIAHIKOBOMY MIapi IMOJBEOBOrO TpaH3HCTOpa. Bimomo, mo MiKBY3I0BI aToMH 1 BakaHCIl B IUIiBKax SnS BUKINKAIOTh
[ACTKH, 5IKi OOMEXKYIOTh HOCIT 3apsiy i, OTKe, OOMEKYIOTh JOCSITHEHHs IIOPOTrOBOI HANPYTU VISl POOOTH HOJBOBOTO TPAH3UCTOPA.
HanamryBanHs mnpoBimHOcTi SnS Juisi 3acTOCyBaHHS y TpaH3UCTOpax BHUKJIMKAE iHTEpeC Ui pOOOTH HOBHUX HPHCTPOIB.
TonkormtiBKoBi HamiBnpoBigHuKK SnS ToBHIMHOK 0,4 MKM OyJIM OCa/pKalMCh METOJOM XiMIYHOTO aepo30JIEHOTO OCAa/DKCHHS Ta
BiilIaJIeHi Ha BiAKPUTOMY MOBITpi npH Temmeparypi Bixnazy 150, 200, 250, 300 ta 350°C. 3mina Temneparypu Bignamy Big 150 mo
250°C miABHUIy€e KPUCTATIYHICTh BiJMaleHUX 3pa3KiB TOHKOI IUTIBKM 3a PaXyHOK 30UIBIICHHS KUTBKOCTI KPHCTANITIB BiANaICHHX
IUTIBOK, L0 TAaKOX MiAKPIIUTIOEThCS 3MeHIueHHsM 3HaueHb FWHM. Opnak crocrepiranocsi Mojaibliie 3MEHIICHHS PO3Mipy
KPHUCTAIITY NMpH OiIbII BUCOKIA Temmeparypi Bigmany Big 300 mo 350°C, mo moxkHa Oyiio MOSCHUTH (hparMEeHTALIEI0 CKYIMYeHb
KPHUCTAIITIB IpH OUIBII BUCOKi TeMIepaTypi Bigmany. 30UTbIICHHS TEMIIEPATyPH BiAMady 301IbIIye pO3Mip 3epHa, IO IPU3BOIUTH
110 3MCHILICHHS MEX 3epHa Ta IOTCHLIHHOro 0ap'epy, THM CaMHM 3MIHIOIOYH CTPYKTYpY Ta (asy IUIBOK, IO IO CyTi BIUIMBAE Ha
€JIEKTPONPOBIAHICT TOHKMX ILTiBOK SnS. ITmiBkw, Bimmaneni mpu 250°C, neMOHCTpyBaNIH ONTHMANBHY IpOBimHICTE. CepenmHi
koedimienTn Xosuia Ha 3paskax, ocamkeHux Bia 150 go 250°C, Oyiu MO3MTHUBHHUMH, IO BKa3ye Ha Te, IO IUTIBKH, BiANaycHi B
LOMY J[ialla30Hi TeMIepaTyp, MaroTh P-THIT MPOBIAHOCTI, TOMI K cepenHi koedimieHTn Xouta st 3pa3KiB, ocamkenux npu 300 i
350°C, Oysiu HETaTUBHUMHU, IIO CBITYUTH MPO Te, IO IUTIBKK MAIOTh N-TUI HPOBIAHOCTI. 3MiHA €IEKTPOIPOBIAHOCTI MA€ BAXKIIUBE
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3HAYEHHS JUI BUKOPUCTaHHA SnS sK Iapy HaliBIPOBIJHUKOBOTO KaHaIly, OCOOJIMBO B IOJIBOBOMY TPAaH3UCTODI, JIe IPHCTPIH MOXKe
OyTH HaJIANITOBaHHUI Ha POOOTY TUILy HaMiBIPOBIAHHUKOBOIO KaHATY THITY p 200 N-THITY.
KJIFOUYOBI CJIOBA: ToHKa 1uiBKa SnS, Bifnai, IpoBiAHICTh, pO3MIp 3epHa, TPAH3UCTOP, HAIIBIIPOBITHHUK

HACTPOMKA IIPOBOJIVMMOCTH TOHKOM IVIEHKH SnS ITPA OT’)KUI'E B OTKPHITOM BO31YIIIHOM CPEJIE
JJIs1 MIPUMEHEHUSA B TPAH3UCTOPAX
Tomac Janman™’, YHo Yuo®, Kacum Hcax’, Ymapy Axmmyb
“Kageopa ¢usuru/zeonozuu/zeopusuxu, @edepanvuwiii ynueepcumem Anexca Jxeysme, Hoyghy-Anuxe
Hxeo, P.M.B 1010, wumam D60nu, Hueepus
bKaqbedpa Gusuku, Qedepanvhvlii mexnonocuveckuti ynusepcumem, Munna
P.M.B 065, Munna, wmam Hueep, Hueepus

HccnenoBanue ObUIO HANPaBICHO HA YIydIICHWE W ONTHMH3ALMIO IPOBOAUMOCTH SnS MOCPEACTBOM OTXKHTA AN MPUMEHEHUS B
MOTYTIPOBOAHMKOBOM KaHaJIe MOJIEBOTO TPaH3UCTOPa. M3BECTHO, 4TO MEX/0y3eNbHbIe aTOMBI M BAKAHCHH B INICHKAX SNS BBI3BIBAIOT
JIOBYIIKM HOCHTEJeH, KOTOphle OTpaHMYMBAIOT HOCUTENHN 3apsja M, CIeIOBaTeIbHO, OIPAaHUYMBAIOT JOCTIDKCHHE IIOPOTOBOTO
HalnpspKEHHs UL paboThl MOJICBOTO TPaH3UCTOpa. TIOHMHT MPOBOAMMOCTH SnS Ui NPUMEHEHHS B TPAH3UCTOPAX IPEICTaBIIIET
UHTEpeC Il paboThl HOBBIX yCTpOicTB. TOHKOIJIEHOUYHBIC MOJIYIPOBOAHUKU SnS TonmuHONH 0,4 MKM OCaXAalIUCh METOAOM
a3pO30JILHOTO0 XMMHYECKOr0 OCaXKICHHS U3 MapoBOH (a3bl U OTKUTAJIKCh HA OTKPBHITOM BO3IyXe IPH TeMmiepaTrypax oTxkura 150,
200, 250, 300 u 350°C. HU3menenue temneparypsl omxura ot 150 no 250°C nmoBblmaeT KpUCTAUNIMYHOCTh OTOMOKEHHBIX 00pa3IoB
TOHKHX IIJIGHOK 3@ CYET YBEIHYEHHs KOJIMUYECTBA KPUCTAIIUTOB OTOMOKEHHBIX IUICHOK, UTO TAKXKE MOAKPEIUIAETCS YMEHBIIEHHEM
sHaueHuit FWHM. Opnako Habmromanoch JanbHEHIIEe YMEHBIICHHE pa3Mepa KPHCTAUIUTOB HpH OoJiee BBHICOKOW TeMIlepaType
omkura ot 300 mo 350°C, 4To MOKHO OOBSACHHUTH (pparMeHTalUEH KIacTepOB KPHCTAJUIUTOB IpH OoJee BBICOKOHW TeMIlepaType
orxura. [IoBeIIeHHE TeMIepaTypbl OTXKHIa YBEIHYMBACT pa3Mep 3€pHa, YTO IPHBOJUT K YMEHBIICHHIO TIPaHUIl 3€peH U
MOTEHIHAIBHOTO Oapbepa, TeM CaMbIM HM3MEHSS CTPYKTypy M (ha3y IUICHOK, YTO MO CYIIECTBY BIMSET Ha 3JIEKTPOIPOBOJHOCTH
TOHKHX TUIeHOK SnS. Ilnenku, oToxokeHHble mpu 250°C, mokasaim onTUMaibHy0 IpoBoauMocTh. Cpennue ko3¢ unueHTsr Xoia
00pa3ioB, HaHECEHHBIX MpU Temmepatype or 150 mo 250°C, ObUIM TONOXXUTEIbHBIMU, YTO YKa3bIBaCT Ha TO, YTO IUICHKH,
OTOXOKEHHBIE B 9TOM JlMalla30He TEMIEPaTyp, MMEIOT MPOBOAUMOCTb P-THIA, B TO BpeMs Kak cpeaHue kodapduuueHTsl Xoiia
00pa3uos, HaneceHHBIX pu 300 u 350°C, 6bUTH OTPULIATENBHBIMU, YTO YKA3bIBAET HA TO, YTO IJICHKHU UMEIOT IPOBOJMMOCTh N-TUIIA.
V3meHeHne MpOBOAUMOCTH SIBISCTCS CYNIECTBEHHBIM JUI HCIONB30BAaHMSA SnS B KadecTBE CIIOS MONYNPOBOJHHKOBOTO KaHANa,
0COOCHHO B TTOJIEBOM TPAH3UCTOpPE, TAE YyCTPOICTBO MOXKET OBITH HACTPOCHO IJIsI pabOTHI B KA4ECTBE CIIOS ITOIYIPOBOIHUKOBOTO
KaHaJa p-TUIIA WM N-THIA.

KJ/IFOYOBI CJIOBA: ToHKas IIeHKa SnS, OTXKUT, IPOBOJIUMOCTb, pa3Mep 3¢pHa, TPAH3UCTOP, IOIyIIPOBOJHUK
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DETERMINATION OF 2*U/2%U, 25U/28U, 2°U/*8U ISOTOPE RATIOS IN URANIUM
OXIDE BY SECTOR-FIELD ICP-MS
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Influence of mass bias effect, isobaric and polyatomic interferences on the results of **U/**U, **U/**U, *U/**U isotope ratio
determination in uranium oxide by sector-field ICP-MS was studied. Uranium isotopic standards CRM U100, CRM U200 based on
triuranium octoxide (U,0;) and single-collector mass spectrometer ICP-SFMS ELEMENT 2 were used for research. It has been
demonstrated that the mass bias effect has most influence on the results of uranium isotope ratios determination. To investigate the
influence of the mass bias effect on the determinations of uranium isotope ratios, the external standardization calibration was used
with three models (linear, power, exponential) describing the behavior of the specific discrimination coefficient £ versus the mass of
measured isotopes. The mass discrimination factor has been found to vary from 6.00 x 10~ to 1.20 x 10%. The advantage for using
the (power/exponential)-law models of the S = F(Am) relationship for correcting measured isotope ratios was justified. In case of

polyatomic interferences, the efficiency of uranium hydride ion (**U'H*) formation is 3.54 x 107, while the impact of isobaric
overlapping due to the contribution of scattered **U* ions to the intensities of less abundant ‘U and **U ions reaches
8.17 x 10°°. The relative measurement error for the **U/?*U , ®U/**U ratios was found to be < 0.5 %, and for the **U/**U

ratio less than 0.1 %. The calculated standard uncertainty u of the “*U / U, Pu / U, PU / U isotope ratio

measurements in the CRM U100 was 0.563, 0.322 and 0.856 %, respectively. These are reasonable estimates in comparison with the
uncertainties of certified values of 0.296, 0.097 and 0.265 %.

KEY WORDS: inductively coupled plasma mass spectrometry, uranium oxide, mass bias effect, polyatomic interferences, isobaric
overlapping, uranium isotope ratios

The mass-spectrometry methods are intended for isotopic and elemental analysis of materials and applied at
atomic industry plants for providing in-process control, as well as quality control and end products certification [1]. The
in-process monitoring of nuclear fuel and constructional materials processing is extremely important for predicting the
products behavior under irradiation conditions, where even a minor change in the element concentration may lead to a
significant property changes [2].

The quality of uranium products (uranium ore concentrate, uranium hexafluoride, uranium dioxide) is regulated by
international standards, whereby one of the most important quality characteristics is the isotopic composition of
uranium [3]. The analytical methodology of isotope ratio measurements of depleted, enriched, and natural uranium is
determined by the ASTM standard (ASTM C 1477-08), which also sets limits on the relative measurement error: less
than 0.1 % for **U, and less than 1 % for >**U, >**U.

For precise determination of the uranium isotopes abundance, the following types of multi-collector mass
spectrometers are mainly used (in accordance with the substance ionization method): the thermal ionization mass
spectrometer (TIMS) and the inductively-coupled plasma mass spectrometer (ICP-MS). The presence of several
collectors allows simultaneous measurement of a few isotopes at a time, thereby offsetting the influence of signal
intensity variations with time, and considerably improving the accuracy of isotope ratio measurements. According to
various literature data, the relative measurement error for those mass spectrometers may vary from 0.05
to 0.002 % [4,5,6].

The main application of single-collector sector-field ICP-MS is the analysis of extremely low contents of elements
(elemental analysis) with the detection limit at level of ppq (107" %) [7]. This is due to high resolution of such mass
spectrometers and their high sensitivity (~ 10° cps per 1 ppb '°In). The application of ICP-SFMS in the uranium isotope
analysis calls for an additional consideration of the following effects that may affect the measurement results.

The mass bias effect occurs in the interface part of the mass-spectrometer due to the space-charge effect in the
skimmer cone region, and promotes a higher heavy-ion transfer efficiency. Thus, two isotopes of the same element in
the same concentrations will induce a signal of different intensity.

Isobaric overlapping of the high-intensity peak tail with the mass m on the peak intensities with the masses
(m-1), (m=2), (m—3). This effect is associated with ion scattering by the molecules of the residual gas in the
vacuum system, and it is referred to as the abundance sensitivity. Its value becomes critical during measuring the
extreme isotope ratios (higher than 10°), uranium isotopes being an example [8, 9].

Polyatomic interferences is caused by the formation of 4r", H*, O" ions in plasma, which in their transit through
the interface part of the mass spectrometer enter into the plasma-chemical reactions with the result that polyatomic ions
©D.V. Kutnii, D.D. Burdeynyi, S.A. Vanzha, N.V. Rud, 2020
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are produced. In this case, to estimate the m =236 peak intensity, it is necessary to take into account the contribution

of the **U'H" hydride ions formation [10, 11].

With due regard for the above-mentioned peculiarities in the application of ICP-SFMS for the uranium isotope
analysis the following research tasks were formulated:
- to study the influence of ion interaction processes in the ICP SFMS (mass bias effect, isobaric and polyatomic

interferences) on the measurement results for the **U/**U , *U/*U and **U/**U isotope ratios in uranium
oxide;

- to estimate metrological characteristics of the measured data with regard to the applicability of the ICP-SFMS
method for the quality control and certification of uranium products in nuclear power industry.

MATERIALS AND METHODS
Studies were carried out using uranium isotopic standards based on triuranium octoxide (U,0,) CRM U100 and

CRM U200, made by the U.S. National Bureau of Standards (since 1988 — National Institute of Standards and
Technology of the U.S. Department of Commerce). Each standard represents 10 mg of highly purified U,0, powder,

certified values of the isotope ratios were obtained using multi-collector TIMS and are given in Table 1.

Table 1. Certified isotope ratio in uranium isotopic standards CRM U100 and CRM U200

234U/ 1877 ‘ 235U/ 2387 ‘ 236U/ 2387
CRM U100
0.00075359 +£0.00000223 | 0.11359+£0.00011 | 0.00042250 £0.00000112
CRM U200
0.00156432 +£0.00000378 | 0.25126 =+ 0.00026 | 0.00265659 £ 0.00000757

The isotope ratios were measured using single-collector mass spectrometer ICP-SFMS ELEMENT 2 (Thermo
Fisher Scientific GmbH, Germany), technical characteristics are given in Table 2.

The mass spectrometer resolution represents the value equal to M / AM , where AM is the minimum distance (in
a.m.u.) between two adjacent peaks at their overlapping at 10 % peak height. For example, the resolution of 1000 means
that the peaks with masses of 100.0 a.m.u. and 100.1 a.m.u. are resolved, i.e., not overlapped up to 10 % of their height.

Table 2. Technical characteristics of ICP-SFMS ELEMENT 2

Mass range from 2 to 264 a.m.u.
Sensitivity ~10° cps for 1 ppb '"°In
Detection limit 1 ppq for non-interfering elements
Dark noise <0.2 cps
Dynamic range > 10’
Mass resolution low (300), middle (4000), high (10000) at 10 % peak height
Signal stability better than 1 % for 10 min.

The ions were registered at two modes of mass-spectrometer detecting system operation, namely, in the counting
mode with the maximum counting rate of < 10° cps for the measurements of signal intensities from the *U , U,
20U isotopes; and in the analog mode with the maximum counting rate of < 10° cps for the measurements of signal
intensities from the **U, 28U isotopes. The comparison between the analytical signal values, measured in both the
counting and analog modes of detector operation, was performed by means of cross-calibration according to the
multielement standard ICP-MS-68A.

The aliquots for the analysis were prepared with the use of deionized water (HIGH PURITY STANDARDS, High
Purity DI 18 MQ Water) and nitric acid solutions (HIGH PURITY STANDARDS, Subboiled Distilled Nitric Acid). For
preparation of the basis solution with 10 ppm **U content, 2.4 mg U;05 CRM U100 and 2.8 mg U303 CRM U200 in
powder form were dissolved in 15 % HNO; under heated in a boiling-water bath. The final aliquots with the 50 ppb

U content were obtained through the basis solution dilution with 2 % HNO;. The aerosols of final solutions were
introduced into the ionization region of the mass spectrometer with the speed-controlled peristaltic pump.

RESULTS AND DISCUSSIONS
The ion current contribution of uranium hydrides to the intensity of analytical signals from the isotopes ‘U ,
U, U, U was estimated by measuring the mass spectra of the uranium ore concentrate CRM 124-1 with the use
of the masses m =236 (ion current contribution from **U'H" ) and m =239 (ion current contribution from **U'H")
on the assumption that there are no **U and **Pu isotopes in the measured sample. The efficiency of hydride ion
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formation was calculated as the intensity ratios of **U'H"/*U and **U'H"/**U . Then the analytical signal
intensities of the isotopes in CRM U100 and CRM U200 were corrected and the isotope ratios R, were calculated

with and without regard for the hydride ion current contribution. Obtained data were compared with the certified
isotope ratio values R, given in Table 1.

The efficiency of the uranium hydride ion formation was found to be 3.54x107, this corresponding to the *°U'H*
hydride ion current of 1 cps at the **U analytical peak current intensity of 3.54 x 10° cps.

In the studies of the sample CRM U100, the analytical peak intensities were determined to be 8.53 x 10° ¢ps and
3.16 x 10* cps for **U and *°U , respectively, then the ion current contribution of **U'H* hydride to the analytical
signal intensity at m =236 (polyatomic interference effect) was determined to be 24 cps or ~ 0.1 %.

Fig. 1 shows the calculated isotope ratios R, /R ... as a functions of the difference of the isotope mass numbers

cert. meas.

(Am) in the CRM U100 isotope standard, with and without regard for the ion current contribution of the **U'H"
hydride.
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Figure 1. Isotope ratios versus their mass number difference Am in the isotope standard CRM U100: 1 — initial value R, /R .

without regard for the ion current contribution from **U'H " hydride; 2 — corrected value R / R” with due regard for the ion

cert. meas.

current contribution from **U'H* hydride

From the data given at Fig. | it is evident that the polyatomic interference effect is the most significant during
measuring the 2°U/**U isotope ratios, i.e., at Am =2 a.m.u.; for the ratios **U/**U (Am=4amu.)and *°U/>U

(Am =3 am.u.) the given effect is less pronounced. Nevertheless, the values of all measured isotope ratios R appear

underestimated by 1...3 % relative to their certified values (the underestimating increases with increase in Am ), this
bearing witness to the influence of other factors on the measurement results, one of which is mass bias effect.

To investigate the influence of the mass bias effect on the determinations of uranium isotope ratios, the external
standardization calibration was used with three models (linear, power, exponential) describing the behavior of the
specific discrimination coefficient f versus the mass of measured isotopes. The external standardization calibration
implies that on measuring the ion signal ratios of isotopes in the probe, the parallel measurement of ion signals from the
certified isotope standard is performed. After that, based on the measured isotope ratio and the exactly known isotope
ratio in the standard the mass discrimination factor B and the specific discrimination coefficient § is calculated and the
correction for the mass bias effect is introduced [12].

The mass discrimination factor characterizes the magnitude of the mass bias effect, and in the case of light-to-
heavy isotope ratio measurements is determined as:

B=R_ /R (1)

cert. meas. *

In addition to the mass discrimination factor, for quantitative description of the mass bias effect (the degree of ion
mass discrimination in % a.m.u.™) the specific discrimination coefficient £ is also used:

B=[(B-1)-100]/Am. (2)
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Formula (2) describes the linear model dependence of the specific discrimination coefficient § from the measured
isotope masses. Then the isotope ratio value in the sample under study, corrected for the mass bias effect, is determined
as:

R™ =R ..(+p-Am). (3)

corr.

For the power and exponential models, the dependence of the specific discrimination coefficient f from the
measured isotope masses is written as:

B=InB/Am 4)
and the isotope ratios in the sample, corrected for the mass bias effect, are given by equations (5) and (6), respectively:

R =R, A+, (5)

corr.

RO =R .. -exp(f-Am).(6)

corr.

In the present studies, the isotope standard CRM U200 was chosen as an external standard for taking into account
the mass bias effect in the CRM U100 sample (conditionally unknown).

Table 3 lists the values of measured isotopic ratios in the sample CRM U100, which were corrected for the mass
bias effect with the use of the linear, power and exponential dependence models of the specific discrimination
coefficient S from the measured isotope masses (eqgs. (3), (5) and (6), respectively). The table also gives the calculated
values R_. /R__ and the relative measurement error 9.

cert. corr.

Results of isotope ratio determinations in the CRM U100 adjusted for mass bias effect fables
234U/ 238U 235U/ 238U 236U/ 238U

R.,. 0.00075359 0.11359 0.00042250

R™ 0.00076296 0.11444 0.00042583

R 0.00075613 0.11361 0.00042371

R 0.00075647 0.11364 0.00042380
R, /R™ 0.988 0.993 0.992
R | R 0.997 0.999 0.997
R, |R™ 0.996 0.999 0.997
s % 1.243 0.746 0.788
5P % 0.338 0.015 0.287
5%, 0.382 0.047 0.308

The degree of ion mass discrimination calculated by formula (2) varies from ot 6.00 x 107 (0.6 %) at
Am=4 amu. to 1.20 x 10% (1.2%) at Am =2 a.m.u. Dependences of the specific discrimination coefficient A
versus Am , calculated by formulas (2) and (4), as well as the results of their approximation by linear and exponential
functions are shown at Fig. 2.

It can be seen that at determining the uranium isotope ratios the mass bias effect can be compensated through their
correction by means of the linear, power and exponential models of the f = F'(Am) relationship. Nevertheless, taking

into account the need for fulfillment of the conditions (R, /R, )—1 and & —0, the application of the
power/exponential models is preferable. Besides, the approximation data in Fig.2 confirm the advantage of the

exponential function by the coefficient of determination R> = 1, that can be treated as full correspondence of the
regression model to the experimental data.
Fig. 3 a-c shows the results of isotope ratio determination in the CRM U100 during seven consecutive

measurements. The relative error of **U/**U, *U/*U isotope ratio measurements was < 0.5 %, while for the

BY[PMU ratio it was less than 0.1 %.

Mass spectra of the uranium ore concentrate CRM 124-1 on the mass m =237 (contribution of the **U" ion peak
“tail””) were measured to estimate the effect of isobaric overlapping of the “tail” of the high-intensity peak of mass m on
the intensities of the peaks of masses (m—1), (m—2), (m—3). The estimated value was found to be 8.17 x 107, this

cert.

being in agreement with the data [13]. Thus, the contribution of scattered **U" ions to the intensities of less abundant
U™ and **U™ is insignificant and can be neglected.
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Fig. 2. Specific discrimination coefficient £ versus mass numbers difference of the measured isotopes Am : 1 — linear model

calculated data; 2 — exponential model calculated data; 3 — approximation of points 1 by the linear function; 4 — approximation of
points 2 by the exponential function
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Fig. 3 a, 3 b, 3 c. Isotope ratios By / By, By / By, By / 81 in the CRM U100, corrected for the mass bias effect using
exponential model for = F(Am): 1 — experimental data; 2 — mean value of experimental data; 3 — certified value; 4 — certified
value uncertainty bounds

Fig. 3 d. Measurement uncertainty budget for the U / U isotope ratio in the CRM U100: 1 — contribution of the certified

value U / =y uncertainty; 2 — contribution of intensity measurement uncertainty for the analytical U and U peaks in the

CRM U100; 3 —contribution of intensity measurement uncertainty for the analytical U and PU peaks in the external standard

CRM U200
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In addition to the relative error, another metrological characteristic of the measurements is uncertainty, i.e., the
parameter, which characterizes the spread of measured values. The calculated standard uncertainty u of the *U/**U ,

By/BU, PU/PU isotope ratio measurements in the CRM U100 was 0.563, 0.322 and 0.856 %, respectively.
These are reasonable estimates in comparison with the uncertainties of certified values of 0.296, 0.097 and 0.265 %.
Finally, the uncertainty budgets of the *U/*U, *U/*U, *U/* U isotope ratios measurements were
calculated for the CRM U100, i.e., the contribution values of the uncertainty components (see Fig. 3 d).
The major contribution to the measurement uncertainty of the *°U / U isotope ratio comes from the intensity

measurement uncertainties for the analytical **U and **U peaks. For the other ratios under study, the measurement
uncertainty budget is similar to that given at Fig. 3 d.

CONCLUSIONS
The influence of the ion interaction processes in the sector-field mass spectrometer (ICP-SFMS) on the

measurements of **U/**U , ®*U/**U and **U/**U isotope ratios in uranium oxide was studied.

It has been demonstrated that the mass bias effect has most influence on the results of uranium isotope ratios
determination. The degree of discrimination has been found to vary from 6.00x10~ to 1.20x10, and the grounds have
been given for the use of the power/exponential models of the relationship f = F(Am) for correction of the
measurement results.

Consideration has been given to the influence of the effects of isobaric and polyatomic interferences on the results
of uranium isotope ratios determination. The efficiency of uranium hydride ion (**U'H") formation has been
calculated to be 3.54 x 10, while the contribution of scattered **U™ ions to the intensities of less abundant **U and
U reached 8.17 x 107,

Metrological characteristics of analytical results have been analyzed, in particular, the relative measurement error
for 2*U/*U, ®°U/*U isotope ratios has made < 0.5 %, while for the **U/**U ratio it was less than 0.1 %. This

points to the applicability of the ICP-SFMS method for the quality control and certification of uranium products in
nuclear power industry.
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BU3HAYEHHS I30TONMHUX CNIBBIIHOWIEHD 2U/*%U, 250/2%U, 26U/3%0 B OKCUI YPAHY METOJIOM MAC-
CHEKTPOMETPII 3 MOJABIMHUM ®OKYCYBAHHSM (ICP-SFMS)
J.B. Kyrnii, I.1. Bypaeiinuii, C.O. Banxka, H.B. Pyan
Hayionanvuuii naykosutl yenmp «Xapkiecokuii gpizuxo-mexniunuil incmumymy HAH Yxpainu
JocnimkeHo BILIMB e()eKTiB JUCKPUMiHAIIS 10HIB MO Macax, i300apHUX 1 MOJiaTOMHUX iHTepdepeH i Ha pe3yIbTaTH BUMIPIOBAHb
isorommux cmiBBimHOomens U/PU, PU/PU, PU/U B oxcumi ypaHy MeTOZOM Mac-CIIEKTPOMETpil 3 MOABifHIM
¢doxycyBaHHsaM. [{j1s1 MpoBEAEHHS TOCIIKEeHb BUKOPUCTOBYBAIU cepTH(iKOBaHi i30TOMHI CTaHIAPTH HA OCHOBI OKTAOKCi/Ia TpiypaHa
(U,0;) CRM U100, CRM U200 i oxnoxomnexropuuit mac-cuekrpomerp ICP-SFMS ELEMENT 2. IlokazaHo, 1m0 OCHOBHHM
eeKToM, IO BIUIMBAE HA PE3YJIbTATH BH3HAYEHHS i30TOMHUX CIIBBITHOIIEHb ypaHy, € OUCKPHMiHAIs iOHIB mo Macax. Jis
BHUBYCHHS BIUIMBY €QEKTy OUCKpPHMiHAIii 1OHIB MO Macax Ha pe3yJlbTaTH BH3HAYEHHS 130TONMHHUX CIIBBIAHOIICHb YpaHY,
3aCTOCOBYBAJH CHOCI0 30BHIIIHBOTO CTaHAAPTY 3 TPhOMA MOJEISIMHU (JIiHIHOI, CTENICHEBOI Ta EKCIIOHEHIIATbHOI) 3aJIeKHOCTI
nuToMoro koedilieHta AucKpuMiHanii f BiJ Mac BUMIpIOBaHHX i30ToriB. Po3paxoBaHuii Koe(illi€eHT CTYHeHs AMCKPUMIHALIT ISt
JHIHHOT, CTENEeHEeBOi Ta EKCIOHCHINANBLHOI MOJeNeil 3ale)KHOCTI MUTOMOro KoedillieHTa JMCKpPUMIHALII Bil Mac i30TOMiB
BapiroeThest Bin 6,00 x 10° 10 1,20 x 102 OBIpyHTOBaHO IepeBary BUKOPHCTAHHS CTEIEHEeBOi abo eKCIOHEHIitHOI Mozeneil
3anexxHOCTiT S = F(Am) pans KOpPUTYBaHHS 130TONMHHX CHIBBiAHOLICHb, IIO BHUMIpIOIOTECS. [IpM BHHHKHEHHI MOJTIaTOMHHUX
inrepdepenuiii edexTHBHICT, yTBOPeHHs ioHIB Timpumy ypany (Z°U'H™) craHoButh 3,54 x 107, a Bemmunua edexty i306apHHX
HAKIAJCHb BHACIINOK BKJIady po3cisuux iomis U’ B inTeHcuBHOCTI MeHm posmpocTopernx >°U* i U’ — 8,17 x 10,
[IpoananizoBaHO METPOJIOTIUHI XapaKTEPUCTUKN aHATITHYHHUX PE3YJbTaTiB, 30KpeMa, BiIHOCHA MOXHOKA BHMIPIOBAHb 130TOITHHUX
criBBinnomens FU/*U, PU/™*U cknana <0,5%, a mis cnissimmomenns °U/*U — menme 0,1 %. Pospaxosana

CTaH/JapTHAa HEBH3HAUYCHICTh BHMIpIOBaHb i30TONMHMX cmiBBiaHOmeHb # B ctanaapti CRM U100 cknana 0,563; 0,322 i 0,856%
BIJIIIOBIIHO, 1[0 BUIJISAZA€ 3aJOBUIBHO B IMOPIBHSHHI 3 BEJIMYMHAMU HEBU3HAYCHOCTI cepTUdikoBaHMX 3HaveHb: 0,296; 0,097 i
0,265%.

KJIFOYOBI CJIOBA: Mac-ClIeKTpOMETpist 3 iHAYKTUBHO-3B'SI3aHOI0 MJIa3MOI0, OKCHU]T ypaHy, eeKT TUCKpUMIHAIIT I0HIB 10 Macax,
noniaToMHi iHTepdepeHIii, i300apHi HaKJIaIeHHs], CIiBBIIHOIICHHS 130TOIIB ypaHy

OINPEJIEJIEHUAE U30TOITHBIX OTHOINEHUM 24U/2%U, 25U/48U, 2%U/7%U B OKCHJIE YPAHA METOJ/IOM MACC-
CIIEKTPOMETPUH C IBOUHOU ®OKYCHPOBKOMU (ICP-SFMS)
A.B. Kytunii, /I./l. Bypaeiinblii, C.A. Banxka, H.B. Pyan
Hayuonanvnwiti nayuneiii yenmp «Xapvrosckuii gpusuxo-mexnuyeckuti uncmumymy HAH Yxpaunu
HUccnenosano BiusiHKe 3()(GEKTOB TUCKPUMHUHALIUS HOHOB 110 MaccaM, M300apHBIX U IOJHMATOMHBIX HHTep(EpeHINI Ha Pe3yJIbTaThl
U3MepeHu U30TONHBIX OTHOmEHuH U / U, Pu / Uy, U / U B okcujie ypaHa METOIOM Macc-CIIEKTPOMETPHH C JBOIMHOM
(okycupoBkoi. st pOBeACHUS HCCIEIOBAHUN HCIONB30BAIN CEPTUHHUIUPOBAHHBIC H30TOIHBIE CTAHAAPTH HA OCHOBE OKTAOKCHa
tpuypana (U,0,) CRM U100, CRM U200 u oxHokonnektopHslii macc-criekrpomerp ICP-SFMS ELEMENT 2. Iloka3ano, uTo
OCHOBHBEIM 3((eKTOM, BIHSIONNM Ha Pe3yJIbTAThl ONPE/IEICHUs] H30TOIMHBIX OTHOIICHUH ypaHa, SBISIETCS AUCKPUMUHAINS HOHOB II0
maccam. [yt u3ydenns BiaustHUSA dd¢dexra TUCKPUMHUHAIME HOHOB II0 MaccaM Ha pPe3yJIbTaThl ONpe/e]IeHHs] H30TOMHBIX OTHOIIECHHH
ypaHa, NPUMEHSUI CIOCO0 BHEIIHEro CTaHJapTa ¢ TpeMs MOJCSIMU (JIMHEHHOH, CTENeHHOW M AKCIOHEHIMAJIBHOI) 3aBUCUMOCTH
YACNBHOTO KO3 GUIIHEeHTa TUCKPUMUHAIIMKA £ OT Macc U3MepseMbIX U30TOmoB. Paccuntan kodpPUIIEHT CcTeNeHn TUCKPUMHHAIINN
JUIsl TMHEHHOM, CTENEeHHOH M JKCHOHEHLIHATbHOW MOJeJell 3aBHCUMOCTH YAEIbHOTO KOd((HUIHEHTa AUCKPUMHHALMK OT Macc
H3MepAEMBIX H30TONOB, KOTOPbIH Bapbupyercs oT 6,00 x 107 mo 1,20 x 102 OGOCHOBaHO HPEMMYLIECTBO HCIIOIb30BAHHE
CTENEeHHOH JMO0 OSKCHOHEHIMANbHOW Mojenel 3aBucuMoctd [ = F(Am) Uil KOPPEKTHPOBAHHS H3MEPSEMBIX H30TOIHBIX
oTHomeHuit. TIpy BO3HUKHOBEHUH TIONMATOMHBIX MHTepdepentumii 3 eKkTHBHOCTL 06pa3oBaHus HOHOB ruapuaa ypana (U 'H™)
cocraBmsier 3,54 x 10°, a Bennumna spdexta M306apHBIX HANOKEHHIl BCIEACTBHE BKJIANA PACCESHHBIX HOHOB U’ B
HHTCHCHBHOCTH MEHee pacmpocTpaHeHHsX ‘U™ u **U* — 8,17 x 10°°. IIpoaHannsupoBaHbl METPOIOTHIECKHE XapaKTEPUCTHKH

AHATHTHYCCKMX PE3y/IbTaTOB, B YACTHOCTH, OTHOCHTEIBHAS IOFPEIIHOCTh H3MEPEHHH H30TOMHBIX orHomenmi ~*U/>*U,
3
BU/PU  cocrasuma < 0,5 %, a mis otsomenns U/ U — menee 0,1 %. PaccunTanuas CTaHIApTHas HEOMPEICTCHHOCTb U

U3MEPEHUI U30TOMHBIX OTHOLICHUN 2y / Py, PUu / 2y, Bu / U B cragaapre CRM U100 cocraBuna 0,563; 0,322 u 0,856 %
COOTBETCTBEHHO, YTO BBITVIIANT YAOBICTBOPHUTENHHO II0 CPAaBHEHHIO C BEIMYMHAMH HEONPEICICHHOCTH CepTH(UIMPOBAHHBIX
3Hauenuit: 0,296; 0,097 u 0,265 %.

KJIIOYEBBIE CJIOBA: Macc-clieKTpoMeTpHsl ¢ HHIYKTHBHO-CBSI3aHHOH ITa3MOM, OKCHJ ypaHa, 3 (eKT AUCKPUMUHAILIMN HOHOB
I10 MaccaMm, IOJIMATOMHBIE HHTEP(EePEeHINN, H300apHbIe HaJOKEHNUS, OTHOLIEHHS H30TOIIOB ypaHa
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A scientific and technical development of a high-performance thermal-vacuum method, which is an environmentally friendly process
based on combination of vacuuming and high-speed thermal heating, was carried out with non-stop production of nanodispersed
carbon. A review of physical processes that affect a powder material has been carried out. Thermal-vacuum treatment of C1 grade
graphite 1...2 mm of size was carried out. To study the structural composition of the material in initial state and processed in a
thermal-vacuum installation, X-ray diffraction analysis and electron microscopy were used. According to results of X-ray analysis,
the original Cl grade graphite has two known structural modifications: hexagonal one with lattice periods a,= 0.2461 nm,
¢, =0.6705 nm, and rthombohedral structure about 30% — with @ =0.2461 nm and ¢ = (3/2)c, = 1.003 nm. In graphite treated in a
thermal-vacuum installation, these components have been detected as the main composition. Additionally, a super-structural
rhombohedral phase with periods a =2a,=0.492 nm and ¢ =(3/2)c,=1.003 nm has been detected. A monoclinic phase with
parameters a; = 0.6075 nm, b; = 0.4477 nm, ¢; = 0.4913 nm, and S = 99.6° has also been detected, probably with the presence of
iron atoms in structure. The results of analysis and calculations are generally consistent with TEM images of the reciprocal lattice of
processed graphite. As a result, it was noted that the initial graphite powder was crushed to 2...40 nm with a partial change in the
structure, formation of objects like multilayer nanotubes and fullerenes. It was noted that thermal deformations are involved in this
effect, what can significantly accelerate the process of obtaining nanodispersed carbon material with new physicochemical and
mechanical properties. The results could be widely used for industrial production of nanosized materials.

KEY WORDS: carbon, thermal-vacuum dispersion, nanotubes, fullerenes.

Recently, it has become increasingly important to solve the problems of energy and resource conservation and
intensification in production processes of nanodispersed materials. When dispersing materials in order to improve
production cycle, in particular, several technological processes are combined in one installation. This leads to
intensification of the production process and to lower capital costs. So, in some installations, the mechanical process of
grinding and drying is used simultaneously [1]. In this case, preheated air is used for drying, what leads to essential
energy demands. As a result of an analysis of the methods of fine grinding of materials, it was found that the most
rational way is a combination of shock loads and erasure [2, 3]. Shock and erasure loads, which act in the field of
intense turbulent flows, lead to destruction of the material with manifestation of new properties [4-7].

Due to the fact that among the tasks noted, much attention of the world community is paid to the use of carbon
nanostructures in the industrial production, it would be advisable to test here similar dispersion methods with studying
the properties of the obtained materials.

In this regard, the aim of this work is to investigate an effect of a thermal-vacuum dispersion process on state of
C1 grade graphite.

SCHEME OF THERMAL-VACUUM INSTALLATION FOR DISPERSION

Used in this work, the thermovacuum method of non-stop dispersion of the material was developed on the basis of
theoretical and experimental studies [8,9]. Its principle is based on the combination of fast vacuuming processes and
contact heating of the surface of the particles of material inside a spiral heater, what provides instant heating of the
surface layer of particles in vacuum to a predetermined temperature. Contact of the particles with the wall of the heater
causes heat transfer to their surface layer, and the reduced pressure inside the heating element ultimately allows
grinding the material layer by layer.

Figure 1 shows the thermal-vacuum installation designed for non-stop dispersing of powder materials [8].

The installation consists of a feed hopper (1), a hollow heater, (2), a vacuum pump (3), pipelines (4, 11), a cyclone
(5), a dried raw material receiver (6), and a lock-gate (7). It has thermocouples (8, 13), a control panel (9), a conveyor
(10), a filter (12), a level sensor for dried raw materials (14), and a vacuum gauge (15).

This design of the installation is able to provide non-stop dispersing of powder material in a space thermally
insulated from the external environment.

REGULARITIES OF HEAT-MASS-EXCHANGE PROCESSES IN THERMAL-VACUUM INSTALLATION
An original coarse-grained material with ordinary humidity enters with the air inside the hollow spiral heater (2)
(Fig. 1), and passes it for 15 s at a speed of ~10 m/s. This is provided by creating a pressure gradient in the hollow
heating element using a vacuum pump. Due to this, centrifugal force acts on the particles in the spiral hollow of the
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heater, and between the surface of particles and the wall of the heater at shortest times a dense shock contact is formed
with an effective heat transfer. Instantaneous transfer of thermal energy from the heater wall to the surface layer of
particles occurs [9,10]. The temperature change (d7/df) on the particle surface is determined by the temperature gradient
dT/dx at the moment of heat transfer from the heater in close contact with it:

oT dT
—=—K— (1)
ot dx

where « is a coefficient of thermal conductivity in the surface layer of the particle.

Fig.1. Scheme of thermal-vacuum installation.

A change in temperature leads to a change in the size of the heated section along the temperature front, i.e. along
the contact surface: Al/ly = aAT/T, where a is the thermal coefficient of linear expansion of the material. The velocity of
the medium at the conditional boundary of the heated section of radius /y/2 will eventually have the following
expression:

1dl I,oT I, dT
V=——=0-—=—aK—. )
2dt 2 o 2 dx

As is known from field theory and continuum mechanics, all field perturbations are described by functions of a
type flx,f) = fix — v,°f) and propagate with speed v,. The time derivative of the argument v,-¢ — x is here the "Doppler"
sound speed in the coordinates of the boundary of that section: v, — v;. Its relationship with the sound speed vy — v; <> v
indicates the compression degree of that boundary medium, and a rough estimate of the stress in this section can be
represented by the following formula:

v
o~ Cll L 5 (3)
Vs _vl
where Cy; is an uniaxial compression module of the medium.

Thus, the effect of particle crushing, similar to the action of a shock wave, manifests itself at v, ~ v, and even at
lower v, speeds. In addition, since the temperature gradient d7/dx (1-2) depends on the initial moment of contact
inversely with ", where n ~ 1, this effect can occur in the shortest initial time intervals and with sufficiently small
fragments of particles [11]. Such effects are known to be accompanied by audible characteristic crackles. At the same
time, high stresses arising in such a process can significantly affect the crystalline structure of materials, like martensitic
transformations.
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It is known that the powders of many materials are hygroscopic and can contain from percent to tens of percent
humidity. Then, since with sharp contact heating, the dispersion effect comprises microscopic sections of the material,
the residual humidity in such cases can significantly affect the process. The essence of this is a sharp thermal expansion
of water particles during the formation of water vapor — in a vapor explosion, which can significantly intensify the
dispersion effect [11].

In general, the effectiveness of dispersion in a thermal-vacuum installation depends on the thermophysical
properties of material and its state: on the relationships between thermal conductivity, heat capacity and thermal
expansion, on dispersion and humidity of original material, on temperature of heater and pressure inside the channel.

MATERIAL AND METHODS

For processing in the thermal-vacuum installation, we chose the C1 grade graphite with 1...2 mm size of particles
(Fig. 2a) and 1.0...1.5% total impurity according mass spectrometry.

X-ray diffraction analysis was used to investigate the structural composition of the graphite material in the original
and processed state. The samples were made in the form of briquettes £25.0x5...10 mm? by pressing with 250 MPa
pressure. The measurements were carried out by the DRON4-07 diffractometer according to the Bragg-Brentano X-ray
optical scheme with a proportional counter. To eliminate the vertical divergence of the X-ray beam, a pair of Soller slits
was used in the measurement scheme. In the initial processing of the obtained data, the reflection angles were corrected
by eliminating the effect of the depth of reflection of radiation, which for dense graphite gives an X-ray line shift in
order of part of degree, and this effect is enhanced when measuring the powder with a lower density.

For electron-optical studies of structure of the material, the JEM-100CX transmission microscope was used. For
this, a light fraction of the material was released by aquatic flotation.

The chemical composition was determined using the EMAL-2 laser mass spectrometer.

RESULTS AND DISCUSSION
Table 1 shows the mass-spectrometric data on the chemical composition of the treated graphite.
Table 1.
Chemical composition of treated the C1 grade graphite.
element Fe Ca Si Al K Na Mg Ti S Mn rest
% wt 31 29 094 07 068 05 047 03 024 0,1 <0.2

The bulk density of the material is 0.316 g/cm®.

By thermal-vacuum treatment, a nanodispersed graphite powder was obtained with decreasing in particle size to
nanometer. Aggregations of particles with 10...40 nm size were also detected (Fig. 2b). It is considered that these are
particles of an intermediate state that have been granulated during processing.
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Figure 2. C1 graphite in the initial state (a) and after treatment (b; SEM image).

Figure 3 presents TEM images of the reciprocal lattice of the heat-treated graphite. Figure 3a shows it for a
graphite particle having the ordinary hexagonal or rhombohedral lattice with its reflection here in the basal
crystallographic plane (Fig. 3a). This particle also includes a coherent phase with a double period a, which follows from
the hexagonal arrangement of small points in close proximity to the center of the electron-diffraction scan. The
reciprocal lattice of the monoclinic modification with an angle = 99.5° was also recorded (Fig. 3b).

From these results it follows that, during processing, some of the graphite is transformed to a new modification.

According to Figure 4, in the heat-treated graphite C1, formations similar to multilayer nanotubes and fullerenes
with sizes of 2 ... 5 nm and 2 nm, respectively, are observed.
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Figure 5 presents fragments of 20-angular CuK,, diagrams of intensity of X-ray reflections of the Clgraphite in the
initial and heat-treated state. According to the results of measurements and calculations, the original graphite consists of
two known components: the hexagonal phase with periods a, = 0.2461 + 0.0002 nm, ¢, = 0.6705 £+ 0.0007 nm, the
rhombohedral component with periods a =a,=0.2461 + 0.0001 nm and ¢ = (3/2)c,=1.0030 £ 0.0002 nm with a
content of about 30% (Fig. 5a).

As the main composition, these phases have also been detected with the same mutual proportion in the heat-treated
graphite. Additionally, a modified (superstructural) rhombohedral phase was found in it with the double period a:
a, =2a,=0.492+0.0001 nm and ¢, = ¢, = 1.0030+£0.0002 nm. According to Figure 3a, this phase is coherent with the
main graphite modification. A monoclinic phase was also found with the following lattice periods:
a, =0.6075+0.0001 nm; b, = 0.4477+0.0002 nm; ¢, =0.4913+0.0003 nm and S =99.6+0.1°. Probably, this structure
was formed with the participation of iron atoms. The proportions and the angle value are consistent with the results of a
TEM scan of the reciprocal lattice of the treated graphite (Fig. 3b).

Figure 4. TEM illustrations of multilayer nanotubes (a) and fullerene-like formations (b) in the treated C1 graphite.
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Table 2 presents the results of calculations of structures, including interplanar distances and reflection indices (in
increasing angle): initial graphite with hexagonal and rhombohedral structure, as well as phases formed with
superstructural rhombohedral and monoclinic systems.

Table 2.
Interplanar spacing (d) on the measurements of the treated graphite C1, and (%4./) indices of the found phases:
hexagonal, rhombohedral (RE), modified (superstructural) rhombohedral (RE”), and monoclinic system.

d Structure; (hk.l) d Structure; (hk.l) d Structure; (hk.])

(m) | pex. | RE | RE" | Mono. | ™) | Hex. RE | RE' | Mono. | ™) | Hex. | RE | RE’ | Mono.
0,4265 (10.0) 0,2084 ao.ny | o 0,1816 (10.5)

0,3932 (1-10) | 0,2083 (1-12) {0,1800] (10.2)

0,3925 (10.1) 0,2036 ©021) [0,1739 (310)
0,3355 | (00.2) 02033 | (10.1) 0,1693 212)
0,3345 00.3) | 003) | 110) | 0,2026 (1-21) 0,1678 | (00.4)

0,3249 (10.2) 0,2025 (300) [0,1672 00.6) | 00.6)| (220)
0,3069 (1-11) | 0,1994 (120) [o,1645 (3-20)
0,3037 (200) | 0,1983 (11.3) 0,1625 (10.4) | (20.4)

0,2462 (11.0) 0,1973 (3-10) 10,1560 (3-21)
0,2455 (002) [ 0,1979 (112) [0,1544 ] (10.3)

0,2390 2-11) | 0,1966 (2-20) [0,1538 (3-12)
0,2276 (102) | 0,1963 (102) | (20.2) 0,1537 (013)
0,237 020) | 0,1909 202) |0,1535 (21.2)

02133 | (10.0) 0,1872 (301) [0,1535 (2-22)
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Figure 5. Fragments of X-ray scans with the designations of calculated reflection angles for the components of the C1 graphite in the
original (a) and processed state (b).

Thus, movement of carbon powder in the hollow of the spiral heating element of the thermal-vacuum installation
leads to its dispersion, converting the original material for 15 s (with a productivity of 8...9 g/s) into nanodispersed state
with order of 2...40 nm particle sizes and with modification of structure of some part material.

It should be noted that the total continuance of the production of nanodispersed carbon in the thermal-vacuum
installation counts some seconds, due to rapid heating and reduced ambient pressure. For the effective intake of carbon
in the installation, a stream of air is necessary such that will ensure its continuous movement inside the spiral heating
element.
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CONCLUSION

The process of high-speed dispersion of powders, based on the combination of mechanics of particle motion under
conditions of rapid evacuation, and thermal effects on particles, has been described and analyzed. A thermal-vacuum
installation in which these processes are combined has been described.

By combining these processes in the thermal-vacuum installation, the processing of C1 grade graphite powder
with an initial particle size of 1...2 mm was carried out. The following results were obtained:

As a result of the dispersion process, a powder is formed with particle sizes of the order of a nanometer with
10...40 nm residual granular particles. It has been established that the nanometer sizes are both nanotubes forming
multilayer complexes and fullerene-like formations.

In addition to the ordinary phases of the original graphite, which have a hexagonal and a rhombohedral lattices,
and are detected in the treated powder as the main composition, a superstructural-rhombohedral phase was also found in
the treated powder, as well as a monoclinic phase was with the probable participation of iron atoms.

As aresult, in the graphite’s example, it was shown that the described thermal-vacuum treatment of coarse-grained
materials is capable of dispersing them rapidly and energy-efficiently with a partial change in the crystalline structure
and even in particle shape.
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E®EKT TEPMOBAKYYMHOI'O JUCHTEPTYBAHHS TPA®DITY
Kyrosuii B.O., Manuxiu [I.I'., Kaarbuenko O.C., Bacuiaenko P.JI., Bipuu B. /1., 'epmanos O.0.
Hayionanvnuii naykosuii yenmp «Xapkiscokuii Qizuxo-mexuiynuti incmumymy HAHY
Xapxis, 61108, syn. Axademiuna 1, Yrpaina.

31iCHEHO HAYKOBO-TEXHIUHY PO3POOKY €KOJIOTiYHO YHMCTOTrO, BHCOKOIPOJYKTHBHOTO TEPMOBAKYYMHOI'O METOAY O€3MepepBHOrO
BHPOOHUIITBA HAHOAWCIIEPCHUX IMOPOMIKIB, IO BHKOHAHO Ha MiACTaBi 00'€MHAHHSA MpOIECY BaKyyMyBaHHS 1 IIBHAKICHOTO
TepMiyHoro HarpiBy. [IpoBeneHo aHani3 Gi3HUHHMX MMPOLECIB B TEPMOBAKYYMHIll YCTaHOBI, III0 BIUIMBAIOTh Ha YaCTHHKH BUXITHOTO
marepiainy. [IpoBeneHo TepMoBakyymMHy 00poOKy rpadity mapku Cl 3 BuxigHuM po3mipom yacTHHOK y 1...2 M. J{iist gocmimKeHHs
CTPYKTYPHOTO CKJIaay MarTepially B II0OYaTKOBOMY CTaHi i OOpoOJE€HOro B TEpPMOBaKYyMHIH YCTaHOBII 3aCTOCOBAaHO
PEHTTEHOCTPYKTYPHHH aHaji3 Ta eJIeKTPOHHY MIKPOCKOIII0. 3TiHO 3 pe3ylbTaTaMH PEHTTCHOCTPYKTYPHHUX TOCII/DKEHb, BUXITHUN
rpagit mapku Cl mae 1Bi BiToMi CTPYKTypHI MOIUQiKalii: TekcaroHalbHy 3 MepioJaMu pemnTke a, = 0.2461 uM, ¢, = 0.6705 HM i
pomboenpuuny 3 BMicToM 61m3bk0 30% Ta 3 mepiogamu a = 0.2461 aM u ¢ = 1.003 HM (TIOIyTOpHE 3HAUEHHS MEpioxy ¢, OCHOBHOI
cTpyktypu rpadirty). IMoennanns umx ¢a3 crocrepiramocsi B ocHOBI ckianay rpaditry Cl micias oOpoOku B TepMOBaKyyMHii
ycraHoBni. KpiM 1bOro [I0IaTKOBO BHSBJICHO HAACTPYKTypHY pomOoenpuuny ¢daszy 3 mepiogamu a =2a,=0.492 am i
¢=(3/2)c,=1.003 um. BusBneno Takox a3y 3 MOHOKIIHHOI CTPYKTypor i 3 mapametpamu a; = 0.6075 um; b; = 0.4477 Hwm;
c1=0.4913 um; f = 99.6° — iMOBiIpHO, 3 HasIBHICTIO B CTPYKTYpi aTOMiB 3aiiza. Pe3yibTaTé aHaji3y i po3paxyHKIB B IIJIOMY
y3ro/pKytoThes 3 [IEM-3HIMKaMH 3BOPOTHOI KpHCTaliyHOI rpaTtku oOpobiieHoro rpadiry. B pesynbsraTi Big3HaueHO, MO BUXiTHUIH
NOpomoK rpadiTy mijyaBcs ApoOJIeHHIO 10 po3MipiB 2...40 HM 3 4acTKOBOIO 3MIiHOIO CTPYKTYpH Ta 3 MpOsSBOM (hOopM, MORIOHHX
OaraTomapoBUM HaHOTpyOKam i1 ¢yiepeHam. TakoX Big3Ha4daeThCsd, OI0 B LBOMY IIpoleci OepyTb ydacTb TepMonedopMariiHi
e(eKTH, Mo NO03BOJISIE 3HAYHO HPUCKOPHUTH IPOIEC OTPUMAHHS HAHOAWCIICPCHOTO BYIJICIIEBOTO Marepially 3 HOBHMH (hi3WKO-
XIMIYHUMH 1 MeXaHIYHHUMH BiacTHBOCTSIMU. OTpUMaHi pe3ysbTaTH MOXYThb 3HAMTH IIHPOKE 3aCTOCYBAHHS JJIsS MPOMHCIOBOTO
BHPOOHUIITBAa HAHOAMCIICPCHUX MaTepialiB.

KJIFOUYOBI CJIOBA: Byriens, TepMOBaKyyMHE AUCIIEPIyBaHHs, HAHOTPYOKH, GyliepeHn
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IOPEKT TEPMOBAKYYMHOI'O JUCIIEPTUPOBAHUS TPA®UTA
Kyrosoii B.A., Maabixun /I.I'., Kartbuenko A.C., Bacuienko P.J1., Bupuu B.Jl., lepmanoB A.A.
Hayuonanvnuuii nayunwlii yenmp «Xapvrosckuii gpusuxo-mexuuueckuti uncmumymy HAHY
Xapvkos, 61108, yn. Akademuyeckas 1, Yxpauna

OcymecTBiieHa Hay9IHO-TEXHUYECKass pa3pabOTKa 3KOJOTMYECKH YHCTOTO, BBICOKOIPOM3BOAUTEIHFHOTO TEPMOBAKYyMHOTO METOMa
HETIPEepbIBHOTO  MPOM3BOJCTBA HAHOOAWCIIEPCHBIX IOPOIIKOB, BBINOJHEHHAs Ha OCHOBaHMM OOBEIMHEHUs Ipolecca
BaKyyMHPOBAHHS I CKOPOCTHOTO TepMHYECKOro Harpesa. IIpoBesieH aHamm3 GU3NIECKHX MPOIECCOB B TEPMOBAKYyMHOI yCTaHOBKE,
KOTOpHIE BO3/CHCTBYIOT Ha YacTHIBI MCXOXHOTO Marepuaina. lIpoBeneHa TepmoBakyyMmHass oOpaborka rpadura mapku Cl c
HCXOAHBIM pasmepoM dvacTtur 1...2 mm. JIis MccleIoBaHUs CTPYKTYPHOTO COCTaBa MaTepHaia B HCXOAHOM COCTOSHHU U
00paboTaHHOTO B TEPMOBaKyyMHOH YyCTaHOBKE HCIIONB30BAH DPEHTI€HOCTPYKTYPHBI aHANIM3 M 3JIEKTPOHHAS MHKPOCKOIHS.
CorlacHO pe3yJbTaTaM PeHTTCHOCTPYKTYPHBIX HCCIeIoBaHMi, ncXoaHbli rpadgut Mapku Cl mMeeT aBe M3BECTHBIC CTPYKTYPHBIE
MOIMGUKALMN: TeKCATOHAIBHYIO C MepuoAaMu peérku a, = 0.2461+0.0002 um, ¢, = 0.6705 £0.0007 HM U POMOOIAPHUECKYIO C
conepxanueM mopsiaka 30% — c¢ mepuomamu a = 0.2461+0.0001 am u ¢ = 1.003+£0.0002 HM (TTOIyTOpHOE 3HAUCHHUE IMEPHONA C,
OCHOBHO# CcTpyKTypbl rpadmura). CodueTanue 3THX (a3 HaOM0AaIoch B OCHOBe cocraBa rpapura Cl mocime oOpaboTku B
TEepPMOBAKyyMHOH yCTaHOBKe. [IOMIMO 3TOTr0 IOMONHUTENHHO OOHApYXKEHA CBEPXCTPYKTypHAsi poMOosapudeckas (hasa ¢ meprogamMu
a=2a,=0.492+0.0001 aMm u c¢ = (3/2)c, =1.003+£0.0002 aM. OOHapykeHa Takxke (a3a ¢ MOHOKIMHHON CTPYKTypoH U ¢
napamerpamu a; = 0.6075+0.0001 um; b, = 0.4477+0.0002 am; c¢; = 0.4913+0.0003 uMm; £ =99.6+0.1° — OpeanoONOKUTEITHHO, C
HAJIMYHAEM B CTPYKType aTOMOB jkene3a. Pe3yipTaTel aHamm3a M pacyéToB B 1eloM coriacyrorcs ¢ [IOM-cHuMkamMu oOpaTtHOU
peuérku obpadoranHoro rpadura. B pesynbrate 0oTMEYeHO, YTO HCXOJHBIN TOPOIIOK rpaduTa NoABEpres ApoOICHHIO 10 pa3MepoB
2...40 HM ¢ YaCTHYHBIM U3MEHEHHEM CTPYKTYPBI U C MpOsiBICHHEM (OPM, OJOOHBIX MHOTOCIONHBIM HAHOTPYOKaM H (yIuiepeHam.
OTMeuaeTcst Takke, YTO B ATOM IIPOIECCE YYacTBYIOT TepMOAS(HOpMALHOHHBIE d()(PEKTHI, YTO MO3BOJISIET 3HAYUTEIHHO YCKOPHTH
IIpoLeCC MOTyYeHHUs] HAHOAUCIICPCHOTO YIJIEPOIHOI0 MaTepyaia ¢ HOBBIMH (PM3UKO-XMMHUYECKUMH U MEXaHUYECKUMH CBOWCTBAMHU.
[NomyuenHsle pe3yabTaThl MOTYT HAWTH IMTUPOKOE IPUMEHEHHE TSI IPOMBIILUICHHOTO IIPON3BO/ICTBA HAHOANCIIEPCHBIX MaTEepHAIOB.
KJIIOYEBBIE CJIOBA: yriepon, TepMOBaKyyMHOE ANUCIIEPTHPOBaHKE, HAHOTPYOKH, (QyIuiepeHs
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Amyloid fibrils represent a special type of protein aggregates that are currently receiving enormous attention due to their strong
implication in molecular etiology of a wide range of human disorders. Amyloid fibrils represent highly ordered self-assemblies
sharing a core cross-p-sheet structure. Such organization of the fibrils is responsible for amyloid insolubility and exceptional
mechanical properties. The remarkable rigidity of the protein fibrillar aggregates is due to intra- and interstrand hydrogen bonds
which stabilize the B-strand scaffold of amyloid fibrils. Increasing evidence indicates that physical properties of amyloid assemblies,
especially their mechanical characteristics, play essential role in determining their cytotoxic action. This highlights the necessity of
deciphering the correlation between the elastic properties of amyloid aggregates and their cytotoxicity. In the present paper we
utilized the atomic force microscopy (AFM) to visualize and analyze the amyloid fibrils of G26R/W@8 mutant of N-terminal
fragment of human apolipoprotein A-I (apoA-I). The examination of AFM images revealed the existence of two polymorphic forms
of apoA-I fibrils — twisted ribbon and helical ribbon. The quantitative analysis of apoA-I elastic properties was performed within the
framework of worm-like model of polymer chain using the Easyworm software. The Easyworm package analyzes the images of
individual polymer chains obtained by the atomic force microscopy and allows calculation of the persistent length of a chain in three
regimes depending on the ratio between the contour and persistent lengths of the polymer. The set of evaluated parameters included
the Young’s modulus, persistent length, bending rigidity and the second moment of inertia. All parameters calculated for the helical
ribbon conformation were higher than those of the twisted ribbon. These findings suggest that helical ribbon represents a more rigid
and mechanically stable configuration. The results obtained may prove of importance for a deeper understanding the mechanics-
driven pathological activities of amyloid fibrils.

KEYWORDS: amyloid fibrils, mechanical properties, worm-like model, atomic force microscopy, Easyworm

A fundamental propensity of polypeptide chain for self-assembly has a dual nature reflected in protein folding into
a functionally active native state and misfolding that provokes protein oligomerization and aggregation [1,2]. All these
processes are driven by the common forces and crucially depend on the environmental conditions. The intermolecular
noncovalent interactions may stabilize a diversity of supramolecular assemblies whose structures range from disordered
amorphous aggregates to the crystals with strictly defined three-dimensional symmetry. Along with a naturally
occurring protein self-association, there exists a so-called pathological aggregation leading to the formation of amyloid
fibrils. During the past decades amyloid protein aggregates remain a focus of extensive research activities due to their
involvement in the development of numerous human disorders, including neurodegenerative diseases, type Il diabetes,
spongiform encephalopathies, etc [3]. Increasing evidence from both theoretical and experimental in vitro and in vivo
studies suggests that amyloid proteins and peptides can self-associate into fibrillar structures of different
morphologies [4]. This gives rise to variability in amyloid fibril conformations and distinctions in their toxic potential
and pathology-spreading properties. Accordingly, it was shown that various fibril polymorphs are characterized by
different ability to act as a catalytic surface for secondary nucleation [5], as well as by distinct biological activities, such
as propagation in a prion-like manner or association with cytotoxic active species [6]. Furthermore, a polymorphic
behavior is believed to be a fundamental characteristic of a protein fibrillar state. The existence of different polymorphs
was reported for AB-peptide, prion proteins, a-synuclein, albumin, insulin, B-lactoglobulin, just to name a few. One of
the most popular type of polymorphism is called lateral, or morphological one, and involves the transition from so-
called twisted ribbon (TR) conformation to nanotube-like (NT) structure through the intermediate state called helical
ribbon (HR) [7]. The driving force for the polymorphism is thought to be the variations in the number of protofilaments
composing the fibril, that results in different twist and curvature of the final protein fibrillar assembly [8].

In general, characterization of the protein polymorphs is performed in a qualitative manner using the different
microscopic techniques [9-11]. However, due to well-established key role of structural polymorphism in determining
the amyloid cytotoxic activity, evaluation of the quantitative parameters of different amyloid conformations seems to be
of great importance. In view of this, the aim of the present study was the examination of the polymorphic behavior of
G26R/W@8 mutant of human apolipoprotein A-I (apoA-I) and analysis of its mechanical properties. The atomic force
microscopy (AFM) was used in order to visualize, identify, classify and quantify in detail the distinct polymorphic
species of apoA-I.
© V. Trusova, K. Vus, O. Zhytniakivska, U. Tarabara, H. Saito, G. Gorbenko, 2020



https://orcid.org/0000-0002-7087-071X
http://orcid.org/0000-0003-4738-4016
https://orcid.org/0000-0001-9554-0090
https://orcid.org/0000-0002-7677-0779
https://orcid.org/0000-0003-1497-1425
http://orcid.org/0000-0002-0954-5053
https://doi.org/10.26565/2312-4334-2020-2-11

119
Nanomechanical Characterization Of Apolipoprotein A-I Amyloid Fibrils EEJP. 2 (2020)

EXPERIMENTAL SECTION
Materials
G26R/W@8 mutant of N-terminal fragment (1-83) of human apoA-I was obtained as described previously [12].
To prepare the amyloid fibrils, apoA-I variant was freshly dialyzed from 6M guanidine hydrochloride solution into 10
mM Tris buffer, 150 mM NacCl, 0.01 % NaNj3, pH 7.4 before use. The reaction of protein fibrillization was conducted at
37 °C in the above buffer with constant agitation on an orbital shaker. The amyloid nature of fibrillar aggregates was
confirmed in Thioflavin T (ThT) assay [13]. All other reagents were used without further purification.

Atomic force microscopy
AFM imaging was carried out with a NanoScope Illa scanning probe work station equipped with a MultiMode head
using an E-series piezoceramic scanner (Digital Instruments, Santa Barbara, CA, USA). AFM probes were single-
crystal silicon microcantilevers with 300 kHz resonant frequencies and 26 N/m spring constant model OMCL-
AC160TS-R3 (Olympus, Tokyo, Japan). 10 pl of each sample solution was spotted on freshly cleaved mica (The Nilaco
Co., Tokyo, Japan). After washing the mica with distilled water (20 ul), samples were imaged under ambient conditions
at room temperature at scan rates of 0.5 Hz by tapping mode.

RESULTS AND DISCUSSION

Among a wide variety of different filamentous morphologies which can be adopted by protein aggregates, the
configurations such as twisted ribbon, helical ribbon and nanotubes (NT) are among the most frequently appeared. TR
conformation is characterized by a saddle-like curvature, straight central axis and a constant pitch. In turn, HR and NT
represent the polymorphs with a high mean curvature but zero Gaussian curvature, helical centerline and a constant tilt
angle. The transition from a twisted ribbon to a helical ribbon occurs at increasing number of protofilaments, and the
accompanying rise in the width-to-thickness ratio, resulting from the protein tendency to minimize the bending and
torsional energy. A further transformation of HR into a nanotube is associated with extra energy due to the edge line
tension. The surface curvatures of the twisted ( x, ) and helical ( x,;, ) ribbons are given by:

0.5w—d 7,
= ; Kyg=—————75 P, =2xr tany 1)
(0.5w—dp, ) +(Py/27) "R (P /2n) " ’

KTR

where w is the width of fibril core, d,, stands for the distance from the ribbon edge; P, P, denote fibril pitch either
in TR or in HR conformation, respectively; 7, is the helix radius; y is the pitch angle. In our previous study [13] we
derived the structural parameters of the twisted and helical ribbon polymorphs of G26R/W@8 fibrils from the AFM
data, that were found to be: w=10nm, P, =50nm for the twisted ribbon, and », =5nm, y = 70" for the helical

ribbon.

Fig. 1 represents the AFM image of fibrillar G26R/W @8 mutant of apoA-I. As seen from this figure, the amyloid
fibrils are visualized as smoothed or twisted structures. This observation suggests the existence of at least two different
polymorphic forms of fibrillar polypeptide. The analysis of height profiles along the contour length showed that these
polymorphs correspond to TR and HR configurations.

From the physical viewpoint amyloid fibrils are considered as supramolecular semi-elastic polymers which are not
subject to Gaussian statistics. The reason of non-Gaussian nature of amyloid fibrils lies in their increased rigidity which
results in the lack of the number of independent segments for application of the Gaussian statistics. An increased
rigidity of polymeric chains may originate from several factors, among which are: i) sterical restrictions arising from the
repulsion of atoms which are getting closer upon segment rotation; ii) electrostatic interactions; iii) H-bond formation.
The description of rigid polymer molecules is generally based on the worm-like model which represents the continuous
version of the Kratky-Porod model [14]. Within the framework of this approach, the following conditions are valid for a
persistent chain: i) the segment length /-0, ii) the angle between the segments a—m, so the chain is characterized by a
continuous curvature equal to the mean value of the cosine of the angle y between the tangents to the chain at a given

point and a starting point.
The curvature of the persistent chain is given by:

(cos 1//) =exp(=s/l,) ()

where s is a contour length of a chain (i.e. the length from the beginning of a chain to a given point), /, is a persistent
length. As follows from the eq. (2), the curvature changes e times along a chain of a length /,. If Ais a total contour
length and i(s) represents a unit vector characterizing the direction of the chain at a given point, which is at a distance s

from the beginning of the chain, the vector R connecting the starting and ending points of a chain can be described as:

R= Tﬁ(s)ds (3)
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The root mean square value of this parameter is given by:

A A
<R2> = [ii(s,)ds, [ii(s, )ds, @)
0 0
The scalar product of unit vectors equals to:
(5, )i(s,) =cos(d§.,d52>=exp[@} 5>, )
P

Finally, one obtains:

<§2> = ﬁexp(—w] ds,ds, = 2?31 exp{—(sll_—SZ)j ds,ds, (6)
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Fig. 1. Height profiles of G26R/W @8 amyloid fibrils along the contour length (left panel). Schematic representation of different
polymorphs of amyloid fibrils (right panel).

It should be noted that the expression for the root mean square distance between the ends of a persistent chain may
be used for the estimation of the root mean square distance between any points of a chain, s; and s,:

(R)=f(s,~s,)=21 {—'s‘ I_S2| —1+exp{——|sl I_S2|J} ©)

P p

From the other hand, the persistent length relates to the two important elastic characteristics of amyloid fibrils:

1, =El/k,T (10)
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where E is the modulus of elasticity (the Young’s modulus), 7 is the second moment of inertia. While the Young’s
modulus is determined mainly by the amino acid sequence of monomeric polypeptide chain, the second moment of
inertia is a geometric factor which depends on the shape and size of fibril cross section [15]. Given that the cross section
of the amyloid fibril in a twisted ribbon configuration is a rectangle, while that in the configuration of helical ribbon is a
circle, the second moments of inertia for TR (/,;, ) and HR (/,;, ) may be written as:

wh’ h
I,= , = 11
"= = an
In turn, the Young’s modulus and the second moment of inertia are interrelated by the following equation:
E=BJI (12)

where B is the bending rigidity coefficient.

For the quantitative estimation of the mechanical properties (persistent length, Young’s modulus, second moment
of inertia) of the G26R/W@8 amyloid fibrils within the framework of the worm-like model, the AFM image presented
in Fig. 1 was analyzed using the Easyworm software [16]. The calculations were made separately for TR and HR
conformations.
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The Easyworm represents the graphical interface of the algorithm of AFM data treatment, whose mathematical
basis was created in MATLAB. The three regimes of persistent length calculations are available in Easyworm (Fig. 2):
Regime 1 — the measurement of the angle between the tangents at two points of the fibril segments. Persistent length is
determined by eq. (2).

Regime 2 — the calculation of the mean square end-to-end distance of the fibril. Persistent length is determined by
eq. (8).

Regime 3 — the determination of mean square of the deviations & to secant midpoints at two points of the fibril
segments. Persistent length is determined as:

<52>=% (13)
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Table
Mechanical properties of two polymorphic forms of G26R/W @8 amyloid fibrils
Parameter TR HR
Persistent length, um 2.23+0.24 4.17+0.61
Bending rigidity, N-m* (9.17+1.07)x10°% (17.15+2.11)x1077
Second moment of inertia, m* (2.91+0.93)x107% (4.91+£0.93)x10**
Young’s modulus, GPa 3.15+0.72 3.54+0.77

Fig. 2 represents the approximation of the AFM data acquired for G26R/W@8 amyloid fibrils in TR
configuration, by the egs. (2), (8), (13). As seen from this figure, the best fit between the theory and experiment is
achieved in the Regime 2 (Fig. 2, B). An analogous result was obtained also for HR configuration. Therefore, the
values of persistent length, derived from eq. (8), were used for the estimation of E, / and B. The mechanical
characteristics of fibrillar G26R/W@S$ calculated in such a way are summarized in Table 1. The results obtained show
that the amyloid fibrils represent rigid, mechanically stable structures. For the sake of comparison, the elastic modulus
of rubber is 0.005 GPa, of glass and aluminum is 70 GPa, of bones is 30 GPa, and that of steel is 200 GPa [17]. Another
mechanical peculiarity of the examined amyloid fibrils is the fact that the aggregates in a HR conformation have the
persistent length twice higher than that in a TR conformation. This finding reflects the expected increase of fibril
rigidity upon topological evolution from a twisted to a helical ribbon during fibril maturation and thickening. Using the
theoretical approaches of polymer statistics, Adamcik and co-workers have analyzed the nanomechanical properties of
amyloid fibrils based on the AFM images [18]. The authors postulated that any fibrillar aggregate may be described as a
multistranded fibril composed of 1 — 5 filaments. The helicity of the resulted fibril depends on the interactions between
the filaments, while the persistent length is determined by the number of protofilaments. More specifically, the rise in
persistent length with the number of filaments is supposed to be due to the increase in cross-sectional moment of inertia.

The exceptional mechanical characteristics of amyloid fibrils are explained by their unique highly ordered
structure, the main element of which is represented by the B-strands. A high density of the inter-backbone H-bonds
which stabilize the integrity of the fibril plays a decisive role in determining the rigidity of fibrillar aggregates.
Furthermore, the remarkable elastic properties of amyloid fibrils were reported to be a crucial factor underlying their
cytotoxic potential. In particular, it was supposed that the mechanical disruption of cell membranes by amyloids arises
from the fact that the Young’s modulus of protein aggregates (1 — 10 GPa) substantially exceeds that of cellular
membranes (~100 kPa). Thus, the findings presented here may help in creating the basis for understanding the
mechanics-driven cytotoxic activities of amyloid fibrils.

CONCLUSIONS
In summary, the atomic force microscopy was utilized to perform the mechanical characterization of the
apolipoprotein A-I amyloid fibrils. The set of elastic parameters, including the Young’s modulus, persistent length,
bending rigidity and the second moment of inertia was calculated for the two polymorphic forms of fibrillar
aggregates — twisted ribbon and helical ribbon. A helical ribbon configuration was found to possess a higher mechanical
strength and stiffness as compared to a twisted ribbon state. Given that the amyloid elastic characteristics correlate with
its pathogenic potential, the results obtained highlight the key role of fibril maturation in determining its cytotoxicity.
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AMminoinHi ¢Gibprin — ne ocoONMBHI THIT OLTKOBHMX arperartis, KUl NPUBEPTAE HEBIMHHO 3POCTAIOYY YBary 3aBISIKH IX BaXIIMBil
poJii B MOJICKYJUSIPHIN €TiOJIOrii MIMPOKOro Koja 3aXBOPIOBaHb. AMIJIOINHI (iOpHIH MpeacTaBisioTh COOOI BHCOKOBHOPSAKOBAHI
caMoacolliaTi, IO XapaKTepU3YIOThCS Kpoc-P-CKiIaadaTor CTpykTyporo. Taka opranizaumis ¢iOpun BigmoBimambHa 3a iX
HEPO3YMHHICTh Ta OCOONHMBI MEXaHIYHI BIACTHUBOCTI. BHMcoka XoOpcTkicTh (iOpmispHUX OTKOBHX arperatiB 3a0e3meuyeThbes
BEJMKOIO KUTBKICTIO BOJHEBUX 3B’S3KiB, #AKi CTaOLT3YyIOTh [-ckiamgdacThil Kapkac aminoigaux ¢ibpmn. Bcee Oinpmoro
0o0rpyHTYBaHHS HaOyBa€ MPUITYIICHHS, M0 (Hi3WYHI BIACTUBOCTI aMiJIOiZiB, OCOONHMBO iX MEXaHIYHI XapaKTCPHCTUKH, BiIIirparoTh
KJIIOYOBY POJIb Y BH3HAYCHHI iX LUTOTOKCHUYHOI Jii. V 3B’S3KY i3 LM, BCTAHOBJICHHS KOPEJSLil MXK €laCTHYHHMH BIIACTHBOCTSAMHU
aMIJIOITHUX arperatiB Ta 1X HUTOTOKCHYHICTIO € BEJbMH HEOOXigHMM. Y naHiii poOOTi 3 BUKOPHUCTAHHSIM AaTOMHOI CHIIOBOT
Mikpockornii (ACM) Oynu npoanainizoBani aminoinui ¢piopuimm myranty G26R/W@8 N-tepMmiHansHOro (pparMeHTy arnoinonpoTeiny
A-I (anoA-I). Ananiz ACM mikpodotorpadiii BUsBUB HasiBHICT 1BOX moniMophHuX hopm dibpun anmoA-I — 3akpydeHoi cTpiuku Ta
cmipanbHOi crpiuku. KinbkicHa XapakTepusallis eIacTHYHHUX BiacTHBOCTeH amoA-I Oyma mnpoBemeHa y paMkax MoJedi
nepcucTeHTHOTO JaHIora [lopona-Kpatki, 3 BUKOpUCTaHHSAM MporpaMHoro makery Easyworm. Llei makeT no3Bouisie aHami3yBaTu
300paXKEHHs OKPEMOT'0 IOJIINENTHIHOTO JaHIIora, OTpUMaHi 3a gornomororo ACM, Ta BU3HAa4aTH NEPCUCTEHTHY JOBXHHY JIAHIFOra
y TPhOX PEXHMax B 3aJIEXHOCTI BiJ CIIIBBITHOIIEHHS KOHTYPHOI Ta NEPCHCTEHTHOI NOBXHHHU. Habip mapamerpiB, oTprMaHHX
BHACIIIIOK TaKoOro aHaiizy, BKIOYaB Moxysib FOHra, HepCHCTECHTHY JOBXKHHY, XKOPCTKICTb NPU BUTHHI Ta APYrHil MOMEHT iHEpLii.
BusiBuioch, 1o po3paxoBaHi MapaMeTpH Maiuu OuUTbIli 3HA4YeHHsS Uil KOHQirypauii cmipajgbHOi CTpPIUYKM Yy HOpIBHSHHI i3
KoH(irypauieto 3akpyueHoi crpiuku. Lle cBiquuTh mpo Te, IO CHipagbHA CTPiYKa € OIIbLI KOPCTKOIO Ta MEXaHIYHO CTaOiLIbHOIO
koHirypauieto. OTpruMaHi pe3ysbTaTH € BXIMBUMHU JUTS OLTbII TTTMOOKOrO PO3YyMIiHHS MEXaHiYHO-KOHTPOJILOBAHOI MATOJIOTiYHOT
nii amizoinHux Gidpu.

KJIFOYOBI CJIOBA: awminoigni ¢iOpwin, MexaHi4HI BJIACTHUBOCTi, MEPCHUCTEHTHUH JAHIIOT, aTOMHO-CHJIOBA MiKpPOCKOIIi,
Easyworm
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Thermodynamic properties of diamond are theoretically investigated on the ground of self-consistent description of a phonon gas in
lattice, which generalizes the Debye model with taking into account the phonon-phonon interaction. In many cases properties of
crystals of certain symmetry can be well approximated by a model of an isotropic continuous medium, if its elastic moduli are chosen
optimally. They should be found for a crystal of each symmetry from the condition of their proximity to the exact elastic moduli, which
are measured experimentally and are given in the corresponding tables. At high temperatures, the nonlinear phonon interaction takes into
account both three- and four-phonon interactions. In this reason we take into account not only the second-order elastic moduli tensor in
the reduced isotropic crystal model, but also the third- and fourth-order elastic moduli tensors, which are all together characterized by
nine independent components. Account of the phonon-phonon interaction leads to the redefinition of the phonon’s speed and of the
Debye energy. Their dependence on the temperature occurs. In the absence of interaction and neglecting the nonlinear effects, the
phonons are the same as that of the Debye model. They are called "bare" or "Debye". Phonons whose speed is renormalized due to
the interaction are called the “self-consistent” ones. It is shown that, at high temperatures, the theory predicts the linear in the
temperature deviation of the isochoric heat capacity from the Dulong-Petit law. Unlike for the most crystals, where the decrease in
the isochoric heat capacity is observed, our calculations for diamond and crystals with diamond structure predict the linear increase
of the isochoric heat capacity with the temperature, viewed experimentally. The isobaric heat capacity of diamond, similar to other
substances, linearly increases with the temperature.

KEYWORDS: phonons; thermal properties; phonon-phonon interaction; Debye energy; elastic moduli

The Debye model [1] is the simplest way to described thermodynamic properties of dielectric crystals. In this
approximation a crystal is considered as a continuous elastic isotropic medium in which oscillations propagate with the
average speed ¢, . At temperatures of the order of the Debye temperature ©®, and higher, the phonon density in a
crystal becomes higher than the particle number density, so nonlinear effects get appeared due to phonon interactions. A
generalization of the Debye model which takes into account the phonon-phonon interaction was proposed in [2,3].

In many cases properties of crystals of certain symmetry can be well approximated by a model of an isotropic
continuous medium, if its elastic moduli are chosen optimally [4]. A similar approach for an approximate account of
nonlinear effects, which are cubic in the strain tensor degree, was used in [5]. In this model, a nonlinear elastic medium
is characterized by five elastic moduli. In many cases, for a more complete description of the nonlinear effects, it is
necessary to take into account fourth-order terms by the strain tensor in the free energy as well. For these cases, the
nonlinear elastic properties of the medium are characterized by nine elastic moduli [6-9].

The behavior of the heat capacity of diamond at high temperatures differs from the behavior of the heat capacity of

most crystals of other symmetry. Here it is necessary to distinguish the heat capacity at a constant volume C,
(isochoric) and the heat capacity at a constant pressure C, (isobaric). The isochoric heat capacity is a more

fundamental characteristic [10], but the isobaric heat capacity is usually determined experimentally. In the high
temperature limit in accordance to the Dulong - Petit law [1],

0,

2
1
C, =3N|1-—| =2 |, |
= 1= %2 m

the isochoric heat capacity tends to a constant value. The difference between the heat capacities in the high-temperature
limit is proportional to the temperature [1]:

C,—-C, =9y, VT, Q)

where n=N/V is the particle number density; I'=0In®/dInn is the Griineisen parameter; y, = n' (611/ 6p)T is the
coefficient of isothermal compressibility. Thus, in the high-temperature limit the experimentally observed heat capacity
C, grows linearly with increasing the temperature, but C, tends to a constant value. Equation (2) allows one to find

the isochoric heat capacity using the measured isobaric heat capacity and the quantities #, I, ;..
©A.S. Naumovets, Y.M. Poluektov, V.D. Khodusov, 2020
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It turns out that at high temperature the heat capacity C, contains a linear in the temperature correction to the

Dulong-Petit law C, =3N . This deviation can be explained by taking into account the interaction of phonons. Note

that an early attempt to explain the high temperature deviation in the behavior of the diamond heat capacity from the
standard Dulong — Petit law was made in [11]. The proposed therein explanation is based on the choice of the
anharmonic potential of atomic interaction, in the same way as in a diatomic molecule.

The self-consistent approach to the description of the phonon system is fundamentally non-linear, and initially
takes into account anharmonic effects. Moreover, this approach is also correct in the case when nonlinear corrections
are not small corrections to the harmonic approximation. For getting results of the self-consistent description of
phonons one should add together an infinite number of corrections of the standard perturbation theory based on the
harmonic approximation. A comparison of the self-consistent description with the standard perturbation theory was
carried out in [12,13] using the example of an anharmonic oscillator. It is shown that the standard perturbation theory
has a small range of applicability, and this region narrows with increasing of energy level. The field of applicability of
the self-consistent description is much wider, even when anharmonisms is not small. Therefore, the proposed approach
to the description of the nonlinear properties of crystals is fundamentally new and cannot be reduced to [14-17] in
which the effect of phonon anharmonicity was studied.

For the most crystals, the isochoric heat capacity C, obeys the deviation from the Dulong — Petit law: it linearly

decreases with increasing the temperature. In diamond-like crystals, such a deviation receives the opposite sign. In this
paper we show how these features in the behavior of the high-temperature heat capacity of diamond can be described in
framework of the many-particle approach.

In section 2 we briefly comment on the basic equations of [2,3]. Expression for the free energy and equation for
the speed of interacting phonons are obtained there in the general form. In section 3 these expressions are calculated for
the isotropic medium, and the nonlinearity parameter is introduced. Section 4 describes how to obtain the elastic moduli
of the approximate isotropic medium from the elastic moduli of a crystal. Section 5 contains calculations of the high-
temperature heat capacity of diamond. For comparison, same calculation is given for NaCl as a typical crystal of the
cubic crystal system. Our conclusions bring together in the last section.

SELF-CONSISTENT DESCRIPTION OF INTERACTING PHONONS
We present relations on which the approach developed in [2,3] is based. Let phonons in the crystal lattice be
described by the Hamiltonian density operator

H(r)= ”“2(;) +U, (r)+U, (r)+U, (r), 3)

. . . . 1
where quadratic, cubic, and fourth-order in the strain tensor u,, = E(V u+Vau, +Vu, vV /.uu) terms have the form

1 1
Ainth iUpj > U, = g /Ia[bjz‘kuaiubjuck > U,= _ﬂ’a[bjrkdluuiubjuck Uy s 4

1
U2:E aibj " ai 24

and p is the density, u,(r) is the displacement vector field, 7, (r)= pii, (r) is the canonical momentum. Here and
further on, the standard agreement on the summation over repeated indices is used. Due to the symmetry of the strain
tensor U, =u;, the elastic moduli satisfy the known symmetry conditions for both permutations of pairs of indices and

permutations of indices within the each pair [18]. With the fourth order in the displacement vector gradients accuracy,
the Hamiltonian density takes the form

2
r ~ ~
H(r)= ”“2(p) +%;La[b].v[uavjub +U, +U,, ®)
where
~ 1 1
U, = E/Itzibfvi”avjucvbuc +glm'bfc‘kviuavjubvkuc’
(6)
-~ 1 1 1
U4 = gﬂ’aiijaucviucvbusv‘fus +Zﬁ’aibjckviuavjubvkusvcus +aA’uibjckdlviuaVfubvku"vlud'

In the quantum description, the displacement and the canonical momentum should be considered as operators for
which the well-known commutation relations are valid:

7, (v)u, (r')=u, (r') 7, (r)==ind,s(r—r'),

u, (r)u, (r')—u, (r")u, (r)=0, 7z, (r)7,(r')-7,(r") 7z, (r)=0. @
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In general the elastic moduli are functions of the temperature. Here as well as in the standard Debye model, we
will neglect this effect, as well as the difference between the isothermal and adiabatic modules. In what follows we will
take into account only the temperature dependence of the observed values, associated with the phonon excitation. The

total Hamiltonian H = I H(r)dr is the sum of the free phonon Hamiltonians and their interactions H =H +H,,

where

_J'[ wijluav ub}ir, H, = [[T,(x)+T,(r)]dr. ®

To describe the system of interacting phonons, we use the self-consistent field method in the formulation
developed for fermionic [19] and for bosonic [20, 21] systems. The implementation of this method on the example of
the anharmonic oscillator was demonstrated in [22, 23]. In the proposed formulation, the method of a self-consistent
field is introduced at the level of the Hamiltonian, rather than at the level of the equations of motion. This makes
possible to achieve the fulfillment of all thermodynamic relations. In this method, the total Hamiltonian is represented
as the sum of two terms

H=H +H,. ©9)

Here, the approximating self-consistent Hamiltonian

H, j{ v, a}dr+go (10)
describes “free” phonons with renormalized speed, and the correlation Hamiltonian

H, j[ (Ay = 18,0, ) Vi,V u, +U, +U}d & (11)

describes the interaction of these phonons. The self-consistent Hamiltonian (10) contains the only one effective
modulus of elasticity 4 and describes the phonon system in the isotropic approximation when phonons with arbitrary
polarization have the same speed. In addition, H includes &,, which does not contain operators. The inclusion of this

term is essential, since it describes the change in the ground state during the transition from the exact Hamiltonian to the
self-consistent one. Thus, by means of the renormalization of the elastic modulus, the main interaction between the
original phonons in the isotropic approximation is taken into account in Hamiltonian (10), and Hamiltonian (11)
describes the residual interaction, which is not included in the self-consistent field method. The self-consistent
Hamiltonian (10) in the representation of phonon creation and annihilation operators, which satisfy the standard

commutation relations [b bl ] O s | Brasbiwr | = [bk*a,b+ J:O,takes the form

ka ®
Hg=hY (k)b b, += hZa) , (12)
k,a

where a)(k) = ¢k , and the phonon speed with arbitrary polarization is ¢ = ﬁ?/ p . The free energy of the system with
Hamiltonian (12) is given by

F=g, +ﬁ2m(k)+3T21n(1—e*““’<")) : (13)
2 k k

The value &, is found from the condition <H > =<H S>, where the average is carried out with the statistical operator
;) =expf (F -H S) , B=1/T is the inverse temperature. The result is [3]
3| 1 < kik Ay, ( j ) ( 1) n’
gy = | — Yy L e k| fi+=||+———1T, 14
0 265{3,02 S Szk: Jitsy 8V pct (14

where

( 1. +1/2)( 1, +1/2) kil +

& kk, (15)
Zﬂ“aiajck |:3klik1jk2kk2c + 2klik1kk2jk2c ] +34 [3k klak2bk2j + 2klik1bk2ak2j J} ’

aibj
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-1
and f, = [eﬂ ha(k) —IJ is the phonon distribution function. The phonon speed Cg, renormalized due to the interaction,

can be found from the requirement of the free energy (13) minimum, 0F/dcy =0. As a result, we obtain a nonlinear
equation, which determines the speed of “new” phonons

272 kkA,, 1 At I
e =LJ12#(fk +—j+%— (16)
3V 4k 2) 6p e, J

kp

where J = +l k’dk , and the upper integration limit is the Debye wave number k, =(67°N/V v [24].
Ji 2 g Y D
0

Equation (16) is valid for the self-consistent description of the nonlinear properties of crystals of arbitrary symmetry.

In the absence of interaction and neglecting the nonlinear effects, the phonons are the same as that of the Debye
model. They are naturally called "bare" or "Debye". Phonons whose speed is renormalized due to the interaction in
accordance with (16) will be called the “self-consistent” ones. Even in the case of neglecting the dependence of the
modules 4, on the temperature, that is assumed in the ordinary Debye model, the renormalized speed ¢; of our
approach depends substantially on the temperature, since it is expressed in terms of integrals of the distribution
function. In the considered approach, the parameter A is chosen so that Hamiltonian (10) is as close as possible to the
exact Hamiltonian H = H +H, and therefore describes the phonon system with the best approximation with the

quadratic Hamiltonian [3].

THERMODYNAMIC PROPERTIES OF NONLINEAR CRYSTALS
IN THE ISOTROPIC MEDIUM APPROXIMATION

Calculations of the renormalized speed (16) and of the thermodynamic properties of a certain symmetry nonlinear
crystal is a complicated and cumbersome procedure that should be separately performed for each crystal class. In many
cases, properties of the crystal can be described qualitatively, and even quantitatively, once anisotropy is not strong
enough, in the isotropic medium approximation. In [4] such a method was developed to describe elastic waves in
crystals. To account of nonlinear effects, that are cubic in the strain tensor, such a method was used in [5]. For a more
consistent description of thermodynamic, and in some cases, kinetic properties of the crystal, fourth-order terms in the
strain tensor should also be taken into account. The model of the isotropic medium that describes properties of a crystal
allows one to substantially simplify the results and to generalize the method to crystals of arbitrary symmetry. In this
case, parameters of the isotropic medium model should be found for a crystal of each symmetry from the coincidence
with the exact moduli of elasticity condition.

Let us consider the interacting phonons in the isotropic medium in more detail. In this case, the second-order
elastic modulus tensor is

ﬂ’aib/ = ﬂgafab/ +,u(ij,ba) ’ a7

where A, g1 are the Lame coefficients. For brevity, we have used the symbol (ij, ab) =0.0,+0,_0,. The third and

ij~ ab ia~ jb *
fourth order anharmonic elastic moduli tensors in the isotropic elastic medium have the form

Ao = A8,,8,8,, + B| 8, (jk.cb)+3, (ik,ca)+ 3, (ij.ba) |+ s

. : 18

+C[ 8, (ij.bk)+ 0, (ij.be) + 5, (jk.ab) + 5, (ab, jc) ],
/’i’aibjckdl = Cl 5411' 5bj é‘ck 541'[ + CZ/’i’zfth;Lkdl + C3 /’i’cg?b}c/aﬂ + C4/’i’c£;4b;'c/aﬂ + CS ﬂ’ifb}ekdl b (19)
where
2B i = 8.6, (Ik,ed)+6,8, (jl.db)+6,8, (jk.cb)+ 20)
+6,,8, (il,da)+ 6,6, (ik,ca)+ 6,06, (ij,ba),
Aopa =8, 8,4 (jkocl)+ 8, (jk,cd)+ 8, (klbe)+ 5, (be.kd) |+

+6,,[ 8, (kl.di)+ 5, (kl.da)+ 3, (li,cd)+ 35, (ad,lc) |+ on

1

+8, [ 8,y (il. ja)+ 3, (il,ba) + &, (ij.da) + 5, (ab,di) | +
+8, [ 8, (ij.bk)+ 8, (ij.bc) + 3, (jk,ab)+ 5, (ab, jc)],
l{ffbj.ykd[ = (il, da)(jk, cb) + (ik,ca)(jl,db) +(ij,ba)(kl, dc) , (22)
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/Ia(fbi.ckd, = (ab, ci)(jl, dk)+(ij, ca)(kl, db)+(ik, ba)(jl, dc)+(ij, ka)(bl,dc)+
+(ab,jc)(il,dk)+(ij,bc)(kl,da)+(ab,jk)(il,dc)+(ij,bk)(cl,da)+ (23)
+(ad,ci)(jk,lb)+(jl,cb)(ik,da)+(jk,db)(il,ca)+(il,ka)(cj,bd).

The sixth-order tensor (18) is determined by three elastic moduli A4,B, C, and the eighth-order tensor (19) is

determined by five elastic moduli C, +C,. When taking into account effects of the order not higher than four, four
invariants can be constructed from the strain tensor:

']] = uii ’ ']2 = uaiuia > J3 = uaiuibuba s J4 = uuiuibubjuja : (24)
These invariants are not independent due to the relation
1 4 1
J, :gJ;‘ ~-J2J, +§J1J3 +EJ22. (25)
The contribution to the free energy of the third and fourth order terms in the strain tensor is given by equations
F, = %(Ajf +5BJ,J, +8CJ; ) , (26)
F, = %(CIJI4 +12C,J}J, +32C,J,J, +12C,J; +48C,J, ) . 27)
Taking into account the relation (25), equation (27) can be written in the form
1
F, = Z(DJI4 +12EJ}J, +32FJ,J, + 12GJ22), (28)
where
D=C+8C,, E=C,-4C,, F=C,+2C,, G=C,+2C;. (29)

Thus, there are two elastic moduli in the linear theory A, s, three third order modules 4,B,C and four fourth
order modules D, E,F,G [6-9]. In the considered case, the value (15) is determined in terms of the elastic moduli as

(£ +12)(A£, +12) ,
I= kzk: o Vi + v, (ks ), (30)

where
Vy=94+6u+6A4+32B+32C+D+8E+8F +18G,

31
Vi =6A+24u+4A4+48B+88C +8E +40F +10G. G1)

Taking into account these relations, after integrating (30) over the angles, we arrive at the following equation,
which determines the speed of self-consistent phonons in the isotropic elastic medium

v,
c§:c§+% Vo+—1|J, (32)
2477 pe 3
where the average speed of the “bare” phonons is defined by
1 A+4
¢ =—(2cf+cf)=—( 4), (33)
3 3p

and the longitudinal and transverse velocities of sound are determined by the known relations c,2 =(/1+2y)/ o,

¢! = u/p [18]. Note that the definition (33) differs from the definition of the average Debye rate [1]:

1 2 1
—=p" { T } : (34)

o |47 (ar2u)”

In the model, where the average speed or the Debye energy are phenomenological parameters, this difference in
the definition is not significant. However, since the average velocities (33) and (34) are expressed differently through
the elastic moduli, this distinction should be taken into account in a more exact description. The standard Debye energy

is determined by the relation ®,, = fic,k, [24], but in the considered approach, as it can be seen from equation (32), the
natural definition of the Debye energy is ®, = /ic,k,,. Since now, besides the speed of the “bare” phonons C,, there
arises the speed of the self-consistent phonons Cg, so it is natural to define the “self-consistent Debye energy”

©,, = hegk, , which, unlike the standard definition of the Debye energy ©, or ©,, is a function of the temperature.
Note, however, that although in its original formulation the Debye energy is assumed to be independent on the
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temperature, in practice experiments (e.g. [25-27]) reveal the temperature dependence of the Debye energy. In the
considered approach, the self-consistent Debye energy © , significantly depends on the temperature due to the phonon-

phonon interaction already at the starting point and, therefore, this approach better reflects the real situation. Although
the shortcomings of the Debye model, associated with a very simplified choice of the spectral density which does not
take into account the details of the structure of the lattice, remain also in our approach.

For the further reference, it is convenient to introduce the symbol o for the ratio of the renormalized due to the
phonon-phonon interaction sound speed ¢, to the original average sound speed ¢, or, which is the same, ratio of the

self-consistent Debye energy to the standard one:

o=c[c,=0,/0,. (35)
Equation (32), on account of the introduced quantity (35), can be written in the dimensionless form [3,4]
(o-z—l)o-=ACD(£j, (36)
T
: o
where 7=7/0, is the dimensionless temperature. We have taken into account that J=-2®@ (—] , where
T

8 37z7dz
®(x)=1+-D(x), D(x):7£ :
parameter that characterizes the system:

is the Debye function. Equation (36) contains a single dimensionless

AEL4 VE)’LK , (37)
32pMc, 3

where M is the mass of the lattice atom. In general, there are no restrictions on the sign of this parameter. However,
calculations show that for the most substances the sign of A is positive. This leads to the fact that in most cases the

phonon speed ¢, and the self-consistent Debye energy @ p increase with the temperature [2, 3]. For diamond and

crystals with the similar structure, such as germanium and silicon, this parameter turns out to be negative. Further on we
will study the solely diamond crystal case.

APPROXIMATION OF NONLINEAR CHARACTERISTICS OF CRYSTALS BY THE ELASTIC MODULI
OF THE ISOTROPIC MEDIUM
A large number of elastic moduli describe the nonlinear elastic properties of crystals of different symmetry. Most
simply is to describe nonlinear properties of the isotropic medium, where there are nine modules upon the expansion of
the free energy up to the fourth power in the strain tensor. In most cases, crystals can also be well described using the
isotropic medium model, if its parameters are optimally selected. In [4] it was proposed to choose the elastic moduli of
the approximating linearized isotropic medium from the requirement of the minimum of the quantity

A 08 (38)

aibj aibj

I, =

. - 0
where ﬂ'aib/‘ is the modulus of elasticity of a crystal, Z(El.b)j

is the elastic modulus of the isotropic medium. As it was
shown in [28], the free energy of the isotropic medium turns out to be as close as possible to the free energy of the
crystal in the case. It is natural for the approximation of nonlinear elastic moduli to use the analogous condition (38) [5],
minimizing the quantities

2

. =

0 0 |
I, = ﬂ'ailz/'ck -5 ﬂ’aibick{ll - ﬂ’zﬁilz)/'ckdl > (39)

aibjck

where 4,,.4> Ay @re the elastic moduli tensors of the crystal, /1523/.8,(, /153,),[,“,1 are the elastic moduli tensors of the

isotropic medium. Taking the derivatives of I, I;, I, with respect to the elastic moduli of the isotropic medium and

setting them to zero, we obtain the systems of equations whose solutions are the elastic moduli of a reduced isotropic
medium, expressed in terms of the following convolutions of the elastic tensors of a real crystal:

ﬂ‘[(Z) = jfl'l'/(k [} 12(2) = ﬂ’ikik >
ﬂ'l(3) = A 12(3) = A /13(3) = L > (40)
4 4 4 4 4
11( )= ﬂvﬁkkuppv ﬂz( )= ﬂ’iikklppl’ /13( '= ﬂ’iikllppk’ ﬂi = ikkilppl > 25( )= /Ifkk”PPi'
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In terms of these quantities, the reduced elastic moduli are

/l —

(227 -2) (A ), @1

30

A= L(SJP +84 -15), B= L(—w}” —1228 +1927),
105 210 @)

1
C=—(2 (3)+9 (3)_9 (3) ,
g (247 +oa” -4

_ 1 ) _ 6182 _ (4) _ ) )
D_%(llzul 618" —2296 A" ~16712{" +352241"),

E=—) (10341 +43820 +376 4" + 41140 —10024"),
113400 43)

(-287219 +2824) + 11842 + 394" —9784"),

226800

1
= 557, +8220% +10441 + 24694 — 25984 ).
226800( A g 4 * g )

For the cubic crystals, to which diamond belongs, the following components are selected as the independent
components of the elasticity tensors of the fourth, sixth and eighth ranks in the matrix representation [4,6]: 1) ¢,,,¢,,C s

2) €115 C1125Ciss Cio3> Caas Cas 5 3) Ciin1oCii12>Clieo Clizas Ciosss Casaa> Ciizs> Criaas Croaas Cuase - Casgs - 10 this case, equations

(41)-(43) for the elastic moduli of the reduced isotropic medium take the form

A =%(cll +4c, —2044), y7, =%(C” -, +3c44), (44)
A =%(c111 +18¢,,, +16¢,,; —30c¢,,, —12¢,5s +16c456),
B =%(c111 +4c;, =56, +19¢,,, + 20,5 —12¢44), (45)
Czé(c111 =3¢, +2¢15, —9¢14, + 9,55 +9c456),

1
D :E(Cllll +32¢),y, +36¢,,,, +204¢,,;, —132¢,,, —

—24¢)156 = 312¢154y —306C, 565 + 240056 + 6C4404 +12C,4446 )a
1
E= (01111+1401112+901122_301123+2101144_

315
—6C) 156 T 48C 1244 —48C 1456 —3C4u0s — 0C 446 )’

1
F :%(261111 +10¢,;1, =9¢,15, =24¢, 153 + 60,14, +

(46)

+0C, 155+ T8C 244 +306C 355 = 60C 455 — 154445 —30C,446 )7

1
G :_(201111 —=8¢y1, +27¢)15, —42¢)15, +96C, 4y +

630

+24¢, 166 +00C,,4, —54¢566 —168C, 156 +39C,404 +78C 466 )

1166

Equations (44) - (46) are used here for computing the parameters of the proposed model for diamond crystals. The
values of the independent components of the elasticity tensors of the fourth, sixth, and eighth ranks, which are given in
Tables 1 and 2, are either measured experimentally or calculated theoretically [26,27]. As it has been noted, when the
approximate description is used, the temperature dependence of the elastic moduli and the difference between the
isothermal and adiabatic modules could be ignored.
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Table 1
Independent components of the fourth and sixth elasticity tensors of diamond (10" dyn cm™)
Cll C12 C44 Clll C112 CISS C123 C144 C456
108 12.4 57.8 -761 -226 -280 210 -178 -82.0
Table 2

Independent components of the eighth rank elastic tensor of diamond (10'" dyn cm?)

C1111 C1112 C1166 C1122 C1266 C4444 C1123 C1144 C1244 C1456 C4466

2669 946 1074 607 819 1132 -42.5 -138.5 -26.4 48.7 52.8

Using the data given in Tables 1, 2, equations (44) - (46) result in the elastic coefficients of the reduced isotropic
medium for diamond (Table 3).

Table 3
The nine reduced moduli of elasticity of diamond (10'" dyn cm™)
A u A B C D E F G
8.4 53.8 169.1 -162.1 -37.7 637.5 186.8 -280.3 183.9

Using these data together with values of the density o and of the atomic mass M makes possible to calculate the

parameters of the generalized Debye theory for the self-consistent phonons [2,3] in diamond, which are listed in
Table 4.

Table 4
Values of the parameters VO, V1 (31)n A (37), which determine the nonlinear properties of diamond crystal.
P, g/cm3 M, 105 g Vo, 10“dyn/cm2 Vi, 10“dyn/cm2 A
3.5 1.99 -1784.98 -2030.2 -0.00817

The values of the temperature independent longitudinal and transverse sound velocities, the average velocities of (33),

(34) and, the corresponding Debye temperatures, are given in Table 5.
Table 5

Temperature independent longitudinal, transverse and average sound speeds
and the Debye temperature of diamond.

¢ 10° ¢ 10° cp 10° ¢ 10° s 1
sm/c sm/c sm/c sm/c kp 10" cm O K ® K
12.31 18.09 9.37 14.59 2.18 1560.6 2430.0

THE TEMPERATURE DEPENDENCES OF THE DEBYE ENERGY. HEAT CAPACITY
Account of the phonon-phonon interaction leads to the appearance of the dependence of the average phonon
speed on the temperature (32), (36) even if such a dependence was absent in the linear approximation. If we determine

the Debye energy or the Debye temperature through this speed ©,, = fic,k,, , the Debye energy will also depend on the
temperature. Figure 1 shows the temperature dependence of the self-consistent phonon velocity and the Debye energy
of diamond, calculated with the nonlinearity parameter A given in Table 4.
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For most solids the nonlinearity parameter A is positive, and the average speed of the self-consistent phonons
increases with the temperature [3]. For diamond and some other diamond-like crystals, the parameter A turned out to
be negative, so that the phonon speed and the Debye energy decrease with the temperature for them (Fig. 1).

1.00

0.99

5 098

0.97

0.96 : > :
0.0 0.5 1.0 15

T
Figure 1. Dependence of the self-consistent phonon speed and the Debye energy of
diamond o =c,/c, =©,/0, on the temperature 7 =7/0, .
Entropy can be obtained by the well-known expression § = —(6F /oT )V with the free energy (13), (14).

Computing the derivative, the speed C, in view of OF / Ocg =0, could be treated as a constant [2,3], then:

S=_N{3m(1_efj_41)(gﬂ. an

From the expression for entropy (47) it follows the expression for the isochoric heat capacity C, =T (8S /oT )V [2,3]:

C Z3N 41DEEJ_L (z_d_aj (48)
g o t) -1z dr)

The temperature derivative in (48) can be found from equation (36) [3]. As it is known, in the Debye model there
is the law of the corresponding states, consisting in the fact that the heat capacity is a function of the dimensionless
temperature 7 =T7/0 [1]. Account of the phonon-phonon interaction leads to the violation of this law, and every
specific phonon system is additionally characterized by its dimensionless parameter A . The calculation of the
parameter A shows that it is positive for the most substances. Consequently, we get increasing the self-consistent
phonon speed with the temperature and the linear in the temperature deviation of the heat capacity C, from the

Dulong-Petit law [3]. Since experimentally it is usually measured the heat capacity CP , which linearly grows at high

temperatures (see eq. (2)), to identify the decrease of C, experimentally, it is necessary to use the equation (2) upon

processing the experimental data.
Figure 2 shows, using NaCl as an example, the typical behavior of the isochoric heat capacity at high

temperatures, characterizing the most substances. The experimental data are taken from [29].

49.4

49.3}

49.2¢

49.1}

Cy , I/(mol+K)

49.0

48'?00 600 700 800 900 1000
T.K

Figure 2. The molar heat capacity of NaCl at a constant volume: (a) constructed from the experimental data;
(b) subjected to equation (2).
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Figure 3 shows the temperature dependence of the isochoric heat capacity of diamond, plotted by use of the
experimental data from [30, 31]. As we can see, the behavior C, of diamond at high temperatures is qualitatively

different from the behavior of this quantity for the most crystals of the cubic crystal system (Fig. 2).

25.0
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. 245
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S 240 b
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=23
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Figure 3. The molar heat capacity of diamond at a constant volume: (a) constructed from the
experimental data; (b) calculated by equation (2).

CONCLUSIONS
For the most substances, the linear in the temperature decrease of C, is observed with increasing the temperature.

For crystals with diamond cubic crystal structure, this deviation occurs in the direction of increasing the heat capacity.
In the framework of the approach of the self-consistent phonons, using the approximation of the elastic properties of
crystals by the reduced isotropic medium, it is possible to clarify formulae for the isochoric heat capacity and the Debye
energy.

Account of the phonon-phonon interaction leads to the redefinition of the phonon’s speed and of the Debye
energy. Their dependence on the temperature occurs. The isochoric heat capacity is no longer a constant. At low
temperatures, the corrections to C, are insignificant (the phonon gas can be considered as ideal). At high temperatures,

the sign of the correction depends on the sign of the non-linearity parameter A . It is convenient to calculate it for the

isotropic medium (see eq. (37), (31)). Calculations show that for all crystals of the cubic system A is positive, except
of diamond and crystals with diamond structure. Figures 4, 5 show the difference in the behavior of C, for diamond

and NaCl (as an example of crystals of cubic crystal system).

0.98
1.00
0.97
0.98
/ 2
< 0.96 i
= = 0.96
@) )
B 0.94
0.94
1.0 15 2.0 25 3.0 096 0.8 1.0 12 1.4
T T

Figure 4. The normalized heat capacity of NaCl at a constant Figure 5. The normalized heat capacity of diamond at a constant
volume, calculated from equation (48), (A = 0.007). volume, calculated from equation (48), (A = —0.00817). The
upper temperature limit is constrained by the melting point.

Using the developed approach, one can calculate corrections to the thermodynamic coefficients of crystals under
conditions when the phonon gas cannot be considered as weakly interacting. Also, it is possible to obtain the
temperature dependences of the longitudinal and transverse Debye energies, if we do not average the speed of phonon.
Estimates show that for diamond the difference between the longitudinal and transverse Debye energies can be
significant.
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HEJIHIAHI EGEKTHA Y ®OHOHHIN CUCTEMI AJIMA3Y
A. Haymogen*, 0.M. Ioayexros™”, B.JI. Xoaycos®
“Xaporiscokuil nayionanvhui ynieepcumem im. B.H. Kapasina, nn. Céoboou, 4, m Xapxis, 61022, Yrpaina
bHayionansnuii Haykosuti yenmp «Xapkiecokuil (izuxo-mexuiynuil incmumympy, @yi. Axademiyna, 1, m Xapxis, 61108, Vkpaina

Ha ocHOBiI MeTony caMOy3rofpKEHOro OIMHUCY ra3y (OHOHIB B PEIIITIN, y3arajibHIOKYoro mojenb Jlebas 3 ypaxyBaHHAM (HOHOH-
(OHOHHOI B3aeMOpii, TEOPETUYHO JOCIIKEHI TEPMOJMHAMIYHI BJIACTHBOCTI ajiMasy. BllacTMBOCTI KpHCTaliB IEBHOI CHUMETpil y
0araTbOX BHUIAJKaX MOXYThb OyTH A00pe ampoKCHMOBaHI MOJEJUII0 i30TPOMHOrO CYLIJIBHOIO CEpPelOBHIIA, SIKIO HOro MOy
TPYXHOCTi BUOPATH ONTHMATLHAM YHHOM. IX CJif ITyKaTH 1jis KpHCTana KOKHOI CHMeTpii 3 YMOBH iX GNM3BKOCTi 10 TOUHHX
MOJYJIIB MPYXHOCTI, SIKi BUMIPIOIOTBCSl €KCIIEPUMEHTANBHO 1 HABEICHI y BIAMOBIAHUX TabiuusAxX. B o0macTi BHCOKHX TeMmeparyp
HelniHiiiHe B3aeMollii (OHOHIB BpPaxoOBYy€ SIK TPbOX-, TaK 1 4OTUPHOX (HOHOHHI B3aemonii. Lle mpu3BoAWTH A0 TOTO, MO B MOJIEINI
HaBEJICHOTO 130TPOITHOTO KPUCTaly HEOOXIHO BpaXxOBYBaTH HE TUIBKH TEH30PH MOJIYJIIB IPYKHOCTI APYroro MOPSAKY, a H MOIYIIB
IIPY>KHOCTI TPETHOTO 1 YETBEPTOrO MOPSAKIB, SIKi XapaKTEePU3YIOTHCS AEB'SIThMA HEe3aJeKHIUMU KOMIIOHEHTaMH. BpaxyBanus GpoHOH-
(hOoHOHHOI B3aemojii B HAOJMKEHHI CaMOY3TO/DKEHOTO IOJIA MPHU3BOJUTH JO IMOSBH 3aJICKHOCTI INIBUAKOCTI TaKUX (OHOHIB i
Temneparypu Jlebas Bia Temmepatypu. 3a BiICYTHOCTI B3a€MOJii Ta HEXTyBaHHI HeNMiHIMHUME edekTaMu, POHOHHM B JIaHii Teopii
TaKi Xk, K B Teopii Jebas. Ix masuaemo «romummy» a6o «aebaeBchbkuMm». MOHOHH, IIBMIKICT AKMX TEPEHOPMOBAHA BHACHINIOK
B3a€EMOJil, HAa3MBAaEMO «CaMOy3rokeHuMu». [lokaszaHo, 110 HpPH BHUCOKHX TEMIIEpaTypax Teopis mepeadadae JiHiiiHe 3a
TEMIEPATypOl0 BiIXWICHHS 130XOpWYHOI TEIUIOEMHOCTI Bin 3akoHy Jlromonra-IIti. Ha Bigminy Bim OinbIIOCTI KpHCTaliB, A€
CIIOCTEPIra€ThCsl 3MEHIICHHS 130XOpUYHOI TEIUIOEMHOCTI, TEOpis A anMasy 1 alMa3omoNiOHMX KpPUCTaNiB mependada JiHiiHe
3pOCTaHHS Ii€l TEIUIOEMHOCTI 3 TEMIIEpaTypolo, IO BIIIOBiJa€ eKCIEPHMEHTY. [300apHyHa TEIUIOEMHICTE anMasy, sIK 1y IHIIHX
PEYOBHH, TIHIHHO 3pOCTAE 3 TEMIIEPATYPOIO.

KJIFOUOBI CJIOBA: ¢oHOH, i30XOpHYHa TEIUIOEMHICTB, i300apy4Ha TEIIOEMHICTh, POHOH-(GOHOHHA B3aeMonis, eHepris [lebas,
peuriTka ainMasy, MOZYJIi MPY>KHOCTI

HEJIMHEWHBIE Y®PEKTHI B POHOHHOMW CUCTEME AJIMA3A
A. Haymogen*, F0.M. Ioayskros™”, B.JI. Xoaycos®

“Xapvrosckui nayuonanvhoill ynueepcumem um. B.H. Kapasuna, ni. Ceo6oovl, 4, 2. Xaperos, 61022, Vkpauna

PHHIT «Xapvrosckuil huzuxo-mexnuueckuil uHcmumymy, yi. Akademuueckas, 1, e. Xapvkos, 61108, Yxpauna
Ha ocHOBe MeToma caMOCOTJIaCOBAaHHOTO ONMCAHUS Ta3a ()OHOHOB B pemieTke, obobmaromero Moxens [lebas ¢ yueroM (OHOH-
(DOHOHHOTO B3aMMOJEUCTBUS, TEOPETHYECKH MCCIECJOBaHbl TEPMOJAMHAMHYECKHE CBOWCTBa anmasza. CBOMCTBa KpPUCTAJLIOB
OIpeaeIEHHON CUMMETPHH BO MHOTHX CIIy4asiX MOTYT OBITh XOPOIIO annpOKCHMHPOBAHBI MOJIEIBI0 H30TPOITHON CIIOIIHOW CPEJb,
eciy e€ MOJyJIH yIpYrocTH BbIOpaTh ONTUMAaNbHBIM 00pa3oM. VX crexyeT HaXOAuTh A KPHCTasIa KaX a0 CHMMETPUU U3 YCIOBHS
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nx OJIM30CTH K TOYHBIM MOJYJISIM YIIPYTOCTH, KOTOPbIE M3MEPSIIOTCS SKCIEPUMEHTAIBHO M IIPUBE/ICHBI B COOTBETCTBYIOIIMX TaOIMLIaX.
B oOmnacTu BBICOKMX TEMIIEpaTyp HEIMHEHHOE B3aUMOAEHCTBUS (DOHOHOB YYMTHIBACT KaK TPeX-, TaK M 4YeThlpeX (HOHOHHbIE
B3aUMOJIEHCTBUS. DTO MPUBOIHUT K TOMY, UYTO B MOJIEN MPHBEAESHHOTO H30TPOITHOTO KPUCTA/lIa HEOOXOAUMO YUUTHIBATh HE TOJIBKO
TEH30pbl MOMYJICH YyNPYyroCcTH BTOPOrO MOPAAKAa, HO W MOXyJeH YIPYrOCTH TPETHETO M YETBEPTOrO IIOPSIKOB, KOTOpPHIE
XapaKTepH3yIOTCSl JICBATHIO HE3aBHCHMBIMH KOMIIOHEHTaMH. Y4YeT (OHOH-(OHOHHOTO B3aMMOACHCTBHSA B IPUOIMKESHUN
CaMOCOTJIaCOBAHHOTO IIOJSI HPUBOAUT K IIOSBICHHIO 3aBHCHMOCTH CKOPOCTH Takux (oHOHOB m Temmeparypsl /[lebas ot
TemIepatypsl. B oTcyTcTBHE B3anMozeicTBHS B IpeHEOpEeKEHHN HeTMHEHHBIMA Y dexTamu, GOHOHBI B JTAHHOH TEOPUH TaKHUe XKe,
kak B Teopuu [lebas. [Ix Ha3pIBaeM «TOJNBIMI» WIN «Ae0acBCKUMMY. DOHOHBI, CKOPOCTh KOTOPHIX IIEPEHOPMHPOBAHA BCIIEACTBUE
B3aUMOJICHCTBHS, HA3bIBa€M «CaMOCOITIacOBaHHBIMU». Iloka3aHO, YTO NpHU BBICOKHUX TeMIepaTypax TeopHsl IpeaCKa3blBaeT
JIUHEHHOEe 10 TeMIepaType OTKJIOHEHHE M30XOPHYECKOH TeImIoeMKOocTH OT 3akoHa [lromonra-Iltu. B oTnuume or GonbLIMHCTBA
KPHCTAJJIOB, IJie HAaOMIOAaeTCsl yMEHbIIEHHE H30XOPUYECKOH TEMI0eMKOCTH, TeOpusl Ul ajiMa3a M alMa30NoJOOHBIX KPHUCTAIIOB
MpeCcKa3bIBacT JIMHEHHOE BO3PACTaHUE STOH TEIUIOEMKOCTH C TEMIEpaTypold, U4TO COOTBETCTBYET J3KCIEpHMEHTY. M3o0apuueckas
TEIJIOEMKOCTb aJIMa3a, Kak U 'y APYTUX BEIIECTB, JIMHEHHO BO3PACTAET C TEMIIEPATYPOH.

KJIOYEBBIE CJIOBA: ¢oHOH, u30XOpHYECKas TEIDIOEMKOCTh, HW300apHuecKas TEeIIOEMKOCTh, (DOHOH-(OHOHHOE
B3auUMoJIeHicTBHIE, 3Heprust Jlebas, pemerka anmasa, MOJyJIN yIIPyTOCTH
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In this paper, we have investigated the charge stability diagram and conductance dependence on source drain bias and
gate voltage of carbon nanotube based single electron transistor (SET) by using first principle calculations. All
calculations have been executed by using ATK-VNL simulation package based on density functional theory (DFT). We
have applied these calculations for carbon nanotube based SET; the nanotube has been placed just above the dielectric
(€0 = 10) in between the source and drain electrodes of gold. The single walled carbon nanotube has been used in SET,
which have ultra-small diameter and (4,0) configuration. The addition energy of the device has been calculated, which
can be defined as the difference between the electron affinity, and ionization energies. The calculated values of energies
have been found to be -10.17694 eV and -11.04034 eV for isolated phase and SET environment respectively. In
electrostatic environment, the results were showing the regularization of molecular energy levels and therefore the
addition energy reduced. The calculations for additional energies, variations of total energies to that of the gate voltages
and charge stability diagram (CSD) have also been done in this study.

KEYWORDS: Single walled carbon Nanotube, Single-Electron Transistor (SET), Electron Affinity, lonization Energy,
Addition Energy, Charge stability diagram (CSD)

Carbon nanotubes have been known to show astonishing electrical properties; therefore could be used in electronic
industry as a future alternative for Silicon based devices. Over the last few decades, the advancement in the speed,
complexity and low power consumption of electronic devices, have been dramatically developed and achieved by
decreasing the device dimensions and evolving new device structures. Since the objective of modern technology is to
reduce the size of the devices; therefore the researchers as well as the engineers have been inclined towards Nano
electronics. In decreasing the size of the transistor, scaling has always played an important character to observe Moore’s
law [1]; but the decrement in the size of a device leads to the drooping of device. Drain-induced barrier lowering,
threshold voltage shift, leakage current, gate-induced drain lowering etc., are the effects, named as short channel effects,
which become prominently dominant when device size is decreased [2]. To reduce, these effects and to increase device
performance, the researchers have done many research and Single-electron transistors are one of them. A Single-
electron transistor [3-6] (SET) is an electronic tool system by which the flow of even a single electron can be governed.

Carbon nanotubes [7-9] are the nanostructures of high aspect ratio; also they used to show excellent electronic,
thermal, mechanical, structural properties [10] so could be used in electronic devices. Depending upon the type of
rolling, nanotubes may exhibit semiconducting or metallic nature. CNTs have been investigated since a very long time
and being used in electronic devices such as in field effect transistors (FETs) [11,12], but in FETs the flow of current
occurs due to the tunneling of many electrons through the junctions. While if instead of many electrons, the flow of
only single electron may cause the current flow, then the circuit power consumption and probability of high switching
can be achieved [13]. Low power consumption and sensitivity of SETs make it a good candidate for VLSI technologies
[14]. In spite of being the low temperature phenomenon, the room temperature fabrication of SETs has been executed
[15]. In this paper, we have studied the single walled carbon nanotube, of ultra-small diameter and zigzag type,
incorporated in the single electron transistor. In this study we had used the zigzag nanotube of ultra-small diameter (4,0)
in single electron transistor. The conductance as well as the charge stability diagram (CSD) of the device had been
studied.

THEORY, RESULTS AND DISCUSSION

In the present work, theoretical calculations based on Density Functional Theory (DFT) were done to calculate the
above said quantities. In order to do the calculations the single electron transistor was modeled by using density
functional theory based software Atomistic toolkit (ATK) [16] package by which all the modeling and the analysis of
the device had been carried out. Local Density Approximation (LDA) [17] was chosen as the exchange-correlation
function. The gate electrode thickness, gate-oxide (dielectric constant of material eo = 10) [18] thickness and the source-
drain width are considered to be 1A°, 3.8A° and 4A° in order to design the SET. Source/drain electrodes were taken as
metallic electrodes of 5.28 eV work function i.e., gold [19]. Normal components of electric field had been set to be zero
using Neumann boundary conditions for device analysis. Also, in the molecular energy spectrum the energy was set to
absolute energy. As in the Fig.1 (a) it can be seen that a single-electron transistor was assembled by placing an island in
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between the two electrodes named as source (left) and drain (right) respectively. The island is isolated from the third
electrode (gate), source and drain electrodes by an ultra-thin dielectric material. The third terminal gate is capacitively
coupled to the conducting island. Two junctions source-material and material-drain have been observed which are
necessary to be crossed in order to maintain the current flow in the device. The source was kept at higher potential as
compared to the drain electrode. An electron will tunnel from the source to the material until or unless its energy
becomes equal to the coulomb’s energy and till then electron will be trapped onto the barrier [20-23]. This phenomenon
of trapping the electron is called as the coulomb blockade by which the flow of electron can be controlled. Gate voltage
is the main key controller of SET.

¢ ¢
r\ Source

(N .
g .

Dielectric

Drain

Gate

(a) (b)

Figure 1. (a) Structure of conventional Single Electron Transistor, (b) the modeled structure
of CNT (4,0) based Single Electron Transistor

Using the DFT based ATK-VNL simulation package we have optimized CNT (4,0), which was the basic need in
order to design SET. From the optimized structure, CNT was modeled in the SET configuration using the software with
local density approximations (LDA). The modeled structure has been shown in Fig.1 (b) in which the nanotube was
kept just above the dielectric material, which was connected to gate electrode, and metallic electrodes surround the
system.

After the completion of the modeling the structure, the SET configuration was used to calculate charge stability
diagram (CSD), also against the gate voltage the variation of total energies have been observed. First, we have
calculated the total energies in isolated state and then for SET environment for individual charge states (0, 1, 2,-1,-2)
that are required to calculate the charging energies i.e. electron affinity (E,) and ionization energy (E;). Both of these
can be defined as the amount of energy required adding one electron to the molecule and the amount of energy required
to eliminate one electron from the molecule respectively.

In the equation form these can be written as:

Er=E'-E and E=E"'-E

Where E is the energy of the molecule in neutral state, E' is the energy of the molecule when one electron is
added to the molecule, and E™' is the energy of the molecule after the elimination of one electron.

The energies have been calculated in both the configurations and shown in the table 1. It has been found that there
is a reduction in electron affinity (E,) and in ionization energy (E;) in SET environment, which may due to the
stabilization of charges due to electrostatic surrounding. This reduction enhances the switching property of device since
as the energies become lower; the switching speed as well as the conductance will be improved. By addition energy the
conductance improvement can be further explained since E,4q = Eo - Ej; shown in table 2. It is clear that in SET
environment the addition energy is lower; which is indicating the better stability of the system.

Table 1
Calculated values of electron affinity and ionization energies in isolated and in SET configuration
Energy (eV) Isolated (eV) SET (eV)
E" 9.86443 8.08661
E; 6.65266 6.36309
E," -0.45897 -2.92933
Ea -3.52428 -4.67725

For distinct charge states the variation of total energies with respect to gate voltage has shown in Fig. 2(a); in
which different color map shows different charge states i.e. blue (-2), green (-1), red (0), turquoise (1), and violet (2).
Figure 2(a) shows that the system has minimum energy in its neutral state i.e. in 0 charge state. Since minimum energy
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expresses the stability of the system so the system is stable in its neutral state. Also it can be seen from the figure that
when the negative bias is applied then positive states are getting stable and when the positive bias is applied then the
negative charge states are getting stable. This indicates that whenever the gate is positively biased then an electron is
attracted towards CNT and making it negatively charged as a result the LUMO level of CNT appears to be lower than
that of electrode’s Fermi level. While on the other hand, when the gate is negatively biased then an electron is
eliminated from the CNT and making it positively charged and HOMO level of CNT appears to be above the
electrode’s Fermi level.

Table 2
Calculated values of addition energies in both the environments
Energy (eV) Isolated (eV) SET (eV)
Eadd -10.17694 -11.01594
E'add -10.3234 -11.01594

2480

2485

Total Energy (eV)

~2490 " —

Source-Drain bias (Voit)

2500

8 6 a 2 0 2 0
Gata voltage (Volt) Gate voltage [Volt)

(a) (b)
Figure 2. (a) Variation of total energies with gate voltage for different charge states [blue (-2), green (-1), red (0), turquoise (1), and
violet (2)] for a CNT_SET. (b) Charge Stability Diagram (CSD) for CNT_SET. CSD shows different number of charge states for
different bias with blue (0), light blue (1), green (2), orange (3) and red (4).

Charge stability diagram (CSD) has been plotted for the investigation of conductance and shown in fig. 2(b). CSD
explains the dependence of conductance on the source drain and gate voltage. In this diagram the charging energy of
CNT in SET surroundings is plotted for different gate voltages. A particular number of energy levels i.e. charge states
are present there for a fixed value of source-drain and gate voltage. Different energy levels are represented by a coding
of different colors i.e. blue (0), light blue (1), green (2), orange (3) and red (4) in CSD and conductance depends upon
the number of charge states in bias window. As much as the width of the central dark region decreases, less the charging
energy will be needed to bring SET into conduction state. From the figure, it is clear that the central dark blue region is
not much broad therefore the device will be needed less energy to bring SET in conduction state and the device can act
as a fast switching device.

CONCLUSIONS
The present work validates the application of Density Functional Theory (DFT) to calculate the properties of
carbon nanotube (CNT) based single electron transistor (SET) in Coulomb blockade regime. Single-electron transistor
with island CNT of (4,0) configuration had been modeled and simulated. It shows better stability and higher
conductance. With the help of Charge stability diagram (CSD) and variation of total energies with respect of gate
voltages at different charge states the system shows high conductance.
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MOYATKOBI PO3PAXYHKH OJHOEJEKTPOHHOI'O TPAH3UCTOPA HA OCHOBI OJJHOCTIHHO{
BYTJIEHIEBOI HAHOTPYBKH YJIBTPAMAJIOT'O JIAMETPY
Cpamxa Yayxan, Axkaii Cinr Bepma
Disuunuil paxynomem, banacmxani Biovsnim, Padoxcacmxan, 304022, Inois

V wiit cTaTTi MM JZOCHTIPKYBAIIM JiiarpaMy CTaOLIBHOCTI 3apsity 1 3aJeXKHICTh NMPOBITHOCTI BiJ 3CyBy BUTOKY 1 Halpyrd Ha 3aTBOpI
oaHoenekTponHoro Tpansucropa (SET) Ha OCHOBI ByrIjleleBUX HaHOTPYOOK, BUKOPHCTOBYIOUH IEpPBONpIHLINHUE o0uncieHHs. Bei
PO3paxyHKH BHKOHaHi 3 BUKOpucTaHHsIM naketa MozenmoBanHs ATK-VNL, 3acHoBanoro Ha Teopii pynkuionana miinsaocti (DFT).
Mu 3actocyBaimu ui pospaxynku mias SET Ha ocHOBI ByrieueBux HaHOTpyOok. HanorTpyOka Oyna momilieHa TpOXH BHIIE
nienextpuka (Eo = 10) Mk 30J0THX €TIeKTpOAiB BUTOKY i cToKy. ¥ SET BHKOpHCTOBYBasacsi OMHOCTIHHA BYyTJeLeBa HAHOTPYOKa,
sika Mae HaaManux aiametp i (4,0) korpirypamiro. Byma po3paxoBana 1oJaTkoBa €HEpPrisl MPUCTPOIO, KA MOKE OyTH BH3HAYCHA SK
PI3HMIII MIX CHOPITHEHICTIO N0 €NEeKTPOHY 1 eHeprieio ioHizamii. BcraHOBIEHO, 0 PO3paxoBaHi 3HAUCHHS CHEPrid CKIagaloTh -
10,17694 eB i -11,04034 eB mis i3omsoBaHoM0 (ha3u i SET-cepemoBuima BiIIOBIAHO. Y eNEKTPOCTATUIHOTO CEPEIOBHII PE3YIbTaTH
MOKa3aJI PeryJisipu3aLilo piBHIB MOJICKYJISIPHOI €Heprii i, OTKe, JOAaTKOBa €Hepris 3MeHIIyBanacs.. Po3paxyHKH Uit 10JaTKOBUX
SHeprii, Bapialiii MOBHUX €Heprii 10 Hanpyr 3aTBopa i xiarpamu cradinbHoCTi 3apsay (CSD) Takox Oynn BUKOHaHI.

KJIFOUYOBI CJIOBA: oaHoctiHHa ByrjieneBa HaHOTpyOka, oxHoenekTporuuii tpausuctop (SET), crnopiiHEeHICTh A0 €IeKTPOHY,
eHepris ioHi3auii, JogaTtkoBa eHepris, aiarpama crabinsHocri 3apsay (CSD).

HAYAJIbHBIE PACYETBI OJTHOJIEKTPOHHOI'O TPAH3UCTOPA HA OCHOBE OJTHOCTEHHOM
YIJIEPOIHOM HAHOTPYEKH YJIBTPAMAJIOI'O TAAMETPA
Cpanxa Yayxan, Amzkaii Cunrx Bepma
Quszuueckuil paxyremem, banacmxanu Buovanum, Padoxcacmxan, 304022, Hnous

B aT0if cTaThe MBI HCCIENOBANM JHarpaMMmy CTaOMIBHOCTH 3apsiia M 3aBHCHMOCTH HPOBOJMMOCTH OT CMELICHUs HCTOKAa U
HampsDKEHUS Ha 3aTBOpe OXHOIEKTpoHHoro Tpausucropa (SET) Ha ocHOBe yriaepomHbIX HAHOTPYOOK, HCHONB3YS
MIEPBONIPUHIUITHBIE BBIYHCICHHU. Bce pacdeTsl BBIIIONHEHBI ¢ UCTIONb30BaHHEeM MakeTa Monenuposanusi ATK-VNL, ocHoBaHHOrO Ha
teopun ¢ynkunonana mwiotHoctd (DFT). Mer nmpumennsm otu pacuetst 11t SET Ha ocHOBe yriaepoaHsix HaHOTpYOOK. HanoTpyOka
Obula MoMeIleHa 4yThb BhIle AudIeKTpuka (€0 = 10) Mexay 307I0THIX 3IEeKTponoB ucToka M croka. B SET ucnonb3oBanachk
OJIHOCTCHHAs yIJIepOoAHAs HAHOTpyOKa, KOTOpas HMeeT cBepxMmanblii auamerp u (4,0) xoHdurypammo. Bbeuma paccumrana
J00aBOYHAsT PHEPIUsl yCTPOHUCTBA, KOTOpasi MOXET OBITH ONpeJelieHa KaK pa3sHUIA MEXIY CPOJACTBOM K DJIEKTPOHY M 3HEepruei
HMOHM3AIMU. Y CTaHOBJICHO, YTO PAcCUMTAHHBIC 3HAYEHUs dHepruil cocrapiusior -10,17694 5B u -11,04034 5B ais uzonupoBaHHOU
¢a3b1 u SET-cpesbl cOOTBETCTBEHHO. B aekTpocTaTiyeckoi cpene pesysIbTaThl HOKa3aly Peryisipi3aliio ypoBHEH MOJIEKYJIIPHOIT
SHEPIHU U, CIEA0BATENbHO, 100aBOYHAs SHEPIHsl yMEHbIIanach. PacueTs! s 100aBOYHBIX SHEPrull, BApHALMl TTOJIHBIX YHEPIUil K
HaNpsDKEHUAM 3aTBOpa M AMarpaMMsbl cTabuiabHocTH 3apsaaa (CSD) takke ObUTH BBITTOTHEHBL.

KJIFOYEBBIE CJIOBA: onHOCTeHHas yriepogHas HaHOTpyOKka, oIHOAIeKTpoHHbIH Tpau3uctop (SET), cpoacTBO K 3NEKTpoHY,
SHEPTusl HOHU3AIMH, 100aBOYHAs SHEPrys, [uarpamMma crabuiabHocty 3apsaa (CSD).
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Ajna TanpmuHa*

Tocesawaemes 006poil namsmu ¢pynoamopos YOTHU
K 90-20006wune kpuozennou nabopamopuu Yepaunckozo (Xapbkocko2o) (huzuxko-mexHuiecko2o uHCmumyma

OcHoBHoe, uTo XxapakrepusyeT XPTHU u oTHOCUTCA K ero OeCCIOPHBIM TOCTOUHCTBAM,
3TO €ro KOJIOCCAIBHOE 000PYIOBAHIE H OTPOMHBIN TEXHUIECKHH OIIBIT.

Ilo cBoemy Texuudyeckomy ocHamenuro XOTHU

SBIETCS NepBbIM (u3udeckuM nHeTuTyToM B CCCP.

U3 pezonmoyuu nposepounou komuccuu OOMH AH CCCP om 12-18 masn 1939 2.

«HAJ1O HOMHHUTD, YTO A0 NOABJEHUS HHETPA KAITAIIBI
MBbI BbIJIM IEPBOU N EAMHCTBEHHOU JIABOPATOPHUEMU B CCCP...»

Ecnu 6b1 Mens nonpocunu Hazeams 6ce2o 06yX (hU3UKos,
6 MAKCUMANbHOU Mepe NPOCIASUBUIUX YKPAUHCKYIO HAYKY,
mo 5 0wl naszean meopemuxa JI./[. Jlanoay

u sxcnepumenmamopa JI.B. LLlyonuxosa.

Axagemuk A.U. Axuesep**

HNmenno Jles BacmnbeBuu IllyOHuMKOB BO3riaBuin — B YKpanHCKOM (XapbKOBCKOM) (H3MKO-TEXHHYECKOM
HHCTUTYTE — TIepBYyI0 U enuHcTBeHHYI0 B CCCP kpuorennyto nadopatoputo (1930 r. — nara ocHoBanus). B 1937 rogy
JleB BacnibeBud ObIIT HEOOOCHOBAHHO apECTOBAH U PacCTPEIIsH.

Jleé Bacunvesuu Illyonukos
Alma mater

Jles Bacunweswu [lyoHukoB pommics 1901 roxga B Cankr-IletepOypre. Ero oren, Bacunmii BacunseBud, padoTai
Oyxranrepom, a Mama — JI1060Bp CepreeBHa — Beja JOMAIITHEE XO3SIHCTBO.

B 1911 romy Jler IlyOHWKOB OBIT 3aYMCIIEH B OOHO M3 JIyYIIMX CAHKT-IETEPOYypPrCKUX CpPEIHUX YUeOHBIX
3aBellcHNA — TMMHa3ui0 Mapun AnHnpeeBHBI JIGHTOBCKOH. Yumics, KaKk CBHIETENBCTBYIOT apXHWBHBIC JOKYMEHTHI
rMMHa3uM, NpwiexHo. B Tabene 3a BIMyckHO#, 8 Kiacc, B rpade «pu3uka» 3alHCaHO — «UHTEpEC K IMPeIMETY
0O0IIBIION».

B 1918 roay llyoHukoB moctynaer B Ilerporpaackuii yHHBEepcHUTET Ha (DU3MKO-MAaTEMaTHYECKUH (aKyJbTeT
(crienmanpHOCTE «u3KKay). Ho oH ObUT €IMHCTBEHHBIM CTYIECHTOM-(H3MKOM Habopa 3TOro roja, ¥ eMy NPHIUIOCh
CIJIyIIaTh JIEKIIMU CHaJyaja ¢ TEMH, KTO ObII Ha KypcC cTaplie, 3aTeM — Ha Kypc MIIaJie.

Wimroctpanys CTy/IeHUECKOH JKU3HM TeX JIET — MeMyapHbIe BOCIIOMHUHAHUS ero coKypcHuUIbl Onbpru HukonaeBHbI
Tpamne3HUKOBOH, TOKTOpa (QHU3MKO-MaTeMaTHYeCKHX Hayk: «B 1919 200y s nocmynuia ua ¢pusuueckoe omoeneHue
Ilempozepadckozo ynusepcumema. B ynusepcumeme eécmpemunace co Jlveom Bacunvesuyem...

Kusnv  6vina mpyouas. Ilocne nexyuu Jlee Bacunveguu cocmaensan chUcOK npucymcmeyiowux, JeKmop
nOONUCHIBAIL, U 6CEM HAM BbLOABANOCL NO MOHEHbKOMY KYCOUKY XJeba ¢ NOSUOIOM — Mbl HA3bIGANU MO HAUHBIM
0o80ILCMBUEM.....

B 1919 200y yoace cywecmeosan Onmuueckuu uncmumym, u JI.C. Pooicoecmeenckuil ycmpoun 6cex cmapuiux
cmyoenmos... myoa aabopawmamu. Omodenvrnoeo 30anusi [OM ['ocyqapCTBEHHBIH ONTHYCCKHIA HHCTHTYT. —
Ilpum. A.T.] moeda ewé ne umen u pasmewanca ¢ Pusuveckom uncmumyme npu ynusepcumeme. Bce nabopanmut
NONYYanu maxk HA3bleaeMbvlii amMOMHLIL NAéK, U MO Uux oveHb nodoepowcusano. Takou oice naék nomyuanu u
npenodasamenuy. 3acIyKUBAalOT YINOMHHAaHMS W CIeXylolnMe HcTopudyeckue (akTel: mepBas MHUpOBas BOMHa,
PEBOITIONHSL, TPAXK/IAHCKAs! BOMHA M MHTEPBEHIIMS ITOPOMIN B CTPAHE Pa3pyXy, TOJIOM, XOJIO/.

[TpuBeneHHBIE HIDKE W3BICYCHUS M3 INPABUTEIBCTBEHHBIX JIOKYMEHTOB TOTO BPEMEHH ITO3BOJIAIOT HATJISIHO
00pHCOBaTh TOTAAIIHNE PEATHH.

Ipoexm oexpema CHK*** 06 ynyuuienuu nonosicenus HayuHoblX CReYUuaIucmos
23 nexabps 1919 .
B memsx coxpaHeHHS HaydYHBIX CHJI, HEOOXOOUMBIX U COLMAIUCTUYECKOTO CTPOUTENBCTBA, IS ITOIHATHA
NPOU3BOAUTENHFHOCTH HAPOIHOTO XO3SHCTBAa M KYJIBTYpBI, a Takke Hanboiee Lenecoo0pa3sHOro oOecreyeHus HyKI
paboue-kpecTbsaHckol 000poHbl CoBeT Hapoaubix KomuccapoB mocraHoBIseT:

"HO6HIeiHbII OUYEpK IMOATOTOBJICH IO IUCCEPTALMOHHBIM MaTepuainaM (HayuyHbIl pykoBoautenb — akagemMuk HAH VYxkpanast
Bukrop ['puropreBuu bapesxTap).

** Axuesep Anekcarnp Mmsnd (1911-2000) — pusnk-teopernk, akagemuk AH YCCP (1964).

Pomumnest 31 oxta6pst 1911 r. B 1. Uepukose (Bemopyccus). B 1938-1988 rr. — 3aBemyrommii OTIEIOM TEOPETHYECKOH (HU3UKU
VYxpanHckoro (XapbKOBCKOT0) (pU3UKO-TEXHHIECKOTO HHCTHTYTA.

**Coser Hapoausix Komuccapos (CHK) — B 1917-1946 rr. Ha3BaHHE BBICHIMX HCIOJHUTCIBHBIX U PACHOPSIUTEIBHBIX OPraHOB
roCy/lapCTBEHHOM BiacThH. HaponHelii komuccapuaT (HapkoMar) — LEHTPAJIbHBIA OpraH YIpaBICHHS OTACNIBHOH chepoit
JEATeIbHOCTH WM OTJAEIBHON OTpacibi0 HApOAHOTO Xo3sicTBa. Bo3rmaBisuicss HapoJHBIM KOMHccapoM (HapkomoM). Brepssie
HapKOMaTh! ObIIIM co3aHbl B oKTA0pe 1917 rona, B 1946-M npeoOpa3oBaHbl B MUHICTEPCTBA.

© A. Tanshina, 2020
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1. TpegocTtaBUTh YCHUIIEHHOE JOBOJILCTBHE HAMOOJIee BBIIAIOIIUMCS CICLHUATMCTAM TeX OTpacieil, KOTopbie
SIBJISIFOTCSI CYLIECTBEHHBIMHU JJISl Pa3pEIlIeHHs] YKa3aHHBIX BBILIE 33/1a4.

2. OcBOOOINTH 3TUX CHEIHMAIMCTOB OT BCSKOTO POfa MOBHHHOCTEH (TPYZOBOM, BOGHHOHW U T. [I.), HE MMEIOIINX
OTHOLICHUA K UX Hay‘-IHbIM 3AHATUAM.

3. Co3pmath A HAy4YHOH pabOTBI 3THX CICIHMAIMCTOB O KWIMIIHBIC YCJIOBUS, OOCCICUMBAIONIUEC HX
MHHUMaJIbHBIMH, 0€3YCIOBHO JIJIs TAKOH padoThl HEOOXOJMMBIMHU Y100CTBaMH. ..

Iocmanoeénenue LlenmpansHoti KoMuccuy no yayuuenuto ovima
Hayunblx cneyuanucmos npu Cosnaprkome
00 ygenuyenuy Koauiecmed naikos HayyHelm cneyuanucmam Iempozpada u Mockebwi
u 0 gblOaye um 00y8u U 00exHCObl

17 mas 1920 200a

...3. BrimaBaTh HayuHBIM cHenuanucTaMm Kak MOCKBBI, Tak U IleTporpana, KpoMe MpoJOBOJIECTBEHHBIX HAWKOB,

Mo onxHOW mape oOyBH, OJHOMY KOCTIOMY (WTM MaTepHH Ha KOCTIOM), TPH Hapbl Oenbs (WM MaTepuu Ha Oenbe) u

LIECTH Map HOCKOB (WJIM YyJIOK) B rofl. YTOo KacaeTcs TEIUIOro IUIaThs, TO TAKOBOE BBIJABATh OT/IEIIBHBIM JIHIAM JIMIIb B
3aBUCHMOCTH OT CTEIICHU HYXK/IaeMOCTH B HEM. ..

Taxoke He cilyyaifHO B YHMCIE MPOYMX TOTJAIIHHMX JO3YHTOB ObUI M clienyloummi: «Hayuumoscs yenums HayKy,
omeepeams “‘KOMMYHUcmuieckoe” 48aAHCMBO OUIEMAHMO8 U DIOPOKPAMO6).

Play off

V crynenta JlpBa LllyOHHKOBa OBUIO X000 — HAPYCHBII CIIOPT, ChIrpaBliee POKOBYIO POJb B ero cyapde. Hanee
co cioB ero keHbl Onbru Tpame3HHKOBOW, «cambiM 2lA6HbIM paséieyeHuem O HAc Oblia sAXma, KOMopylo
Qu3uyecKull UHCMUMYmM apeH008dNl 8 OblsuieM UMREepamopcKom Axm-kiyde. Bcem xosaiticmeom saxm-xiyda eedan
Hekmo Psabos. OOHadicOvl yHusepcumemckas KOMRAHUSA XUMUKO8 O0OpAmuidacs K HeMy ¢ npocvboll nodobpambs
mampocog 0na noxooa no DUHCKOMY 3aau8y (Axma y Hux 6wiia 0080JbHO Ooavwias). Paboe npednoscun Jlvsy
Bacunvesuuy notimu 6 amom noxoo 6 xavecmee mampoca, u Jlee Bacunvesuu ¢ y0oeonvcmauem coenacuics. Bpems
w0, Ho oM He 8o3spawanca. P60 evickazan npeononoxicenue 0 KpyueHuu.

B oelicmeumenvrnocmu 3ma KOMRAHUA NOXUMULA 6 YHUSepcumenie npubopHyio NAAMUHY U pewuna coexcams 3a
epanuyy. Hx npubuno x QuuisHOuu, 20e ux 6cex 3a HE3AKOHHbIL Nepexo0 Zpanuyvl nocaouiru ¢ miopovmy. HUm owviio
npeodnodceno nokunymo Quuaanouro. Ho eosepawamucs naszad nukmo, kpome Jlveéa Bacunvesuua, ne xomen. Tozoa ux
svicnanu ¢ I'epmanuio...

OHn paboman gpomoepagom, 3amem Ha Keapyegom 3agoode. B konye konyoe on obpamuicsa 6 Haule KOHCYIbCMEO C
npocvboii 0 6ozepawjeHuu. B smo epema 6 [epmanuu no cayxcebHvlM Oenam HAXOOUICS Hpenodasameid
M.M. I'nazones, npubsiswiuii 8 KOMAHOUPOBKY 0.1 NOKYNKU mpancgopmamopos. On noockasan Jlbey Bacurvesuuy, k
KOMY 00pamumucsl, u paspeuenue 8epHymucs OvLi0 NOIYYEHO.

Bonee roga nposén LllyOHukoB 3a rpanuneid. Beprysmmucs, B 1922 romy, oH HE cTall BOCCTaHABIMBATHCS B
YHUBEPCHUTETE, a IepeBelics Ha 3-i Kype pusnko-mexanudeckoro daxymnprera [IomuTeXHHYEeCKOro HHCTUTYTA.

JIeBy IllyOHUKOBY ynmaBaloch codeTaTh ydeOy ¢ moapaboTkod B JIGHHHTpaICKOM (DHU3HKO-TEXHHYCCKOM
uHcruryte (nanee — JIOTU), B nadboparopun MBana BacunbeBnya OOpeumona. M no okonyanuu IlonutexHnyeckoro
WHCTUTYTa OH WMEJ JIBE€ OINyOJIMKOBAaHHBIC HAay4YHbIE PaOOTHI: OJJHA W3 HUX — O CIIOCOOE BBIPAIMBAHMS KPYIHBIX
COBEPIICHHBIX METAUINYECKUX MOHOKPHCTAJUIOB 3ataHHOW (opmbl (Merton OOpenmona-lllyoHukoBa), npyras — o0
ONITHYECKOM METO/Ie HaOIIoIeHNs 1eopMaIiii B KAMEHHOW COJIH.

Jleiioenckuit ynugepcumem
Ocenpio 1926 roga Jles LllyOHuKOB ye3xaeT — mo npotekiun [layns Opendecta  u nupekropa JIOTU Abpama

Hodde — Ha CTaXHUPOBKY B Jlelnenckuil yauBepcuteT. 1 BEIOOP A HAYIHOH CTaXKHUPOBKH MUMEHHO JleiineHcKoro
YHHBEpCcHUTEeTa ObII TOTIa HEe CIydaiHbIM, HO0 eme B 1894 romy npu 3ToM yHHBepcuTeTe Obllla OpraHM30BaHa IepBasi B

“*Ipendecr (Ehrenfest) Mayns ([Masen Curmsmynmosud) (1880-1933) — (H3MK-TEOPETHK, MHOCTPAHHBIA WICH-KOPPECIOHACHT
PAH (1924).

Ponuics B Bene. Oxonunn Benckuii yausepcuret (1904). B 1907-1912 rr. paboran B IlerepOypre.

C 1912 r. — 3aB. kadeapoii TeopeTudeckort pu3uku JIeiIeHCKOTO YHUBEPCUTETA.

B 1929-1933 rr. — Hay4HBII KOHCYJIBTAaHT YKPaWHCKOTO (PH3MKO-TEXHHYECKOTO MHCTHTYTA. B Wucie ero campIx ONM3KHX Apy3eil
osutn A. DitamreitH, H. bop u A. Hodde.

Hodpde Abpam Ddémoposuu (1880-1960) — dusuk-okcrmepumentarop, akagemuk (1920), dbymmaTop VKpaHHCKOro (H3HMKO-
TEXHUYECKOI'0 MHCTHUTYTA.

Ponwiics 29 oxtsi6ps 1880 roga B r. Pomusl [Tonrasckoii o6iacti. B 1927-1929 rr. u 1942-1945 rr. — Bulle-npe3uicHT AKaJIeMUN
nayk CCCP. C 1918-ro no 1950 r. — nupexrop JleHnHrpaackoro GU3HKO-TeXHUYECKOro HHCTUTYyTa. B 1952-1955 1. — nupexrop
Jlaboparopun noxynposoanukos AH CCCP.
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MHpe KpHOTEHHasi J1abopaTopHs, KOTOpasi BIIOCIEICTBUH CTala OJHUM W3 CaMbIX aBTOPHUTETHBIX MHPOBBIX LIEHTPOB
(U3HMKU HU3KHX TEMIIEpaTyp.

HNCTOPHUYECKAS CITPABKA

Jletioenckuii ynusepcumem ocHoBaH B 1575 roay mpunnem Bumsrensmom I OpaHckMM B O3HaMEHOBaHHE
reporuecKoil 000POHBI TOPO/Ia OT UCITAHCKHUX BOMCK.

B 1894 rony T'eiike Kamepmuur-Ounec (Heike Kamerlingh Onnes, 1853-1926) opranu3oBall B YHUBEPCUTCTE
MEPBYI0 B MHpPE KPHOTECHHYIO JabopaTopuo. MIMEHHO OH BIEpBBIC IOCTUT TEMIEpaTyp, ONHM3KHX K aOCOTIOTHOMY
Hymo; B 1908 rony OH nepBbI B MUpE MOMYUYMIT KUAKUAN renuid, a B 1911-M OTKpBII SBIEHUE CBEPXIPOBOIUMOCTH.
[ocnme ero yxoma ¢ mocTa AMPEKTOpPAa PYKOBOAUTEISAMH (COAMPEKTOPAMH) KPHOTEHHOW TabopaTOpHH CTalld €ro
yuenukun Bannmep WMoxanec ne I'aas (Wander Johannes de Haas, 1878-1960) u Bummem I'ennpux Keesom (Willem
Hendrik Keesom, 1876-1956).

OcHoBononararoumii 1esu3 nadbopatopun: «Door meten — tot weten» (« Yepes usmeperue — Kk 3HAHUIOY).

HemanoBaxken u cnexyrommmii ¢gaxt: umeHHo Ilayms DpeHdect comelicTBOBaI HAyYHOH CTaKUPOBKE Hanboiee
nepcrekTHBHbIX cotpynHukoB JIOTU (snepebie B CCCP!) B Beaymux GpU3N4eCKUX EHTPax MUPA.

B uactHOCTH, UMEHHO Onaromaps ero xyornoTam MBan BacunbeBnd OOperMOB MOITYy4HI BO3MOXKHOCTH B 1927-
1928 rT. mpOBOIUTH HAy4YHBIE UCCIEOBAHUS 110 CIIEKTPOCKONNHU KPUCTAJIOB IIPU HU3KKUX TeMIlepaTypax B JleiineHckon
KPHOTEHHOM J1abopaTopuH.

ITo sTomMy moBoxy mpuMedaTenbHa BBIIECpKKa W3 JekpeHckoro muckMma II. C. Dpendecra, aapecoBaHHOIO
A.®. Hodde: «Kpuoeennas nabopamopusi monwko umo nonyuuna 100 000 doanapos uz gonda Poxgemepa” na
npogederiue pabom npu HU3KUX memnepamypax. B coomeemcmeuu ¢ smum (3mo coobujenue moavko o A. @.!) 30ece
OUeHb 3aUHMEPeCcO8aHbl 8 MAKUX KPUOLEHHbIX pabomax, Komopbie 00JHCHbL OblMb NPOGedeHbl 8 Hacmynarouem 200y U
Komopwvle Obl  NPOOEMOHCMPUPOSANU, YMO eciu moavko Jleliden 6Oepem Ha cebsi «xo100», mo Haubonee
BbICOKOKBANUPUYUPOBAHHbIE — CNEYUaIucmvl — CO  GCex  Hacmel  ceema  HPOGOOsAM  CE0U  CHEeYUanbHbie
HU3KOmMeMnepamypHule Ucciedosanus moavko 6 Jlelioene, 20e onu Mocym pacnonazame Haubonee Co8epuieHHOU
MexXHUKOIL.

A npowy A. @. npodymams Kaxyio-1mubo Kpacugyio pabomy, KOmopyo MOx#cHo 0bl1o 0bl (nocie no020mosKu npu
KOMHAMHOU memnepamype U 6 HCUOKOM 8030yXe) 6 meueHue 08yX Mecayed NOIHOCMbIO NPOOenams 8 (HCUOKOM)
6000pode unu eemuu. Moowcem Ovimb, umo-1ubo, Kacawweecs CceolUcmea Oepopmayuu  CePXNPOBOOIUUX
MOHOKDUCMANNIO8 8 MOUKe Nepexooay.

Ospera Tpame3HukoBa Takke OblIa HalpaBieHa Ha CTaKHUPOBKY B KPHOTEHHYIO Jaboparopuio JledgeHckoro
YHHUBEpCHUTETA. SIBHO HENIPEIB3ATHI U CIEAYIONINE €€ MeMyapHbIe 3aMeTKU: «Kpuozennas nabopamopus, uiu, Kax ona
ouyuareno Hazvieanacs, “Qusuueckas aabopamopus Jleiidenckoeo yHusepcumemd, ocHosanHas Kamepnune-
Onnecom”, npouseena na mens Oonvuioe gnevamieHue.

B Jleiioene oOvina cneyuanvhas komuama 011 usmepenui («Meet Kamery). Muoeouuciennvie MAanbyuxu-
NOMOWHUKY, PADOMHUKYU MACMEPCKUX 0eNanu 6ce Onsl HAYYHbIX compyoHukos. bvina makas ammocgepa, 6 komopoi
HayuHbie cCOMpPYOHUKU 8bICOKO YEHUTUCD,

ovi0 yeaxcenue K Hayunol pabome. Cmuib 1a00pamopuy 3aKu04aics 8 MoM, 4mo usmMepeHus O0AXHCHbL Oblmb
OUeHb MOUHBIMU, MEPUMb HYHCHO Ha uyucmulx obpasyax. Tam Ovin coecem Opyzoil 0yx, omauyuwli om Hawezo. B
Jlenunepadckom ynusepcumeme, 0a u ¢ Dusmexe KOMUYECMEEHHLIM USMEPEHUAM MAKOU MOYHOCIU He NpUdasaIoCch
3uauenus. Kpome mozo, y nac ne 6vi10 maxux npubopos. A enepevie ysuoena, Kax Hys’HCHO MepUmby.

B Jleiinenckoii mabopatopun Jles IllyOHMKOB n3ydan CBOWCTBa BHCMYyTa B MarHUTHOM IIOJI€ NPH HHU3KUX
Temrepatypax. Ciemayer 3aMeTHTh, 9TO, HECMOTPSI Ha MHTCHCUBHBIEC HCCIIEIOBAHMS YUEHBIX TOTO BPEMEHH, IIOBE/ICHHE
BHCMYTa OCTaBaJOCh HEPA3raaHHBIM — HE yJaBajIoCh OOBSICHUTH CYIIECTBEHHBIE PACXOKACHHS B SKCIIEPUMEHTAIBHBIX
pe3ynbTrarax.

B. ne l'aaz u JI. lllyOHMKOB MpenmoONOXKWIN, YTO MpoOieMa 3aKI0YaeTcsl B CaMHX MOHOKPHCTAIUTHYECKHX
oOpasiax BHUCMyTa: B HaJIMYUHM Ne(EKTOB M copaepxaHuu npumeceld. CremoBaresnbHO, IEPBOCTENEHHON 3amadeil B
HCCIIEIOBAaHUN BIHCMYTa OBUIO MOJTyYEHHE JOCTATOYHO YHCTHIX 00pa3IioB.

B Teuenue mnepBoro roxa upeObiBanus B Jledizene IllyOHMKOB ObUT 3aHAT XMMHYECKOH OYHUCTKOU U
NepeKpucTain3aneld BUucMyTa. [loJlydyuB KpUCTAIIBI BHCMYTa MCKJIIOYMTENIBFHO BBICOKOTO KayecTBa C MalbIM
COZIep)KaHuWeM npumeceil M ne(eKToB, OH Hayaj WCCICNOBaHMs ITOBEJCHUS STHX 00pa3lOB B MarHUTHOM IIOJiE€ NPHU
A30THBIX M BOJIOPO/IHBIX TeMIieparypax. [1ogHBIH KT SKCIIEPUMEHTOB 3aHsII YETHIPE TO/1a.

sesoksk ok

Poxgenneporckuii honn Ob1 co3man B Mae 1913 1. ¢ menbl0 «codelicmsus npoysemaHus Yer08eyecmsd 60 6cem Mupey.

OcnoBarens ¢ouna — Jpx. [I. Poxgemrep (Rockefeller)-crapmmii (1839-1937), pomoHauambHHUK aMEpHKAaHCKOW JUHACTUH
TIPOMBIIIIEHHUKOB 1 ()HHAHCHCTOB.
@onn cyOcuaupoBana Hay4yHbIE CTaXKHPOBKHM MOJIOJBIX IEPCIIEKTHBHBIX YYEHBIX (KaK MpPaBHJIO, OJHOTOJIMYHEIE), OKa3bIBA
(MHAHCOBYIO TOJIAEPXKKY HAYYHBIM WHCTHTyTaM (Hampumep, Mucmumymy meopemuueckoti gusuxku H. bopa B Komenrarene,
Jlabopamopuu nuskux memnepamyp T'. Kamepnunr-Onneca B Jlelinene), omuiaynBan Hay4Hble KOMaHAMPOBKM BEAYIIUX YYEHBIX
MUpa (B YaCTHOCTH, UX JIEKLIHOHHYIO padoTy).
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'maBHBIM pe3ynmbTaTOM JTHX HWCCIEAOBAaHUN OBUIO OTKPHITHE HOBOTO SBJICHHSA — HH3KOTEMIEpaTYPHBIX
OCHWJUTAINIA CONPOTHBICHHUA NPH H3MEHEHHH MAarHUTHOTO MOJA. DTO OTKPBITHE MOIYYHWIO HazBaHue — 3ddekr
[lyonukoBa-ae ["aaza.

[IpuMedaTenbHO, YTO BO BCEX HAYYHBIX CTaThsX, IMOCBSIICHHBIX OTKPBITHIO 3TOoro sddekra, B. [le ['aa3
npuHIMNuanbHo craBui ¢ammwimio lllyOHMKkOBa Bmepeau cBoeld — B HapylieHHe aji(aBUTHOTO MOpPsJKa, Kenas
MOAYEPKHYTH peiaroiyto poJib JIbBa BacuibeBuua B JaHHOM OTKPBITHH.

JI.B. Illy6nukoB npopaboran B JlelneHckol 1abopaTopuu MONHBIX YeThipe roga — ¢ 1926 mo 1930. 3neck oH
TTO3HAKOMMJICSI CO MHOTHMH BBLIAIOIINMHECS y4€HbIMU TOro BpeMeHH. [o cBunerenscTBy Tpane3HukoBoi, «8 HayuHol
arcusuu Jletioena I1.C. Opengpecm uepan oepomuyro ponv. On Ovin Opyacen ¢ B. 0e I'aasom u, xoms pedko nocewan
aabopamopuro, Ovll 8 Kypce 8cex NOIYUEeHHbIX Pe3yibmamos.

A camoe enasnoe — I1.C. Openghecm npogooun 3HameHumvie meopemuyeckue CemMuHapsl, Ha Komopvle
CHE3HCANUCH YUEHble 8Ce20 Mupd. 3acedanus ceMuHapa npoxoounu 8 ayoumopuu meopemuydeckoeo kopnyca. Chauana
ObL1 00KNAO OOHOU U3 NPUE3NHCUX ZHAMEeHUmOoCmel, 3amem yaenumue u OucKyccuu Oe3 ocpanuyenus epemenu. Jles
Bacunvesuuy, 3. Bupcma u 3 nocewanu ece cemunapul 11.C. Opengpecmay.

«XAPBKOBCKHMHI ®W3UKO-TEXHUYECKUI HHCTUTYT BYJAET IIEHTPAJIbHBIM JIJISA CCCP...
HNHCTUTYTOM HU3KUX TEMIIEPATYP
U HAYYHO-TEXHUYECKOM BA30M MPOMBIIIJIEHHOCTH»

Hano nomuuts, uto o nossienus [lerpa Kanuibt

MBI OBUTH TIEPBOM U eNWHCTBEeHHOM JT1aboparopueiit B CCCP

¥ Y€TBEPTOH B MUpE, T/Ie OBLT )KUIKUI BOIOPO,

ac 1933 r. ¥ )KUIOKHI Tenui.

Axaoemux U.B. Obpeumos,

oupexmop-opeanuzamop YOTHU

B 1930 roxgy Jles BacumpeBmu [IyOHMKOB MONTydms IpeIOKEHHE NPOJODKUATH HAYYHYIO JEATEIBHOCTH B

Yxpannckom (XapbkoBckoM) (U3UKO-TeXxHHUecKkoM HHCTUTYTe (nanee — YOTU). Kak yrounsier Onbra HukosaesHa,

«ewe 6 Hauty dvimuocmo 6 Jletioene H.B. Obpeumos npednoscun Jlvey Bacunvesuuy nepeexamov ¢ Xapvkos, 60 6HO6b
cozoannvil YOTU, oupexmopom Komopozo oH CImany.

[IpuBencHHBIC HUXKE BBIACPIKKH W3 O(QUIHATFHON U JIMYHON KOPPECHIOHICHIINY TTO3BOJISFOT IIPABIUBO OCBETHTH U

Jpyrye TOTJAIIHUE 3aMbICIIbI.

N.B. O6penmos — [1.JI. Kanme
Jleitgen,12 urons 1928 r.

... B mamm T'®TU moctynmmo pa3oMm Ba MpeUIOKEHUS OPraHU30BaTh 2 (GU3UIECKUX MHCTUTYTa, OOUH B ToMCKe,
Ipyroil y XapKoBi [Tak BbIeneHo B epBoucTouHUKE. — [Ipum. A.T.].

C TomckoMm pgenmo cremano... C XapbKOBOM 110 HE TOJNBKO HE KOHUEHO, HO Jake W He Hadato. B xepTBy
XappkoBy oOpedeH Bamr mokopHeni ciayra. B XapbkoBe mpeamosaraercsi 1e10 OYeHb HHTepecHOe — Gojbluasi
KpHOreHHasi 1adopaTopus ¢ BOAOPOAOM M reaueM. OT4yacTv no Moeil UHMLIMATHBE...

Jomken Bam cka3arh, 4TO K MHCTUTYTaM CBEPXIPEIHOYTAM Y MEHS BICUYEHHUS HET, T. Y. sI MBICIIO cebe — 3TO
OYeHb CKPOMHBII HHCTUTYT. Ho BOT Korzia st aymaro o Bac, To MHe kaxercst, 4To eciu Obl Bbl Tam ObUIH, TO 3TO OBLIT OB
JIOTIVHT JIJIs Hatel Gu3uKy, u 11 pusnku BooOe.

Bbl momymaiite, 4TO MOXHO ClenaTh B TAKOM HWHCTUTYTE. A JUIS OT€YECTBAa — 3TO BEIb TOXKE OyIEeT MHCTUTYT,
KOTOpBIN OyJeT KOHKypHpOBaTh IO cBoeMy 3HaueHHIo ¢ [Turepom u Oyzer Ilutep nmoaTarusaTs...

JI.B. Kamenes — I1.JI. Kanuie

Mocxkea, 23 auneapa 1929 a.
VYBaxaemsiit Ilerp Jleonnmosmu. Ceiguac Mbl opraansyeM B XapbkoBe OH3UKO-TEXHHYECKHA WHCTUTYT 1O THITY
Jlenunrpanckoil  [¢pusnko-TexHudeckoii| mabopatopum akagemmka A.D. Modpde. IlpumaBas sTomy memy
HUCKITIOYUTECIIbHOC 3HAYCHUEC, g PECIIWJI IMPOCUTH Bac IIPUHATH Yy4aCTHUE B OpTraHU3allUd 3TOI'0 MHCTUTYTa B KadCCTBC
KoHCcyJbTanTa. Ecnu Bel cornamaereck Ha Moe npeiokeHne, To Ha Baiei 00s3aHHOCTH OyleT JIexaTh €XKeroJHbIi
npue3n B CCCP Ha 2-3 mecsina. Borpoc o Bu3ax (Bbe3IHBIX U NPOE3IHBIX) A1 Bac u Bamieli cembu He Oyner cBsizaH
Juisd Bac HU ¢ KakuMu 3aTpyAHEHHSIMH U MOXET ObITh NpH Bamem nepBoM mpuesse crojia yperyJlInpoBaH Tak, Kak 3TO
Bawm OGyner ynoOno. 3a Bamry paboty 3xecs Bl Oyznere nomyuars exxeroguo 2 000 pyOieit, mpudem B 3Ty ke CyMMy

OyzmyT BXOmUTh M Barm pacxozsl 1o oe3ikam croja.
3Has 0 BalIMX HAYYHBIX yCIieXax, s [ojiararo, 9To Bamm nprue3apl ciofa oKaxyT BOOOIIE CYIIeCTBEHHOE 3HAYECHHE
HE TOJBKO Uil XapbKOBCKOTO MHCTUTYTa, HO W BooOme A Jena HaydHo-TexHuueckoro paszsutust CCCP.
OszHakoMuBIIMCH ¢ Bammum Bompocom, s BooOmIe OBUI YAMBIEH, YTO IO CETO BPEMEHH HE BEIOCHh O(QHIMAIBHBIX
neperoBopoB ¢ Bamu o mepenecennn Bammx pabot, kak coserckoro yuenoro, B CCCP. Te cpenctBa, KOTOPBIMH
pacmionaraer HTY, Bnonue nmo3Bonsat co3xats 1t Bac B CCCP — Jlenunrpaae, MockBe nin XapbKoBe — T€ YCIOBHSA,
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KOTOpBIE HEOOXOANMBI /ISl YCTIEIIHOTO pa3BUTHs Bameit pabotsl. S monarato, 4To npu npuesae cioa Mbl odeceayeM
¢ Bamu 00 3THX BO3MOKHOCTSIX. 5] BIIOJIHE TapaHTUPYIO BaM, OJHAKO, YTO HUKAKUE JaBJICHHUS B CMBICIIE HEMEIJICHHOTO
nepee3sa croga Ha Bac He OyayT okasaHbl M BECh BONPOC OYyAyT peIIEH B CMBbICIE HauOojee YCIEIIHOro MU
6ecniepeboitHoro xona Bameli paboTsl.
VYBaxaromuuii Bac,
JI. KameHnes.

N.B. O6penmos — I1.JI. Kamuue
KemOpumxk, 17 Hos10ps 1929 1.

Hoporoit Ilerp JleonmmoBua. Hac Bcex kpaifHe MOpagoBalio TBOE cOrjlache OBITh KOHCYIBTAHTOM y HAac B
WHcTHTyTE, 1 5 HaIEIOCh, YTO ATO JMINb MEPBBIM IIAar K TBoeMy nocrossHHoMy nepee3ny B CCCP mis mocTossHHON
Hay49HOW paboThl. THI mpekpacHO 3Haemib, Kak ObICTPO Hay4Has paboTa pa3BHBAaeTCS y HAac B CTpaHE, M Kakoe
rpoMasiHOe 3HaYEeHUE NPUIACTCS €l y Hac.

S Tebsa Mory yBepHTh, 9TO BcE€ HEOOXOAMMOE, YTOOBI OONETYUTh TBOW mepee3, OyneT MpeanpruHITO U YaCTHIHO
YK€ MIPEANPHHATO C Halllel CTOPOHBI.

1. [TpuHMMas BO BHUMaHHE TBOM MOpAJIbHbIE 0053aTeNbCTBA 10 OTHOIIEHHIO K KaBeHuIIcKol 1abopaTopun, Mbl
BKItoumd B msaTwietHud tuiaH YOTU nwa 1929/30 r. cymmy B 250 Thicsiu pyOuieil BadroTOW Ha BBIKYH TBOEH
naboparopun. ITOT S-neTHuil wiad yreepxacH [Ipesumuymom BCHX YCCP...

3. B narunernuit man Ha 1929/30 ron BrimodeHa cymma B 300 Thicsiu pyOiel Ha MOCTPOWKY TBOeH MarHuTHON
JlabopaTopuu Ha y4acTKe Hallero HHCTUTYTA.

4. Uto KacaeTcs TBOETO MOJIOKEHHS, TO OHO OYJET TaKUM, KAKUM THI TIOXKEJACIIb, T. €. IN00 aupekTopoM YDTHU,
60 HezaBucuMBIM CapmmM Ou3nkoM, TH00 MOMKEIIF UMETh COBEPIICHHO HE3aBUCUMYIO JIA00PATOPHIO. ..

CrouT Takke HAIOMHHUTH M Apyrue noa3aderreie ¢axTsl (M3 muckMa A.D. Modde npencenarenro CHK YCCP
B.S. Uy6apro): «...Mbl CHIOAKHYIUCHL C HEOOXO0O0UMOCHIbIO PAGOmMAms NPU HUZKUX mMemMnepamypax, u maxyio
a6opamopuro Mol yCmpoum 60 4mo 0vl mo HU cmano. XapbKOo8CKUll (u3uUKO-mexHUuUecKuit uHcmumym 0yoem
uenmpanvhovim ona CCCP (u, eepoamuo, ona okpecmuwix 2ocyoapcme — Icmonuu, Jlameuu, Ilonvwiu u m. 0.)
UHCIMUMYMOM HUZKUX MEMREPamyp U HayYHO-MeXHUUEeCKoll 0a30i NPOMbIUIEHHOCHIUY.

B cranoBneHnH 1a00paTOPHK BeChMa CEPhE3HYIO TOMOIIL OKa3aia JIelaeHckas 1abopaTopus, B YACTHOCTH OJMH
13 BeAymux coTpyaHukoB B. ne I'aaza O. Bupcma.

Osbra HuxomnaeBHa Tpare3HHKOBa ¢ 0CO00W NMPU3HATEIBEHOCTHIO MOAUEPKUBACT, YTO «OUEHb OONLULYIO NOMOUfL
okazviean D. Bupcma. On kaoicowtii 200, eénioms 0o 1935, npuesscan 6 Xapvkos u npugosun maccy 8cakux sewel, oes
KOmMopbIx Myl He Moenu pabomams. Byoyuu 6 Jleiidene, on y3uan o HO80U 2enuegoil mauiune, CKOHcmpyuposaunHou @.
Catimonom. On HeMeONeHHO 8bICIANL HAM 3CKU3bL MAunbl, onepeous I1. Dpenghecma, komopulii xomen coenams mo gxce
camoe.

Ham newem 6bino uzmepsams Huskue memnepamypul, O 2M020 Mpedo8anuch CHeyuaibhvie NiamuHosble
mepmomempbl. Ymobsl ux uU320moumy, c1edo8ai0 HAMOMAMb NIAMUHOBYIO NPOBONOKY HA ap@opossiil Yyururop,
omoiceyb 6CE€ MO NPU GbICOKUX MeMNepamypax u Omkaiubpoeams. Y Hac He ObLIO NAAMUHLL HYICHOU CHeEneHu
yyucmomoi, Ovll epAsHbIL hapghop, U3 Komopozo npu o0bxicuee UCHAPANUCL PA3TUYHbIE NPUMECH, 3aAcpASHAGULUE
nramuny. Ilpaeda, Ons xkanubpoeku Ovinl y Hac niamunoswvli mepmomemp Pt-38, nooapennwiti nam B. Keezomom.
. Bupcma npusosun nam u3 Jletidena uucmyio niamuHogylo NpoGoNOKY U Cheyuanvhvle Qapgoposvie yununopbl,
YmoObL Mbl MO2TIU CAMU COENAMb MEPMOMEMPDbL.

Hnsa xpanenus odcuoxocmetl HyxucHvl Oviau Ovioapel. Memannuueckue Ovloapvl nasnu 0n06om. Ilpu HusKux
memMnepamypax Hauie 0i060 MpecKaniocs, U 0bloapbl bIXOOUNU U3 CMPOos. D. Bupcma npusosun @ 601buoM Koaudecmee
CReYUanbHbIL NPUNOU, KOMOPbIL He MPECKANCS NPU HUSKUX MeMNepamypax.

On npusosun éce, umo mut ¢ Coroze He Mo2nu 00Cmam...

Jletikonnacmuipsa He ObLIO — OH U JEUKONIACMbIPL Npusés... Pazymeemces, 6cé smo O. Bupcma denan ¢ o0obpenus
B. oel'aasa...

3. Bupcma ouenb nomMoz Kpuo2enHoul 1adopamopuu, Xoms 06 3mom Mano Kmo 3sHaem.

BupcMma Taxke xoren mepeexarb Ha IOCTOSIHHOE MECTO JKUTENBCTBA B XapbKOB — Jae IpoAal BcE€ CBOE
UMYILECTBO, HO BU3Y TaK M HE MOJYYHII.

Msuoro ner crnyctst bopuc ['eoprueBuy JlazapeB — npeemuuk JIpBa BacunbeBuua IllyOHuKoBa — Ha crpaHHIax
CBOMX MEMyapHBIX 3aMETOK He 0e3 3aciy’KeHHOH TrOpIOCTH IEPEeUYHCIIII JOCTHKEHHS 1abopaTopuu Tex JIeT:
«bBe3ycnosno, kpuozennas nabopamopus 6 3mom nepuoo uspaia poib YeHMPAlbHOU KPUOLEHHOU Op2aHu3ayuu u 6
Pa3sumuy HOblX MEXHUYECKUX peuenuii, HeOPEHHbIX 8 HapOOHOE XO03AUCMEBO.

ok 1936 2. bvLIU nOHOCMBIO PA3PAOOMAHBL KOHCIPYKYUU MEMALIUYECKUX 0bioapos emKocmuio 00 50 1. Bunauane
0bI0apyl U320MOBNANUCL 8 UHCMUMYME NOPAOOUHbLIMU NApMUAMU O 6HewHe20 nompebnenus, a 6 1936 2. 6ca
OJoKyMeHnmayus emecme ¢ O0ONbUWUM ONnbIMOM Oblia nepedana MOCKOBCKOMY aBMO2EHHOMY 3AB00Y, BbINYCKAIOWEMY
0bIOapblL 8 NPOMbBIUUIEHHBIX MACUMAabax,
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o6 1936 2. ycnewno ObLIO UCHLIMAHO NPUMEHEHUE JHCUOKO20 MEmAaHd KaK 20pioye20 — CPAGHEeHbl NOKa3amenu
pabomul 1,5-monnoil 2py30601i MAWUHBL HA NPOCENOYHBIX 00po2ax npomsadxcenHocmoio 300 km Ha OeH3uHe u MemaHe ¢
XOpOWUMU NOKA3AMENAMU 8 NONb3Y NOCIEOHESO ...

o6 1937 2. ycnewno ObLiu UCNBIMAHBL KPUOSEHHbIE YCMPOUCMEA C HCUOKUM KUCTOPOOOM, ¢ OOHOU CMOPOHbL — OJis
DPe3Ku, ceapku, ¢ Opy2oil — O HcusHeobecneyeHus IKUNAaxcell 6bICOMHbIX NOIEMO8...

C npumenenuem annapamypul 6viiu gvinonnensl 6 1937 2. pexoponvie nonemul sxunaxca M. I'pomosa (Mockea —
Cesepnutii nonoc — Can-Iocacunmo (CILIA)) u sxkunasca B. Tpuzodybosou, a makoce Opyaue nonemvl 6 OCHHbLE
2000i...

Ilepeuucnaa pezynomameot, noayuenusvie J1.B. Illyonukosvim u e2o compyoHuKkamu 6 makoii KOpOMKUii CPoK u
OUCHUBAA UX 6TIUAHUE HA POPMUPOSAHUE HOBBIX NPEOCMABICHUI U HANPABICHUI 6 (PU3UKE U HOBBIX MEXHUUECKUX
peutenuil, nopaxcaeutbcs, Kak 6bicmpo 0eaemcs HayKd, Ko20a OHA CHAHOBUMCA 20CY0apCMEEHHBIM 0e10M.

Taxxe u Anexcannp Mneny Axuesep — TornamiHuil cotpyaHuk teoporaena Y ®THU, Bozrnasnsemoro B 1932-1937
rr. JIbBoM [laBupoBuuem JlaHnay — Ha CTpaHMIIAX CBOMX MEMYyapoB aKIEHTHPYET BHUMaHNE Ha SIBHO IIPHHIUNNAIBHbBIX
daxrax: «C 6omvwou oxomou on [JLJ. Jlanmay. — Ipum. A.T.] obcyscoan pesyibmamuvl 5KCNEPUMEHMATbHBIX
uccredosaruil, nposoousuiuxcsa 8 YOTHU. Yacmo Ooanexo 3a NoIHOUb OH NPOCUNCUBAI 8 KPUO2EHHOU Aabopamopuu JI.B.
LIybnuxosa, 006cyxcoas ¢ HUM pe3yibmamsl e20 ONvlnos, KOMopble NPUBelU K aNCHLIM OMKPLIMUAM.

K yucny ux omnocumcs 6 nepgyio ouepedb 00Ka3amenbCmeo He8O3MONCHOCIU NPOHUKHOBEH U MAZHUTNHO20 NOJIA
8 C8epXNPOGOOHUK. DMO AGleHUue NOAYYUN0 Hazeanue s¢pgexma Meiicnepa, Xomsa OHO HE3ABUCUMO ObLIO OMKPLINO
LIIybnuxogbiM, enepsvle NOKA3ASUWIUM, YMO MASHUMHASA UHOYKYUS 8 C8EPXNPOSOOHUKe MOYHO pasHa Hyw0. LLyonukosy
NPUHAONEHCUM  MAKJHCEe OMKPbIMUE NPOMEICYMOUHO20 COCMOAHUA CEEPXNPOBOOHUKOS, MeOopus KOmopoz2o Obvlid
cozoana Jlanoay.

Mo cux nop cmaposcunvl 8cnomuHaom, Kak no30Ho eeuepom odcena JI.B. Illybnuxosa O.H. Tpanesunuxosa
NPUHOCUNLA 8 TADOPAMOPUIO MYHCA YHCUH 071 08YX JTb606).

[IpencraBnsercss BecbMa NPUHUMIMAIBHBIM M CIEAYIOLIMM HCTOPUYECKUH HIoaHCc. B pesomonuu nepBoro
BbIe3IHOTO 3acenanus Pusnueckoii rpymmel Akagemun Hayk CCCP, xotopoe cocrosmock B Xapbkose (23-24 stHBaps
1937 roma), B umciie TPOYMX YCHEXOB OBIIO OTMEUeHO, uTo «Y®PTU 3a wecmv jnem ce0e20 Cyujecmeosanus
npespamuiaca 6 o0un u3 eeoywux Qusuveckux uxncmumymos Cosemcxoco Coioza. Ceccus ommemuna 0zpoMHoe
Hayunoe u mexuuyecxkoe 3nauenue cozoanun ¢ YOTH kpuozennoii nabopamopuu, cmoauieii Ha ypoeHe JIyuuiux
MUPOBHIX 1AOOPAMOPUIL HUZKUX MEMNEPANYD».

Taxoke penomen YOTU 6but goBonbHO oapooHO ocBewméH 1 Ha X VII cre3ne BKII(6):

«Hccnedoeamenvckas paboma no @uszuxe 6 CKOAbKO-HUOYOb wiupoxom macwmabe eenacb ¢ CCCP 0o
nocieonezo epemenu moavko 6 Jlenunepade u Mockee. Pocm npomviunennocmu Coro3a nocmasun 3a0aiy co30aHus.
KPYNHBIX HAYYHBIX YUPEAHCOeHUll, pabomarowux 6 001acmu Qu3uKu, u 6 Opyaux 6adCHEUUUX NPOMBIULEHHbIX YEHMPAX.

o unuyuamuse Yxkpauncxkozo npasumenvcmea 6 naan nepgou namuiemxu BCHX CCCP oOwvina eHeceHa
opeanu3ayus HayuHo-uccredosamenscko2o Pusuxko-mexnuieckozo uncmumyma 6 Xapvxoge (YOTH).

Opeanuzayus 108020 uHcmumyma O0vlia nopyyeHa JIeHuHepaockomy GuauKo-mexHuuecKkoMy UHCIUmymy,
Komopwlil 8vi0enun 0 He2o boavwuyto epynny (okono 20 uen.) HayyHbIX pabOMHUKO8. Dma epynna emecme ¢ 4acmvio
XApbKOBCKUX PUIUKOS U COCABULA OCHOBHOE 0PO UHCIUMYMA...

Pazsumuio pabom no meopemuyeckou Qusuxe uncmumym 8cé epems yoeisiem ocoboe sHUMAaHue, Max Kax dmu
pabomvl, Kpome Uux HenocpeoCmeeHHo20 3HAYeHUs, 8 CUNbHOU Cmenenu cnocobCcmeyiom odujemy 6biCOKOMY YPOGHIO
pabom uHcmumyma.

Tecnoe e3aumodelicmsue meopemudeckux u SKCNEPUMEHMANLHLIX pabom cocmaeisent OOHY U3 CaAMbIX
CYUeCMBEHHbIX Yepm HAYYHO20 UYd UHCIUMYM Q...

Bonvwoii ycnex pabomusl meopemukos 6vi36an npumox yuenvix u3 opyeux uncmumymog Coiosza u u3-3a epanuybl
0J151 8DeMeHHOU pabombl 8 UHCIUMYMe...

3a ucmexwue mpu e2ooa ceoei pabomvl YKpauHCKUull QuU3UKO-MEXHUHeCKUl UHCMUMYm Cmail OOHUM U3
KpynHeuuux Hayunvix yeumpog Corsa 6 oonacmu Qu3uUKY 1 ROIb3Yemcs 60abuUM A8MOPUIMEMOM 3d SPaHUyelly.

Hayunomy npectmxy YOTU criocobcTBOBAN M TOT HIOAHC, YTO TTIOYETHBIM WIEHOM TOTAANIHETO YYEHOTO COBETa
6b1u1 M30pan naypeat Hobenesckoit mpemuu I1. A. M. [lupak, a HayYHBIMH KOHCYJIBTaHTAMH HHCTHUTYTa COTJIACHIIUCH
crats [1. C. Opendecr, I1. JI. Kanuua u I'. A. T'amos.

K tomy ke 3a4yacTyio yrmyckaercs U3 BUILy M TOT HCTOPHYECKHUil (aKT, 4TO UMEHHO B XapbkoBe, Ha 0aze YOTU,
BriepBeie B CCCP navan nznaBatbes (B 1932-1937 rr.) dusuueckuii )xypHail Ha HHOCTPAHHBIX si3bIKax — « Physikalische
Zeitschrift der Sowjet Uniony.

Ho... Bckope HacTanu cMyTHBIE BpeMeHa — He0OOCHOBaHHBIE penpeccui. OTYacTH MoKa3aTebHbl BOCIIOMUHAHHUS
nHoctpanHoro corpyanuka YOTU A. Baiicbepra: «Haw uncmumym — oOun u3 camvlx snauumenvuvix 6 Egepone.
Bosmooicno oasice, umo 6 Eepone mem umcmumyma, cmonv dice XOpOulO OCHAWEHHO20 U UMeue20 Mak MHO20
paziuunsix aabopamoputl, kax Hawi. Ilpagumenbcmeo He noogicaneno Oeuee. Bedywue yuemvie 4acmuuHo NOJYYUIU
obpasosanue 3a epanuyeil. [Joneoe epems ux NOCLLIANU 34 20CYOAPCMEEHHBIL Cuen K 3HAMEHUMenuum Qu3uKam mupa
07151 NPOOOIdHCEeHU 0OPA308AHUA.



146
EEJP. 2 (2020) Alla Tanshina

B nawem uncmumyme 8 omoenos, 6o enase ux cmosnu 8 HayuHvix pykosooumeinei. Kax ece smo eviensoum
meneps?

Jlabopamopus kpucmannos... Pykosooumens Obpeumos — apecmogaH.

1-s1 kpuoeennas nabopamopus... Pykosooumens [Lly6nuxos — apecmosan.

2-51 kpuozennasn nabopamopusi... Pyxosooumenv Pysmann — 6b1080peH u3 Cmpambi.

a0epuas rabopamopusi... Pyxoeooumens Jletinynckuii — apecmosan.

Penmeenosckuii omoen ... Pykosooumens I'opckuil — apecmosan.

Omoen meopemuueckoul gusuxu... Pykosooumens Jlanoay — apecmogan.

Onvimnas cmanyust 21y6oKko02o oxaaxcoenus... Pyxosooumens Baiicbepe — apecmosan.

Jlabopamopus yrempaxopomkux 80iH... Pykosooumenv Ciyykun noka pabomaemy. ..

CornacHO apXWBHO-CIEACTBEHHBIM AokyMeHTaM 10 HosOps 1937 roma Jle BacumseBuu IllyOHUKOB OBLT
paccTpensH.

Penpeccun B YOTU crpoBouupoBai OrpOMHBIA MEXIYHApOIHBIM pe30HAaHC. byKBajabHO HE BECb MHUPOBOM
onmumI (pr3ndeckoit Hayku XX BeKa MOAHSI CBOH rojioca B 3alIUTY HECIIPABEIINBO OCY)KICHHBIX Y()THHIIEB.

B uactHocTH, naypeat HobeneBckoit ipemuu A. DWHIITEHH B ouUIMaNIbHOM nopsiake oopamiancs k M. Cranuny,
HOCKOJIbKY HCKpPEHHE OblT YOEXKIEH B JIOSUIBHOCTH PENPECCUPOBAHHBIX YUEHBIX.

T'ocrionuny Nocudy Cranuny,
Mocksa, CCCP.
Tlacanena, 16 mas 1938 rona
I'my6okoyBakaemslii rocrionnd CrauH!

B mocnennee BpeMs MHE CTajiM HM3BECTHBI MHOTO Clly4yaeB, KOTJa BUAHBIC ydeHble B Poccuy OOBHHSIOTCS B
TSOKKUX TPECTYIUICHUSAX, KaK IO, COXPAHSIOMIME IIOJIHOE JOBEpPHE B CBOWX YEIIOBEUECKMX OTHOLICHUAX C
3apyOeKHBIMU KoJuTeraMu. S1 moHnMaro, 1 BaMm 3T0 M3BECTHO, 94TO BO BpeMeHa KPU3UCOB M BONHEHHU CITydaeTcs, 4TO
MOJI03PEHHE TIa/JaeT Ha HEBUHOBHBIX U JOCTOWHBIX Jofei. Ho s Takke yOexa€H B TOM, UTO Kak ¢ 0OIIeYeT0OBEYECKON
TOYKH 3pEHHs, TaK W B MHTEpEcax YCIEIIHOTO Pa3BUTHS PYCCKOTO CO3MIAHHS HMCKIIOYHTEIHHO BA)KHBIM SIBIISETCS
KpaifHe 0CTOpPOYKHOE OOpaIIeHHe ¢ JIF0IbMH OOJBIINX TBOPUECKUX CHII M PEIKUX CIIOCOOHOCTEH.

B »TO# cBsi3u s o4eHb mpocwi Obl Bac oOparuth BHMMaHuMe Ha jJeno Ausekcanapa BaiicOepra, r. XapbKos.
locrionuu BaiicOepr, aBCTpUiiCKWi TpaXkIaHWH, WHXXEHep-(QHU3HMK, paboTam B YKpPauHCKOM (DU3UKO-TEXHHYECKOM
MHCTHTYyTe B XapbkoBe. B 0COOGHHOCTHM s XOTen Obl MONPOCHUTH O TOM, YTOOBI OBUIO NMPHHSATO BO BHHMaHHE
3aKJIIOUCHHE O JIeSITeJILHOCTH AoKTopa BaiicOepra, kotopoe mnpodeccop Maptun PysmaHH (pyKOBOANTENH OIBITHOTO
ydacTKa HU3KHUX TeMIepaTyp) HanpaBul BecHOH 1937 rona B Hapoauslil koMuccapuar TSKENON NPOMBIIUIEHHOCTH.

C yBaxxeHueM, npodeccop AnpOepT DUHIITEHH

CKoslb BECKMM OBUT MEXKTyHApOIHBII PE30HAHC, OCBEUIACT M CIEAYIOIIEE XOAATalCTBO 3a MOAIHCHIO TPEX
naypearo HobeneBckoit mpemumu:

T'ocnoguny I'enepansaOoMy pokypopy CCCP.
[Mapmx, 15 uronst 1938 1.
I'myboxoyBakaemblii rocriogue ['eHepagbHbI TpoKypop!

MBg1, HIDKenoanucapecs, Apy3bs CoBerckoro Coro3a, CUNTaeM CBOMM JIOJITOM MOCTaBUTh Bac B M3BECTHOCTH O
CIICIYIOLIEM.

ConepxaHue IMOJ| CTpaked IBYX BBLIAIOIIMXCS WHOCTPaHHBIX (M3UKOB, aokTopa Ppunpuxa XoyrepmaHnca,
apecroBanHoro 1 nexadpst 1937 r. B Mockse, u rocnognHa Anekcanapa BaiicOepra, apecroBaHHoro 1 MapTa 3T0TO XK€
roja B I. XapbKOB€, BOCIIPUHATO B Hay4HbIX Kpyrax EBponsl n CIIIA ¢ 60ibIIMM HETOYMEHHUEM.

Taxk kak rocoga XoyrepMaHc U BaiicOepr monp3yroTCs B 3TUX KPyrax aBTOPUTETOM, CIEAYET OMacaThCs, 9TO MX
TIPOJIOJDKUTEIBHOE COJEPIKaHNE TOJ] CTPaKeH CTaHeT emié OZHWUM TOJMKOM B TOW KaMIIaHUM, KOTOpas B HAcTOSIIEEe
BpeMsl MPUHOCHT 3HAYUTENBHBIN yIIepO aBTOPUTETY CTpaHbl conmanmsma u cotpyaaniectsy CCCP c 3anmagHpiMu
CTpaHaMH.

D10 yCcnoXKHAETCS emeé TeM OOCTOATEIbCTBOM, YTO YUYEHBIC, CUMTAIOIIUE ceOsi IPY3bsIMH U IOCTOSHHBIMH
samutHIKaMu CCCP oT HamaJok NPOTHBHHMKOB, HE IOJNYYaroT HHMKAKOH HMH(OpPMAIMU OT COBETCKHX BJACTEH o
nojioxkeHnu XoyTepMaHca u BaiicOepra, HECMOTPS Ha MX JUIUTEIBHOE 3aKJIIOUCHUE, U OHH C OOJIBIINM HEJOYMECHUEM
BOCTIPHHUMAIOT NPOUCXOAIIEE.

XoyrepmaHc 1 BaiicOepr MMeOT cpear BCEMHUPHO M3BECTHBIX YYEHBIX MHOTOUYHMCIEHHBIX Jpy3el, Hampumep,
npodeccopa OiHmTeliHa B Ilacamene, mpodeccopa bmskerra B Manuecrepe, npodeccopa Hunbsca Bopa B
KomneHnrarene, KoTopble COYyBCTBYIOT UM M Oy/yT y4acTBOBAaTh B Cy/1b0€ 000X YUCHBIX.

Tocnoguu BaiicOepr, SBISIOIIUIICS OJHIM W3 OCHOBATENCH M PENaKTOPOM KypHana «Zeitschrift fur Physik» B
CCCP, noxyuwn mpurianienue npogeccopa DWHIITeHa B yHUBepcuteT B T. [lacanena. M3-3a cBoero apecra oH He
MMEET BO3MOXHOCTH BOCIIOIB30BAThCS 3THM IPHUIJIAIICHHEM.

ITo sToii ke THpUUMHE M JOKTOp XOYTE€pPMaHC, TOJYYMBIIMK TNpHUIVIAIICHWE B WHCTUTYT B JIoHIOHE [uIs
MIPOBEJICHNS] HAyYHBIX HCCIEJOBaHMN, HE CMOI MM BOCIIOJB30BaThCA — B MOMEHT apecTa OH HaXOAWICS YXKE B
TaMO>KEHHOM 3aJI¢ MOCKOBCKOT'O BOK3aJa...
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OteercrBennsle numna B CCCP B mocnenHee Bpemst caenaii HECKOIBKO O(QHUIMANBHBIX 3asBICHHA O TOM, YTO BO
BpeMsI YHCTKH, KOTOpas Obula HeoOXoOuMa H3-3a Yrpo3bl CTpaHE CO CTOPOHBI BHYTPEHHHMX M BHELIHHX BPAaros,
UCIIOJHUTEIILHBIMH OpPraHaMy ObUTH ZOMYIIEHbBI OIIMOKH, HeN30€XKHBIE B TOJOOHOE KPUTHIECKOE BpeMst; O(HIIaIbHbIE
JIMIIA CYUTAIIU KpaifHe Ba)KHBIM ITOTYEPKHYTh HEOOXOIMMOCTh YCTPaHEHHsI TAKUX OLIMOOK U 3710yNOTPEOICHU.

MBblI, HUKEIOAIIUCABIINECS U BCE JIPY3bsi 000UX OOBUHIEMBIX, yOSIKIECHBI B TOM, YTO B JAHHOM CJIy4ae 3TO U eCTh
mo100HOE HeTopa3yMeHHe.

[TosTomy oHM oOpamatorest k 'enepansHOMy npokypopy CCCP ¢ TeM, 4ToOBI 00paTuTh €ro BHUMaHKE Ha jeja
XoyrepmaHca u Baiicoepra n npocst ero pagu aBropurera CCCP B 3apyOe)KHBIX HAayYHBIX Kpyrax HpeANpHHSTH
CPOYHBIC MEPhI K HEMEIJICHHOMY OCBOOOXKICHUIO 000UX.

Baxneiiniee moauTHUECKOE 3HAUYCHHUE ATOTO OOCTOSATENHCTBA NAET HAM MPaBO IepeciaTh KOMHIO 3TOTO IMHChMa
yepes noconbcTBo CCCP B [apmke rocnoguny CranuHy...

Upen XKommo-Kropu, maypeat Hobenesckoit mpemum.
Kan Ileppen, maypear HobGeneBckoii mpemumn.
®penepux Kommo-Kropu, nmaypeat HobeneBckoit mpemun

Take W nuTHpyemas HM)KE KOPPECHOHAEHIHS — SIPKOE CBHUAETENBCTBO TOMY, YTO HMEHHO B JIMXOJIETHE
NPOSIBIISIETCS] HCTUHHAS CYTh YEJIOBEKa.

benviii /Jom Bawunemon
21 oxmsbps 1940
Mos noporast Muccuc XoyTepMaHc:
Ouens Bam GnaronapHa 3a Bame nmicemo.
A pama y3Hath, uro Bam Myk ocBOOOXKIIEH M YTO OH Ha cBOOOJE M UyBCTBYeT cebsa xopormro. He momsitaetes i oH
MTO3/IHEE TIPUEXaTh B HAITy CTpaHy?
Hckpenne Bama
Oneonopa Py3senst

benviii /Jom Bawunemon
29 nosiops 1940
Mos noporas Muccuc XoytepMaHnc:

Muccuc Py3BenbsT npocuia MeHst mobiaronaputs Bac 3a Baie nucemo.
Ona o4eHs paja, 4to Bam My criaceH, U HajeeTcsl, YTo Bce OyJIeT XOpOIIo.
HUckpenne Bama
MansBuna K. Tommcon
Cekperaps Muccuc Pyssenst
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"TPEBA ITIAM'ATATH, IO 10 NOABU NIETPA KAIIIIUX MU BYJIX NEPIIOIO
I €JMHOIO IABOPATOPI€IO B CPCP..."
A. Tanbmuna
Hayionanvnuii nayxosuii yenmp «Xapxiscokutl (pisuxo-mexnisnuil iHcmumymy
M. Xapxie, Vkpaina
JleB Bacuibosuu Illy6HikoB mapoamses 1901 poxy B Camxr-Iletepbypsi. Moro 6arteko, Bacume BacumboBmd, mparioBas
Oyxrantepom, a Mama - JIto6oB CepriiBHa - Bena gomanrHe rocrnonapctso. Y 1911 pomi Jles LlyOnikoB OyB 3apaxoBaHHid 1O OJHOTO
3 kpamux CaHKT-TIeTepOyp3bKHX CepelHiX HaBUaJIbHUX 3aKJIaJiB - TiMHa3ii Mapii AnzpiiBau JlenroBchkoro. HaBuascs, sik cBigyaTh
apxiBHI JOKYMEHTH TiMHa3ii, cTapaHHo. Y Ta0eii 3a BHITyCKHHH, 8 Kiac, B rpadi «di3mka» 3ammcaHo - «IHTepec IO MpeaMeTy
Benukuiy. Y 1918 poui Illy6nikoB Hamxomute B Ilerporpaxchkmii yHiBepcuTeT Ha (Di3MKO-MaTeMaTHYHME (aKyiIbTeT
(cnenianbHICTE «di3ukay). Ane BiH OyB €IMHUM CTYIEHTOM-(i3MKOM HaOOpy LBOTO POKY, i HOMY JOBEJOCS CITyXaTH JIEKIi
CIOYaTKy 3 THMH, XTO OyB Ha Kypc cTaplie, IOTiM - Ha Kypc Mojozue. [mocTparisi CTYAEHTCHKOT0 XKUTTSI TUX POKIB - MeMyapHi
criorajau ioro ogHokypcuuni Onsriu MukosnaiBau Tpane3HikoBoi, JokTopa disnko-maTemMatuuHux Hayk: «Y 1919 poui st moctynuna
Ha ¢iznune BiggineHasa [lerporpaacekoro yHiBepcuteTy. B yHiBepcureTi 3ycTpimacs 3i JlbBom BacunpoBmuem ... JXKutts Oyio
BaxxkuM. Ilicis nexmiii JleB BacuiapoBHY CTaHOBUB CIMCOK MPUCYTHIX, JIEKTOP MiAMUCYBaB, i BCIM HAM BHIABAJH MO TOHCHHKOMY
IIMaTOYKy XJi6a 3 MOBHUIOM - MM Ha3WBAIM I YallHUM NocTadaHHsAM ... ¥ 1919 pomi Bxe icHyBaB ONTHYHMI IHCTHTYT, i
J.C. PizBsuuii BIamITYBaB YCiX CTAapOIMX CTYAEHTIB .. Tyau nabopantamu. Oxpemoi Oyxmismi 'Ol [[lepskaBHuMiA onmTuaHM
iHcTHUTYT. - [Ipum. A.T.] Toni e He MaB i po3MimtyBaBcs B PisuyHOMy iHCTHTYTI pH yHiBepcuTeTi. Bee nabopanTtn oTpuMyBain
TaK 3BaHMH aTOMHHUH IaloK, i Iie 1X Jyxe miaTpuMyBaio. Takuii xe mailok oTpuMyBaiH i BUKJIanadi ». 3aciyroByIOTh Ha yBary i
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Taki icTopuuHi (akTu: mepiua CBiTOBa BiifHa, PEBOJIOLIS, TPOMaASHChKA BiliHA i IHTEpBEHLsI MOPOJWINA B KpaiHi po3pyXy, TOJIOL,
xoson. HaBeneHi HIKYe BUTATH 3 yPSAOBHX TOKYMEHTIB TOTO Yacy JO3BOJISIOTH HAOYHO 3MATIOBATH TOIIIHI pearii.
KJIFOYOBI CJIOBA: Jles Illy6HikoB, kpioreHHa gaboparopis, XapkiB

“WE MUST REMEMBER THAT BEFORE ARRIVAL OF PETER KAPITSA,
WE WERE THE FIRST AND EXCLUSIVE LABORATORY IN THE USSR ...”
A. Tan’shyna
National Science Center “Kharkov Institute of Physics and Technology”
Kharkiv, Ukraine

Lev Vasilievich Shubnikov was born in 1901 in St. Petersburg. His father, Vasily Vasilievich, worked as an accountant, and his
mother, Lyubov Sergeyevna, ran a household. In 1911, Lev Shubnikov was enrolled in one of the best St. Petersburg secondary
schools - the Maria Andreevna Lentovskaya gymnasium. He studied diligently, as evidenced by the archival documents of the
gymnasium. In the report card for graduation, grade 8, in the column “physics” it says “there is a great interest in the subject”. In
1918, Shubnikov entered the Petrograd University at the Faculty of Physics and Mathematics (specialty “Physics”). But he was the
only recruiting physics student of this year, and he had to listen to lectures first with those who were a year older, then - a younger
course. An illustration of the student life of those years is the memoirs of his classmate Olga Nikolaevna Trapeznikova, doctor of
physical and mathematical sciences: “In 1919 I entered the physical department of Petrograd University. I met Lev Vasilievich at the
university ... Life was difficult. After the lectures, Lev Vasilievich compiled a list of those present, the lecturer signed, and we all
were given a thin piece of bread with jam - we called it tea allowance ... In 1919, the Optical Institute already existed, and D.S.
Rozhdestvensky arranged for all senior students ... laboratory assistants. Separate building GOI [State Optical Institute. - Note A.T.]
then did not yet have and was housed at the University's Physics Institute. All laboratory assistants received the so-called rations, and
this supported them very much. Teachers received the same ration. ” The following historical facts deserve mention: the First World
War, revolution, civil war and intervention gave rise to devastation, famine, cold in the country. The following extracts from
government documents of that time allow you to clearly describe the then realities.

KEYWORDS: Lev Shubnikov, Cryogenic Laboratory, Kharkiv
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