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Abstract. It is considered (1+4)-dimensional Extended Space Model (ESM) as a generalization of  
the special theory of  relativity at a 5-dimensional space. Rotations in extended space correspond 
to the motion of  a particle in gravity field in the embedded four-dimensional space-time. Within 
the framework of  ESM the photons have a nonzero mass in a gravitational field. We study how a 
rotation in ESM agrees with photon dynamics in the Schwarzschild field. Equations of  the critical 
curve are obtained by the nonzero energy integral variation in accordance with principles of  the 
calculus of  variations in mechanics. This method is compared with the Fermat’s principle and 
geodesics principle. Energy and momentum of  the particle transferred to the gravity field is defined. 
The force vector acting on the photon in Schwarzschild space-time is found for the weak gravity 
and corresponds to photon’s gravitational mass equal to the twice mass of  a material particle of  
the same energy. Compliance with the law of  conservation of  energy as a source of  gravity leads 
to the presence of  particles with negative gravitational mass and zero kinematic momentum in 
the results of  the annihilation reaction. Bubble gravitational structures of  a type gravastar are 
considered. Accretion of  matter onto compact stars results in their absorption of  positive energy 
from the vacuum and the release negative energy in a free deep space. The particles with negative 
gravitational mass create there antigravitating vacuum with negative pressure. In the present work 
a non-conservation of  energy in gravitational systems is interpreted by the ESM as the rotation of  
the energy-momentum vector in 5-dimensional space. The comparison bubble cosmic structures 
with similar possible bubble structures in microphysical objects is made.
Keywords: 5-dimensional space, electromagnetic field, gravity, Maxwell's equations, photon, mass, 
localization
PACS 04.20.Fy, 04.20.Jb, 11.10.Kk, 13.66.Hk, 97.10.Gz, 98.62.Dm
Bibliography - 46 references   Received 23.07.2019, peer reviewed 20.09.2019, accepted 23.09.2019
For citation: Dmitry Yu. Tsipenyuk, Vladimir B. Belyaev. Bubble structures in microphysical objects in 5-D extended 
space model. RENSIT, 2019, 11(3):249-260; DOI: 10.17725/rensit.2019.11.249.



250

No. 3 | Vol. 11 | 2019 | RENSIT

1. INTRODUCTION
It is known, that between the mechanical and 
optical phenomena there is a certain likeness, 
which historically was exhibited that a set of  the 
optical phenomena managed uniformly well to be 
described both within the framework of  wave, and 
within the framework of  the corpuscular theories. 
In particular, motion of  a beam of  light in an 
inhomogeneous medium in many respects similar 
to motion of  a material particle in a potential field 
[1]. In the given activity, we shall take advantage 
of  this connection to describe the gravitational 
phenomena.

The Fermat principle is the basis of  geometric 
optics in media. It is also formulated for Riemannian 
space-time [2, 3]. In [4, 5] it is proposed a variational 
principle of  the stationary energy integral of  a 
light-like particle, which does not lead to violation 
of  the isotropy of  light path and agrees with 
Fermat’s principle for static gravitational fields. It 
is also applicable to non-stationary gravitational 
fields in which the particle motion is free. This 
approach is the choice of  Lagrangian of  the 
particle and the definition of  canonical momenta 
and forces as its partial derivatives with respect 
to the velocities and coordinates in accordance 
with Lagrange’s mechanics. A correspondence 
is established between the physical energy and 
momentum of  the particle, determined from non-
gravitational interactions, and the contravariant 
canonical momentum vector.

In [6-8] it is investigated a generalization of  
special theory of  relativity in a 5-dimensional 
space G(1,4) with a metric (+ - - - -) having an 
additional coordinate s. In ESM, in addition to 
the rotations in plane (TX) relating to the Lorentz 
transformations, the rotations in planes (TS) and 
(XS) are considered. In this model the approach is 
used, where the 5-th coordinate is the interval in 
(1+3)-dimensions [9]. Movement along additional 
5-th coordinate corresponds to the presence of  
particles rest-mass in (1+3)D. This is the case 
when a photon, get into an exterior field, gains a 
nonzero mass.

At the same time, it is being localized [10], 
while in the Minkowski space it is compared to the 
an infinite plane wave. In this paper we study how 

(TS)-rotation agrees with photon dynamics in the 
Schwarzschild field, which is analyzed using the 
principle of  extreme energy of  a light-like particle 
based on Lagrangian mechanics [11].

Assuming that the standard model of  
cosmology and gravity theory are correct, 
astronomers have identified phenomena, whose 
essence is reduced to following statements [12-17]:

1. The main part of  the Universe mass (more 
than 0.9) is made of  dark matter and dark 
energy, which is associated with physical 
vacuum.
2. These dark substances do not emit 
electromagnetic radiation and do not interact 
with him, or exhibit such properties very 
weakly but have gravity.
3. The space vacuum has negative pressure, 
or, in other words, shows properties of  an 
antigravitation, which determines dynamics of  
Universe extension.
In present work we develop an approach to 

explanation of  above-mentioned phenomena. 
Accretion of  matter onto compact stars results 
in the birth electron-positron pair with the 
appearance of  additional particles from the vacuum 
having positive gravitational energy. Subsequent 
annihilation of  e+e– pair release particles with 
negative gravitational mass [11], which are thrown 
in free deep space and create there antigravitating 
vacuum with negative pressure. The possibility 
of  existence of  body with a negative mass 
was considered and in general relativity [18].
The particles with positive energy form halo of  
compact stars and their possible contribution to 
dark matter is considered.

The photons according to ESM having positive 
rest-mass in a gravity field are concentrated around 
massive stars and black holes. Various modes that 
proposes existing nonzero mass to a photon are 
discussed in review [19]. In quantum nonlinear 
medium photons interact with each other so 
strongly that they begin to act as though they have 
mass, and they bind together to form molecules 
[20].

A gravitational model gravastar, or gravitational 
condensed star [21, 22] was offered as alternative 
to black holes. Such object corresponds to the 

DMITRY YU. TSIPENYUK, VLADIMIR B. BELYAEV
MULTIDIMENSIONAL THEORIES 

OF PHYSICAL FIELDS 



251

RENSIT | 2019 | Vol. 11 | No.3

solution of  the Einstein equation, which outside 
of  area occupied by masses, coincides with 
Schwarzchild solution. Inside of  gravastar there 
is other, nonsingular solution, so that metric is 
as a whole received nonsingular. Gravastar has 
a structure similar to a structure of  a bubble. 
This bubble has a dense rigid envelope, which 
is under tension because of  liquid substance, 
pressed apart it from within. The general thin-
wall formalism is developed and applied to the 
investigation of  the motion of  various bubbles 
arising in the course of  phase transitions 
in the very early Universe [23, 24]. Regular 
superconducting solution for interior of  the 
Kerr-Newman spinning particle for parameters 
of  electron represents a highly oblated rotating 
bubble formed by Higgs field which expels the 
electromagnetic field and currents from interior 
to domain wall boundary of  the bubble [25]. 
The external fields correspond exactly to Kerr-
Newman solution, while interior of  the bubble 
is flat. Along with this, the bubble configuration 
of  atomic nuclei has been discussed [26]. In the 
present work we will show, that it is possible 
result for gravastar when transfer of  energy, as 
a source of  gravitational field, to the vacuum 
coincides with properties of  microworld.

2. (TS)-ROTATION IN EXTENDED SPACE 
MODEL
In Minkowski space M(1,3) a 4-vector of  energy and 
momentum

    , ,  , x y z
Ep p p p
c

 =  
 



is associated to each particle [2]. In the extended 
space G(1,4) [6-8] it is completed to 5-vector

  ,  ,  ,  ,    ,
 x y z

Ep p p p mc
c

 =  
 

where m is a rest mass of  the particle. In blank space 
in a fixed reference system there are two types of  
various objects with zero and nonzero masses. In 
space G(1,4) to them there corresponds 5-vectors

 ,   ,  0fp
c c
ω ω =  

 
 

and

( ) ,   0 ,    .mp mc mc=  (1)

For simplicity we have recorded these vectors in (1 
+ 2)-dimensional space. The vector fp describes a 
photon with energy ℏω and with speed c. The vector 

mp  describes a fixed particle. Next we will consider 
the motion of  a photon.

At hyperbolic rotations on an angle φ TS in the 
plane (TS)

cosh sinh  ,    ,

' cosh sinh

TS s TS

s s TS TS

E E p P P
c c

Ep p
c

φ φ

φ φ

′
= + =

= +

′
 (2)

the photon vector (1) will be transformed as follows: 

2

 ,    ,   0   cosh  ,    ,   sinh

 ,    ,   1 .

c c c c c

n n
c c c

ω ω ω ω ωφ φ

ω ω ω

   → =   
   
 − 
 

    

  

 (3)

In ESM this rotation is associated with the photon’s 
motion in a medium in enclosed three-dimension 
space with refraction index n > 1. In such areas the 
speed of  light is reduced. The parameter n relates 
the speed of  light in vacuum with the speed of  light 
in a medium v as
n = c/v.                                                                         (4)
According to the concept that the 5-th coordinate 
is interval in (1+3)-dimensions the photon gains a 
rest mass

2

2 2

1sinh nM
c c
ω ωφ −

= =
 

in gravity field of  embedded space-time.
In addition to the (TS)-rotation of  5-momenta 

(2) in ESM there is (XS)-rotation
2

2 2

1sinh nM
c c
ω ωφ −

= =
 

' cosh sinh  .s s XS XSp p Pφ φ= +
With the help of  these transformations from the 

components of  photon 5-momentum fp  in a flat 
extended space, one can pass to the components of  
its 4-momentum in an arbitrary 4-dimensional space 
[11]:

( ) ( ) ( )

 ,    ,   0  

 F x  ,   F x  ,   F x  ,T P S
i i i

c c

c c c

ω ω

ω ω ω

 → 
 
 → 
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where FT(xi), FP(xi), FS(xi) are functions of  
coordinates. Transformations are not communicative 
at specified angles of  rotation φ TS and φ XS:
(TS) – (XS) ≠ (XS) – (TS).

In the case of  a material particle, a transformation 
(TX) is added to them.

3. PRINCIPLE OF THE STATIONARY 
ENERGY INTEGRAL OF PHOTON
In [4, 6] it is proposed a variational principle of  
the stationary energy integral of  photon without 
violation of  Lorentz-invariance. In it the interval 
in pseudo-Riemann space-time with metrical 
coefficients 11g :

2 i j
ijds g dx dx= 

after substitutions
2

11 11 1 1   ,    ,    k k kq kqg g g g g gρ ρ= = =  

is rewritten in form
2 2 12 1

11 12  .k k q
k kqds g dx g dx dx g dx dxρ ρ= + +

Here ρ  is some quantity, which is assumed to 
be equal 1. Putting down x1 as time, coordinates 
with indexes k,q = 2, 3, 4 as space coordinates and 
considering ρ  as energy of  light-like particle with 
ds = 0 we present it as

( )

11

11 1

1/2

1 1 11  ,

k

k

k q

k q kq

dx dxg g
d d

dx dxg g g g
d d

ρ
µ µ

σ
µ µ

−
  

= − + 
  

  −  
  

 (5)

where σ is ±1 and μ is affine parameter.
The partial derivatives with respect to coordinates 
are written as

1
1

1  ,
2

ij i jg
u u

x u u xλ λ

ρ ∂∂
= −

∂ ∂
 (6)

where ui = dxi/dμ is four-velocity vector. The partial 
derivatives with respect to components uλ are

1
1

 .u
u u u

λ
λ

ρ∂
= −

∂
 (7)

With g11 = 0 and g1k ≠ 0 even if  for one k the energy 
takes form

1
1

 .
2

k q
kqg u u
u u

ρ =

In this case the partial derivatives of  ρ  coincide 
with (6) and (7).

For the free moving a particle Lagrangian is taken 
in form
L = – ρ                                                                        (8)
and conforms to relation [27]:

 .Lu L
u

λ
λρ ∂

= −
∂

Partial derivatives of  Lagrangian give the canonical 
momenta

1
1

uLp
u u u

λ
λ λ

∂
= =
∂

 (9)

and forces

1
1

1  .
2

ij i jgLF u u
x u u xλ λ λ

∂∂
= =
∂ ∂

 (10)

Components of  the associated vector of  the 
canonical momenta are

1
1

 .up
u u

λ
λ =  (11)

Physical energy and momenta of  photon with 
frequency ω in Minkowski space-time with affine 
parameter μ = ct form contravariant 4-vector of  
momenta πi = (ℏω/c)ui. For arbitrary affine parameter 
it is rewritten as

1  .
i

i u
c u
ωπ =
  (12)

And in pseudo-Riemannian space-time similar 
energy and momenta of  the photon will be put in 
line with the components of  the contravariant vector 
of  momenta. A certain fixed value of  the photon’s 
frequency ω0 is given by the corresponding equality 
ω = ω0/u1. Comparing expressions (11) and (12), we 
obtain

0  .i ip
c
ωπ =


 (13)

This one provides Lagrangian of  the photon 
Lph = ℏω0L. The components of  vector
Fk = gkλFλ         (14)
associated to (10), with this approach, are 
proportional to gravity forces:
Qi = ℏω0F

i,         (15)
which acts on the photon. That is, although the non-
straight motion of  a particle in space-time according 
to General relativity is due to its curvature, identified 
with the gravitational field, we, studying the motion 
in the coordinate frame of  reference, consider the 
analogy with the action of  forces on the particle. 
That is, although the indirect motion of  a particle in 
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space-time according to General relativity is due to 
its curvature, identified with the gravitational field, 
we, studying the motion in the coordinate frame of  
reference, consider the analogy with the action of  
forces on the particle.

Taking into account equation (8) a motion 
equations are found by using Hamilton’s principle 
from variation of  energy integral

1 1

0 0

,S Ld d
µ µ

µ µ
µ ρ µ= = −∫ ∫

where μ0, μ1 are values of  the affine parameter in 
points, which are linked by found extremal curve. 
Energy ρ  is non-zero, its variations leave interval to 
be light-like, and application of  standard variational 
procedure yields Euler-Lagrange equations

0 .d
d u xλ λ

ρ ρ
µ

∂ ∂
− =

∂ ∂
 (16)

The obtained equations of  the isotropic critical 
curve can be rewritten as

0 .dp F
d

λ
λµ

− =  (17)

4. ENERGY AND MOMENTUM OF 
PARTICLE TRANSFERRED TO GRAVITY 
FIELD
In accordance with conservation laws, the vector of  
energy and momentum of  a system that includes a 
particle and the gravitational field generated by it, 
denoted by kp , can be written as the sum of  the 
momentum and energy of  the particle itself  pk and 
transmitted it to the gravitational field kp . The 
vector kp  changes under the influence of  the force 
from the source of  gravity:

 .
k k k

kdp dp dp F
d d dµ µ µ

= + =


Passing in equations (17) to the associated canonical 
momenta and forces, we obtain

 .
k

k k iidgdpF g p
d d

λ λ

µ µ
= +

Comparing two expressions for Fk and passing to 
the partial derivatives of  metrical coefficients we 
find the rate of  exchange of  energy and momentum 
between particle and gravitational field

 .
k

k j ii
j

gdp g u p
d x

λ λ

µ
∂

=
∂



When considering the dynamics of  a single particle, 
this vector is an analogue of  the pseudotensor used 
in the laws of  conservation in tensor form.

From the conservation laws it follows that the 
force acting on the system, including the particle 
and the gravitational field generated by it, is equal in 
magnitude and opposite in sign to the force acting on 
the system of  the source of  gravitation from the side 
of  the particle system. This is equivalent to fulfilling 
Newton’s third law. Its adherence to the Newtonian 
limit of  gravity means the equality of  the passive and 
active gravitational masses.

5. COMPARISON OF NULL GEODESICS, 
ENERGY INTEGRAL VARIATION AND 
FERMAT PRINCIPLES
Let us clear whether proposed variational method 
conforms to Fermat’s principle, which for stationary 
gravity field [2] is formulated as follows

1
11

1 ( ) 0,k
kdl g dx

g
δ + =∫

where dl is element of  spatial distance along the ray 

1 12

11

 .p q p q
pq

g g
dl g dx dx

g
 

= − 
 

Comparing the integrand

( )1
11

1 k
kdf dl g dx

g
= +  (18)

with equation (5) we write
1  .df u

d
ρ

µ
=  (19)

Null geodesics and extreme energy integral 
curves for light-like particle are identical in static 
space-time [5, 11]. In [28] the generalized Fermat’s 
principle is proposed and it is shown that obtained 
curves are null geodesics. It is applied Pontryagin’s 
minimum principle of  the optimal control theory 
and obtained an effective Hamiltonian for the light-
like particle motion in a curved spacetime. The 
dynamical equations for this Hamiltonian are
Q = u1

and

1 0 .q q q

d Q Q Q Q
d x x x xµ

∂ ∂ ∂ ∂  − − = ∂ ∂ ∂ ∂  

 (20)

Function Q coincides with following from (18) 
expression for df/dμ under condition that the metric 
coefficients also depend on time. Following from 
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(19) expression for energy ρ  = Q/u1 substituted in 
Euler-Lagrange equations (16) yields

( )
1

1 2 11

1 1 1 0 .q q q

d Q Q du Q
d du u u u xuµ µ

∂ ∂ ∂  − − = ∂ ∂ ∂ 
 (21)

The Euler-Lagrange equation for the time coordinate 
obtained from energy integral variation principle is 
reduced to the form

1 1

1
1

0 .
2

ij i jgdu u u u
d u xµ

∂
+ =

∂
Comparing its with equations (7) we write

( ) ( )11 21 1
1 1

/
 .

Q udu Qu u
d x xµ

∂ ∂
= =

∂ ∂

Substituting this expression in (21) and multiplying 
it by u1 gives equations (20), which confirms the 
consistency of  principle of  an extremal energy 
integral of  light-like particle and generalized Fermat’s 
principle.

6. PHOTON’S DYNAMICS IN 
SCHWARZSCHILD SPACE-TIME
6.1. spherical coordiNates

A centrally symmetric gravity field in the free space is 
described by the Schwarzschild metric. At spherical 
coordinates xi = (τ, r, θ, φ) with τ = ct its line element 
is

( )

1
2 2 2

2 2 2 2

1 1

sin  ,

ds d dr
r r

r d d

α ατ

θ θ ϕ

−
   = − − − −   
   

+

 (22)

where α is constant. To find the photon motion, 
we solve the Euler-Lagrange equations, which give 
for Lagrangian (8) a solution that is identical with 
the geodesics. In plane θ = π/2 equations (17) with 
canonical momenta (9) and forces (10) yield [4, 5, 
11]:

21 ,    1  ,d d B
d d r r
τ ϕ α
µ µ

 = = − 
 

 (23)

where B is constant. Substituting these values in 
equation ds = 0 we find

1/22 2 3

1 1  .dr B
d r r r

α α
µ

      = ± − − −      
       

 (24)

The value of  the coordinate velocity in the remote 
frame is

2 2

1  .d drv r c
dt dt r
ϕ α     = + = −     

     
In 4D space-time for the Schwarzschild field the 

canonical momenta are

2

1 2 2

11 ,    1 1
1

Bp p
rr

r

α
α

 = = − −    − 
 



p3 = 0, p4 = –B.
Nonzero components of  the contravariant vector of  
momenta are given by

1
1 1  ,p

r
α −

 = − 
 

2
2 4

2 21 1  ,   .B Bp p
r r r

α = ± − − = 
 

The physical energy and momentum are matched 
exactly with the contravariant vector, since in the 
limit of  the Minkovsky space it has momentum 
components with a sign coinciding with the direction 
of  motion.

6.2. rectaNGular coordiNates

Considering the non-radial motion, in order to 
avoid the appearance of  a fictitious component of  
momenta and force due to the sphericity of  the 
coordinate system we use the Schwarzschild metric 
in rectangular coordinates [4, 5, 11]. To the isotropic 
form of  metric one can go from its spherical form 
(22) with the help of  the transformation

2

1  ,
4

r r
r
α = + 

 
 (25)

and it is written as

( )

2

2 2 2

4
2 2 2

1
4

1
4

1  ,
4

rds c dt

r

dx dy dz
r

α

α

α

 − 
= − 

 +
 

 + + + 
 

 (26)

where (t, x, y, z) is rectangular frame and
2 2 2 .r x y z= + +

We will consider the motion in the plane z = 0 
and seek the force acting on the particle at a point (t, 

MULTIDIMENSIONAL THEORIES 
OF PHYSICAL FIELDS DMITRY YU. TSIPENYUK, VLADIMIR B. BELYAEV



255

RENSIT | 2019 | Vol. 11 | No.3

x, 0, 0) that corresponds to the value of  the angular 
coordinate φ = 0 in the spherical frame. Coordinate 
transformations in the plane are

cos ,   sin  .x r y rϕ ϕ= =
The nonzero spatial components of  the 4-velocity 
are

2 3,     .dx dr dy du u r
d d d d

ϕ
µ µ µ µ

= = = =

The transformation (25) implies the relation
2

21  .
16

dr dr
r

α 
= − 
 

 (27)

Equations (24)-(25) yield
2

1
1

1
41 ,     ,

1
4

ru u

r

α

α

 − 
= =  

 +
 

 (28)

1/22
2

2
3 6

2

1 1
4 41  ,

1 1
4 4

B
r ru

r
r r

α α

α α

    − −    
    = ± −

    + +    
    

 (29)

2

3
6

1
4  .

1
4

B
ru

r
r

α

α

 − 
 =
 + 
 

 (30)

Substitution of  these velocities in (11) gives 
components of  associated vector of  the canonical 
momenta

2

1
1

4  ,
1

4

rp

r

α

α

 + 
=  
 −
 

1/22
2

2
6

2
2

1
1 41  ,

1 116 4

B
rp

rr r

α

α α

  −  
  = ± −

    − +        

3
4  .

1
4

Bp
r

r
α

=
 + 
 

Passing back from the variable r  to r, we write, 
in accordance with equation (13), the value of  

the photon energy and momentum in a remote 
coordinate frame

1

0 1  ,E
r
αω

−
 = − 
 



( ) ( )2 3 1/2 0

2

1[ ]  ,
1

16

P p p
c

r

ω
α

= + =
 − 
 



where ω0 is the photon frequency at infinity at the 
world line with unlimited r. Moving to the scale of  
the length of  spherical frame in view of  equation 
(27) we obtain P = ℏω0/c.

Using the analogy of  geometrical optics with 
gravity [6-8, 28] the refraction index (4) is given by

1

1  .n
r
α −

 = − 
 

Turning to ESM we write four-momentum after 
rotation in the plane (TS) in space G(1,4) (3):

( ) 1/2[ 2 ]
, , , ,  .

1
s

rE P p
c c c rc

r

α αω ω ω
α α

 
 −   =  −    −    

  

We obtain the coincidence of  the energy and 
momentum in the embedded four-dimensional 
space-time in ESM with the result given by variational 
principle of  the stationary energy integral of  photon 
in the Schwarzschild field.

6.3. forces aNd Gravity mass of photoN

At spherical coordinates the non-zero components 
of  canonical forces vector (10) and associate vector 
Fk (14) are

2 2

2 3 4
2

,
21

B BF
r rr

r

α α
α

= − +
 − 
 

2
2

2 3 1 1  .
2

BF
r r r r
α α α  = − + − −  

  
 (31)

For a gravitational constant G, active gravitational 
mass M and α = 2GM the first term of  F2 yields (15) 
for the radial motion (B = 0) twice Newton gravity 
force acting on a photon

2
0 2  .Q

r
αω= −

It corresponds to the passive gravitational mass of  
the photon
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mgp = 2ℏω0.        (32)
Considering the non-radial motion we use the 

Schwarzschild metric in rectangular coordinates 
(26). Substituting nonzero 4-velocity components 
(28)-(30) in (10), we find nonzero component of  the 
force vector (15) acting on the photon:

2
0 5

2

1
8  .

1 1
4 4

rQ
r

r r

αα
ω

α α

 − 
 = −

   + −   
   



Taking into account transformation (25) it is 
rewritten as

2
0 2

2
2

1
8  .

1
16

rQ
r

r

αα
ω

α

 − 
 = −
 
− 

 



Its magnitude does not depend on the direction 
of  motion of  the photon. This formula differs 
from force in spherical coordinates (31) because 
the expression for the canonical force (10) is non-
covariant, that is, with this approach gravity force 
acting on the photon depends on the choice of  the 
coordinate system. However, in the limit of  weak 
gravity these expressions asymptotically converge 
and give Newton’s law of  gravitation with passive 
gravitational mass of  the photon 2ℏω0 (32). One 
conforms to the light deflection in central gravity 
field, which is twice value being given by the Newton 
gravity theory.

Obtained gravitational mass of  the light-like 
particle is independent on the direction of  its 
motion. The gravitational mass of  a photon for 
low gravity is equal to doubled mass of  a material 
particle, equivalent to its energy. This corresponds to 
the result of  Tolman [30] for active gravity mass of  
photon. He applied solutions of  Einstein's equation 
for the electromagnetic field in the case of  weak 
gravity to analyze the gravitational interaction of  a 
light packet or beam with a material particle.

This result can have the following application. At 
annihilation of  an electron and positron the energy 
determined from non-gravitational interactions and 
the momentum are preserved. We will consider how 
the gravitational mass of  system changes. Although 
it is not known exactly whether the gravitational 
mass of  the positron is positive or negative, some 
estimates give its positive value [31]. Proceeding 

from this assumption the total gravitational mass 
of  an electron and positron 2me is twice less than 
the gravitational mass of  the formed gamma quanta 
4me. This raises the question of  mass conservation 
[32]. If  to consider energy as a gravitation source, 
it means that on condition of  its preservation at 
annihilation besides gamma quanta this process has 
to be allocated the particles g– which are carrying 
away negative energy as a source of  gravitational 
field, that is, having negative gravitational mass. 
Process of  annihilation will look as follows

2 2  .e e gγ+ − −+ → +  (33)
The particles g- with gravitational mass
mg– = me
do not have a kinetic momentum and therefore their 
detection by standard means of  particle registration, 
for example, a bubble chamber, is not possible. 
With the passage of  light beams through the area 
with negative energy needs to produce the effect 
of  defocusing, opposites focusing of  light by the 
gravitational lens [33].

7. GRAVASTAR STRUCTURE
The gravastar model was offered [21, 22] alternatively 
to black holes. It is considered as final object, which 
is formed in because of  processes of  elementary 
particles disintegrations. This is static spherically 
symmetrical field with the metric

( ) ( )
( )

2
2 2

2 2 2sin  .

drds f r dt
h r

r d dθ θ ϕ

= − + +

+ +
 (34)

In the case of  an isotropic medium and a constant 
density ε in the inner region of  gravastars the solution 
of  Einstein's equations yields a density c2ε = –p. This 
corresponds to the de Sitter metric with coefficients 

( ) ( )
2

21  .
D

rf r Ch r C
R

 
= = − 

 
 (35)

Here RD is the radius of  a curvature of  the de Sitter 
world and C is arbitrary constant. Radius of  a curvature 
is within the limits corresponding to the shell of  
gravastar r1 < RD < r2 and is 3

1( ) /DR r α= , where α 
is a radius of  Black Hole with equal mass.

For the spherically symmetric static gravastar-
like object with negative central pressure it is found 
[33] that shell cannot be perfect fluids. Anisotropic 
pressures in the "crust" are unavoidable. The 
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anisotropic Tolman-Oppenheimer-Volkoff  equation 
can be used to find them [34]. Existence of  rotating 
gravastars cannot be ruled out by invoking its 
instability [35]. LIGO’s observations of  gravitational 
waves from colliding objects have been found either 
to not be consistent with the gravastar concept [36, 
37], but it does not deny the existence of  gravastar 
in principle.

Accretion of  matter onto compact stars causes 
gamma radiation [38] and creates conditions for 
the birth of  gamma-ray electron-positron pair. 
This reaction, the inverse of  (33), occurs when 
extracting pairs of  particles g– and opposite to 
them in "a gravitational charge" particle g+ from a 
vacuum. Having negative gravitational mass, particle 
g– is absorbed immediately leaving g+ with a positive 
gravitational mass: 

2 2  .e e gγ + − +→ + +
The subsequent collision of  a positron with an 

electron will cause annihilation with the release of  
a pair of  g–. Gravastar and Black Hole will attract 
particles g+. On g– the compact stars act like White 
Hole on particles with positive energy. They push 
these particles into free deep space. This process 
results in the compact stars’s absorption of  positive 
energy from the vacuum compact star and the release 
negative energy around. In this sense, it is reversed 
by Hawking radiation, which leads to the evaporation 
of  Black Holes. The particles g– initiate the dynamics 
of  cosmological expansion controlled by antigravity 
[40]. The particles g+ can form a halo of  compact 
stars. Their ability to be part of  dark matter depends 
on whether they have a rest mass. If  it is absent, they 
will dissipate faster in the outer space.

8. ENERGY DENSITY IN SPHERICAL 
GRAVITATIONAL SYSTEMS
The gravitational mass of  a spherical body[2] 
described by metric (35) with radius r1 is given by

1 2

0
4 ,

r
M r drπ ε= ∫  (36)

where ε is proper density of  matter. Integration is 
performed here in case of  the element of  volume 
dVc = 4πr2dr, which corresponds to the coordinate 
frame, whereas in its proper frame the given element 
of  space volume will be dVp = 4πr2h(-1)(r)dr. Condition 
h(r) < 1 means that the gravitational mass of  body is 
less than the sum of  individual gravitational masses 

its constituent elements. This interprets as the 
transfer of  energy, as a source of  gravitational field, 
to the vacuum.[5] The whole mass of  spherical body 
is defined as follows:

1 2 1

0
4 ( ) ,

r

pM r h r drπ ε −= ∫  (37)

In terms of  ESM in static case the energy-
momentum vector p  with total density of  matter εp 
= εh(-1)(r) can be represented as 5-vector

( ) ( )( )1 1 ,  0 ,  .mtp c h r c h rε ε− −=

Its hyperbolic rotation in the plane (TS) (2) on an 
angle φ TS = ln(h(r)) yields

( ) ,  0 ,  .mgp c cε ε=

This rotation corresponds transition from the 
total density of  matter to the density as a source of  
gravity.

Considering the mass of  the gravastar we assume 
for simplicity that all of  it is concentrated in interior 
area. The solution of  Einstein equations for metric 
(34) with coefficients (35) gives [21, 22] the density of  
matter 2 2

0(3 / 8 ) ,c G Hε π=  where it is denoted H0 = 
1/RD. Substitution of  ε in (36) yields gravitational 
mass

2
2 3
0 1  .

2
cM H r
G

=  (38)

The whole mass (37) turn out to be
2

0 1
1

0 0 1

13 1 ln  .
2 2 1p

H rcM r
G H H r
 +

= − + − 
A particular point of  interest for applications 

to microphysical objects is a possibility of  situation 
when Mp exceeds gravitational mass twice: Mp = 2M. 
For the bubble structures it will take place subject 
to H0r1 = 0.998147. With this condition a particle 
with the mass of  an electron me = 9.1093835·10-31  
kg according to equation (38) will have a radius re = 
1.3579·10-57 m. This value is less than Planck length 
by 22 orders of  magnitude. It does not include spin, 
magnetic moment and charge, but this result may be 
used to estimate the order of  the electron radius via 
gravastar model.

Observation of  a single electron in a Penning 
trap [41] suggests the upper limit of  the particle’s 
radius to be 10-22 m.
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9. CONCLUSIONS
Canonical 4-momentum is given by variational 
principle of  the stationary energy integral of  
photon. The physical energy and momentum of  
photon are matched exactly with the contravariant 
4-momentum, since in the limit of  the Minkovsky 
space it has momentum components with a sign 
conforms to the direction of  motion. For the 
Schwarzschild space-time the result coinsides with 
energy and momentum in the embedded four-
dimensional space-time obtained by (TS)-turn in 
ESM that is corresponded to the photon’s motion 
in space with refraction index n > 1. One provides 
localization of  the photon and can be considered as 
the acquisition of  rest mass by it.

The identity of  the generalized Fermat principles 
and the stationary energy integral of  a light-like particle 
for velocities is proved. The virtual displacements of  
coordinates retain path of  the light-like particle to 
be null in the pseudo-Riemann space-time, i.e. not 
lead to the Lorentz-invariance violation in locality 
and corresponds to the variational principles of  
mechanics. The equivalence of  the solutions given 
by the first principle, to the geodesics, means that 
the use of  the second also turns out geodesics. The 
stationary energy integral principle gives a system of  
equations that has one equation more. This makes it 
possible to uniquely determine the affine parameter 
and energy-momentum vector of  the particle.

A definite Lagrangian produces particle canonical 
momenta and forces acting on it in the coordinate 
frame. Contravariant forces are mapped to the 
components of  the vector of  the gravitational force. 
The four-force vector is not covariant. The value of  
the force acting on a particle depends on the choice 
of  the coordinate frame, and therefore the quantities 
determined through them are meaningful only for 
weak gravity, for which its values asymptotically 
converge in the different coordinate frames. The 
analogy between the mechanics of  particle motion 
in the Schwarzschild space and Newton’s gravity 
theory under this condition allows to determine 
passive gravitational mass of  the photon, which is 
equal to twice the mass of  a material particles of  
the same energy determined from non-gravitational 
interactions. This corresponds to the result of  
Tolman for active gravity mass of  photon. This 
discrepancy suggests that at annihilation of  an 
electron and positron in addition to gamma quanta 

MULTIDIMENSIONAL THEORIES 
OF PHYSICAL FIELDS 

the particles are released that have zero kinetic 
energy and momentum and carrying away negative 
energy as a source of  gravitational field, that is, they 
have negative gravitational mass.

These particles, together with similar particles 
with positive energy, can be generated by accretion 
of  matter onto compact stars. As a result, positive 
energy is absorbed and negative energy is released 
in free space. Areas containing g– are characterized 
by negative pressure and exhibits properties of  
antigravitation. The presence of  such regions in the 
Universe causes its accelerated expansion. The ability 
of  particles g+ to be part of  dark matter depends on 
whether they can be at rest.

The (TS)-rotation of  energy-momentum 5-vector 
of  matter density describes gravitational defect of  
static mass. It is shown, that gravastar model can be 
used to describe the properties of  the microworld, 
giving an estimate of  the electron radius.
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1. INTRODUCTION
At present, there are four fundamental 
interactions known in natural sciences: strong (F), 
electromagnetic (EM), weak (W) and gravitational 
(G). Shipov G. in his theory of  physical vacuum 
[1] introduced such notion as “inertia field” (I). 
The inertia field is associated with the rotational 
degrees of  freedom of  material objects. The 
energy of  such inertia field produces torsion of  
the space around the material object similar to 
that when the gravitational mass of  the material 
object generates curvature of  space. Thus, the 
gravitational interaction G has been enlarged up 
to the inertial gravitational interaction IG.

In quantum physics, one more interaction, 
a fifth one, is manifested during an interaction 
between identical particles. This interaction 
is called the exchange interaction [2]. The 
exchange interaction is connected with the 
indistinguishability of  identical particles. The 
identity principle says: it is impossible to 
distinguish identical particles experimentally. So, 
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spin wave function of  the particle can assume 
two values: with positive spin projection over 
the preferential direction S+ and with negative 
spin projection over the preferential direction 
S−. The spin function of  two fermions can be 
represented as the product of  spin functions 
of  separate fermions or a combination of  their 
products. It can be symmetric or antisymmetric. 
Symmetric spin wave functions describe the 
triplet state of  two fermions with parallel spins 
(S = 1, mS = +1, 0, -1), while antisymmetric spin 
wave functions describe the singlet state with 
antiparallel spins (S = 0).

The wave function of  the spatial motion of  
two fermions must satisfy the same requirements 
as the spin function of  two fermions. It can be 
either symmetric (1, 2)ψ +  or antisymmetric 

(1, 2)ψ − :

(1, 2) [ (1) (2) (2) (1)],a b a bψ ψ ψ ψ ψ+ = +  (1a)

(1, 2) [ (1) (2) (2) (1)].a b a bψ ψ ψ ψ ψ− = −  (1b)
Since the total wave function of  two fermions 

must be an antisymmetric function, only the 
following combinations can be considered 
acceptable:
[ (1) (2) (2) (1)]
{ (1) (2) (2) (1)},

a b a b

S S S S
ψ ψ ψ ψ

+ − + −

+ ×

× −
 (2)

[ (1) (2) (2) (1)]{ (1) (2)},a b a b S Sψ ψ ψ ψ + +−  (3a)

[ (1) (2) (2) (1)]{ (1) (2)},a b a b S Sψ ψ ψ ψ − −−  (3b)

[ (1) (2) (2) (1)]
{ (1) (2) (1) (2)}.

a b a b

S S S S
ψ ψ ψ ψ

+ − + −

− ×

× +
 (3c)

The wave functions of  two fermions aψ  and 
bψ  are written without account of  interaction 

between them and satisfy the eigen-functions of  
the energies Ea and Eb. In this case, the energy 
of  the system is: E = Ea + Eb. In calculations, 
the energy of  interacting particles is quite 
often defined with the help of  the perturbation 
theory. All of  the fundamental interactions (F, 
EM, W and IG) are always simultaneously in the 
perturbing potential of  the interacting identical 
particles or other “identical objects”. The first 

if  two identical particles are replaced, each with 
the other, like (1) (2) (2) (1)a b a bψ ψ ψ ψ→ , then 
the result of  interaction between them will not 
change. The result of  interaction or the eigen-
values that comply with it will not change if  the 
wave function of  the particles is presented as a 
superposition of  wave functions of  two states: 
the eigenstate (1) (2)a bψ ψ  and identical state 

(1) (2)b aψ ψ  : (1, 2) (1) (2) (2) (1).a b a bψ ψ ψ ψ ψ± = ±

In paper [3], the exchange interaction 
is modernized up to resonant interference 
exchange interaction. The RIEX interaction is 
the exchange interaction between any objects, A 
and B, which have resonant R-states belonging 
to a compound system consisting of  the objects 
A and B. Resonant R-states are in a certain 
approximation identical to the objects A and B.

The nature of  resonant interference exchange 
interaction is associated with the overlapping and 
interference of  the wave functions of  identical 
objects having resonant R-states. The exchange 
interaction makes an additional contribution 
into the total energy of  the interacting particle-
states for all of  the fundamental interactions: F, 
EM, W and IG. This contribution is connected 
with that the total energy of  interaction between 
the identical objects or objects with the R-states 
contains an exchange interference member 
which is not equal to zero due to their identity. 
With this, the greater is the overlapping of  the 
wave functions of  the identical objects or objects 
with R-states, the greater is the exchange energy.

In this article, the region where resonant 
interference exchange interaction takes place is 
considered using a few examples from atomic 
and nuclear physics.

2. EXCHANGE INTERACTION
2.1. helium atom

Let us consider the wave function of  two identical 
fermions 1 and 2 with the spin s = 1/2 [4]. The 
total wave function of  two particles is usually 
represented as the product of  the spin wave 
function of  the particles {S(1)S(2)} and the wave 
function of  their spatial motion 1 2[ ]V Vψ ψ . The 

GENNADY V. MISHINSKY NUCLEAR PHYSICS



263

RENSIT | 2019 | Vol. 11 | No.3

correction to the energy of  the system in the 
perturbation theory is calculated as follows:

1 2(1)

1 2

(1, 2)[ , , , ] (1, 2)
,

(1, 2) (1,2)

F EM W G dV dV
E

dV dV

ψ ψ

ψ ψ

∗

∗
∆ = ∫

∫
 (4)

where (1, 2)ψ  is the corresponding wave 
functions (2) and (3), dV1 = dx1dy1dz1, dV2 = 
dx2dy2dz2. The integral in the denominator is 
normalizing.
Let us consider the interaction between the 
electrons in a helium atom [4] and between 
protons in a transhelium molecule. In a helium 
atom the energy of  perturbation between the 
electrons is defined by the Coulomb interaction 
potential:
V = k·e2/r12,     (5)
where r12 is the distance between the electrons, 
k = 1/4πε0 = 8.99·109 Н·м2/C2 (ε0 = 8.85·10−12 

F/m is the electric constant), e = 1.6022·10−19 C 
is the electron charge.

Since the perturbation energy V (5) does not 
depend on the spin variables, there arise identical 
multipliers, when averaging over such variables 
in the numerator and denominator (4), and these 
multipliers then diminish. As a result, (1, 2)ψ
corresponds to the parts of  wave functions (2 
and 3), which depend only on the coordinates. 
Consequently:

(1, 2) (1,2) (1) (2) (1) (2)
(2) (1) (2) (1)

[ (1) (2) (2) (1) (1) (2) (2) (1)].

a b a b

a b a b

a b a b a b a b

ψ ψ ψ ψ ψ ψ

ψ ψ ψ ψ

ψ ψ ψ ψ ψ ψ ψ ψ

∗ ∗ ∗

∗ ∗

∗ ∗ ∗ ∗

= +

+ ±

± +

 (6)

The integrals from the first two members (6) 
are equal to each other. In the denominator (4), 
they are equal since the interaction of  the electrons 
is symmetric relative to their coordinates. Now 
we shall introduce the designations С and А:

2 22
12 1 2(1) [ / ] (2) .a bC k e r dV dVψ ψ= ⋅∫  (7)

The integral С is responsible for the usual 
average Coulomb energy of  repulsion between 
the electron clouds. The integral A (8) from 
the members in the square brackets (6) is the 
exchange integral arising due to the identity of  
the electrons. Such energy is called the exchange 
energy.

2
12 1 2

1 [ (1) (2) (2) (1) (1) (2) (2) (1)]
2

[ / ] .

a b a b a b a bA

k e r dV dV

ψ ψ ψ ψ ψ ψ ψ ψ∗ ∗ ∗ ∗= + ×

× ⋅

∫  (8)

Thus, correction to energy (4) can be 
presented as:

(1) ,  ,E C A a b∆ = ± ≠  (9a)
(1) ,  ,E C A a b∆ = ± =  (9b)
С and А have positive values [4]. The 

positive signs in (9a,b) refer to the singlet state 
when the electron spins are contrary to each 
other (S = 0), and the wave function of  their 
spatial motion is symmetric: the state Ea + Eb 
+ С + А and 2Ea + С + А (Fig. 1). Thus, such 
states form the electron levels of  parahelium. 
The ground state of  parahelium 2Ea + С + А, 
11S0 has the energy of  79.0 eV, while the first 
excitation of  the parahelium state Ea + Eb + С 
+ А, 21S0 amounts to 58.4 eV. The energy 2Ea 
= 108.8 eV is the doubled energy of  ionization 
of  He+ ion. In the ground state of  parahelium 
the electrons are in the identical state: a = b. 
Therefore, integrals (7) and (8) are equal to 
each other: С = А = 15 eV.

The minus sign in (9a) refers to the triplet 
state when the electron spins are parallel (S = 
1, mS = –1, 0, +1), while the wave function of  
their spatial motion is antisymmetric: the state 
Ea + Eb + С – А (Fig. 1). The ground state 
of  orthohelium Ea + Eb + С – А, 23S1 has an 
energy of  59.2 eV. In orthohelium the exchange 
interaction attracts the electrons to each other. 
Orthohelium also has a unique peculiarity: since 
the spins and magnetic moments of  the electrons 
μe in orthohelium are parallel, the orthohelium 
produces a strong, directional, inhomogeneous 
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Fig. 1. Scheme of  energy levels of  helium atom [4] and 
transhelium under consideration of  electron interaction.
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and anisotropic magnetic field. At the centre 
of  the orthohelium, magnetic field right at the 
nucleus is estimated as being ~ 400 T, while it is 
~ 70 T along its radius 8.76·10-11 m. The magnetic 
field is calculated according to formula [5]:

0 3

3 ( ) ,i e i e
S

i ir
µ ⋅ −

= ∑ n nB µ µ

where μ0 = 1.26·10-6 H/m is the magnetic 
constant; μe = 9.29·10-24 J/T = 5.79·10-5 eV/T; 
r is the distance from the electron to the point 
where the field BS is calculated; n is the unit 
vector in the direction r; i is the number of  
electrons having parallel spins.

If  there were an antisymmetric coordinate 
state with a = b and S = 1, then С = А, and 
the exchange energy would compensate fully 
the energy of  Coulomb repulsion: ΔE(1) = 0, the 
minus sign in (9b). In papers [6, 7], the following is 
considered: the possibility of  existence of  atoms 
with paired electrons which form the Bose-
Einstein condensate, including the possibility of  
existence of  transhelium.

2.2. atoms with paired electroNs - 
traNsatoms

The atoms which have electrons, not necessarily 
all, in paired state, are called “transatoms”. These 
states arise in a strong magnetic field of  more 
than 30 T. In a strong magnetic field, the atoms 
are inevitably transformed into transatoms! [6] 
In such a magnetic field the electrons are paired 
into the orthoboson S = 1. The motion of  two 
electrons in orthobosons are rigidly correlated, 
while the electron spins are parallel to each other, 
S = 1, and both electrons are in one energy state:   
a = b and Ea(1) = Eа(2).

In paper [6], it is shown that in a strong 
magnetic field the electrons with parallel spins 
are paired due to:
• firstly, to the exchange interaction between 

the electrons, which is of  attraction nature; 
and,

• secondly, due to the arising of  electron 
oscillation   around their orbitals (Fig. 2a).

Owing to such oscillations of  the electron, 
a new, additional degree of  freedom of  motion 
arises [8], which produces a new quantum 
number, nb. Then, correlated oscillations arise as 
a result of  the exchange interaction between two 
electrons. The quantum number of  oscillations 
of  the paired electrons are equal to each other by 
the module; however, they are contrary in their 
sign: 1 2 ,b bn n= −  nb = 1, 2, 3… Therefore, the Pauli 
principle is fulfilled for them.

The frequency of  oscillations ωB is connected 
with the frequency of  rotation of  the electron 
at the orbital ω0 = E0/ћ and the frequency of  
precession of  its orbital moment ωℓ by the 
following ratio [9, 10]: 2 2 .B b onω ω ω= +



The 
energy of  oscillation EB = ћωB. The oscillations 
of  the electrons are performed both in the 
longitudinal and transverse direction relative to 
the propagation of  the magnetic field B (Fig. 2b). 
Since the electrons in a pair oscillate in the 
contra-phase 1 2 ,b bn n= −  such motion allows two 
electrons in identical energy states to be found in 
non-overlapping spatial regions. The trajectories 
of  motion of  the electrons can be represented as 
closed interleaved helices located at the surface 
of  a toroid [7] (Fig. 2c). Two electron helices 
resemble the double helix of  a DNA molecule. 
The trajectories of  several orthobosons in a 
multielectron transatom make an interleaved 
helical twist. This twist is a toroidal spin electron 
and magnetic twist, let's call it “torsem twist” or 
“torsem condensate”. So, a quantum paradox 
arise: “the wave functions of  the electrons 
overlap maximally, and the spatial regions of  
their motion do not overlap”.

Since in the orthoboson and transhelium 
the wave function of  the spatial motion of  the 
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Fig. 2. a - electron oscillations; b – electron oscillations in the 
longitudinal and in the transverse magnetic field B directions; 

c – orthoboson - transhelium.
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electrons is antisymmetric ( 1 2 ,b bn n= − ), then  
ΔE(1) = C – A. Also, because a = b, then C = A 
and  ΔE(1) = 0. The exchange Coulomb attraction 
suppresses the Coulomb repulsion. So, one more 
quantum paradox arises: “waves extinguish the 
wind”. For nb = 1 the energy of  paired electrons 
in the helium transatom is: 6Ea = 3·108.8 = 326.4 
eV or 163.2 eV for each electron [7] (Fig. 1). The 
radius of  transhelium is less by three times in 
comparison with the state 2Ea = 108.8 eV: RTHe 
= 8.83·10-12 m.

Two atoms of  hydrogen, which interact in a 
strong magnetic field due to the arising oscillations 
of  the electrons ωB, join into a transmolecule of  
hydrogen “H2” where the electrons are paired 
into orthoboson [7] (Fig. 3a). Such orthoboson 
produces in the hydrogen transmolecule “H2” an 
electromagnetic potential well with the magnetic 
induction vector at the centre ~104 T. In such 
a ultrastrong and inhomogeneous magnetic 
field the protons (Sp = 1/2) will have parallel 
spins ↑↑. Like the electrons, the protons in the 
hydrogen transmolecule form a bound state 
− the orthoboson S = 1 − at the expense of  
their own exchange interaction and their own 
correlated oscillations. Similar to the electrons, 
the exchange Coulomb interaction of  the protons 
in the first order of  the perturbation theory 
fully compensates their Coulomb repulsion. 
This leads to approaching of  the protons to 
the nuclear distances with the formation of  a 
transmolecule of  “helium-pp” (“He-pp”) [7] (Fig. 
3b). The protons in the transmolecule “He-pp” 

can be replaced by deutrons d and tritons t. As 
a result, the transmolecules “He-dd” and “He-
tt” are formed. Formation of  the transmolecule 
of  hydrogen “H2” and transmolecule “He-pp” 
is accompanied by characteristic radiation in 
the region of  deep ultraviolet radiation in the 
range from 27 eV to 150 eV [7, 11]. Exactly 
this radiation was registered in the extreme 
ultraviolet spectroscopy experimental studies 
of  the microwave discharge in the helium-
hydrogen plasma [12]. The scheme of  electron 
transitions from the states of  atoms and ions of  
hydrogen, as well as of  hydrogen molecules and 
ions of  hydrogen molecules into the hydrogen 
transmolecules “H2” and further, into the “He-
pp” transmolecule, is presented in Fig. 4. The 
transitions with emission of  two photons are 
depicted by double lines. The figures are given 
in electron-volts.

2.3. traNsmutatioN reactioNs at protoNs

Protons, apart from the electromagnetic 
interaction E-M, enter into a strong interaction: 
F. The potential F has a negative value. 
Therefore, the potentials of  strong and Coulomb 
interactions have opposite signs. So, when the 
proton spins are parallel, they repel each other 
at the expense of  strong interaction [3]. Due to 
this, reaction (10) in the He-pp transmolecule 
will be impossible. But an opportunity will be 
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Fig. 3. Transformation of  hydrogen transmolecule into 
“helium” transmolecule.

Fig. 4. Scheme of  electron transitions in the “hydrogen-
helium” transmolecule in He + H2 plasma.
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opened for reaction (11) with the participation 
of  the electron orthobosons 2e–.
р + р → d + e+ + νe + 0.42 MeV,     (10)
p + p + 2e– → d  + νe + e– + 1.44 MeV.   (11)
The protons in the He-pp transmolecule 
have parallel spins. The strong F-exchange 
interaction of  protons repel them from each 
other; the Coulomb E-exchange interaction 
fully compensates the Coulomb repulsion of  
protons; and the weak W-exchange interaction 
with the participation of  electron orthoboson 
allows reaction (11).

Let us consider the proton-proton, neutron-
neutron and neutron-proton interactions. The 
proton cannot have a bound state with another 
proton, just like the neutron does not have a 
bound state with another neutron. The proton 
cannot be attracted to another proton, just like 
the neutron, to another neutron. Therefore, at p-p 
and n-n interactions at the wavelengths of  their 
wave functions (λp,n = h/mp,n∙υ) the perturbing 
strong interaction F, which enters into the 
exchange interaction, will change the antiparallel 
spins of  colliding protons p↑↓p and neutrons 
n↑↓n into the parallel p↑↑p and n↑↑n. Then the 
spatial wave function of  protons or neutrons 
becomes antisymmetric and the protons or 
neutrons repel each other because the exchange 
strong F repulsion surpasses the exchange 
Coulomb attraction [3]. Due to this, reactions 
at the expense of  strong interaction using free, 
and even more so, thermonuclear protons (10) 
or neutrons (12), are impossible:
n + n → d + e– +  + 3.04 MeV.     (12)

Reactions (10) and (12) at protons and 
neutrons being in the electromagnetic or nuclear 
potential well with antiparallel spins are also 
impossible due to the necessity to fulfill the 
angular momentum conservation law. The spins 
of  particles e+ and eν  are directed along the 
momentum direction (they have a right-hand 
helicity), whereas the spins of  particles e− and νe 
are directed against the momentum (they have a 
left-hand helicity). Probably, this is why the chief  
thermonuclear reaction (10) was not fulfilled on 

the Earth in laboratory conditions. It cannot 
pass at the Sun and in stars. Consequently, the 
stars are not thermonuclear reactors in the 
channels of  reaction (10). In the strong magnetic 
fields of  the stars, the He-pp transmolecules 
are formed, and in channel (11) low-energy 
transmutation reactions with participation of  
electron orthobosons 2e– take place.

The reaction p + p + 2e– → d  + νe + e– + 1.44 
MeV (11) differs from the reaction with capture 
of  one electron: p + p + e– → d + νe + 1.44 
MeV (pep) where emission of  a monoenergetic 
neutrino takes place. In reactions (11), the 
neutrino spectrum is continuous. However, it 
must differ from the neutrino spectrum at beta 
decay since it occurs with two paired electrons 
of  energy 326 eV. The contribution of  reaction 
(11) was not taken into account when comparing 
the experimental energy spectrum of  solar 
neutrinos [13], obtained at the Borexino set-up, 
with the summary theoretical neutrino spectrum 
produced in a number of  nuclear reactions. As a 
result of  comparison, reaction (10) passes with 
the probability 99%, and the (pep) reaction with 
the probability 0.24%. Therefore, it is necessary 
to carry out processing of  the experimental 
neutrino spectrum using reaction (11).

With the production of  deuterium and 
trithium, He-dd and He-tt transmolecules will 
be formed, which are also nuclear orthobosons. 
They enter into non-Coulomb nuclear reactions 
of  transmutation, including with the participation 
of  electron orthobosons, with the formation of  
protons, neutrons, deuterons, tritons, such nuclei 
as 3He, 4He, 6He → 6Li (Fig. 3c) [6]:
d + d → t + p + 4.03 MeV,
d + d → 3He + n + 3.26 MeV,
t + t → 4He + 2n + 11.3 MeV,
d + d + 2e– → 4He + 2e– + 23.85 MeV,
t + t +2e– → 2e– +12.3 MeV + 6He (β–, T1/2 = 
0.8c) → 6Li + e– + eν  + 3.5 MeV.

Further on, the atoms of  orthohelium of  
4He with their own strong magnetic fields (~70 
T) become unified and produce multi-nuclear 
transmolecules, where multinuclear reactions 
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with synthesis of  heavier chemical elements 
with the nucleus charge Z > 6 take place [14]. 
Thus, the reactions of  low-energy transmutation 
ensure the star and planetary nucleosynthesis 
[6, 15, 16]. We shall note that only with the 
appearance of  deuterium at the Sun and in the 
stars thermonuclear reactions become possible. 
Therefore, the Sun and stars are reactors of  
mixed type: transmutational and thermonuclear 
ones.

Due to the isotopic invariance of  the strong 
interaction, the protons can interact with the 
neutrons in resonance. The neutron and proton 
have a bound state, that is the deuteron. The 
proton captures a thermal neutron with the 
cross section σт = 0.332 barn. Such a small cross 
section of  capture, σт, is due to that the deuteron 
has an only bound state being in the nuclear 
potential well, and it does not have any states 
close to and higher than the binding energy of  
the deuteron: Ed = 2.224 MeV. As a result, the 
interaction between the proton and neutron 
produces a deuteron with the spin S = 1. In the 
deuteron, the spins of  the neutron and proton 
are parallel, and their spatial wave functions are 
symmetric. With that, their total wave function 
is antisymmetric due to the antisymmetric 
isotopic spin component of  their wave function: 
n, p. As a consequence, the neutron and the 
proton will be attracted to each other because 
the spatial component of  their total wave 
function is symmetric; however, with this the 
spin component of  their wave function is also 
symmetric, that is their spins are parallel:  p↑↑n. 
The ~65% possibility for the proton and neutron 
to reside outside of  the nuclear potential well of  
the deuteron can be interpreted as the existing 
resonant interference exchange interaction 
between the proton and the neutron (chapter 3).
• In the atom which is in a strong magnetic field, 

the exchange Coulomb interaction allows 
the atomic electrons to be paired into the 
orthobosons with S = 1. Thus, a transatom 
is formed which has a spin electronic Bose-
Einstein condensate. The spins and spin 

magnetic moments of  all the orthobosons 
of  a transatom are oriented in one direction. 
The spin electronic condensate or torsem 
condensate produces inside and around 
the transatom an ultrastrong, directional, 
inhomogeneous and anisotropic magnetic 
field.

• The exchange Coulomb attraction between 
any two identical charged fermions that 
make up the orthoboson in the first order of  
the perturbation theory fully compensates 
the Coulomb repulsion between them.

• The strong exchange interaction between 
colliding protons and neutrons prohibits 
them to enter into nuclear and thermonuclear 
reactions with the formation of  the deuteron.

3. RESONANT EXCHANGE 
INTERACTIONS
3.1. radiative NeutroN capture

In paper [3], the resonant interference exchange 
interaction was introduced. The RIEX-
interaction is an exchange interaction between 
any objects, A and B, which have resonant 
R-states belonging to a compound system 
composed of  objects A and B. The resonant 
R-states, in some approximation, are identical 
to the objects A and B. The R-states become 
real when they are excited at the wavelengths 
of  the wave functions of  the A and B objects. 
Therefore, the spatial region of  the exchange 
interaction for all fundamental potentials: F, 
EM, W and IG, is defined by the wavelengths 
of  the wave functions of  resonantly interacting 
identical objects A and B. When the wave 
functions of  the objects A and B are overlapped, 
then they appear simultaneously in two states: in 
the eigenstate ( ) ( )a bA Bψ ψ  and in the identical 
state ( ) ( )b aA Bψ ψ . Their full wave function is 

( , ) ( ) ( ) ( ) ( )a b b aA B A B A Bψ ψ ψ ψ ψ± = ± . The eigen-
part ( )a Aψ  at its eigen-spot a interacts with the 
identical part ( )a Bψ , while the eigen-part ( )b Bψ  
at its eigen-spot b interacts with ( )b Aψ . Thus, 
thanks to the resonant interference exchange 
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interaction, the short-range strong F and locally 
weak W interactions become long-range ones.

In paper [3], RIEX-interaction of  neutrons, 
protons and deuterons with atomic nuclei is 
considered. If  the compound nucleus consisting 
of  a nucleus target and neutron n, or proton p, or 
deuteron d, has resonance R-levels, then n or p, or 
d upon entering into resonance with one of  such 
R-levels start to interact with it through exchange 
interaction. The resonant R-state is excited at the 
wavelength of  eigen wave functions ψ n(n) or 
ψ

p(p) or ψ d(d). The R-state possesses its eigen 
wave function ψ R(R). Due to the exchange 
interaction the R-state as well as the neutron, the 
proton, the deuteron in addition to the eigenstates, 
they have identical states: ψ n(R), ψ p(R), ψ d(R), 
ψ

R(n), ψ R(p), ψ R(d). The full antisymmetric   
wave function of  the R-level and neutron n is:
[ ( ) ( ) ( ) ( )] { ( ) ( )};n R n Rn R R n S n S Rψ ψ ψ ψ + +− ⋅  (13a)

[ ( ) ( ) ( ) ( )] { ( ) ( )};n R n Rn R R n S n S Rψ ψ ψ ψ − −− ⋅  (13b)

[ ( ) ( ) ( ) ( )]
{ ( ) ( ) ( ) ( )};

n R n Rn R R n
S n S R S n S R

ψ ψ ψ ψ
+ − − +

− ×

× +
 (13c)

[ ( ) ( ) ( ) ( )]
{ ( ) ( ) ( ) ( )}.

n R n Rn R R n
S n S R S n S R

ψ ψ ψ ψ
+ − − +

+ ×

× −
 (13d)

For the proton, the symbol n in (13) should be 
replaced with “p”. For the deutron-boson (S 
= 1), the full wave function ψ (d,R) should be 
symmetric.

The potential making a key contribution into 
the exchange energy is the strong interaction F:

(1 )
( , )[ ] ( , )

.
( , ) ( , )

n R
nR

n R

n R F n R dV dV
E

n R n R dV dV

ψ ψ

ψ ψ

∗

∗
∆ = ∫

∫
 (14)

The energy of  strong perturbation, F, depends on 
the spin variables. However, we assume that the 
perturbation F does not change the R-state and 
the spin orientation of  the neutron (or proton). 
Therefore, when averaging spin wave functions 
in the numerator and in the denominator (14), 
identical multipliers appear which diminish. As 
a result, ψ (n,R) corresponds to the parts of  

wave functions (13) which depend only on the 
coordinates  ψ (n,R) = [ ]V V

n Rψ ψ . Then:
*[ ] [ ] ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
[ ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )].

V V V V
n R n R n R n R

n R n R

n R n R

n R n R

n R n R
R n R n
n R R n
R n n R

ψ ψ ψ ψ ψ ψ ψ ψ

ψ ψ ψ ψ

ψ ψ ψ ψ

ψ ψ ψ ψ

∗ ∗

∗ ∗

∗ ∗

∗ ∗

⋅ = +

+ ±

± +

+

 (15)

The integral from the functions represented in 
the squared brackets is the exchange integral. 
The plus sign (15) responds to the symmetric 
coordinate wave function in (13d); and the minus 
sign, to the asymmetric one in (13a,b,c).

The integrals from the first two members in 
(15) characterize a strong interaction, F, at the 
distance exceeding its action between the R-state 
and the neutron (or proton), as well as between 
part of  the neutron in the R-state and part of  
the R-state in the neutron. Thus, these integrals 
are equal to zero:

22( ) ( ) 0,n R n Rn F R dV dVψ ψ =∫
22( ) ( ) 0.n R n RR F n dV dVψ ψ =∫

So, one can consider that in numerator (9) for 
the strong interaction:

*[ ] [ ]
[ ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )].

V V V V
n R n R

n R n R

n R n R

n R R n
R n n R

ψ ψ ψ ψ

ψ ψ ψ ψ

ψ ψ ψ ψ

∗ ∗

∗ ∗

⋅ =

= ± +

+

 (16)

The potential F has a negative value. The 
exchange integral in this case also has a negative 
value. So, the nucleus with the R-state and the 
neutron (or proton) are attracted to each other 
when their spatial wave function is symmetric, 
while their spins are antiparallel. The deuteron-
boson is attracted to the nucleus with the R-state 
when both the spatial and the spin components 
of  the total wave function are symmetric or 
antisymmetric.

The R-state of  the compound nucleus is 
excited by the neutron (p or d) proportionally 
to the coefficient K: ψ R(R) = Kψ n(n) or ψ R(r) 
= Kψ n(r). The coefficient K characterizes the 
affinity of  the neutron (p or d) with the R-state. 
Usually K < 1 or K << 1. For each R-state the 
coefficient K is individual, and correspondingly, 
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the sum of  interactions of  the neutrons (p 
or d) together with all of  the R-states of  the 
compound nucleus is individual for the specific 
isotope. The identical state of  the neutron in 
the R-state equals to its eigen R-state: ψ R(n) = 
ψ R(R). The overlapping in the wave functions 
of  the neutron ψ n(n) and the R-state in the 
neutron ψ n(R) will increase: ψ n(n)ψ n(R) = K2|ψ n(r)|

2, 
proportionally to the neutron density |ψ n(r)|

2 
at the distance r from the nucleus. With the same 
coefficient the overlapping in the wave functions 
of  the R-state and the neutron in the R-state will 
grow: ψ R(n)ψ R(R) = K2|ψ n(r)|

2. Eventually, 
the integral from (16) and the energy of  the 
exchange interaction ΔE(1)(r) (14) are written as 
follows:

2 2(1 ) 4 2( ) 2 ( ) ( ) .nR n n nE r K r F r d Vψ ψ∆ ∫  (17)
Since the potential of  the strong interaction, 

F, has a short range and the property of  
saturation, integral (17) has its value only in the 
volume which is commensurable with the nucleus 
volume VA, the diameter of  which is equal ØA. 
Therefore, we will consider the value of  action 
of  F at the exchange interaction of  the neutron 
(p or d) with the R-state over the entire length L, 
from the place where this interaction starts up to 
the nucleus, as constant: FR = const. That is, FR 
does not depend on the distance r between the 
neutron and the nucleus over the entire length 
L. The length L correlates with the wavelength 
of  the neutron (p or d) as L ~ K4∙λn,p,d. Since 
λn,p,d or the wavelength of  the wave function of  
the neutron (p or d) is much greater than the 
dimensions of  the nucleus ψ n(r) >> ØA, then 
ψ n(r) = const in the volume VA. Consequently, 
from (17) the energy of  the exchange interaction   
ΔE(1)(r) is proportional to the squared neutron (p 
or d) density in the nucleus region VA, when the 
neutron is at the distance r from the nucleus.

4( ) 4 2( ) 2 ( ) .
A

A
nR R n n

V

E r F K r d Vψ∆ ⋅ ∫  (18)

The integral in (18) is the squared volume of  the 
nucleus, 2

AV . It is proportional to the squared 
mass number of  the nucleus: 2 2.AV Mρ=

4( ) 4 2( ) 2 ( ) .A
nR R n AE r F K r Vψ∆ ⋅ ⋅  (19)
Let us introduce the designation U, which 

includes 2FR, ρ  and normalizing integral (9):
4( ) 4 2( ) ( ) .A

nR nE r UK M rψ∆ = ⋅  (20)
The value U, which characterizes the potential 
of  a strong interaction between a neutron or a 
proton with the R-state, is estimated as follows: 
U = 9-12 MeV [3].

During the interaction between the neutron 
(p or d) with the R-state, its wave function is 
transformed from the plane wave into the wave 
function of  the bound state. The orbital moment 
of  the thermal neutron (p or d) interacting with 
the nucleus: ℓ = 0. So, we will represent the wave 
function ψ n(r) [or ψ p(r), or  ψ d(r)]  as the radial 
part of  the S-wave function of  the electron which 
was on the orbital with the radius a0 and rotates 
around the nucleus with the quantum numbers n 
= 1 and ℓ = 0. The density distribution of  such 
an electron in the radial direction is characterized 

by the function: 2

0

2( ) exp ,rP r C r
a

  
= −  

   
 where С 

is the normalizing constant, a0 is the radius of  
the electron orbital [4]. Fig. 5 provides in relative 
units: the red line which corresponds to the 
values of  the   function from the nucleus up to a0 
(500 fm); the green line shows the neutron (p or 
d) density in the nucleus, when neutron resides at 
the distance r from the nucleus: |ψ n(r)|

2 = P(L 
- r) ; and the blue line indicates the potential of  
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Fig. 5. The red line is the radial density of  the orbital 
electron; green − neutron density in the nucleus located at a 

distance r from a neutron; blue − RIEX potential.
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the exchange interaction (1 ) 2( ) [ ( )]nRE r P L r∆ = − −  
(the values a0 = L = 500 fm and UK4M2 = −2 
MeV are chosen arbitrarily).

Thus, during the interaction of  a neutron 
with the R-state of  the compound nucleus at the 
distance L ~ K4 λn up to the nucleus there is a 
potential pit of  depth equal to UK4M2. In Fig. 6, 
the red line shows the nuclear potential of  
nickel, for example, 64Ni; the blue line indicates 
the potential of  the RIEX-interaction; and the 
green line corresponds to the total potential (the 
value UK4M2 = −2 MeV is chosen arbitrarily).

Upon coming into the potential pit, the 
neutron finds itself  in the region which is lower 
than the binding energy of  the neutron, where the 
density of  neutron energy levels is considerable 
and, therefore, the resonant interaction of  the 
neutron with them is also great. Thus, thanks to 
the resonant interference exchange interaction 
the neutron is captured by the nucleus at the 
distance L.
3.2. cold fusioN

In contrast to the neutron, both the proton and 
the deuteron have electric charge, therefore when 
they approach the nucleus they experience a 
Coulomb barrier. However, behind the Coulomb 
barrier of  a compound nucleus, the proton, 
apparently, as well as the deuteron, has a large 
quantity of  resonance levels up to the Coulomb 
barrier height (Fig. 7). The energy of  the proton 
and deuteron can range from the thermal one 
up to the energy equal to the Coulomb barrier 
height. Therefore, when losing its energy on 
the way of  approaching the nucleus, the proton 

or deuteron “scan” the energy levels of  the 
nucleus behind the Coulomb barrier, up to the 
moment when they enter into resonance with 
the suitable R-level (Fig. 7). The suitable R-level 
is defined by the requirement of  supremacy of  
its exchange energy with the proton over the 
energy of  Coulomb repulsion of  the proton 
off  the nucleus. The suitable R-levels may exist 
above the “room” energy 0.025 eV. In such 
a case, the RIEX interaction requires energy 
stimulation. Such stimulation can be supplied 
by heating the “working body” or by affecting it 
using external sources of  supplementary energy 
(laser, microwave radiation, etc.). Thus, during 
an interaction of  the proton or a deuteron with 
the R-state at the length L ~ K4 λp,d from the 
nucleus, there arises formation of  a potential 
well. The potential well depth and the distance 
from the well bottom to the nucleus are defined 
by the difference between the attracting energy 
of  the exchange interaction 4 2 4| ( ) |pUK M rψ−  
and the energy of  the Coulomb repulsion V = 
k·Ze2/r, where Z is the nucleus charge. In Fig. 8, 
the red line refers to the nuclear potential of  
Ni (nickel) plus the Coulomb potential Ni+p, 
and the blue line corresponds to the RIEX 
potential (values 400 Fm and UK4M2 = −2 MeV 
are chosen arbitrary), and the green line indicates 
the summed potential.

As a result, an “exchange” potential well is 
formed at the Coulomb barrier of  the nucleus 
A. A nuclear molecule is created as follows: A+p 
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Fig. 6. Red line - nuclear potential  Ni; blue − RIEX 
potential Ni-n; green - total potential Ni+n.

Fig. 7. The levels of  the compound nucleus A + p (d) beyond 
the Coulomb barrier and the interaction with them of  a proton 

or deuteron.
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and A+d. At a large concentration of  protons 
(deuterons) for one nucleus of  the main element, 
a second proton and a second deuteron may fall 
into the exchange well: A+p+p and A+d+d. The 
proton-fermions in the well will have antiparallel 
spins in the ground state. The deuteron-bosons 
may have differently oriented spins as the 
deuteron levels are closely-spaced triplet states 
(Sd = 1, mS =+1, 0, -1). This opens a possibility 
for the reactions of  cold fusion (Fig. 7):
d + d + A → 4He + A + 23.8MeV,   (21)
p + p +A → d + e+ νe + A + 0.42MeV.  (22)
As was explained in 2.3, the protons with 
antiparallel spins cannot perform reaction (22). 
Therefore, this gives a possibility for the reaction 
with the capture of  the orbital K-electron:
p + p + e− + A → d + νe + A + 1.44 МэВ. (23)
When two protons are in the exchange well, 
there arises a possibility for tunneling of  one of  
the protons through the Coulomb barrier right 
into the ground state of  the compound nucleus 
without gamma emission (Fig. 7).
p + p + zA → z+1B + p + Q.  (24)
This reaction will compete with reaction (17).

We shall note that the deuteron which resides 
in the exchange well of  the nuclear molecule is 
polarized by the Coulomb field of  the nucleus: 
the neutron is placed closer to the nucleus than 
the proton. Therefore, the neutron may perform 
radiationless transition into the ground state of  
the nucleus A with proton emission (Fig. 7). The 

proton energy, with accuracy up to the nucleus 
recoil energy, will be equal to the neutron 
bounding energy in the nucleus ~8 MeV minus 
double energy of  the level (neutron energy plus 
proton energy), occupied by the deuteron in the 
exchange potential well qd and minus deuteron 
binding energy 2.224 MeV:

1 (8 2 2.224)N N
Z Z dd A A p q++ → + + − −  (25)

where N is the number of  neutrons in the 
nucleus. The level occupied by the deuteron in 
the potential well qd, can be nominally assumed 
as its depth. This reaction is possible also 
because the proton and neutron are above the 
nuclear potential well of  the deuteron with the 
probability ~65%. Reaction (19) is even more 
so probable if  the neutron has a resonance level 
behind the Coulomb barrier of  the compound 
nucleus. Thus, at dissolving of  deuterium in a 
thin layer or powder of  titanium or palladium, 
one can register protons with the energy defined 
by the depth of  the potential well qd.

The proton and neutron in a deuteron exist 
65% of  their time in the quasi-free state. So, 
they interact independently with their R-states. 
It follows from this that the reactions of  cold 
fusion on deuterons must have notable cross 
sections for the isotopes, for which the cross 
sections of  radiative capture of  neutrons are 
substantial as well.

Besides that, due to the isotopic invariance 
of  strong interaction, the proton can interact 
resonantly with the neutron R-levels both, 
as being behind the Coulomb barrier, and 
belonging to the isotopes with substantial 
resonant absorption of  neutrons [17]. In this 
case, the proton is attracted to the nucleus which 
has resonant neutron R-levels, when their spins 
are parallel.

3.3. Nuclear molecules

As a result of  RIEX-interaction between the 
proton or deuteron with the atomic nucleus 
ZA, a nuclear potential well is formed at the 
Coulomb barrier of  the nucleus. Due to this 
nuclear molecules are created as follows: ZA+p 
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Fig. 8. Red line - nuclear plus Coulomb potentials  Ni+p; 
blue − RIEX potential Ni-p; green - total potential Ni+p.
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and ZA+d. The lifetime of  the corresponding 
molecule is defined by the transparency of  the 
Coulomb barrier. Also, in spite of  the decrease 
in the height and width of  the Coulomb barrier, 
the nuclear molecules ZA+p and A+d which have 
been formed may be stable (A+d is stable with an 
accuracy up to the reaction of  neutron capture; 
see 3.2). Implicitly, it is confirmed by the absence 
of  gamma radiation when dissolving hydrogen 
or deuterium in titanium, nickel or palladium. 
The mass of  a nuclear molecule ZA+p differs 
from the atom mass of  Z+1B by the difference 
between the proton binding energy Qp in the 
Z+1B nucleus and the depth of  the potential 
well qp of  the nuclear molecule. Depending 
on Z+1B, the difference Qp − qp or the nuclear-
molecule mass defect can amount to several 
MeV. The difference in the mass of  a few tens 
of  keV can be at present determined using time-
of-flight and quadrupole mass-spectrometers, 
including quadrupole ion traps [18]. From such 
measurements, the depth of  the potential well qp 
can be determined.

It is also evident that the electron levels in a 
nuclear molecule will shift relative to the electron 
levels in the Z+1B atom. In the first approximation, 
this nuclear molecule electron shift (NME shift) 
will not lead to the appearance of  differences in 
the chemical properties of  Z+1B atom as well as 
of  the ZA+p nuclear molecule. The same cannot 
be remarked about their optical spectra. In 
optical measurements of  atomic electron levels, 
the isotope shift is known which is related to 
the changes in the number of  neutrons in the 
isotopes of  one and the same chemical element 
[19]. The isotope shift consists of  two parts: 
mass and field shifts. The mass shift between 
the neighbouring isotopes is connected with 
the change in the isotope mass by the neutron 
mass (~ 940 MeV). The field shift is associated 
with the change in the shape and volume of  the 
nucleus when a neutron is added to the nucleus. 
As this takes place, the distribution of  the electric 
charge in the nucleus or its mean-square charge 
radius change as well. In the nuclear molecule, 

the mass shift is negligibly small (~ several MeV) 
in comparison with the isotope mass shift. But 
on the other hand, the field shift in the ZA+p 
nuclear molecule considerably surpasses the 
isotope field shift in Z+1B. Such NME shifts 
can be registered using common atomic optical 
spectrometers. The more so they can be observed 
when using lasers with the variable wavelength 
of  the radiation (for example: dye lasers), as well 
as in a complex with the quadrupole ion trap. 
Owing to the indicated reasons, it is necessary 
to study, first and foremost, such “chemical 
elements“ (possible nuclear molecules) as 
vanadium (V = Ti+p,d), copper (Cu = Ni+p,d), 
silver (Ag = Pd+p,d). These chemical elements 
are obtained through the cold fusion reactions 
with the participation of  hydrogen or deuterium 
and such basic elements as Ti (titanium), Ni 
(nickel), and Pd (palladium).

The nuclear molecules of  vanadium, copper, 
silver with a proton or deuteron will have the 
atomic mass which is greater by one or two (p 
or d) than the atomic mass of  stable isotopes 
of  titanium, nickel and palladium. Vanadium, 
copper and silver have two stable isotopes, each: 
V-50, 51; Cu-63, 65; Ag-107, 109. Titanium and 
nickel have five stable isotopes each: Ti-46÷50; 
Ni-58, 60÷62, 64; and palladium has six stable 
isotopes: Pd-102, 104÷106, 108, 110. The nuclear 
molecules of  V, Cu and Ag can be registered 
using mass spectroscopy after their chemical 
separation from Ti, Ni and Pd.

If  the existence of  nuclear molecules with a 
proton or a deuteron is possible, then the question 
about a possible existence of  nuclear molecules 
in a pair with other nuclei, starting with helium 
nuclei, 4He, arises. However, in condensed matter 
the atoms with the nucleus charge Z ≥ 2 with 
thermal energy cannot lose all their electrons and 
enter into the RIEX-interaction with its nuclei 
with the nuclei of  the main element, even if  the 
potential of  such an interaction is considerable. 
Consequently, in order to obtain heavy nuclei 
molecules, it is necessary to use heavy ions 
accelerated up to several MeV. These heavy ions 
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should be accelerated so that the nuclei of  heavy 
ions could approach closely the target nuclei of  
the main element.

Since the exchange potential well is lower than 
the zero line of  the potential energy, and internal 
potential well 2 of  the nuclear molecule is less 
than external one 1 (Fig. 9), there exists a non-
zero probability of  spontaneous decay of  a single 
nucleus into two cluster nuclei, and its transition 
into the state of  a nuclear molecule consisting 
of  two such cluster nuclei. At the transition into 
the state of  a nuclear molecule there is a release 
of  energy. Such energy can realize itself  at the 
expense of  neutron or gamma-quanta emission. 
In this case, a stable nuclear molecule is formed. 
In other case, the energy is released as kinetic 
energy of  the cluster nuclei, and the nuclear 
molecule does not form at all. Only two nuclei 
are formed then. The latter case resembles the 
fission process of  nuclei.

In nuclear physics such a notion as 
cluster radioactivity is known [20]. At cluster 
decay heavy and transuranium nuclei radiate 
spontaneously nuclei of  light clusters which are 
heavier than the α-particle but lighter than the 
products of  spontaneous fission. Up to now, 
over two dozens of  decays have been observed 
experimentally for nuclei from 221Fr to 242Cm 
with the production of  such clusters as: 14С, 20О, 
24Ne, 26Ne, 28Mg, 30Mg, 32Si and 34Si. Since the 
energy of  the yielding cluster in all of  the decays 
is less than the height of  the potential barrier, 

UB, the cluster decay is due to the tunneling of  
the light cluster through barrier 1 (Fig. 9). The 
probability of  such processes in relation to the 
main modes of  decay of  mother nuclei is within 
the range from 10-9 to 10-16. In all of  the observed 
cases, the residual nucleus is the double magic 
nucleus of  lead (208Pb) or its closest neighbours. 
Therefore, sometimes the cluster decay is called 
the “lead” decay. The presence of  closed magic 
nucleon shells in the formed nuclei considerably 
increases the probability of  the cluster decay.

The “tin” radioactivity of  nuclei is predicted 
for the range 112Ва–116Се, for which the decay 
with the formation of  12С, 16О nuclei and 
double magic nucleus 100Sn is anticipated. By 
present time, the emission of  12С from the 114Ва 
nucleus with a relative probability of  decay of  
~3.0·10−5 is observed. It is deemed that the 
cluster decay, like in the case of  α-radioactivity, 
take place in two stages: at first a cluster is 
formed at the surface of  the mother nucleus, 
which then tunnels through Coulomb barrier 
1 of  the nucleus (Fig. 9). Since the internal 
potential well of  the nuclear molecule is less 
than the outer one, the spontaneous transition 
is possible for the 56Ва and 58Се nuclei into the 
state of  nuclear molecules, 50Sn-12,14С and 50Sn-
16,18О, correspondingly. For the same reason it is 
not excluded that the cluster “lead” decay occurs 
at first into the state with the formation of  a 
nuclear molecule and its subsequent dissociation 
into clusters.

Since the cluster decay resembles the fission 
process when the motion of  the nucleons 
proceeding in the mother nuclei due to its 
oscillation leads to the production of  fragments 
in the course of  deformation of  the nucleus, the 
transitions of  56Ва and 58Се nuclei into nuclear 
molecules, apparently, can be stimulated using 
gamma quanta of  energy ~14-18 MeV, by 
exciting in 56Ва and 58Се a giant dipole resonance. 
Observation of  50Sn-12,14С and 50Sn-16,18О nuclear 
molecules, as has been pointed out earlier, can be 
made by the mass defect or optical NME shift. 
Another way of  observing a nuclear molecule 
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a nuclear molecule through barrier 2.
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is the acceleration of  this molecule, preferably 
up to one MeV/nucleon, with subsequent 
dissociation of  the molecule at the fixed target 
nuclei. Dissociation of  the nuclear molecule 
leads to the formation of  two-nucleus clusters, 
which can be registered separately using a 
semiconductor detectors.

Apparently, such events were observed by 
the authors of  paper [21] in the experiments 
on elastic scattering of  the fragments produced 
in a common binary fission of  atomic nuclei 
in a thin foil. From the obtained data, one can 
assume that after its binary fission the fragment 
can come into the state which resembles a two-
nucleus system consisting of  a magic cluster and 
a lighter cluster. A recent experiment [22] showed 
that the cluster decay of  the fragments produced 
in a binary fission is characteristic of  both heavy 
and light fragments. In a light fragment, one 
of  the clusters forming a nuclear molecule is a 
deformed magic isotope, 85As or 77Zn; and in a 
heavier fragment such deformed and spherical 
magic isotopes can be: 85As, 82Ge, 84Se, 98Sr, 
108Mo, 121Ag, 123Cd, 132Sn, 138I, 148Ce, 150Ce. In the 
cluster decay of  a heavy fragment, there must 
be “tin” radioactivity in the range of  144,146Ва 
and 148,150Се, for which formation of  molecules 
is expected: 12,14С and 16,18О with double magic 
spherical nucleus of  132Sn (Т1/2 = 40 s).
As a result:
• The resonant exchange interaction is realized 

between any objects, A and B, which possess 
resonant R-states belonging to a compound 
system. Consequently, the resonant 
interaction is an exchange interaction. At 
resonant interaction between the objects, a 
supplementary exchange energy is produced, 
which attracts them to each other, thus 
increasing the cross section of  the reaction 
between the interacting objects.

• The resonant exchange interaction explains 
how the reactions of  cold fusion on protons 
and deuterons take place.

• The resonant exchange interaction predicts 
the existence of  nuclear molecules.
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4. RESONANT INTERFERENCE 
EXCHANGE INTERACTION
4.1. two-slit iNterfereNce

Resonant interference exchange interaction 
passes between the particle at its wavelength and 
the resonant R-state which is had by any object 
(R-object). The RIEX-interaction can take place in 
the condensed matter, with a large concentration 
of  identical R-objects. If  the distance between 
the R-objects is less than the given wavelength 
of  the particle K4λ with the affinity coefficient 
K, then the particle excites all of  the R-objects 
in the sphere with the radius K4λ. In such a case 
the wave functions which arose for multiple 
R-objects, interact simultaneously both with the 
wave functions of  the particle and with each 
other. The R-objects have additional exchange 
interaction. Thus, the RIEX-interaction allows 
one to produce correlated ensembles of  identical 
particles and objects.

When in the condensed medium all identical 
R-objects move, they will affect chaotically the 
travelling particle. If  the objects are fixed, their 
total influence on the particle will become quite 
definite, and it will change in dependence from 
the location of  the R-objects and from the 
direction of  the particle motion.

Let us fix two R-objects which are equidistant 
from the particle that is moving opposite to 
them. The wave functions of  the two R-objects 
will interfere with each other, producing an 
interference field. The particle entering into 
a RIEX-interaction with the R-objects will 
deviate to one side or another due to this 
interference field. Now, let us replace these two 
R-objects with two R-resonators. In resonator 
cavities tuned to the required wavelength of  the 
particle, oscillations are excited which interfere 
and resonantly interact with the particle. This 
RIEX-interaction also deviates the particle from 
its way.

Two slits with the parameters corresponding 
to the oncoming particle, similarly to two 
resonator cavities, produce interference fields in 
front of  the particle travelling opposite to them 
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and behind the particle that is moving away from 
two-slits. The particle while interacting with the 
interference fields produced by the two-slits 
will make an interference picture on the screen 
behind the slits. When doing so, the particle will 
travel through one slit. The slits interacting with 
the particle represent active elements. Thus, the 
paradox of  travelling by the quantum particle 
simultaneously through two slits is annihilated.

4.2. traNsNuclei, Nuclear traNsmolecules 
aNd traNsmutatioN reactioNs

The multiple and variable experiments in low-
energy transmutation of  chemical elements 
prompt us that the condensed matter is 
ionized when externally influenced, and at a 
certain charge density, stable local electron-ion 
formations are produced inside it − capsules 
with a strong magnetic field B inside (> 30T). In 
the strong magnetic field B, the atomic electrons 
are paired into orthobosons, and the atoms are 
inevitably transformed into transatoms.

The electronic orthobosons make the spin 
Bose-Einstein condensate in the atom or the 
torsem-condensate. The magnetic moments of  
the electrons, μe, in the torsem condensate are 
oriented in one direction, and they generate 
inside and around the transatom the ultrastrong, 
directional, inhomogenous and anisotropic 
magnetic field BS ~ 105–1010 T [5, 23]. The 
internal ultrastrong magnetic field BS, while 
interacting with the magnetic and magnetic 
orbital moments of  the nucleons in the nucleus, 
change the nucleus structure by transforming it 
into a transnucleus.

In a strong magnetic field, the atom from 
its “amorphous state” is transformed into a 
well-ordered magnetic “crystal”, that is into 
a transatom. Being in the state of  the torsem 
condensate, the transatom practically loses 
its individuality. The transatoms with an even 
number of  the electrons begin to resemble inert 
gases, while uneven transatoms resemble alkaline 
chemical elements with one outer electron. The 
difference between the transatoms lies in the 

number of  orthobosons residing at the electron 
shells [23].

The same occurs with the nucleus but already 
in an ultrastrong magnetic field of  the torsem 
condensate. The transnucleus is an ordered 
nuclear magnetic “crystal”. The nucleons in the 
nucleus, just like the electrons in an atom, can 
produce nucleon orthobosons: proton-proton 
and neutron-neutron ones. Proton-proton and 
neutron-neutron orthobosons form nucleon 
shells. The transnuclei lose their individuality. 
Their structures begin to resemble each other. 
The structure of  a light transnucleus will be 
identical to the component of  the structure 
of  a heavier transnucleus. These identical parts 
of  the transnuclei can enter into an exchange 
interaction.

The ultrastrong magnetic fields of  
orthobosons and their torsem condensate 
attract transatoms to each other. The torsem 
condensate of  transatoms get collectivized. The 
transnuclei of  the transatoms get collectivized 
as well. Binuclear and multinuclear molecules 
called transmolecules are produced. Fig. 10 
depicts as an example the formation of  a sodium 
transmolecule, 11Na, from the transatoms of  
boron, 5B, and carbon, 6C. Transmolecules consist 
of  transnuclei, parts of  which are identical to 
each other. The transnuclei in the transmolecule 
enter into the low-energy multinuclear reactions 
of  transmutation. As a result of  transmutation 
reactions, other chemical elements are produced. 
The atomic nuclei of  these chemical elements 
are non-radioactive since the weak exchange 
interaction and electronic orthobosons take part 
in the transmutation reactions.

Fig. 10. The formation of  sodium transmolecule from boron 
and carbon transatoms.
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The transatoms with transnuclei are 
steady, stable formations. However, being in 
the environment, the transatoms using their 
ultrastrong magnetic fields transform common 
atoms into transatoms at collisions. The 
transatoms form transmolecules at once, which 
enter into the transmutation reactions with its 
transnuclei. The products of  transmutation 
reactions, if  they are not in a strong magnetic 
field, are found as common atoms with common 
nuclei. Thus, in a medium of  common atoms the 
transatoms with the transnuclei are non-steady, 
non-stable formations.

The experiments and theoretical calculations 
in low-energy transmutation of  chemical 
elements have shown that in the yielding reaction 
channel there is such an ensemble of  new nuclei 
which is different, minimally, in the total mass 
from the total mass of  the ensemble of  nuclei 
at the entrance channel. In other words, the 
energy produced in the transmutation reactions 
is not large and amounts from tens of  keV up 
to several MeV. In usual nuclear reactions, the 
greater the difference in the energies between 
the initial and final states, the greater is the 
probability of  this reaction. The reactions with 
the participation of  two and more objects with 
a small production of  energy proceed with 
a larger cross section only in the case when 
they have a resonant character; in other words, 
if  there is resonant interference exchange 
interaction between them. Consequently, low-
energy multinuclear reactions of  transmutation 
of  chemical elements take place at the expense 
of  the RIEX-interaction.

5. CONCLUSION
The Universe consists of  identical particles, 
mostly of  fermions, s = 1/2: protons, neutrons, 
electrons. They, in their turn, form a great 
number of  varied and, at the same time, 
similar, in a certain sense “identical” objects 
and a variety of  different and, at the same time, 
identical systems. Each system is composed of  
interacting objects in it, which simultaneously 

present “a system”. Each such system enters as 
an object into a more unified system. Among 
the particles, objects and systems there exist all 
types of  fundamental interactions, including the 
RIEX-interaction.

The objects where the compound systems 
have resonance states, come into a resonant 
interaction, but in fact into the resonant 
interference exchange interaction. The RIEX-
interaction attracts the objects to each other. 
Thus, knowing the properties of  the object, its 
resonances, one can determine its location by 
coming into the RIEX-interaction with it. Using 
the RIEX-interaction one can “find a black cat 
in a dark room”.

As a rule, if  some process passes with a 
surprisingly high yielding cross section, it is 
necessary to search for the resonance for the 
interacting objects.

The resonances “permeate” the entire 
Universe, starting with the elementary particles 
up to complex social systems. The more 
complex is the system, the more resonant states 
and resonant vibrations it possesses. The RIEX-
interaction does not only join the objects into 
systems, but when doing this it simultaneously 
makes the choice and natural selection of  suitable 
objects from a greater number of  other different 
objects. This mechanism is vitally important for 
the biological systems, for instance, in replication 
of  the DNA molecule.

The RIEX-interaction is universal since it 
includes all of  the fundamental interactions. 
The RIEX-interaction creates more complex 
systems from isolated objects, and thus prevents 
their destruction. So, the resonance interference 
exchange interaction is defined as AntiEnthropy 
one.
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1. INTRODUCTION
Modern materials science is a physical 
chemistry science. In this chemistry uses 

mathematics mediated by physics [1], which 
strongly impoverishes specificity of  chemistry. 
So, for example, the balance equations of  
chemical reactions do not say anything about 
the very essence of  qualitative transformations 
of  matter, only its mechanical face is modeled 
as the only available. Therefore, all the 
calculation schemes for parameters of  chemical 
phenomena, elements, the periodic system, as 
well as their descriptions by linear language, are 
equivalent and, ultimately, to mechanics. Since 
the physical component of  materials science 
is informative, the main focus of  the work 
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will be on chemistry, in which the concept of  
fractality is also represented by physics. The 
physical side of  the issue was highlighted in the 
works of  the authors [2, 3] and others.

The linearity inherent in physical and 
mathematical models is, in general, foreign to 
chemistry, because, obviously, all substances 
are binary formations consisting of  material 
atoms/molecules held by intangible/invisible, 
field bonds. Therefore, more adequately 
chemistry concept is not atomic-molecular, 
but web-like substance whose properties are 
equally defined by its material and immaterial 
parts. The mathematics of  networks that are 
also subject to (chemical) transformations 
is very poorly developed. In particular, the 
rules of  arithmetic, which, in fact, introduce 
unaccounted mechanistic linearity into the 
model, do not act on networks without 
distorting the essence of  the problem. This 
problem should be discussed separately, 
the scope of  the article does not allow the 
development of  argumentation more fully.

In summary, the problem of  "reduction 
of  chemistry to physics" looks as follows. In 
the chemical − qualitative, transformation 
of  matter, the substance participates in the 
interaction of  its binary internal space with 
external forces, phenomena, factors. The 
external becomes internal and vice versa, the 
boundary of  the body becomes conditional. 
While in physics the internal space of  bodies 
does not take any part − the boundary is 
absolute. This is the meaning of  heating and/
or other energy penetrating effects on the 
body, dispersion and mixing of  substances that 
enter into a reaction, etc. These mathematical 
flaws are complemented by many unsolved 
problems of  nucleosynthesis and elementary 
particle theory. The issues of  nucleosynthesis 
are closely related, on the one hand, to 
questions of  the evolution of  stars, and, on the 
other, to the properties of  nuclear interactions. 

[4]. This is a well-known problem in natural 
science of  the connection between the local 
(atoms) and the global (Universe), also known 
as the problem of  “part and whole”. In this 
point converges the problem of  uncertainty of  
logical consequence, the notion of  truth and 
the existence in contradiction. For biology, 
chemistry, and other natural sciences, these 
generally accepted concepts of  logic do not 
exist now. Moreover, duality and contradictions 
in them are (naturally) scientific facts. This 
incompleteness gives rise to the contradictory 
semantic variability of  many concepts and, as 
a result, prevents the formation of  a holistic 
picture of  science and the completeness of  
the model  at least in some approximation, 
when the truth of  the part means consistency 
with the truth of  the whole. For example, as 
an alternative , a test suggests itself  instead 
of  the traditional abstraction of  separation, 
the abstraction of  interpenetration with its 
obvious chemical meaning.

In the modeling of  materials science, the 
main difficulty is its chemical part, which one 
usually tries to reduce to physics. During the 
existence and development of  chemistry have 
been numerous attempts of  its formalization 
by giving its basic law − the periodic system 
of  Mendeleev mathematical form drawn via 
different sections of  it − geometry, topology, 
group theory, etc. [5-14]. As far as the authors 
know, none of  the approaches has given the 
fruitful development of  mathematical methods 
for solving specific chemical (i.e., non-
mathematical) problems and tasks. As recent 
work [15] showed, the form of  the Periodic 
system changes depending on the choice of  
the properties of  the elements, representing 
a hypergraph in which various types of  
periodicity and order can be detected. In 
other words, the Periodic system of  elements 
is a system in the sense of  the general systems 
theory, i.e. is special, distinct from physical 
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and mathematical, but closely connected with 
other sciences, space. The difference lies in the 
synthesis of  many irreducible (i.e., mutually 
negating) formal languages that make up the 
model. Such objects lie at the intersection of  
all natural sciences, being their common part, 
which is consistent with a similar position in 
chemistry.

Today formed withdrawal line from 
standard models through engaging analysis 
and Fibonacci hyperbolic geometry, matrix 
structures [16-18]. In this direction, with 
general theoretical depth stands out book [19], 
in which the analysis of  the periodic system 
is directly connected with the properties of  
numbers and the most general of  the geometries 
− projective, i.e. the foundation of  chemistry 
is associated with the fundamental concepts of  
mathematics, the closeness of  the projective 
plane as a model of  space, and the common 
constant of  natural science −the number of  
the golden ratio. Therefore Fibonacсi-like idea 
as closely related to the number of  the golden 
section, looks very promising. In general, we 
can say that today there are numerous scattered 
model results related to the periodic table. The 
general physical and mathematical picture is 
not yet visible.

In this regard, it makes sense to pay 
attention to the following circumstance. 
Chemical elements make up the table as a 
whole − an image, i.e. heterogeneous, integral in  some 
sense, formation. Such objects do not belong 
to the field of  standard mathematics (except 
for tables, as auxiliary means of  numerical 
methods). In contrast, images are typical for the 
fractal geometry of  nature. A study conducted 
by the authors showed that empirical fractals 
are accompanied by an already existing logically 
connected line of  mathematical constructions, 
which allows to look at the problems of  
materials science from a new point of  view 
[2]. It arises when formalizing the idea of  I.M. 

Tananayev − to consider the particle size of  
the substance, i.e. the property of  divisibility 
of  matter (obviously also atoms − Auth.) by a 
separate degree of  freedom. This formalization 
introduces into the arsenal of  modeling the 
second fundamental number system of  mathematics − 
p-adic numbers Qp, which formalize this degree 
of  freedom, thereby expanding the possibilities 
of  modeling.

The aim of  this work is to demonstrate  
that fractals via its formal analog − numerical 
asymmetry are promising candidate for the 
construction of  adequate mathematical 
models of  physico-chemical materials science. 
As new theoretical facts interpretation of  p- 
adic numbers by S. Ulam, and their physico-
chemical connotation by Tananaev, logical-
linguistic idea of  A.N. Parshin are introduced. 
These facts are described in detail in [20]. 
Mathematical modeling now operates in an 
expanded numerical space, making it possible 
to perceive the chemical subspace in it. This 
constitutes the content of  the constructions.

2. FRACTALS AND NUMBERS IN 
CHEMISTRY
The periodic table as an image is semantically 
two-dimensional − along with an increase in 
the mass of  elements, i.e. of  their physical 
characteristics, it reflects a change in properties 
− qualitative, non-physical entities. One axis 
of  the two-dimensionality is the mass axis 
or axis aggregation/divisibility of  matter. 
It can be called the axis of  nucleosynthesis. 
The second axis is the field axis − a set of  
electronic shells that determines the properties 
of  elements. This is the axis of  oxidation-
reduction. This semantic two-dimensionality 
allows supplementing the physical types of  
duality − wave-particle, electromagnetic and 
thermodynamic ones by conjugated pairs 
having purely chemical specifics, such as 
“reaction-diffusion”, “oxidation-reduction”. 
These two pairs of  oppositions correspond to 
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two basic numerical systems of  mathematics − 
real R and p-adic numbers Qp (here p is a prime 
number). Because of  these numbers are the 
basis of  the novelty of  the method, here will 
be given the necessary information, equipped 
with physical and chemical interpretation. 
(more details in [20, part 1]).

3. p-ADIC NUMBERS IN PHYSICO-
CHEMICAL INTERPRETATION
Real R and p-adic numbers Qp are two basic 
number systems of  mathematics. They are equally 
represented by formal power series in powers 
of  the base equal to one of   prime numbers 
p = 2, 3, 5, ..., 13, ... 41, ..., (which, however, 
to this day do not have a generally accepted 
natural-science interpretation):

1
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In the same way, the positional record of  both 
kinds of  numbers is the same:

1 0 1n n kx a a a a a− − +=     (1*)
This gives rise to measurable quantities of  two 
kinds with the help of  number metric functions, 
which are formal functional analogues of  
a universal pair of  processes “convergence-
divergence”. Real numbers are obtained from 
(1)-(1*) by adding (“nucleosynthesis”) all the 
digits and then all the digits disappear, p- adic − 
by distinguishing the digits (“splitting”) in the 
positional notation. The quantities (metrics) of  
these numbers have the form

( )
2 2

, , .nx R x x Z pξ ξ − −
∞

∈ = ∈ =  (2)

More precisely, for p-adic numbers there are 
two metrics − multiplicative and additive:

1. Additive one gives the coordinate on 
the n axis of  divisilibility (nucleosynthesis) 
of  matter. Its physical interpretation is the 
energy of  particle formation/decay:

{ }
( ) ( ) ln

( ) min ( ) ( ) .

p p p

p p p

ord n αν ξ ξ ξ

ν ξ η ν ξ ν η

= =− = − ⇒

⇒ + ≥ +
 (2*)

2. Multiplicative one gives the size of  the 
particles when dispersed, physically − their 
mass:

{ }, 0 max , .n
p p p p

pα α α ααξ α ξ η ξ η− ⋅= > ⇒ + ≤  (2**)

If  one do not take into account the genesis, 
then on the material axis |x|∞ and |ξ|2 are 
indistinguishable. It is easy to verify that these 
two quantities are connected by a hyperbolic 
relation, known as power laws, which allows 
them to be distinguished by behavior:

2
,Dx c x −

∞
= ⋅  (2***)

where D is the fractal dimension.
Expansions (1)-(1*) have a double meaning. 

When reading from right to left or from the 
reverse side of  the sheet are converted into 
correct entry of  real numbers. In other words, 
two kinds of  numbers are connected by 
negation. In the proposed model (1)-(1*), the 
numbers are considered partly as p-adic, partly 
as real, i.e. on both sides of  the sheet. For 
example, with n > 0, the decomposition to the 
right is a p-adic number, and to the left is a real 
number. Forms (1)-(1*) are also a numerical 
and coordinateless prototype of  an iterated 
functions system, which is the main generator 
of  fractals and the intersection of  physics, 
language, biology, etc., where it is known as a 
hierarchy. Its action is the divisibility of  matter, 
decomposability of  systems, distinction and 
boundaries, disturbance of  connectivity. For 
the first time such an interpretation of  p-adic 
numbers S. Ulam suggested in the study of  
multiplicative processes arising in the fission 
chain reaction in 1955. Infinite division leads 
to zero dimensional sets or fractals. Therefore, 
like fractals, p-adic numbers are everywhere. 
Zero-dimensional sets do not have physical 
properties, they are invisible, they are 
numerical candidates for the role of  fields of  
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various nature − physical (electromagnetic, 
gravitational, etc.), morphogenetic in biology, 
various linguistic ones. Moreover, all these 
heterogeneous fields coexist at every point 
in physical space, i.e. p-adic numbers are 
multimodal. In a recent work [21], the authors 
conclude − “The existence of  a minimum 
length in quantum mechanics and a maximum 
speed of  light are artifacts of  the Archimedean 
basis of  physics. Both of  these assumptions are 
not supported by non-Archimedean (ie p-adic 
− Auth.) Physics.” Therefore, the number 
of  mathematical systems makes up a pair of  
“material-ideal”. Ideal, symbolic, presents the 
properties of  materials, often associated with 
human perception.

Geometrically real and p-adic numbers are 
represented by two oppositely directed trees. 
This mirror picture − numerical asymmetry 
U = R×Zp, is a formal analogue of  the two-
dimensional semantics of  chemistry , which 
turns out to be consistent with all manifestations 
of  duality in mathematics.  Duality as the 
existence in a logical negation becomes one 
of  the natural relationships and mathematical 
operations. It combines determinism with chance, 
gravity with repulsive force, compression with 
expansion, entropy processes are inextricable 
with energy. As a result, the resulting two trees 
− real and p-adic numbers are a condition 
for the existence of  one another, they are 
connected as real and possible, continuous and 
discrete. Their combination provides another 
universal image of  natural systems − the scale-
invariant network, known in materials science 
as the atomic-molecular structure, Voronoi 
and Delaunay partitions.

The order of  two numerical systems is 
reciprocal. They implement two types of  causality, 
known as compression, aggregation, materialization 
and expansion, dissipation, dematerialization − 
synonyms of  a universal pair of  processes 
generated by a universal pair of  attractive 

and repulsive forces. Then, negation can be 
understood as complementarity − causality, 
the direction of  time, topology, and the 
properties of  members of  the opposition are 
combined. The combination of  two methods 
of  coordination: physical and p-adic, provides 
the basis for adequate consideration of  the 
geometry of  the physico-chemical-symbolic 
space − it becomes locally hyperbolic, globally 
− projective (projective plane) Formally:

2 2, , ,U R Z u x x R Zξ ξ= × = ⋅ ∈ ∈  − space and   
number;

2 2 1( ) ( )P R R P R=   − projective plane;    (3)

2 2R inv Z Z= = ¬  − "coordinate axes" of  
the U (inv −involution, ¬ − negation). Any 
statement of  the logic P, formulas, equations, 
makes sense in both numerical systems:

2 ,R P Z← →  (3*)
however, with different numerical results. This 
is the transfer principle, which includes the 
duality principle for networks.

p-Adic  numbers are spatially-geometric 
numerical system because it is isomorphic to 
the conventional iterated functions system 
(IFS − iterated function system) − the basic unit for 
obtaining fractal images of  various shapes. This 
property allows to cover, from a single point of  
view, the various versions of  the images of  the 
periodic table proposed by researchers − spiral, 
pyramidal, disconnected, network, etc. [see 
site meta-synthesis.com]. In this case, a computer 
that implements such correspondences acts 
as a theoretical tool − an operator specific to 
chemical (and not only) science, the only one 
that can match strings and images [22], giving 
them numerical content using a non-linear 
language (see above). In other words, having 
received on the monitor screen a picture of  a 
mixture of  two/three reacting substances that 
differ in color (see Fig. 1), the computer as 
an operator assigns a certain number to each 
micro-region the corresponding color, thus 
turning the reaction region into a numerical 
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field, with the possibility of  subsequent 
application of  analytical/chemical calculation 
methods, the inclusion of  motion, the contact 
of  the valence orbits of  atoms, etc.

Measurements: definability of  the “golden 
section”. In the space of  numerical asymmetry 
U = R×Z2, consisting of  two subspaces with 
different topologies, the mathematical method 
of  measurement − the axiom of  Archimedes 
takes an unusual form. Since the number 
in U has the form ║u║ = |x|∞·|ξ|2, its 
measurement consists of  the measurements of  
its two factors. In view of  the fact that p-adic 
numbers are invariants of  infinite divisibility, 
there is no definable unit in U (just as in ordinary 
mathematics, the unit is indefinable). And the 
axiom of  Archimedes has a double meaning − 
as an additive and as a multiplicative process. 
Moreover, it can be written only recursively, in 
the sense of  “the next result is equal to the 
sum of  the previous ones and at the same time 
their product”. Formally:
un+2 = un+1 + un and un+2 = un+1 × un.      (4)
But these are the Vieta formulas of  the 
quadratic equation x2 – un+2x – un+2 = 0. His 
decisions are known

1,2 2 2
1 5 ,

2n nx u u τ +
+ + −

±
= ⋅ =  (5)

where the 1τ
τ

+

−

=  number of  the golden ratio 
= 1.618. In (5), it un+2 is a large-scale factor 
manifesting τ on all floors of  the natural 
hierarchy. Since a real number in U is defined 
as ║u║ = |x|∞·|ξ|2, due to the mutual 

indeterminacy of  two types of  metrics, one 
of  them is random in relation to the other. In 
physical space, random is ultrametric. If  you 
write the "golden equation" in the form

1 ,
1

x
x x
=

−
 (6)

then, using the Logit-transform ln ( )
1

xz
x

=
−

 
for ║u║ we obtain a distribution function 

2 2

1( ) ,u uP z
e e

−
=

+
 that is very close to the 

Gaussian normal distribution, but with a finite 
support. Therefore, we find that the frequency 
of  occurrence of  “golden quantities” has a 
pronounced maximum and a clear dispersion 
[23].

Thus, this number is determined by the 
structure of  the self-dual number system. 
Therefore, it τ can be taken as the natural 
base of  τ-adic numerical system 2 .Qτ  And 
decomposition (1) will take the form analogous 
to the Bergman system [24], which, like the 
2-adic one, has same alphabet/digits, but 
also has additional useful properties, such as 
redundancy − any number can be represented 
by different Bergman codes [25]:

{ }

1
1

1 2
1 0 1 2

0,1 .

n n
n n

k
k

i
i i

i n

x a a
a a a a a

a a A

τ τ

τ τ τ τ

τ

− − +
− − +

−
−

∞

=−

= ⋅ + ⋅ + +

+ + + ⋅ + ⋅ + + ⋅ + =

= ⋅ ∈ =∑



   (7)

The unit is determined in two ways. Additively 
as 1 = τ-1 + τ-2. And multiplicatively as 1 = τ+ 
× τ–. Fibonacci numbers Fn are related to the  τ 
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Fig. 1. The numerical image of  a) the reaction as chemical addition; b) physical addition.



285

RENSIT | 2019 | Vol. 11 | No.3

by relations 
1

n
n

n

FLim
F

τ→∞
−

=  and 1 ( ( )
5

n n
nF τ τ= − −

for n > 4 with an error of  less than 0.01. And 
also via the Binet formula:

1

( ) .
( )

n n

nF τ τ
τ τ

−

−

− −
=

− −
 (8)

A useful property of  this numerical system is 
that as it follows from (5) τ+·τ– = 1. Comparing 
this relation with (2***), which determines the 
relationship between two numerical metrics, 
we see that the two roots of  the golden 
equation can be taken as real and ultrametrics, 
the constant c turns out to be computable 
and equal to the diameter of  the scale level. 
And expansion (7) turns out to be an accurate 
representation of  two numerical systems on 
a “golden” basis. In addition, the redundancy 
of  the representation of  an object by various 
codes of  this system opens up the space for the 
existence of  isotopes and isomers of  chemical 
elements.
Global periodicity. Correspondingly, the 
expression for the ultrametrics (2*) and (2**) 
is corrected with the substitution of  the bases 
2 and p by τ. Written together on the plane 
(|·|∞,|·|τ) isomorphic plane of  complex 
numbers C, both metrics (2) and (2*) in the 
form:

,i nn r ατ ± ⋅ ⋅=  (9)
where r, n ∈ R give a famous expression for 
the “golden spiral”. Its peculiarity is that it 
does not spin on a plane, but around the axis 
of  mass − nucleosynthesis. This axis is the 
axis of  the 2-adic tree. Therefore, summing 
up, we arrive at a spatial hyperbolic model [16] 
that reproduces, according to Mendeleev, the 
bodily and discrete characters of  the system 
(Fig. 2), reproducing the numerous chemical 
properties of  elements. A similar model was 
proposed by the authors of  [19], calling this 
spiral a global periodic function. Their work 
contains a link between local and global in 
chemistry. Reducing these poles - the atom 

and the Universe, through fractal geometry (it’s 
2-adic!), they thus come to a projective model 
of  the chemical universe. Clarification is required 
here. The authors obtain a projective plane by 
identifying infinity +∞ = –∞ on the real axis. 
But by virtue of  what was said above about 
the indeterminacy of  unity, and, therefore, 
zero, the minus sign (−) has a conditional 
character, introduced for convenience, and 
often serving as an “operator” of  time reversal, 
without a noticeable natural-science meaning. 
The Fibonacci series and 2-adic numbers do 
not contain it. Instead, the projective plane is 
obtained by identifications |·|∞→∞ = |·|2→0 
and |·|2→∞ = |·|∞→0. In this case, the global 
periodicity of  matter becomes a consequence 
of  the closeness of  space (see (3)). The work 
mentioned above [15] gives a scaled invariant 
network (hypergraph) as a model of  the 
chemical Universe, and curvature can also be 
determined on it [26]. As a result, we get a 
variant of  the Universe in which there is a place 
of  duality-complementarity, i.e. chemistry and 
other natural sciences.

FRACTALS IN PHYSICS

Fig. 2. The solid and discrete (according to Mendeleev) image 
of  the periodic system.
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The general expression of  a real number 
leads to a power law, which is similar to flicker 
noise − “amplitude-frequency”. Here, the 
additive variable is represented by mass m, 
and the multiplicative by frequency f. Since 
the golden section number that has a Logit 
distribution is included in this ultrametric, 
the obtained law of  distribution of  elements 
by mass (amplitudes) of  nuclei has the form 
of  a distorted hyperbola [4, Introduction, Fig. 
8]. It is symptomatic that all these power-law 
dependencies have a completely different form 
in the sense of  proximity of  functions − from 
a smooth hyperbola (E. Fermi) to a “sawtooth” 
one (Ishkhanov B.I. et al.). Such power laws are 
typical for evolving systems and, in principle, 
can serve as an entry point for introducing 
p-adic numbers into the model. In this case, 
the periodic table is really seen "... as if  by the 
reflection of  a stopped some unknown yet dynamic 
process of  development of  inorganic matter" [30]. 
Thus, the model includes the idea of  evolution 
of  the composition of  chemical elements.

4. NONLINEARITY OF CHEMICAL 
SPACE
The arguments of  the previous section allow 
us to formalize the chemical Universe (for the 
developed theory, see [31]) as the resultant 
of  the forces of  aggregation (synthesis) and 
scattering (dispersion), formally represented 
by numerical asymmetry, U = R×Z2, u = x·ξ, 
where R is the axis of  nucleosynthesis, and Z2 
is the field measurement, the axis of  oxidation-
reduction, the axis of  the electron shells. 
The motion along the field axis changes the 
properties of  the elements, which is expressed 
by a change in the electronic composition 
of  atoms. Stone duality allows us to imagine 
the volume of  matter in two ways − as a 
material entity and as a formal language. From 
theoretical informatics it is known that language 
and property are one and the same thing (text 
and graphic editors of  modern computers are 

an example of  this). Here, the properties of  
a substance are understood widely, including 
phase transitions between aggregate states. An 
expanded form of  Stone duality is given in [20] 
(C is a Cantor perfect set, a classic example of  
a fractal C ≅  Z, (not to be confused with C is 
complex numbers)):

exp ( ) 2 [ {0,1} ]
[ ] ( , ) .

C N
matter

Bool

C C C Z IFS
Z Z C Z Z H C C

τ

τ τ τ τ

≅ ≅ ≅ ≅ ≅ ≡ ≅

≅ → ≅ ≅ ≅ ≡
 (10)

Here: Zτ is the set of  numbers of  the form (7), 
and the signs of  equivalence (isomorphism)  ”
≅ ” mean in order from left to right:
(1) Сmatter is a model of  fractal matter,
(2) С is exponentially complete, i.e. mechanical 
transformations of  matter do not change its 
numerical nature, τ-adic numbers Zτ are an 
example of  a spatially geometric numerical 
system, i.e. can encode objects of  various 
shapes.
(3) Such a distribution of  matter is a spectrum 
of  truth functions of  Boolean algebra.
(4) This is matter with numerical properties; 
there is Zτ a topological algebra.
(5) Such a structure of  matter (zero-dimensional, 
discountual, fractal) coincides with the formal 
languages of  theoretical informatics, is a 
domain in theoretical informatics (iterated 
functions system, is the central technique for 
generating fractals). This is a symbolic space, 
the scope of  symbolic dynamics.
(6) As a lattice, it coincides with the space of  
continuous functions above itself.
(7) Such a numerical or algebraic image of  
matter can be represented by its field of  
continuous functions by Stone duality theorem.
(8) The set of  2-adic numbers is a Hilbert space. 
This means that its elements can be interpreted 
in the form of  vectors of  the Hilbert space 
and in the form of  functions. Thus, p-adic 
numbers can be regarded as a Banach algebra 
with involution, that is, a C*-algebra. Zτ − a 
discontinued version of  the Hilbert space. In 
this form, it Zτ  is also Boolean algebra − the 
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basis of  the symbolic technique (according to 
the same Stone theorem).
(9) The fractal distribution of  matter is, according 
to the statement of  M. Stone, the flip side of  
Boolean algebra, i.e. perfect, symbolic object.

Then a substance can be defined as a system 
of  its properties using the reflective properties 
of  p-adic numbers:

, ,
,

.

n

n

n N p
Q Q Q Q Q
Z Z Z Z Z
τ τ τ τ τ

τ τ τ τ τ

τ∀ ∈ ∀ =

≅ × × × =

≅ × × × =





 (11)

Here, each factor corresponds to one of  the 
property fields. Since they are zero-dimensional 
formations, (11) answers the question − how 
can different fields coexist at one point in 
space, not only physical, but also linguistic and 
morphogenetic fields of  biology. Using (10) 
and (11), it is possible to solve the problems 
of  “material equivalent of  function and 
properties” of  material science and a similar 
“structure-function” of  biology. As shown 
by the authors of  [32], the stationary orbit of  
an electron is the resultant of  the forces of  
Coulomb attraction and centrifugal repulsion. 
The electron orbit in this case, according to 
Bertrand’s theorem, has a two-loop form. 
The same image has numerical asymmetry, i.e. 
globally chemical universe U.

The multilayered image of  the Universe as 
applied to an atom means many of  its electronic 
orbits (Fig. 3). The image of  the nucleus in 
the first figure, in comparison with its absence 
of  m in the second, means just the presence 
of  the axis of  nucleosynthesis (2**), while the 
second figure is simple U = R × Z2, i.e. image 
of  electronic orbits. Attractors of  nonlinear 

systems have the same two-loop images (see 
[20, Appendix to Chapter 7]. The authors' 
conclusion [19] on the identity of  the micro- 
and macrocosms of  the chemical universe has 
a formal justification.
Quantum numbers. This section outlines the 
reasons for using the τ-adic numerical system Zτ 
as a model of  the chemical properties. As a first 
step, the interpretation of  Zτ as a coordinateless 
functional space of  quantum mechanics and 
the relationship of  quantum numbers with it 
is proposed. According to the arguments of  S. 
Ulam, at subnuclear distances, space cannot be 
smooth, it demonstrates a strong violation of  
local behavior, which entails the possibility of  
irregular topologies similar to p-adic ones [33].

The general structure of  chemical elements 
is a dense core surrounded by an electron cloud, 
similar to the binary structure of  chemistry. 
Then the physical meaning of  the base p = τ 
of  the numerical system of  τ-adic numbers 
is a pair of  “matter (core) − field (e-cloud)” or, 
mathematically, “connectivity-discreteness”. Then Zτ 
is a Hilbert space consisting of  wave functions 
as a zero-dimensional space; it is capable of  
generating field and matter in addition (i.e., the 
known wave nature of  matter). The quantum 
mechanical properties are preserved under 
such an interpretation.

The hypothesis of  a τ-adic relation of  
quantum numbers is as follows. Consider Zτ as 
the union of  four self-similar “circles”. Visually, 
these are 4 binary trees with a common root 
(Fig. 4).

On this tree, we consider the trajectories, 
i.e. functions − paths connecting vertices. For 
example, the vertices of  the upper right branch 
with the vertices of  the lower right. Then, if  we 
put the principal quantum number n equal to the 
number of  the level of  the division hierarchy, 
then the orbital quantum number l = (0, 1, 2, 
..., n-1) coincides with the set of  levels of  the 
hierarchy. In Fig. 4 n = 4, l = (0, 1, 2, 3). These 
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Fig. 3. The nonlinearity of  the atom and space.
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two numbers are common to all four branches. 
The magnetic quantum number ml coincides 
with the segment (–l,l). When moving to the 
root, the path is deterministic, from the root it 
is non-deterministic. The left and right half  of  
the figure are associated with a spin quantum 
number (1/ 2, 1/ 2) ( , ).sm α β= − ≅

Thus, the considered trajectories 
0 1 2... na a a Zξ − = ∈  as wave functions that have a 

double −  deterministic and nondeterministic 
meaning, and as elements of  the numerical 
system Z2 naturally connect all four quantum 
numbers. Based on the foregoing, the closest 
seems to be the interpretation of  the periodic 
law as an infinite-dimensional functional 
space [11]. The stated hypothesis concerns 
the periodic system of  free atoms, which, 
however, is different from the periodic system 
of  chemical elements [34].

5. CONCLUSIONS
Based on the analysis of  mathematical models 
of  materials science, the introduction of  a 
new degree of  freedom is substantiated −  the 
divisibility of  matter and its digitization by 
p-adic numbers. Physicochemical and general 
scientific interpretations of  p-adic numbers are 
given.

Together with real numbers, they form a 
physic-chemical space that allows the existence 
of  the properties of  substances, as illustrated 
by the expanded form of  Stone duality. In this 
space, the axis of  nucleosynthesis and the axis 

of  oxidation-reduction are distinguished, which 
makes it possible to introduce, in addition 
to the known physical pairs of  oppositions, 
pairs inherent in chemistry. The existence of  
two types of  causality, expressed by the pairs 
“attraction-repulsion”, “synthesis-decay”, 
“convergence-divergence”, “aggregation-
dissipation”, and others synonymous with 
them, is shown. The formal model of  material 
science as a physical and chemical science is 
a self-dual numerical system that expands the 
modeling arsenal in the direction of  increasing 
its adequacy.

As an alternative to disparate theories, an 
approach based on Fibonacci numbers as the 
common constant of  natural sciences is chosen. 
It has been formally proved that the number of  
the “golden ratio” is the base of  the numerical 
system of  the physico-chemical space, which is 
largely analogous to 2-adic numbers. Thus, all 
disparate works on the models of  the periodic 
table of  Mendeleev gain a single framework 
and reliable formal justification.

The periodicity of  matter as a consequence 
of  the identity of  nonlinear models of  the 
atom and the Universe is substantiated. 
Geometrically, it follows from the projective 
model of  space. The consistency of  the 
proposed model with quantum representations 
by extracting quantum numbers from the 
structure of  the model without additional 
assumptions and calculations is shown.

In general, it has been demonstrated that 
the proposed numerical version of  physico-
chemical materials science is consistent with 
the known results, providing their empirical 
nature with mathematical validity.

Special mention should be made of  the 
nonphysical properties of  materials. Properties 
are described in formal languages. By the Rice-
Uspensky theorem, any non-trivial property of  
a language is undesidable, i.e. it is impossible to 
single out any specific property of  a material 
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in a formally familiar language. The question 
remains whether this solution is possible within 
the framework of  the proposed approach.
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possibility of  creating the fundamental basis of  ultra-precise measurements is proved. 
Similarly, an increase in image sharpness along the X, Y axes is realized, for example, 
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1. INTRODUCTION
In a number of  problems of  a 
radiolocation and the radio measuring 
technics it is not required derivings 
of  exact instant references of  time 
intervals, therefore measuring process 
can be organised not on one, and on 
a series (pack) n of  impulses. In that 
case when the modification of  the 
measured parametre can be neglected, 
an instrumental error reduce at 
the expense of  randomization of  
algorithms of  measuring at usage of  
statistical handling of  "rough" current 
references of  time intervals. As a 
result of  it high-speed performance 
of  equipment, in particular metering 
circuits (measuring of  time intervals 
by the specified mode makes a subject 
of  engineering application of  a known 
Monte-Carlo method in calculus 
mathematics [1, 2]) decreases. Enough 
the close engineering problem (to 
the mentioned measurer). The image 
processing problem is. As in that, and 
other case, it is primary (at measuring) 

it is used the method of  the direct 
account, however remains some error 
of  step-type behaviour which cannot 
be subjected a method of  the direct 
account any more since it becomes 
less prices of  division of  a measuring 
dial of  the tool.

2. PROBLEM STATEMENT
Immediate usage of  a Monte-Carlo 
method (method of  statistical 
trials of  SI) does not allow to gain, 
unfortunately, enough effective 
valuation because of  low speed 
of  convergence of  evaluations. 
We will illustrate it on an example 
of  measuring of  an iterated time 
interval. Measuring (estimation) 
by a SI method is led [3] by count 
of  number m of  coincidence of  
two independent sequences. The 
first sequence consists of  short 
quantizing impulses (scores) with 
known reference phase τ0, second – 
from n times of  an iterated measured 
time interval duration τ. The 
second sequence has the phase of  
a recurring modulated on the casual 
law T. Modulation of  phase of  a 
recurring of  measured impulses can 
be created artificially, for example 
by insert in a chain of  start radar 
station (RLS) of  the wobbler of  
repetition frequency.

If  the moments of  occurrence of  
measured intervals are independent and 
are uniformly proportioned within an 
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interval τ0 "rough" references of  time 
intervals on separate trials will differ on 
magnitude μiτ0 [3], where

01,    { / },
0,    1 ,i

with propability p R
with propability q p

τ τ
µ

=
=  = −

R{τ/τ0} function of  a fractional share 
of  the ratio τ/τ0.

The statistics of  coincidence 
1

n

i
i

m µ
=

=∑  
in n trials is proportioned under the 
binomial law:

,/ m m n m
n

mW p c p q
n

−  = 
 

 (1)

m
nc  – number of  combinations of  n by 

m.
The probability p can be estimated 

on frequency of  coincidence p* = m/n 
therefore a τ* time interval estimate τ

{ } { }0 0 0 0( / ) ( / / .E p E m nτ τ τ τ τ τ τ∗ ∗= + = +  (2)
E{τ/τ0} function of  an integer part of  
the ratio τ/τ0.

Medial on all m quadrate of  an error 
of  estimation (2) taking into account 
expression (1) we will gain in an aspect

{ } { }2 2 2
0

2 2 2
0 0 0

( ) / ( ) /

,

M p M p p p

D

τ τ τ

τ τ σ

∗ ∗− = − =

= =
 (3)

where { }2
0 ( ) / /D M p p p pq nσ ∗= = − =  

mean squared error of  measuring of  
probability p on frequency m/n, M{·}  
expectation operation.

From the equation (3) we will discover 
a mean squared error of  estimation στ 
оценки интервала of  an interval τ:

{ }2
0( ) / .M pτσ τ τ τ σ∗= − =  (4)

From the formula (4) it is visible 
that the error στ of  measuring of  an 
interval τ (at admissible on high-speed 
performance of  applied equipment a 
quantization interval τ0) is completely 
spotted by an error of  measuring σ 
of  probability p which depending 
on number n of  processed impulses 
decreases rather slowly and has the 
order n1/2.

It is easy to show that the p* = m/n 
probability estimate p is a maximum 
likelihood estimate converting into a 
maxima function of  verisimilitude (1), 
in a sense understood as function from 
a variable p.

Lowering reviewing of  obvious 
problems on a competence and 
efficiency of  a maximum likelihood 
estimate, it is necessary to score that 
the lower bound of  its error gained 
from an inequality of  Rao-Kramera [4], 
is spotted also by expression (4).

In paper the answer to a problem 
is given: whether it is possible to 
raise in addition a measurement 
accuracy of  probability p if  field 
of  maximum likelihood estimates 
to dilate more blanket nonrecursive 
and recursive Bayes estimates. In a 
sense this problem can be considered 
as a problem of  "an instrumental 
supersolution».
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TIME INTERVALS OF RADIO RECEPTION ...



294

No. 3 | Vol. 11 | 2019 | RENSIT

Medial quadrate of  an error of  
measuring of  probability p for the 
uniform aprioristic law W(p) = 1 (ν1 = 
ν2 = 1):

{ }
2

2
2

(1 ) (1 2 )( ) / .
( 2)Î Ï Ò

np p pM p p p
n

∗ − + −
− =

+
 (8)

Comparing medial quadrates of  
errors of  Bayes and maximum probable 

mp∗  estimates, it is possible to discover 
cross points (drawing) of  curves 

{ }
2

2
2

(1 ) (1 2 )( ) / .
( 2)opt

np p pM p p p
n

∗ − + −
− =

+
. Differently, in 

a gamut p < 0.15 and  p > 0.85  it is 
necessary to use a maximum likelihood 
estimate, in a remaining gamut the 
p Bayes estimate is better. However 
advantages of  a maximum likelihood 
estimate in the specified gamuts are 
reached only when the measurand lies 
in them, i.e. the aprioristic information 
concerning magnitude of  measured 
probability is necessary.

For a raise of  a measurement accuracy 
or cutting of  number of  trials when all 
aprioristic informations are settled, it 

3. BAYES ESTIMATES 
OF PROBABILITY OF A 
SOFTWARE TO FREQUENCY 
AND MAXIMUM LIKELIHOOD 
ESTIMATES
 If  the aprioristic cumulative distribution 
function to designate through W(p) 
, posteriori – mW p

n
 
 
 

 verisimilitude 
function – mW p

n
 
 
 

 at a quadratic loss 
function the Bayes estimate optp∗  of  
probability p will be noted as follows:

1 1

0 0

( ) .opt

mpW p
m np pW p dp W p dp

mn G
n

∗

 
    = =    
 
 

∫ ∫  (5)

Here 
1

0

( )m mG W p W p dp
nn

   =       ∫  normalising 
coefficient. In the formula (5) it is 
possible to use floppy enough aprioristic 
probability density W(p) in the form of  
[5] β allocations:

1 21 11 2

1 2

( )( ) (1 ) , [0, 1],
( ) ( )

ÃW p p p p
Ã Ã

ν νν ν
ν ν

− −+
= − ∈  (6)

where Γ(ν) – γ function.
Selection of  parametres ν1 also ν2  

it is possible to gain a major set of  
allocations (including uniform at ν1 = ν2 
= 1), practical problems corresponding 
to a wide range. Association on p the 
conditional medial quadrate of  an 
error M{(p* – p)2/p} for a maximum 
likelihood estimate and a bayesian 
estimate is reduced in a Fig. 1.

By means of  formulas (1), (5), (6) we 
will gain a bayesian (optimal) estimate

1 1 2( ) / ( ).optp m nν ν ν∗ = + + +  (7)
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Fig. 1. Medial quadrate of  an error for a maximum 
likelihood estimate (a shaped line) and a bayesian estimation 

(solid line) for n = 16 and n = 64.



295

RENSIT | 2019 | Vol. 11 | No.3

is necessary to discover new reserves. 
Step-by-step procedure of  measuring 
of  probability when observed datas 
at the previous stages are considered 
as the aprioristic informations for 
the subsequent stages, does not give 
additional scorings. Really, if  by results 
of  measuring at each stage to take a 
maximum likelihood estimate

( ) / ,  1, 2,3,..., ,i i ip m m n i l∗ = =

where l number of  stages of  measuring; 
ni sizes of  each stage on observed datas 
after l stages it is possible to generate a 
resultant an estimate:

1
( )

l

i i
i

p p mη∗ ∗
Σ

=

=∑  (9)

(ηi – unknown weighting coefficients), 
and

1
1.

l

i
i
η

=

=∑  (10)

Taking into account limiting (10), 
optimum weighting coefficients ηiOOP, 
i =1, 2, ..., l error of  estimations (9) 
minimising the conventional medial 
quadrate, are gained in an aspect

1
.

l

iopt i i
i

n nη
=

= ∑  (11)

Substituting the equation (11) in (9), we 
will have

1 1
/ .

l l

i i
i i

p m n m n∗
Σ

= =

= =∑ ∑

Thus, the total estimate p∗
Σ  coincides 

with a maximum likelihood estimate 
одноэтапной procedures for 

1
.

l

i
i

n n
=

=∑

4. FEEDBACK COUPLING 
IN THE TIME INTERVAL 
METER THE METHOD OF 
STATISTICAL TRIALS
The previous outcomes have spotted 
limits of  a method of  statistical trials 
at the expense of  use of  the aprioristic 
informations. In that case when the 
aprioristic informations are settled 
completely, it is necessary to discover 
essentially new reserve of  a raise of  
accuracy of  a method of  statistical trials. 
The supposition about a possibility of  
application of  feedback coupling in 
estimation procedure is with that end 
in view made. We will divide all volume 
of  trials n into two and more stages. 
The first stage in volume n1 represents 
the classical plan of  independent 
trials of  Bernulli. At development of  
an estimate 1p∗  of  initial probability 
p = R{τ/τ0} at the first stage it is 
necessary to use all available aprioristic 
informations. Differently, the estimate 

1p∗  is optimum Bayes. Further on an 
estimate 1p∗  the correcting reference 
component δ which is added to an 
initial unknown quantity of  measured 
probability is made p. Thus, at the 
second stage in volume n2 measuring 
of  new magnitude is spent
p2 = p + δ.      (12)

The estimate 2p∗  by results of  the 
second stage depends on observed 
datas at the first stage. Following the 
results of  two stages the resultant an 
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estimate 1,2 1 1 2 2( ) ,p p pη δ η∗ ∗ ∗= + −  where η1, 
η2 weighting coefficients is made, η1 + 
η2 = 1.

It is necessary to note that 
the assumption about a feedback 
coupling possibility at measuring 
is not always realizable. However 
measuring of  time intervals by a 
method of  statistical trials - an ideal 
case of  embodying of  offered idea. 
For introduction of  the reference 
component, obviously, it is possible 
to apply a lag line with switching 
of  taps. The reference component 
δ is equivalent to a delay of  back 
edge of  a measured interval at the 
second stage for a while δτ0. In some 
measure related idea is the urn plan 
of  Polya [5]. However in the plan of  
Polya magnitude of  the correcting 
component (number of  full-spheres 
of  certain colour) is constant, its 
sign (colour of  added full-spheres) 
changes only. The prospective 
correcting component δ is function 
of  the previous measurings δ = δ( 1p∗ ).

As a matter of  fact developed idea 
two-staged procedures the estimate 
after the first stage 1p∗  is used for making 
of  the best requirements of  measuring 
of  probability  at the second stage. The 
previous outcomes testify that  total 
measuring p + δ = 1 as at p = 0 or p 
= 1 the conventional medial quadrate 
of  an error the least will be the best 
requirement of  measuring.

Thus, the algorithm of  the correcting 
reference component is extremely 
simple:

1 1( ) 1 .p pδ ∗ ∗= −  (13)

Let's note expression for medial 
quadrate of  an error of  a resultant of  
an estimate 1,2p∗

( ){ } 1 2

1 2
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1 22
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where
1

1

1
2 1

1 1
0 10

( ) ( ) ,
n

m

mD p p W p W p dp
n

∗

=

  
= −  

  
∑∫  

Optimising (14) on η2 we will gain
{ }2

1,2 1,2

2
1 2 1 2 2

2 2

1
2 1

2

( )

( 2 )

( ).

opt

opt

M p p

D D D

D D D
D

η η
η η

∗ − =

− += =−

= −

 (15)

Comparing M1,2opt with D0 under 
condition of  identical total amount of  
trials n = n1 + n2 for a case small n = 
2, 3, 4 (see the Table), it is possible to 
draw following deductions:

1. The partition reduces medial 
quadrate of  an error of  measuring 
by stages in comparison with one-
staged procedure at identical total 
volume   of  trials
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2. With growth the n medial quadrate 
of  an error at двухэтапной to 
procedure impinges faster, than at 
одноэтапной so the scoring grows.
3. The scoring depends on a relation 
of  volumes between stages.
The analysis of  medial quadrate 

(15) for a case of  the major n ≥ 1 
is hampered owing to sectionally 
continuous exposition D2 on the 
statistican m. However the analysis 
somewhat becomes simpler if  to 
consider normalisation of  function 
of  probability W(p2/p) with growth n1. 
Outcomes of  the basic calculations are 
tabulated.

From formulas (12), (13) and (7) 
it is visible that probability function 
W(p2/p) is actually binomial. Hence, 
with growth the n1 asymptotics of  the 
Moavre-Laplace, therefore is valid

22

2
2 2

( )1( / ) exp ,
22 pp

p aW p p
σπσ

 − ≅  
  

where a 
2

2
pσ  variance of  a frequency 

function an W(p2/p), a - average (on all 
m1) value p2.

Considering conversions (12), (13) 
and (7), it is possible to show that

2

2 2
1 1

1 1

(1 ) / ( 2) ,

( 1 2 ) / ( 2).
p n p p n

a n p n

σ = − +

= + + +

As a result of  an average on m2, m1, p 
expressions D1 and D2 from (15) taking 
into account approximations 
{ }2 2

2

2 2

( / ) ( / 2) 2,

exp{ (1/ 2 )(2 ) } 0,
p p

p

a a

a

σ σ

σ

Φ −Φ − ≅
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где 
2 /2

0

1( )
2

u
tu e dt

π
−Φ = ∫  integral of  

Laplace, we will gain

1 2
2 2

1 2 1 2 1

( 1)1 1 1 1 ,
3( 2) ( 2) 6 4 2

n nD
n n n n n

π−
= + +

+ +

D1 = 1/6(n1 – 2).
As n1, n2 >> 1 that

2 1 2 1

1 1

1/ 6 (1/ 4) / 2(1/ ),
1/ 6 .

D n n n
D n

π≅ +

≅

Expression for medial quadrate of  
an error at двухэтапной to procedure 
looks like

1,2 2 1 2 1(1/ 4) / 2(1/ ).optM D D n nπ≅ − =  
Examination M1,2opt on an extreme 

(minimum) at the fixed n = n1 + n2 gives 
a following optimum relation between 
stages:  n2 = 2n1. Then

3/2 1/2 7/2 3/2
1,2 3 3 / (8 2 ) 3 / (2 );optM n n nπ π≅ =

3/4 1/4 7/4 3/4
1,2 1,2 3 / (2 ).opt optM nσ π= ≅

5. CONCLUSION
Modulation of  phase of  a recurring of  
measured impulses under the casual law 
at measuring of  iterated time intervals by 

Table
Calculation of the relative scoring В in percentage 

% for various relations between stages n1 and n2 for 
двухэтапной procedures.

Designation "1+1" "2+1" "1+2" "2+2"

n1 1 2 1 2

n2 1 1 2 2

η2opt 9/32 32/129 18/41 64/161

D2 16/31 43/256 123/972 161/1536

D1 1/18 1/24 1/18 1/24

D0 1/24 1/30 1/30 1/36

M1,2opt 23/576 27/3096 23/738 94/3864

B = (D0 - M1,2opt)/D0 4 5.9 6.5 9.5

RADIOELECTRONICS IMPROVING THE ACCURACY OF MEASUREMENT 
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a Monte-Carlo method allows   to raise 
at handling of  impulses a measurement 
accuracy in n  time.

The raise of  a measurement accuracy 
within the limits of  nonrecursive 
(одноэтапных and многоэтапных) 
Bayes estimates is impossible without 
usage of  the aprioristic informations 
concerning a measured interval.

The supposition about a feedback 
coupling possibility in a Monte-Carlo 
method is made and proved that an 
additional raise of  a measurement 
accuracy of  time intervals probably 
within the limits of  the recursive Bayes 
estimates.

Application of  recursive (2-etapnyh) 
Bayes estimates of  measuring of  time 
intervals gives the chance to increment 
a measurement accuracy in n1/2 – n3/4 
time.
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consistent potential, dissipative processes.
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1. INTRODUCTION
Today, one of  the most important design 
issues for nanoelectronic devices based on 
AlGaAs-heterostructures is the prediction of  
their reliability indicators. Firstly, such devices 
are promising for use as the basis for ultrafast 
devices of  a new generation [1,2] in industries 
related to high requirements for reliability 
[3,4]. Secondly, a high cost of  testing and 

the time constraints on their implementation 
makes physical and mathematical simulation 
of  aging devices [5] more attractive compared 
with a classical statistical method of  the 
theory of  reliability tests.
Degradation of  AlGaAs-heterostructures 
is attributed [6] to diffusion processes in 
semiconductor layers. A profile of  molar 
fraction of  aluminum is blurred under effect 
of  high temperatures, which affects the 
potential energy of  electrons and a position of  
metastable levels. The concentration profile 
of  silicon (a donor impurity in the contact 
layers) is blurred too [7]. Also, metals of  the 
contacts and contact areas penetrate into 
the layers of  the heterostructure over time, 
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which leads to an increasing of  resistance of  
contact areas [8].

Existing mathematical models of  current 
transfer in AlGaAs-heterostructures are 
based on the assumption that the transitions 
between the layers are localized. A calculation 
of  the tunnel transparency coefficient 
within framework of  the formalism of  wave 
functions is easily generalized to the case of  
a continuous profile by replacing a stepped 
profile of  potential energy with a continuous 
one. However, models of  dissipative 
processes [9, 10] require coordinates of  
the heterointerfaces be explicitly specified, 
which is impossible to do in the case of  
the diffusion-blurred profile of  the molar 
fraction of  aluminum. Consequently, such 
models are not suitable for current transfer 
simulations with taking into account the 
diffusion blurring of  a profile of  aluminum.

Thus, the task of  predicting the reliability 
of  devices based on AlGaAs-heterostructures 
includes the following subtasks: structure 
degradation simulation (i.e., diffusion blurring 
of  impurity profiles and resistance growth 
of  contact areas calculation) and generalizing 
current transfer models to the case of  
structures with a continuous impurity profile 
along with optimization self-consistenting 
procedures.

A numerical calculation of  the 
current-voltage characteristics (CVC) of  
heterostructures is characterized by a high 
time complexity, which causes a problem 
with kinetics of  CVC simulation because of  
repeated self-consistent calculation. The most 
resource-intensive part of  the calculation 
algorithm is the step of  calculating the 
electron concentration within the calculation 
of  the self-consistent potential [11,12]. 
Optimization of  this procedure allows to 

reduce the calculation time for both a single 
CVC and their kinetics.

2. STRUCTURE DEGRADATION
In this paper, the model of  structure 
degradation is based on the position of  the 
dominant role of  diffusion in degradation 
processes. Thus, the degradation of  AlGaAs-
heterostructures in the framework of  the 
models presented is due to the diffusion 
of  aluminum and silicon, as well as the 
penetration of  metal from ohmic contacts 
into semiconductor contact layers, which 
causes their resistance increases.

The diffusion of  aluminum and silicon 
can be described using the Fick equation [13]. 
As the boundary conditions, the condition 
of  equality to zero of  the substance flow at 
the boundaries of  the simulated region was 
chosen, and the step profile approximation 
was taken as the initial condition. The 
diffusion coefficient was estimated using the 
Arrhenius equation with activation energy 
of  3.5 eV and a pre-exponential factor of  
0.17 cm2/s [8].

Fick’s equation was solved using the finite 
difference method. In this case, one grid 
was used to simulate diffusion and calculate 
the electron wave functions to avoid loss 
of  accuracy when interpolating grid values 
of  impurity concentrations. To solve this 
problem, elements of  finite difference 
equations are obtained by averaging the 
terms of  the Fick equation on the grid cells. 
The result of  solving the obtained equations 
is the average fractions of  aluminum and 
the average concentrations of  silicon in the 
grid cells. These quantities were later used 
to construct a finite difference Hamiltonian, 
which allows not to construct a separate grid 
for solving the Schrödinger equation.
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To estimate the effect of  structure 
degradation, technological annealing of  
a resonant tunneling structure (RTS) was 
simulated at a temperature of  800°C [14–
17]. The duration of  annealing is 30 s, but 
in order to make the calculation results more 
distinguishable, the simulated annealing time 
is increased 4 times. The diffusion processes 
of  aluminum and silicon were simulated. The 
results of  calculating the electron density and 
the tunnel transparency coefficient are shown 
in Fig. 1. The wave functions were calculated 
at zero voltage in the self-consistent field 
approximation [11].

As can be seen from the figures, diffusion 
blurring leads to a shift of  the resonance levels 
to high energies, as well as the broadening 
of  the resonance levels. This leads to an 

increase in peak voltage and peak current, 
in addition, to an increase in the slope of  
CVC characteristic, as shown in Fig. 2. The 
duration of  annealing in calculating CVC 
characteristic in Fig. 2 corresponds to the 
duration of  the simulated technological 
process and is 30 s.

3. DISSIPATIVE PROCESSES
The model of  current transfer includes 
two types of  electron scattering — inter-
valley scattering at heterointerfaces [9] and 
inelastic scattering by phonons [10]. The 
inter-valley scattering is taken into account 
by the two-channel model, and the scattering 
on phonons is taken into account using the 
optical potential method. In [9, 10] models of  
dissipative processes were developed for the 
case of  precise heterointerfaces. However, 
it is difficult to determine the positions of  
heterointerfaces, when taking into account 
diffusional changes in the aluminum profile; 
therefore, these models require generalization.
The motion of  electrons in the two-channel 
model is described by the Schrödinger 
equations for an open system, in which a 
communication operator is included that 
describes the mixing of  electronic states in 
the channels

          
,

0                 X X X

H E A S
A H E

ψ

ψ

Γ Γ Γ Γ  − + Σ  
=      − + Σ    

 (1)

where ( )Xψ Γ  – electrons wave function in 
Г(Х)-channel, E – electrons energy, HГ(Х) 

RADIOELECTRONICS

Fig. 1. The electron density logarithm before (left) and after (right) annealing. Black surfaces - the profile of  the potential energy 
of  an electron.

Fig. 2. CVC RTS before (grey line) and after 
(black line) annealing.



302

No. 3 | Vol. 11 | 2019 | RENSIT

–isolated Г(Х)-channel Hamiltonian, ΣГ(Х)– 
operator of  electrons extraction from Г(Х)-
channel, SГ – electron injection into Г-channel 
function [18], A – coupling between channels 
operator.

The definition of  a communication 
operator presented in [9] is not suitable 
for the case of  a blurred aluminum profile, 
since it requires given coordinates of  
heterointerfaces; therefore, this definition 
is generalized to the case of  a continuous 
aluminum profile.

,dA x
dz

α=  (2)

where α – inter-valley interreaction constant, 
x – aluminium molar fraction, z – coordinate.

The optical potential is included in 
the Hamiltonian of  the Г-channel and is 
assumed to be zero in spacer regions and 
barriers and a constant in quantum wells 
(in this work the value 0.02 eV was used), 
thus the model includes an additional 
mechanism for the release of  electrons from 
the quantum well. Again, such an optical 
potential distribution is not suitable for 
use in the case of  the absence of  explicit 
heterointerfaces. To take into account the 
effect of  structure degradation on inelastic 
scattering processes, diffusion blurring of  
the optical potential profile was simulated 
using equations describing the diffusion of  
aluminum. The distribution of  the optical 
potential as a sum of  rectangular functions 
was used as the initial condition.

4. SELF-CONSISTENT POTENTIAL
The high time complexity of  calculating the 
self-consistent potential (described in [11]) is 
associated primarily with the calculation of  
the concentration of  electrons by formulaw

( )

( )

3
* 2

( ) 2 3

2

( )
( )

( ) ( )

2 ( )
(2 )

1ln 1 ,

( ) ,
,

F L R

L R

L R

E E U
kT

L R
U l r

L R L R

L R

kTn m

e dE
E U

H E S
n n n

π

ψ

ψ

− + +∞

= ×

 
× +   − 

− + Σ =

= +

∫



 (3)

where n – electrons concentration, k – 
Boltzmann constant, T – temperature, m* 
- electrons in reservoirs effective mass, ħ – 
Dirac constant, UL(R) – electron in source 
(drain) potential energy, Ul(r) – electron 
potential energy at channel boundary with 
source (drain), SL(R) – electrons injection from 
source (drain) function, EF – Fermi level, φ – 
envelope electrons wave function.

As can be seen from the above 
formulas the calculation of  the electron 
concentration in the channel requires 
a separate calculation of  the electron 
concentration from the source and drain, 
for which it is necessary to solve the 
Schrödinger equation twice, and then to 
calculate the integral in formulas (3)  two 
times. Integration is complicated by the 
fact that the wave function has a number 
of  narrow peaks (see Fig. 3) therefore, it is 
required to use multiple calculations with 
decreasing grid step or grid adaptation 
procedure.

Because ψL and ψR have resonances 
at the same energy levels, to reduce the 
computation time, you can use the same 
grid to calculate nL and nR. However, it is 
possible to propose a method that does 
not require the calculation of  partial 
concentrations. By simple algebraic 
calculations, their formulas (3) can be 
obtained

NATALIA A. VETROVA, EVGENY V. KUIMOV,  
SERGEY A. MESHKOV, VASILY D. SHASHURIN RADIOELECTRONICS



303

RENSIT | 2019 | Vol. 11 | No.3

ABOUT AlGaAs-HETEROSTRUCTURES CVC 
KINETICS SIMULATION

( )

3
* 2

2 3

2 ( )
( ) ( )

( )

( ) ,

1ln 1   for 
.

               0                              

2
2 ( ) ,

 f r 

)

o

(
L

F L R

L L R R

E E U
kT

L R
L R L

U

R

L R

H E S f S f

e E U

n kT m dE

f E U

E U

ϕ

ϕ
π

− + +

∞

− + Σ = +

  
+ >    = −  


≤

= ∫


 (4)

Calculating the electron concentration 
using formulas (4) allows solving the 
Schrödinger equation and integrating it once 
(for a given energy level), unlike calculating 
using formulas (3).

It is worth noting that if  the Schrödinger 
equation for an open system [18] contains 
the functions of  injection of  electrons 
from the source SL and drain SR, then in the 
continuity equation there appear interference 
components whose physicality is in question 
[14].

2 2| | | | ,L L L R L Rdivj S S S S S S∗ ∗= + + +  (5)

where j  – probability flow.
As a result of  numerical experiments, 

it was found that the contribution of  
interference terms to electrons density in 
spacers and potential barriers regions is 
negligible compared to the contribution 
of  these terms to electrons density in 
potential well region. However, knowing 
the position of  the potential well relative 
to the electron sources, it is possible to 

minimize the influence of  interference 
terms by varying the arguments of  complex 
SL and SR, which is equivalent to the choice 
of  the initial phases of  the electrons wave 
functions.

The self-consistent potential was not 
significantly affected by interference terms. 
Thus, comparing the results of  calculations 
of  the self-consistent potential when using 
formulas (3) and (4) for calculating the 
concentration, no significant deviations 
were found (the maximum deviation is 
1.5·10-5 %). The results of  calculating 
the self-consistent potential are shown in 
Fig. 4. The calculation time for various 
external voltages is presented in Fig. 5.

RADIOELECTRONICS

Fig. 3. The natural logarithm of  the square of  the modulus of  the wave function of  electrons from the source 
for fixed values of  the coordinate.

Fig. 4. Self-consistent potential at 0 V (black) and 
1 V (gray). Lines – the original algorithm, points – 

an optimized algorithm.
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Thus, the use of  this approach made it 
possible to reduce the time for calculating 
the electron concentration by half  without 
significant losses in accuracy.

5. RESULTS
For the validation of  the presented model, the 
current-voltage characteristics of  a number 
of  RTS were calculated taking into account 
diffusion changes at the technological stage 
of  annealing the structure for 30 s at 800°C 
[15-19]. The simulation was carried out 
self-consistently with regard to dissipative 
processes (the number of  self-consistency 
iterations is 20, the inter-valley interaction 
constant is 0.7 eV Å, the optical potential 
in the quantum well is 0.02 eV). The results 
of  the calculation comapred with the 
experimental data are shown in Fig. 6.

As can be seen from the graphs, the 
developed algorithm allows, with satisfactory 
accuracy, to model the CVC of  the RTS in 
the region of  positive differential resistance 
— the deviation of  the calculation results 
from the experimental data on the curvature 
of  the initial portion does not exceed 3%. 
Thus, the presented model can be used to 
predict the parameters of  devices whose 

performance characteristics are determined 
by the initial section of  the CVC RTS.

6. CONCLUSION
A mathematical model of  the degradation of  
AlGaAs-heterostructures based on diffusion 
models of  atoms in a crystal lattice has been 
developed. The diffusion of  aluminum and 
silicon was simulated using the Fick equation 
with the second-type boundary conditions. 
For the numerical calculation, the finite-
difference method was used, and the finite-
difference scheme was built on the basis 
of  a unified spatial grid for modeling both 
diffusion processes and transverse carrier 
transport, which made it possible to avoid 
loss of  accuracy during interpolation. The 
blurring of  the ohmic contacts was taken 
into account as an increase in the resistance 
of  the contact layers. Accounting models of  
dissipative processes are generalized to the 
case of  a continuous impurity profile. The 
operator of  communication between the 
Г- and X-valleys was calculated on the basis 
of  the aluminum fraction profile, thus, it 
was possible to take into account the effect 
of  aluminum diffusion on the inter-valley 
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Fig. 5. Calculation time self-consistent potential. Fig. 3. The results of  calculations IVC RTS. Grey 
lines – experimental data, black – the results of  the 

calculation.
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scattering processes. In order to reduce the 
time complexity of  the CVC calculation 
algorithm, the procedure for calculating 
the self-consistent potential is optimized 
at the stage of  calculating the electron 
concentration by reducing the number 
of  calculated integrals, thus, the time for 
calculating the self-consistent potential is 
reduced by half.

According to the results of  validation 
of  the presented model, it was concluded 
that it is useful to simulate the kinetics 
of  the initial section of  CVC of  
heterostructures at elevated temperatures, 
including within the framework of  the 
task of  predicting the GIC and MIC UHF 
reliability indicators based on multilayer 
AlGaAs-heterostructures.
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1. INTRODUCTION
In some cases, when there is no direct evidence 
of  the processes of  transformation of  the 
substance in the solid phase, or it is difficult 
for a number of  reasons (for example, an 
insufficient amount of  the sample for the study 
by RFA), the presence of  indirect evidence-
acetone, which is always formed as a result of  
the interaction of  supercritical alcohols and 
inorganic compounds-is indispensable. In other 
cases, the presence of  acetone is a confirmation 
of  the recovery processes detected by other 
methods. The presence of  complex salts 
and mixtures of  components in graphene 
oxide reduction products imposes additional 

requirements for the selectivity of  acetone 
determination, which is satisfied by the gas 
chromatography-mass spectrometry (GCMS) 
method and makes it difficult to identify it by 
chromatographic methods. It was found that the 
main factors leading to false negative results of  
HCMS analysis are the presence of  background 
components eluting together with the target 
substances. The problem of  identifying acetone 
eluting by a single peak with propanol 2 
(isopropanol) present in a high concentration is 
the "pass" of  the substance in the sample under 
standard analysis conditions.

The aim was to develop a method of  analysis 
of  the solutions of  complicated composition, 
resulting from the interaction of  supercritical 
alcohol 2 propanol and inorganic compounds, 
based on analytical control of  the yield of  
acetone as a witness and criterion of  recovery 
of  oxides and complex salts (including graphene 
oxide), to find the optimal conditions of  
analytical control of  the recovery processes, 
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ensuring the separation selectivity of  overlapping 
chromatographic peaks.

Propanol 2 with acetone is usually divided into 
polar columns with polyethylene glycol (PEG). 
Many polar phases have disadvantages (relative 
to mid-polar, low-polar and non-polar). Among 
such disadvantages is a relatively low tolerance 
to oxidants. This should be taken into account 
when developing a technique on columns with 
PEG or its derivatives, which include the fixed 
liquid phase: FFAP, DB-WAX, DB-FFAP. The 
service life of  the PEG speaker is significantly 
shorter than that of  the HP-5 speaker and does 
not exceed one year.

To determine the complex composition 
of  a mixture of  near-boiling components, it is 
recommended to use a column with a nonpolar 
phase (polydimethylsiloxane) [1]. In cases 
where this fails, it is necessary to resort to high-
resolution mass spectrometry, or to methods 
that "shift" the analytical peaks to a different 
region of  mass numbers, for example, to other 
methods of  ionization or to obtain derivatives 
for which the masses of  the characteristic ions 
of  the analyzed compounds have different 
values. Obviously, increasing the resolution leads 
to a decrease in signal intensity.

This complicates and increases the cost of  
the analysis procedure, in addition, it makes it 
difficult to obtain quantitative results.

In this paper, an attempt is made to develop a 
method for determining acetone in a near-boiling 
isopropyl alcohol without preliminary sample 
preparation and separation of  components of  a 
complex mixture, providing quantitative results 
and a low detection limit.

2. MATERIALS AND METHODS
The work was carried out on the chromato-
mass spectrometry system of  the company 
"Agilent" (USA), consisting of  a quadrupole 
mass analyzer Agilent 5973, gas chromatograph 
Agilent 6890. Chromatography was performed 
on capillary column HP-5 with fixed phase -5% 

diphenylylsiloxane and 95% dimethylsiloxane, 
column dimensions 0.32 mm×50 m×0.52 μm.

The initial temperature of  the column was 
30° C, the temperature programming speed – 
10°C/min, the final temperature of  the column 
– 250°C/min.

Ionization of  substances in the mass 
spectrometer was carried out in the mode of  
electronic shock, registration of  chromatograms 
was carried out both on the total ion current and 
in the mode of  measuring the current created by 
individual ions or their groups.

Conditions for registration of  chromatograms 
and mass spectra:
• interface temperature 280°C;
• detector temperature 150°C;
• ionizing electron energy 70 eV;
• recorded mass interval 12-350 a. e. m.;
• the scanning speed of  4.27 scans/sec.;
• the voltage at the multiplier 70 V;
• resolution 0.5 a.e.m.;
• dosing of  the sample was carried out with 

the help of  "Hamilton" microsyringes with 
a volume of  10 µl, the volume of  the dosed 
sample was 0.4 µl.
Before the analysis of  samples under the 

same conditions, blank samples of  isopropyl 
alcohol containing no target component-acetone 
were analyzed.

During the evaporation of  the sample, the 
"split" mode was used with the ratio of  the 
amount of  injected substance into the capillary 
column-discharge, 1:10, respectively.

The volumetric velocity of  the carrier gas is 
1 ml/min.

checkiNG the mass device settiNGs aNd 
moNitoriNG the stability of the calibratioN 
characteristic

This procedure was carried out on 
perfluorotributylamine supplied to the device 
according to the instructions "Autotune" [2].

NANOSYSTEMSELENA V. FATYUSHINA, ELENA YU. BUSLAEVA
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The molecular composition was determined 
by comparing the obtained mass spectra with 
the library mass spectra given in the MSD 
ChemStation data collection and processing 
program.

preparatioN of calibratioN solutioNs of 
acetoNe iN propaNol

Calibration solutions were prepared as follows: 
to 10 aliquot volumes (1 ml) propanol 1 and 
propanol 2 were added 2, 5, 10, 20, 50, 100, 200 
µl of  acetone solution, while its concentration 
made up 0.02; 0.06; 0.16; 0.25; 0.49; 0.98; 1.96; 
4.55; 8.3; 14.28; 20.0 (%vol.), respectively. An 
internal standard (propanol 1) was added to the 
acetone calibration solution in propanol 2 and 
subjected to GCMS analysis. The concentration 
of  propanol 1 in the calibration mixture was 
0.5% vol.

3. RESULTS AND DISCUSSIONS
It is established that the main factors leading 
to false negative results and the impossibility 
of  visual identification are the presence of  
background components eluting together with 
the target substances. Fig. 1 the fragments 

of  mass chromatograms of  near-boiling 
compounds in the full-scan mass detection total 
ion current (a) and selected ion monitoring (SIM) 
in the extraction mode of  characteristic ions (b) 
are presented.

Due to these factors, especially at low acetone 
content in the solvent propanol 2, the method 
of  determination, providing for the detection of  
the total ion current, was unsuitable. This fact is 
confirmed by a fragment of  the chromatogram 
of  the undivided components (a).

If  the mass spectra of  the undivided 
components have specific peaks characterizing 
each of  the components and are absent (or 
insignificant) in the spectra of  the other 
components, the ionic mass chromatograms 
for each of  these characteristic peaks show the 
elution of  each of  their respective components 
regardless of  whether the chromatograms (b) 
overlap.

Determination of  the acetone content in the 
matrix of  near-boiling propanol 2 was carried 
out in the mode of  ion chromatogram extraction 
and selective detection of  characteristic lines 
43 and 58 m/z from the mass spectra without 
preliminary separation of  these compounds 
during sample preparation.

A low-intensity peak 59 m/z from the mass 
spectrum of  propanol 2 was used as a label 
characterizing the change in chromatography 
and detection conditions to assess the true 
value of  the acetone peak area. Additional 
information to control the stability of  the 
measurement conditions was a constant ratio 
between the characteristic ions of  the substance 
being determined.

Identification of  acetone occurred by 
coincidence of  maxima and character of  
curvature of  peaks of  ion chromatograms 
extracted from the total ion current. From Fig. 
1b it can be seen that it was possible to separate 
the chromatographic peaks and detect acetone.

The criterion of  absence process reduction 
of  oxides and complex salts was the absence of  

NANOSYSTEMS REDUCTION OF GRAPHENE OXIDE BY SUPERCRITICAL 
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Fig. 1. The fragments of  mass chromatograms of  near-boiling 
compounds in the full-scan mass detection (a) and selected ion 

monitoring (SIM (b).

a

b
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one chromatographic peak of  the characteristic 
acetone ion within 0.05 min retention time in the 
presence of  all other peaks.

In order to evaluate and eliminate interfering 
factors and obtain peaks of  analytical ions 
free from superposition, isomers were used 
for calibration as analogues of  the matrix 
component, but with different chromatographic 
characteristics, in this case: propanol 1. The 
physical properties of  propanol 1 and propanol 
2 are different: propanol 2 has a lower boiling 
point than propanol 1. It differs from its 
analogue retention time, the shift is about 2 min. 
Chemical properties of  these isomers, differing 
in the position of  the functional group, differ 
slightly, because they have the same qualitative 
composition and nature of  the bond between 
the atoms in the molecule. Fig. 2 illustrates the 
chromatographic peaks of  acetone in propanol 
2 (a) and in propanol 1 (b). It is seen that the 
peak of  acetone overlaps with the peak of  
near-boiling propanol 2 and is independently 
measured in propanol 1.

Fig. 3 illustrates the difference between 
the mass spectra of  propanol 2 and its isomer 
propanol 1, due to which separation by 
extractable ions is possible.

Mass chromatograms and mass spectra are 
given to illustrate the absence of  the influence 
of  solvent peaks of  propanol 1 on the accuracy 
of  the determination results (Fig. 2, 3) due to the 
absence of  Isobaric interference.

quaNtitative Gs ms aNalysis of acetoNe 
iN a Near boliNG multicompoNeNt mixture 
with isopropaNol

Achieving high precision and the reproducibility 
of  the quantitative results it is possible only with 
the right choice of  quantitative analysis method 
and chromatographic analysis conditions. 
Quantification of  identified compounds was 
performed by the method of  "internal standard", 
for which a pre-determined calibration 
correction factor, indicating how many times 
the response of  the mass-selective detector (area 
of  the chromatographic peak is independent of  
the characteristic ion m/z 58) per unit mass of  a 
substance is different from the response of  the 
mass-selective detector per unit mass "internal 
standard" [3]. Its advantages are that it largely 
eliminates the impact of  sample dosing error 
on the reproducibility of  the analysis results. 

NANOSYSTEMSELENA V. FATYUSHINA, ELENA YU. BUSLAEVA

Fig. 2. Chromatographic peaks of  acetone in propanol 
2 (a) and in propanol 1 (b). It is seen that the peak of  
acetone overlaps with the peak of  near-boiling propanol 2 

and is independently measured in propanol 1.
Fig. 3. Mass spectrum of  propanol 1 (a) and propanol 

2 (b).

a

b
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As an internal standard, propanol 1 was used, 
which has the same functional group with 
the matrix component propanol 2, but with 
different chromatographic and mass- spectral 
characteristics (Fig. 4).

The basis of  quantitative chromatographic 
analysis dependence of  peak height h or its 
area S on the amount of  substance. Fig. 5 
presented dependency relationship of  the 
intensities of  chromatographic peaks of  acetone 
(corresponding to 58 ion) and propanol 1 in the 
propanol 2 matrix, calculated from the area and 
height of  chromatographic peaks.

Using the t-criteria, it was found that 
the systematic error was significant against 
the background of  a random spread in the 
calculation using the height of  the peaks (Fig. 6), 
therefore, the quantitative assessment of  the 

acetone content was carried out on the area of  
chromatographic peaks.

When working in the detector linearity range 
this dependence can be represented by the linear 
regression equation:
Сac = Кi*Сpr1×Sac/Spr1,
where Кi — coefficient of  relative sensitivity of  
acetone as the internal standard — propanol 
1, Сpr1 — 1 propanol content in the mixture 
of  sample and solvent (propanol 2), Sac and 
Spr1 — square peaks on the chromatogram, 
corresponding to ion m/z 58 acetone peak and 
the internal standard propanol 1. The value 
of  K does not depend on the amount of  the 
determined component in the analyzed sample, 
in principle, should remain unchanged even when 
changing the conditions of  chromatography 
and detection, unless, of  course, these changes 
did not cause a violation of  the linearity of  the 
detector and the true value of  the area was used 
as the peak parameter. This calculation scheme 
is widely used, but does not provide adequate 
results for nonlinear calibration dependencies. 
The use of  calibration coefficients taken from 
the literature for quantitative calculations also 
leads to errors. In fact, it may be necessary to 
use combined versions of  definitions or more 
complex modifications, in particular, the method 
of  internal standard and absolute calibration [4].
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Fig. 4. Fragment of  mass chromatogram of  acetone in 
propanol 2 with internal standard propanol 1.

Fig. 5. Relations of  analytical signals of  acetone and 
internal standard of  propanol 1 (Iac/Ipr1) depending on 
acetone content (Cac,%) calculated by area ( ) and by 

heights (  ) of  chromatographic peaks.

Fig. 6. Dependence of  peak intensity on the amount of  
acetone analyzed in propanol 2 ( - - - ) and propanol 1 (-).
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quaNtitative aNalysis of siNGle-peak 
elutiNG substaNces uNder NoNliNear 
detectioN coNditioNs

The main disadvantage of  the quantitative 
analysis method proposed above is the need for 
non-overlapping characteristic ions to identify 
each compound, which is especially difficult to 
perform when analyzing compounds with similar 
structure, for which, as a rule, chromatographic 
and spectral overlap is most likely. A significant 
deviation of  the calibration graph from the 
linearity can lead to the complete disappearance 
of  small peaks.

Under these conditions, distortion of  the 
shape and change in the area of  the peaks were 
observed.

In order to expand the possibilities of  
quantitative analysis (the range of  determined 
contents), it is additionally proposed to correct 
analytical signals using an external standard. 
To obtain peaks of  analytical ions free from 
superposition, it is proposed to use isomers-
analogues of  the matrix component, having 
the same functional group, but with different 
chromatographic characteristics, in this case 
- propanol 1. The value of  Ki was determined 
by additional experiments involving a known 
amount of  substance i.

On the example of  a model mixture of  
acetone-propanol 1, acetone-propanol 2 
(Fig. 6) the advantage of  calibration using 
isomers is shown. Checking the isotope 
ratio revealed overlaps, which was expressed 
in a deviation from the linearity of  the 
dependence of  the intensity of  the analytical 
signal of  acetone on its content in propanol 
2 (Fig. 6, dashed line). The most pronounced 
deviations in the calculation of  height. This 
can be explained by the fact that the peak of  
acetone comes out just before the peak of  
propanol 2. This causes the acetone to enter 
the desorption zone, which gives its false peak 
at the same location. As a result, not only can 
the relative intensity of  ion peaks in the mass 

spectra be distorted, but also excess peaks 
that are not characteristic of  the analyzed 
substances may appear. The contribution 
to the intensity of  peaks of  characteristic 
background ions or peaks of  ions of  other 
components leads to overestimated results in 
determining the concentration of  the analyte. 
It should be borne in mind that the amount 
of  overlap can be large if  it is due to the 
components present in the mixture in much 
larger quantities than those analyzed.

The distortion of  the acetone peak shape 
was observed when the column was overloaded 
with a solvent eluting in a high concentration - 
propanol 2.

The absence of  interfering factors is 
illustrated by the linear dependence of  the 
analytical signals of  acetone on its content in 
propanol 1, including the imposition of  a matrix 
"tail" is minimized (values on the y-axis are 
close to zero at "0"acetone concentration). In 
this case, the change in the analytical signals of  
acetone from its content in propanol 2 should 
be corrected beyond the linearity of  the detector 
(Fig. 6). The effect of  acetone concentration on 
the change in the ratio of  acetone and propanol 
1 peak areas is illustrated in Fig. 7.

NANOSYSTEMSELENA V. FATYUSHINA, ELENA YU. BUSLAEVA

Fig. 7. Ratio of  acetone and propanol 1 peak areas 
(Sac/Spr1) depending on acetone concentration (Cac, %) in 

solvent.
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The correctness of  the values of  the 
calibration coefficient of  acetone analytical 
signals corrected according to the external 
standard is confirmed by a small variation in 
the values of  the relations between the areas 
of  acetone peaks and the standard-propanol 1 
present in equal concentrations.

If  this condition is not met, the resulting 
errors can be compensated by using a combined 
version using an internal standard, wherein, in 
which the isomer of  the matrix component is 
not an extraneous interfering component in 
the initial mixture. Uncontrolled changes in 
the absolute intensities of  analytical signals 
are corrected relative to the internal standard 
or by the method of  internal normalization to 
assess the relative amounts of  components of  
mixtures [5]. The value of  the ratio of  the peak 
areas of  the component and the introduced 
standard was determined and, using the 
previously obtained dependence of  the ratio 
of  the peak areas on the ratio of  the quantities 
of  these components in the model mixture, 
the content of  the analyzed component was 
determined.

The amount of  the i-th component (Qi) 
was calculated taking into account the known 
concentration of  the standard (Cstk) in the 
calibration solution, the detector response to 
the internal standard (Sst) and the calibration 
dependence of  the component-internal standard 
(Kst): 
Qi = Kst Cik* Sst/Cstk,
where Qi is the amount of  the component 
equal to the product of  its concentration on 
the injected volume, Cik -  the concentration of  
the component in the calibration solution. The 
formula corrects the position of  the calibration 
points along the component quantity axis, leaving 
the detector response value as it is obtained in 
the experiment.

The numerical values of  the relative response 
coefficients of  the detector are obtained from 
chromatographic data of  calibration mixtures 

with known concentrations of  standard and 
investigated impurities.

The estimation of  the relative random 
component of  the error of  the results of  
quantitative determinations by the method of  
absolute calibration [6] was carried out according 
to the ratio: 
δСi = (δki +  δSi)/2,
where δki - the relative error of  the Ki coefficients, 
δSi - the same for the chromatographic peak areas 
of  the substances to be determined.

The accuracy of  the analysis was estimated 
by determining the boundaries in which the 
error of  the results of  the unit analysis is with a 
given probability P = 0.95.

The reproducibility of  the introduction of  
samples was 1.5-2.5%, the reproducibility of  
fixed retention times was not worse than ±0.05 
min. The results of  the determination of  acetone 
in propanol 2 according to the developed method 
are presented in the Table.

4. CONCLUSION
The developed algorithm is useful for searching, 
identifying and determining the contents of  
overlapping a priori known components in a 
complex mixture (the qualitative composition is 
known) with a high degree of  reliability.

The use of  an isomer as an analogue of  one 
of  the undivided components for comparison 
made it possible to prevent overlaps of  extracted 
ions, to increase isotopic sensitivity due to the 
absence of  Isobaric interferences and to exclude 
the influence of  the matrix effect on the analysis 
result. In addition, this eliminates the procedure 
of  introducing a foreign component into the 
original mixture.
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Table
The method "introduced-found", mode SIM.

Detected 
Content Range

Introduced
mg/l

Experimentally found 
value

0.2 - 0.5 0.3 0.35 ± 0.07

0.5 - 1.5 1.0 1.12 ± 0.13

1.5 - 4.5 2.8 3.04 ± 0.26

4.5 - 20.0 15.0 16.2 ± 0.17
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Abstract. Samples of  nanographite films obtained by carbon deposition in a methane 
plasma and subsequent heat treatment at a temperature of  650°C were studied. 
Thickness of  obtained films was 1-2 nm. The results of  measurements of  a 
temperature dependencys of  the resistance (R(T)) shows that when a temperature 
changes from 80°K to 300°K the resistance changes by about three orders of  
magnitude. The temperature dependency of  the activation energy has a non-Arrhenius 
character corresponding to the variable range hopping mechanism. An analysis of  
the dependency of  the reduced activation energy versus the natural logarithm of  
temperature showed that the electric conductivity of  graphite nanoflakes corresponds 
to the Efros-Shklovsky mechanism. Size of  graphite nanoflakes was estimated to be 
~1.7 nm from the obtained results.
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1. INTRODUCTION
Nanographite can serve as a precursor 
for producing graphene [1]. Graphene 
and its derivatives are of  interest not 
only because of  their high electrical 
and thermal conductivity as well as 
mechanical strength [2, 3], but also 
due to their sensory properties for 



316

No. 3 | Vol. 11 | 2019 | RENSIT

creation of  optoelectronic, biological, 
gas and mechanical sensors [2, 4] 
and wide possibilities for practical 
application. The most popular methods 
for producing graphene are Chemical 
Vapor Deposition (CVD) [5] and 
its modification – plasma-enhanced 
chemical vapor deposition (PECVD) 
[5]. As a rule, PECVD method uses 
hydrocarbons (CH4 or C2H2) as sources 
of  carbon [6, 7]. PECVD method 
possesses numerous advantages 
including the possibility of  temperature 
drop to 450°C without using catalysts 
[6] and increase in the deposition rate 
[6] during the process. At the same 
time, direct plasma exposure can lead 
to the formation of  a high density of  
defects [8] in the films formed and the 
formation of  vertical carbon structures 
due to the intrinsic electric field [5]. 
The formation of  defects and vertical 
growth can be reduced by the remote 
plasma-enhanced chemical deposition 
method, in which the reaction chambers 
of  the plasma system and the CVD 
devices are spatially separated while 
the gas flows are combined [9]. On the 
other hand, such method complicates 
the installation for producing graphene 
and increases its cost. This study used 
the method of  separate use of  plasma 
deposition and heat treatment in the 
form of  two independent sequential 
stages. The electrical and structural 
properties of  the obtained material 
were investigated.

2. MATERIALS AND METHODS
First stage of  obtaining the samples 
involved deposition of  carbon on the 
surface of  SiO2 in a CH4 methane 
plasma at temperatures that were 
close to ambient. The power of  the 
generated inductively coupled plasma 
(13.56 MHz) ranged from 150 to 
200W. The reaction was carried out 
in a chamber previously evacuated 
to pressure of  0.001 mbar. When 
methane was launched at a flow 
rate of  30cm3/min, the operating 
pressure in the chamber rose to 
0.03 mbar. Total time of  processing 
samples in plasma was up to 12 min. 
At the second stage, the samples 
were subjected to heat treatment at 
a temperature 650°C for 30 min in 
an argon atmosphere. The obtained 
carbon films were studied by Raman 
spectroscopy (Ntegra Spectra), 
Atomic Force Microscopy (AFM) 
(Ntegra Spectra), and temperature 
dependencies of  the resistances, 
measured in the range from 80° K to 
300° K using a two-probe method.

3. RESULTS
Fig. 1a shows the Raman spectra of  
a sample treated in CH4 plasma with 
a power of  P = 200 W for 12 min 
before and after annealing. A wide 
photoluminescence band observed 
after plasma exposure is typical for 
hydrogenated amorphous carbon film 
(a-C:H) [10]. After heat treatment, this 
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band practically disappears. D-, G- 
peaks and their overtones (2D, D+G) 
corresponding for nanocrystalline 
graphite structures appear [11]. The 
nature of  the peak at the ~3150cm-1 

connects with vibrations of  the carbon-
hydrogen bonds of  the aromatic 
carbon ring [11]. The band observed in 
the range from 920cm-1 to 1050cm-1 is 
connected with the SiO2 substrate [12]. 
An increase in its intensity after heat 
treatment can be explained by a decrease 
in the thickness of  the deposited 
amorphous film, which was confirmed 
by the results of  AFM measurements.

Fig. 1b shows the R(T)-dependency 
normalized relatively to resistance 
at a temperature of  80° K. At the 
temperature less than 300° K, R(T) has 
a nonlinear character and changes by 
more than three orders of  magnitude 
with a decrease temperature to 80° 

K. In this case, it can be described by 
following equation [13]:

0
0( ) exp ,

nTR T R
T

 =  
 

  (1) 

where R0 is a constant coefficient and 
T0 is a characteristic temperature.  

The exponent depends on the 
mechanism of  conductivity and takes 
values of  1⁄2, 1⁄3 or  1⁄4 depending on 
the model of  transfer of  charge carrier.  
Values n = 1⁄2, 1⁄3 and 1⁄4 correspond 
to variable range hopping mechanisms 
in accordance with the Efros-Shklovsky 
model, for 2D and 3D systems, 
respectively [13, 14].   Value n can be 
determined from the dependency of  
LnR  on  T–n  although graphs for n 
shown on Fig. 1b are equal to 1⁄2, and 1⁄3 
do not allow to determine exactly which 
of  them more accurately describes the 
experimental data. Therefore, the self-
consistent method was used to refine 
the value of  n  [13]. Such method allows 
to determine lnW = A – n×lnT  using 

NANOSYSTEMS CONDUCTION MECHANISM OF NANOGRAPHITE 
FORMED BY METHANE PLASMA DEPOSITION AND....

Fig. 1a. Raman spectra of  the sample: 1 - after 
processing in plasma (P = 200 W, 12 min), 2 - after 

annealing.

Fig. 1b. The dependency of  the value of  relative 
resistance on the return temperature. 
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the equation,   where W is the reduced 
activation energy determined from the 
following expression:

0ln ( ) .
nTR TW n

T T
∂  = − =  ∂  

 (2)

Fig. 1c shows the dependency of  lnW  
on lnT  from the slope to which a value 
of  n = 1⁄2 was found which corresponds 
to the law of  Efros-Shklovsky. A slight 
deviation with increasing temperature 
can be caused by the influence of  
the thermo-activation mechanism 
prevailing at the T less than 300° K.

For the Efros-Shklovsky model, 
the characteristic temperature T0  is 
determined by the following expression 
[13]:

2

0

2.8 ,
4o ES

B

eT T
kπεε ξ

= =   (3)

where e is the electron charge, ε0 is 
the electric constant, ε is the relative 
permittivity, and ξ  is the length of  the 
range of  localization of  the electron 
wave function that corresponds to the 

half-length of  the graphene domain. The 
value of  the characteristic temperature  
T0 was determined from the slope of  
the lnR  dependency on  T-1/2 (Fig. 1c) 
which was ~13500° K. From the AFM 
measurements, the thickness of  the 
investigated film and the number of  
layers L = 3-4 were determined (with 
a graphene layer thickness of  3.41 Å). 
Taking ε = 4 for graphene flakes with 
the number of  layers L [15], a value of    
= 0.85 nm was found from (3). Thus, 
a size of  the graphene domain equal 
to d = 2  =~ 1.7 nm in nanocrystalline 
graphite.
4. CONCLUSION
The properties of  carbon films 
formed as a result of  plasma treatment 
in methane and subsequent annealing 
at T = 650°C were studied. Peaks 
typical for nanocrystalline graphite 
are observed in the Raman spectra 
of  the samples obtained. Mechanism 
of  electrical conductivity was 
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Fig. 1d. Graph of  the reduced activation energy 
versus the temperature on a logarithmic scale.

Fig. 1c. Dependencies of  relative resistances on T-1/2 
and T-1/3.
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established out of  R(T) dependency 
corresponding to the Efros-
Shklovsky law for localized states in 
graphene domains. Based on this, the 
size of  graphite nanocrystallites was 
estimated and the value of  ~1.7 nm 
was obtained.
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1. INTRODUCTION 
The market for electronic devices is growing 
rapidly and shifting more and more towards 
the personalized devices with large number 
of  different sensors. Among them devices 
for health monitoring are most claimed. In 
addition, 5th generation mobile networks 
that allow data collection and transfer from 
a large number of  different sensors have 
recently appeared. Another important trend 
of  the world healthcare is remote patient 
control without the need to visit a hospital. 
Based on the abovementioned trends, we can 
conclude that in the nearest future diagnostics 
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of  some diseases will be held completely 
online. And in the far future diagnostics 
of  the wide spectrum of  diseases will be 
made remotely that requires sophisticated 
systems for personal diagnostic. One of  the 
main requirements for such systems is the 
creation of  sensors that can directly measure 
presence of  specific pathogens since far 
from all diseases and pathologies can be 
determined by such indirect measurements as 
heart rate, pressure or ECG (today the most 
sophisticated smart bracelets and watches 
allow such measurements). Preferably new 
generation of  biological sensors should 
detect the presence of  pathogens or their 
markers in physiological fluids or human 
breathing. The development of  affordable 
sensors of  this kind could greatly simplify 
the chain that include taking medical tests; 
movement samples from the clinic to 
the laboratory, processing samples in the 
laboratory by qualified personnel, results 
transfer to the patient, results transfer to 
the doctor. According to last advances in 
data transfer technologies and in case of  the 
presence of  highly sensitive and selective 
sensors the abovementioned chain can be 
reduced to sample deposition on sensors 
and transfer results of  measurement to the 
patient and doctor. Great advance of  such 
approach is that results can be obtained in a 
few minutes.

Based on foregoing, it is possible to 
determine the basic requirements for 
biosensors: high accuracy, selectivity and 
velocity of  the test with minimal usage skills, 
possibility of  on-site detection and low cost 
of  the tests. 

Taking into account the above 
requirements for the biosensor, one of  
the most promising materials is reduced 

graphene oxide, obtained by reduction 
of  suspensions, films, or graphene oxide 
powders. Due to the presence of  functional 
groups and relatively high conductivity, 
reduced graphene oxide can be successfully 
used both for the formation of  a sensitive 
layer and transducer [1]. The advantage of  
graphene oxide is its good dispersibility, 
which makes possible graphene oxide 
deposition on various substrates by liquid 
methods, in particular, drop-casting [2], 
spin-coating [3] or aerosol deposition [4]. 
The reduction of  graphene oxide can be 
carried out with the retention of  a part of  
the functional groups, which subsequently 
can be used to immobilize bioavailable 
agents [5].

Several mechanisms of  reduction of  
graphene oxide can be distinguished: thermal 
[6], chemical [7] and photochemical realized 
using UV radiation [8], as well as methods 
based on the use of  lasers [9].

In this paper we showed the possibility of  
graphene oxide films formation with further 
local reduction of  these films using laser 
irradiation. The possibility of  controlled 
reduction of  graphene oxide with the presence 
of  a certain number of  functional groups 
and conductivity is also shown. Moreover, 
we immobilized short DNA oliguncleotides 
(aptamers) to reduced graphene oxide film 
through a modified EDC/HNS reaction. 
Aptamers as biosensitive agents have 
such advantages over antibodies as higher 
stability, much simpler and cheaper synthesis 
[10-14]. As a final point we demonstrated 
selective response of  sensors structures 
based on reduced graphene oxide with the 
binded aptamers to the target and reference 
proteins.
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2. MATERIALS AND METHODS
As the substrate for graphene oxide film 
deposition we used polyethylene terephthalate 
(PET) with a thickness of  175 μm and a 
lateral size of  the substrate of  40×40 mm. 
We used PET is due to the relatively high 
melting point, significantly exceeding 250°C 
that makes possible the heat treatment of  the 
deposited films, and acceptable mechanical 
characteristics, at a low cost. The preparation 
of  the substrates for the deposition of  
graphene oxide consisted in mechanical 
cleaning in 2-propanol (ECOS-1, Extra Pure, 
TU 2631-064-44493179-01).

An aqueous suspension of  graphene 
oxide (4.7 mg/ml) obtained by the advanced 
Hammers method (MIP Graphene LLC, 
Russian Federation) [15] was diluted with 
deionized water to a concentration of  1.5 
mg/ml and deposited on PET surface by 
spin-coating with the number of  iterations 
from 5 to 15. Obtained films were dried at 
a temperature of  110°C for 20 minutes. The 
thickness of  the obtained films was in range 
from 40 to 100 nm (according to atomic 
force microscopy).

Local restoration of  the graphene oxide 
film was carried out by an automated setup 
which included a diode laser (445 nm 
wavelength) and a motorized sample table 
[16]. Control of  the laser power in the range 
of  10-400 mW was carried out by pulse-
width modulation with a frequency of  
30 MHz. The pulse width ranged from 1 to 
20 μs. The processing time at the point was 
30 ms (the size of  the laser beam was about 
1.5·103 μm2).

For the formation of  a biosensitive 
layer, amine modified thrombin aptamers 
AmTBA with a nucleotide sequence 
(5'-GGTTGGTGTGGTTGG-3 ') were 

used. Aptamers were synthesized using 
standard chemistry of  phosphoramidites 
and purified by liquid chromatography 
(Apto-Farm, LLC, Russia). The amino 
group was introduced as a modified thymine 
residue at the 5'-end of  the DNA sequence. 
The binding of  aptamers to carboxyl groups 
contained in reduced graphene oxide was 
carried out using a commercially available 
electrophilic activator EDC (1-ethyl-3-
(3-dimethylaminopropyl) -carbodiimide 
(Sigma-Aldrich, USA) .The reaction was 
carried out in 100 mM buffer a solution of  
MES (2- (N-morpholino) ethanesulfonic 
acid, Sigma-Aldrich, USA), pH = 6.0, with 
the addition of  25% ethanol, at room 
temperature in an inert gas atmosphere. 
The final concentration of  the aptamer in 
the conjugation reaction amounted to 50 
μm. Binding occurred within 1 hour, after 
The solution was collected, centrifuged and 
analyzed by HPLC.

HPLC measurements were performed 
on an Agilent Technologies 1200 instrument 
with a DNA PAC 100 chromatographic 
column (particle diameter 4×250 mm and 13 
μm, Thermo Scientific, USA). The mobile 
phases were as follows: A: 10 mM Tris, 1 mM 
EDTA, pH = 7.5, 5% acetonitrile; B: 10 mM 
Tris, 1 mM EDTA, pH = 7.5, 1 M NaCl, 5% 
acetonitrile. The gradient program included 
two stages: 0-1 min - 30% B, 1-20 min 30-
50% B. The column temperature was 60°C, 
the flow rate was 1 ml/min. Detection was 
carried out by absorption at a wavelength of  
254 nm.

Raman spectra were obtained on a 
Centaur U HR combined AFM/Raman 
complex (NanoScanTechnology Ltd, Russian 
Federation).
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Fourier-IR spectroscopy was carried 
out on a Nicolet iS10 FTIR spectrometer 
(Thermo Fisher Scientific, USA) by the 
method of  impaired total internal reflection.

The surface topography of  the graphene 
oxide films was obtained using a Solver P47-
Pro scanning probe microscope (NT-MDT, 
Russia).

Thrombin was used as the target protein, 
and albumin was used as the reference 
protein. The response of  biosensors to the 
effects of  proteins was recorded using an 
IPS-16 sensor parameters meter (Pracktik 
NC Ltd., Russian Federation).

3. RESULTS AND DISCUSSION
3.1. afm imaGiNG of GrapheNe oxide 
films

We measured thickness of  the obtained 
films by atomic force microscopy and made 
correlation with made correlation with 
the transmittance of  the same films made 
by spectrophotometry. By the correlation 
between the spectrophotometric data, it is 
subsequently possible to make a fast control 
the thickness of  the deposited films. The 
dependence of  film thickness and optical 
transmittance on the number of  deposition 
iterations in on Fig. 1.

The thickness of  the obtained films was 
determined using atomic force microscopy 
according to the following procedure: a 
graphene oxide film was partially removed 
from the substrate with the end face of  
another PET substrate so that a step formed 
between the substrate and the graphene oxide 
film. The height of  the step was determined 
by the surface topography (Fig. 2). The 
morphology of  the film surface is typical 
for graphene oxide films and is similar to the 
morphology of  the film presented in [17].

Based on the data obtained, it is possible 
to note the presence of  a threshold number 
of  depositions - 10, at which the maximum 
film thickness is achieved. It is assumed that 
this threshold is due to the fact that upon 
depositions the film does not have time to 
completely dry. In this case the adhesion 
of  the upper layers of  the film is less than 
the centrifugal force for a given solution 
concentration and substrate rotation speed.

From the obtained data, it can be noted that 
the film thickness and optical transmittance 
have a linear dependence on the number 
of  deposition iterations and are inversely 
proportional to each other. The maximum 
film thickness is achieved at 10 iterations of  
deposition and is 90 nm. In this case, the 
optical transmittance is about 10±2%, which 
was used in the further preparation of  the 
sensor structures.

NANOSYSTEMS

                     a                                         b
Fig. 1. Dependence of  the thickness of  the formed films 
and the optical transmittance on the number of  deposition 

iterations.

Fig. 2. The topography of  the graphene oxide film (a) and 
the image of  the boundary of  the graphene oxide film and the 

PET substrate in the phase contrast mode.
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3.2. iNvestiGatioN of the features of 
the recovery of GrapheNe oxide films

The thickest graphene oxide films were used 
to study the features of  reduction by laser 
irradiation. The films were treated with laser 
fluence from 15.2 to 59.4 J/cm2. We assumed 
that at low fluence it will be weak reduction 
of  graphene oxide but with conductive 
channels formation and residual amounts of  
functional groups, that will be sufficient for 
aptamer binding. From the obtained results 
(Fig. 3) we can note that the ratio ID/IG is 
reduced to about 0.4 with increasing fluence 
to about 37 J/m2, which means that there 
is a removal of  structural defects, primarily 
due to removal oxygen-containing functional 
groups. When fluence is more than 60 J/cm2 

we observed destruction of  the film with 
partial ablation of  substrate. The maximum 
degree of  graphitization and according to 
Raman spectroscopy is achieved at a fluence 
of  48.3 J/cm2, which follows from the ratios 
ID/IG and I2D/IG. But considering the fact 
that the resistance and ratio ID/IG and I2D/IG 
vary in the range from 35 to 50 J/cm2, it is 
assumed that the resulting energy is sufficient 
to heat the graphene oxide film over the 

entire thickness. Increasing I2D/IG ratio tells 
us about structuring of  reduced graphene 
oxide due to the presence turbostratic 
graphite consisting of  several graphene 
flakes which have a random orientation in 
the layer. It is interesting to note that there 
is a significant correlation between the 
resistance of  the reduced areas and the ID/
IG ratio, that assumes quasi-linear nature 
of  the energy distribution in the irradiated 
graphene oxide film.

Based on the data of  Raman spectroscopy 
it can be concluded that the maximum number 
of  functional groups (i.e., structural defects) 
observed in 15-25 J/cm2 fluence range but 
nevertheless reduced graphene oxide film in 
this case shows conductivity. This fluence 
values were used in further work for sensor 
structures formation.

3.3. immobilizatioN of aptamers

To study the specific features of  the 
binding of  DNA nucleotides to reduced 
graphene oxide, we used a well-studied 
aptamer with affinity for thrombin [18] 
with amino modification (Am-TBA). The 
nucleotide sequence of  this aptamer: 
5’-GGTTGGTGTGGTTGG-3’. As it was 
shown in [19], TBA recognizes thrombin 
with very high affinity using its TT loops, 
and the core structure of  the G quadruplex 
stabilizes the exact location of  the loops. In 
this case we used the 5'-amino-thymidine 
modification of  the aptamer (Am-TBA), due 
to the fact that the addition of  nucleotide 
residues and functional groups at the 5'-end 
of  the TBA does not change the structure of  
the aptamer that binds thrombin and does 
not affect binding to the target protein [20]. 
The amine group in Am-TBA is necessary 
for covalent bonding by carboxyl groups 
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Fig. 3. Dependence of  the intensity ratios D, G, 
and 2 D of  Raman peaks and the resistance of  the 

reduced regions on the laser fluence.
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of  the reduced graphene oxide film pre-
activated with carbodiimide (EDC).

The EDC conjugation method is 
an extremely common practice for 
bioconjugation: the coupling reaction 
proceeds with a quantitative yield. However, 
when we applied this method to conjugate 
an amino-modified aptamer derivative with a 
reduced graphene oxide film, we saw that the 
hydrophobic surface effect of  the reduced 
graphene oxide plays an important role. 
We did not get a satisfactory yield with the 
standard reaction method. We have shown 
that the addition of  25% vol. of  ethanol to 
the reaction mixture improves the yield of  
the reaction.

HPLC analysis of  AmTBA amount 
allows only reactive carboxyl groups to be 
calculated. However, it is the number of  
active carboxyl groups that determines the 
number of  conjugated sensitive molecules 
on the surface of  the reduced graphene oxide 
and, therefore, it determines the effectiveness 
of  the biosensor.

Based on the amount of  the amino-
modified AmTBA aptamer, we calculated 
that the specific number of  carboxyl groups 
reaches 29 pmol per 1 mm2, maximum at 
fluence 42 J/cm2, 32 pmol per 1 mm2, at 
fluence 35 J/cm2 and 43 pmol per 1 mm2 

films at a minimum fluence of  25 J/cm2 

(Table).

Thus, we observed a tendency to increase 
the presence of  carboxyl functional groups 
with a decrease in the laser fluence and 
determined that laser treatment with a fluence 
of  about 25 J/cm2 is suitable for aptamer 
communication and, therefore, for the entire 
sensor. 

3.4. study of the features of 
immobilizatioN

The Raman spectra from the sensor 
structures before and after the aptamer 
interaction are shown in Fig. 4. In these 
spectra, we can observe D (~1350 cm–1), G 
(~1600 cm–1) and 2D (~2700 cm-1) bands 
respectively. It is known that the D band 
arises due to A1g symmetry and originates 
from the zone boundary phonons. The D 
band is usually attributed to various defects 
in the graphite lattice. The G band on the 
other hand is first-order scattering, related 
to E2g symmetry and corresponds to the 
Brillouin zone of  crystalline sp2 lattices in 
graphite [21].

Higher ID/IG ratio in the reduced 
graphene oxide indicates larger defect 
density [22, 23] i.e. including functional 
groups. Thus in our case we observe large 
defect presence in the sensitive area of  
biosensor including functional groups It 
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Table
Aptamer conjugation results.

Laser 
fluence,
J/cm2

The 
percentage 

change in the 
concentration 
of AmTBA,%

Quantitative 
change in the 

quantity of 
AmTBA, nmol

The specific 
amount of 

reactive carboxyl 
groups per unit 
area, 1012/nm2

25 32 3.2 43

35 29 2.9 32

42 26 2.6 29
Fig. 4. Raman spectra on the reduced surface of  
graphene oxide before and after aptamer interaction.
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has been reported that the 2D peak profile 
is sharp for pristine graphene, whereas low 
and wide 2D peak intensity as compared to 
D and G peaks indicates higher disorder 
rate in the GO structure [24]. From figure 
5 and abovementioned information on 
the nature of  Raman bands we can make 
next observations and deduction. One 
can see that there are 2 main features in 
spectra after coupling: change in ID/IG 
ratio (0.98-0.99 before to 0.86-1.13 after 
aptamer coupling) and decrease of  2D peak 
intensity. As we assume these effects could 
be corresponded to increase of  defect 
number due to presence of  aptamer-rGO 
conjugates with the trend and values ID/
IG ratio before and after aptamer coupling 
very similar to the effects obtained in 
[25, 26]. Authors of  [26] correspond this 
effect to the coupling of  polyethylenimine 
(PEI) to the graphene oxide. In our case, 
such comparison is legal due to low 
reduction rate of  graphene oxide that 
thus contains different functional groups. 
Based on abovementioned information 
we have indirect confirmation of  aptamer 
coupling that is confirmed further by FTIR 
spectroscopy (Fig. 5).

From Fig. 5 we can mention presence of  
several characteristic peaks we attribute to 
hydroxyl, carboxyl, carbonyl and epoxide. 
Broad peak at ~ 3400 cm-1 could be 
attributed to O-H stretching vibrations, i.e. 
hydroxyl groups presence [27]. One should 
note that this peak is clearly observed only 
in sensitive area after coupling reaction. 
Minor peaks at 2847 cm-1 (symmetric) 
and 2917 cm-1 (asymmetric) are –CH2 
absorption band that was split into two 
sub-bands and can be assigned to alkyl 
moieties (as a result of  the reduction of  
COOH to -CH3 segment) [28]. Relatively 
intensive peak at ~ 1720 cm-1 in case of  
reduced graphene oxide in contact area 
should be attributed to carboxyl groups 
presence, which means that reduction with 
low fluence doesn’t remove all functional 
groups. On the other hand, large decrease 
in this peak intensity after aptamer 
coupling means that we observe reaction 
between aptamer and carboxyl group. The 
same situation is described in [29] for 6 
arm polyethylene glycol amines conjugated 
with graphene oxide. According to [30] the 
peak at ~1720 cm-1 should be attributed 
to C=O carboxyl and carbonyl groups, 
peak at 1640 cm-1 can be attributed to the 
skeletal vibrations of  un-oxidized graphitic 
domains. Wide band at about ~ 1080 cm-1 
appears due to hydroxyls [31]. 

From FTIR spectra we can make a 
conclusion that after the graphene oxide 
reduction. A number of  functional groups 
still remain in the film. Moreover, after 
aptamer coupling, we observe decrease of  
the carboxyl peak intensity, which means 
transformation of  this groups after coupling 
reaction. It is that we want and predict for 
low reduction ratio.
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Fig. 5. FTIR spectra of  the biosensor in the region 
of  the reduced oxide with and without aptamers 

applied.
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3.5. seNsor respoNse research

We exposed the sensitive area with thrombin 
(target) and albumin proteins (reference) 
to get a response from the sensor. Sensors 
with a coupled thrombin-binding aptamer 
were exposed to thrombin (Fig. 6a) and 
albumin (Fig. 6b). We observed a significant 
difference between sensory signals acting on 
different proteins. The sensors also showed 
various signs of  resistance change,

Fig. 6 shows that there is a reaction to 
thrombin in which the response increases 
with increasing concentration of  thrombin, 
while in the case of  albumin there is no 
noticeable difference in response even at 
concentrations differing by 2 orders of  
magnitude. The latter fact suggests that 
albumin interacts nonspecifically with 
aptamers, whereas in the case of  thrombin, 
it is precisely the selective interaction of  the 
aptamer with thrombin that is observed. 
In addition, it is noticeable in Fig. 6a that, 
after reaching the maximum response, a 
resistance fluctuation is observed with 
a trend towards a return to the initial 
resistance. We attribute the fact of  
resistance fluctuation to protein desorption 
process, while in case of  albumin we 
observe nonspecific interaction of  albumin 
with aptamers, cause in case of  interaction 

with reduced graphene oxide surface we 
should observe must observe non-recovery 
response due strong coupling of  rGO with 
albumin like in [32]. The detection limit 
of  the developed sensor on thrombin is in 
range from 1 to 10 µM. 

CONCLUSION
In this work, we showed the possibility of  
the formation and controlled reduction of  
graphene oxide films using laser radiation. 
The possibility of  binding short DNA 
oligonucleotides (aptamers) with reduced 
graphene oxide through the carboxyl 
groups of  the latter was shown. The 
optimal range of  fluence values for the 
reduction of  graphene oxide is 15-25 J/cm2. 
Optimal binding of  aptamers is achieved 
with minimal fluence. The response of  the 
sensors to the target and reference protein is 
shown, and there are noticeable differences 
in the response to thrombin and albumin 
with a minimum detectable concentration 
of  the first 1 μM.
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Fig. 6. Response of  sensory structures to thrombin (a) and albumin (b).
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Abstract. The 4-methylphenylhydrazone N-isoamylisatin method consists of  
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(850-900 nm) extrema giving absorption peaks at 3-3.1 eV and luminescence at 
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organic composite are obtained. The current-voltage characteristics of  a thin-film 
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1. INTRODUCTION
The future simplification in the construction 
of  electronic circuits is directly related to the 
printing technologies of  flexible microcircuits, 
in which, to date, carbon materials 
demonstrate relatively high performance [1, 
2]. Such composites are of  particular interest 
when combined with organic and inorganic 
materials [3, 4]. On the other hand, the 
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achievements of  thin film organic electronics 
optimistically promise to enable the creation 
of  stable and fully functional devices on 
organic structures in the near future [5]. 
The construction of  heterostructures based 
on organics with the addition of  fullerenes 
allows not only to provide an acceptable 
quantum yield [6], but also makes it possible to 
construct 3D bulk barrier structures [7]. The 
use of  organic materials as a donor allows us 
to create a potential barrier similar to diode 
structures. The simplicity and cheapness 
of  the production of  organic functional 
layers and fullerene-containing materials 
(FCM) is an indisputable advantage over the 
more expensive and complex analogues in 
production [8].

Based on the above assumptions, in this 
work, an attempt was made to build an 
organic heterostructure based on FCM and 
organic material, 4-methylphenylhydrazone 
N-isoamylisatin (IMPH). We also attempt 
to draw analogies with classical solid state 
barrier structures in terms of  their optical 
and electrical properties. The FCM obtained 
by the low-temperature cracking method [9] 
was used as an acceptor. The synthesis of  the 
organic precursor was carried out according 

to the technique presented in previously 
published works [10, 11].

2. СOMPOSITION OF 
HETEROSTRUCTURES 
To determine the composition of  fullerene-
containing soot and to confirm the molecular 
structure of  IMPH, methods of  X-ray phase 
analysis and IR spectroscopy were used. 
The X-ray diffraction patterns of  FCM 
and IMPH were recorded on a DRON-
3 general-purpose X-ray diffractometer 
(Bragg-Brentano focusing scheme using a 
graphite monochromator) in the angular 
range - 2θ from 7° to 110°. An X-ray tube 
with a copper anode λ (Кα) = 0.154184 nm 
was used. The primary and secondary beams 
were limited by slits: horizontal — 0.25 mm, 
vertical — 6 mm, and Soller slits — 0.5 mm. 
The detector rotation speed is 0.5°/min, 
the time constant is 1·103 imp/s. Sample 
rotation speed –120 rpm (axis in the survey 
plane) (Fig. 1).

The proportion of  2.7% C60 
(Buckmisterfullerene, Table) in the total 
share of  93% in the carbon component of  the 
entire starting material and the corresponding 
peaks in the X-ray diffraction pattern (Fig. 1) 
allow us to classify the starting carbon 
powder as a fullerene-containing material 

NANOSYSTEMSALEXEY N. GUSEV, ALIM S. MASINOV, ANDREY S 
TYUTYUNIK, VLADIMIR S GURCHENKO

Fig. 1. X-ray diffraction pattern of  FCM sample (main graph) and 4-methylphenylhydrazone N-isoamylisatin (inset).
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[9]. An X-ray phase analysis of  IMPH in 
the solid phase showed that the organic 
precursor has a tetragonal system with sides: 
a = 19.27609045 Å; b = 19.27609045 Å; c 
= 14.14478333 Å. In this case, the simplest 
space group P4 can line up at angles: α = 
90°; β = 90°; γ = 90° (inset in Fig. 1).

3. HETEROSTRUCTURE 
SPECTROSCOPY 
Spectral analysis in the visible range (400–900 
nm) involved using a prismatic monochromator 
with a halogen lamp, with appropriate filters 
after normalization to the hydrogen line. 
Each of  the constituent functional layers of  
the general heterostructure was separately 
deposited on coverslips with corresponding 
volume fractions. The dependences of  the 
intensities of  the transmitted (T) and reflected 
(R) signals normalized to the spectra of  the 
initial substrates had at least 1.5·103 points 

with a prism rotation duration of  at least 30 
minutes (Fig. 2a).

The relatively even spectra of  R and T 
IMPH films 2.2–2.3 µm thick had short-wave 
(420–500 nm) and long-wave (850–900 nm) 
extrema giving absorption peaks at 3–3.1 eV 
and luminescence in the region of  1.4 eV 
(insets in Fig. 2a).

An attempt to preliminary estimate the 
band gap using the Tauka equation, by 
analogy with [12], showed the presence 
of  an energy barrier of  3.05 eV. FCM 
films deposited from a benzene solution 
had practically zero transmission and 
reflection spectra lying at the noise level 
of  the photomultiplier with an absorption 
coefficient even lower than that of  pure 
fullerene.

A characteristic feature of  the IR spectra 
of  IMPH and FCM (inset in Fig. 2b), in the 

NANOSYSTEMS SPECTRAL AND CONDUCTIVE PROPERTIES OF FILM 
GETEROSTRUCTURES BASED ON FILLERENE...

Table
Key FCM components

International 
name

Mass 
fraction,%

COD ID International name Mass 
fraction,%

COD ID

Carbon
Lonsdaleite

28.9 1100004 Buckmisterfullerene 2.7 9011073

Carbon 13.2 9012588 Supercubane 2.2 9012241
Carbon 12.9 2101499 Carbon 2.0 9012593
Carbon 12.2 9014004 Carbon 0.7 9012592
Carbon
Graphite 3R

9.7 1101021 Carbon
Graphite 2H

0.4 1011060

Carbon 7.7 9012594 Carbon 0.4 9012590

a b

Fig. 2. Optical spectra of  IMPH (a) — transmission (1), reflection (2), absorption peaks (insets). IR spectra (b) - IMPH 
(1) and FCM (2).
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region of  small wavelengths (3000–2500 
cm–1), is the presence of  several absorption 
bands associated with vibrations of  the 
С-H group [11]. The intensity of  the FCM 
peaks in this range is several times higher 
than the IMPH peaks. In the region of  
lower frequencies (2000–650 cm–1), the 
bands of  1375 and 1457 cm–1 are inherent 
for FCM, which can be assigned to the 
Csp3–H group, and peaks 669, 699 cm–1 to 
Csp2–H [13]. In the range (2000–650 cm–1), 
IMPH is characterized by the presence of  
peaks of  1672 and 1558 cm–1 associated 
with C = O and C = N groups, the peaks 
in the region of  1610–1364 cm–1 are due to 
stretching vibrations of  C = C of  benzene 
rings. The range of  1295–1054 cm–1 is 
C-N, С-С, С-H oscillations. Deformation 
vibrations of  С-H groups at 1128–744 cm– 1 
are observed in benzene rings and an alkyl 
substituent.

4. ELECTRICAL PARAMETERS OF 
THE HETEROJUNCTION 
To determine the electrical parameters, the 
heterojunction was created in the form of  
a “sandwich” structure (insert in Fig. 3). 
As the contact group, we used aluminum 
(Al) on a setall, 120 nm thick, with a 
specific resistance of  40 Ω/sq and indium 
tin oxide (ITO) with a specific resistance 
of  16–18 Ω/sq having a transparency of  
at least 82%. By the method of  pouring 
from a solution, IMPH was applied to ITO, 
and FCM to aluminum. Volume resistivity 
measurements were made at least 10 times 
using the Keysight B1500 Semiconductor 
Analyzer. Samples were placed in a sealed 
shielding chamber with a lighting matrix at 
a temperature of  20–25°C.

The current dependences of  the assembly 
were built according to the averaged eightfold 

point measurement with a voltage scan 
duration of  5, 10, 15 minutes. The ratio of  
the forward current to the reverse one in the 
interval from -1 V to +1 V, averaged over 
five cycles, amounted to 104 with apparent 
hysteresis in the positive quarter of  the 
I–V characteristics (Fig. 3). By analogy with 
classical semiconductor devices, for a carbon-
organic heterostructure, it is also possible to 
derive bias voltages at direct connection of  
0.45-0.5 V with access to a linear current 
section at 4.1 μA (Fig. 3). At the same time, the 
achievement of  reverse currents of  530 pA at 
a voltage of  -1 V may be due to the not ideal 
construction of  the space charge region and 
the presence of  recombination levels, which 
reduce the photosensitivity of  the FCM-
IMPH heterostructure to zero, in comparison 
with C60-4-methylphenylhydrazone of  
N-isoamylisatin [11].

5. CONCLUSION
The key result of  the study is a demonstration 
of  the possibility to build a potential 
barrier on the basis of  fullerene-containing 
material and the organic precursor 4 - 
methylphenylhydrazone N-isoamylisatin. 

Determination of  the studied materials 
composition by X-ray phase analysis 
confirmed the molecular structures of  the 

NANOSYSTEMSALEXEY N. GUSEV, ALIM S. MASINOV, ANDREY S 
TYUTYUNIK, VLADIMIR S GURCHENKO

Fig. 3. The current – voltage characteristics of  the 
FCM heterostructure is 4-methylphenylhydrazone of  

N-isoamylisatin (1-straight branch; 2-reverse branch).
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samples. Spectral analysis in the visible range 
yielded the characteristics of  reflection, 
absorption, and transmission, and also made 
it possible to calculate the energy barrier. The 
study of  IR spectra showed the presence of  
peaks characteristic of  both IMPH and FCM 
used. The addition of  an organic compound 
made it possible to significantly enhance 
the conductive properties of  the thin film 
structure of  a fullerene-containing material 
and to achieve a direct and reverse current 
ratio of  4 orders.

The type of  current-voltage characteristic 
indicates that there is a potential barrier due 
to different morphologies of  basic molecular 
systems which requires additional studies.

In general, the results confirm the 
prospects for research into organic 
quantum electronics, which, together with 
nanostructured carbon materials, will 
significantly expand the frontiers of  modern 
instrument engineering.

ackNowledGmeNts: The reported study was 
funded by RFBR, project number 19-32-90038. 

REFERENCES
1. Cao X, Lau C, Liu Y, Wu F, Gui H, Liu Q, 

Zhou C. Fully Screen-Printed, Large-Area, and 
Flexible Active-Matrix Electrochromic Displays 
Using Carbon Nanotube Thin-Film Transistors. 
ACS Nano, 2016, 10(11):9816-9822.

2. Chortos A, Koleilat GI, Pfattner R, Kong 
D, Lin P, Nur R, Bao Z. Mechanically 
Durable and Highly Stretchable Transistors 
Employing Carbon Nanotube Semiconductor 
and Electrodes. Advanced Materials, 2015, 
28(22):4441-4448.

3. Romanov NM, Zaharova IB, Malova MM, 
Elistratova MA, Mysihin SF. Vliyanie gamma 
izlucheniya na tonkie nanokompozitnye 
plenki MEH-PPV/С60 [The effect of  gamma 
radiation on thin nanocomposite films 

MEH-PPV/C60.]. St. Petersburg Polytechnic 
University Journal - Physics and Mathematics, 
2018, 11(4):24-34 (in Russ.).

4. Zaharova IB, Zimirov VM, Romanov NM, 
Kvyatkovskii OE, Makarov TL. Opticheskie 
i strukturnye svoystva plenok fullerena s 
dobavleniem tellurida kadmiya [Optical and 
structural properties of  fullerene films with 
the addition of  cadmium telluride]. Fizika 
tverdogo tela, 2014, 56(5):1024-1029 (in Russ.).

5. Izawa S, Shintaku N, Kikuchi M, Hiramoto 
M. Importance of  interfacial crystallinity 
to reduce open-circuit voltage loss in 
organic solar cells. Appl. Phys. Lett, 2019, 
115(6):153301.

6. Awartani O, Kudenov MW, Kline RJ, 
O’Connor BT. In-Plane Alignment in Organic 
Solar Cells to Probe the Morphological 
Dependence of  Charge Recombination. Adv. 
Funct. Mater, 2015, 25(8):1296-1303.

7. Page ZA, Liu Y, Duzhko VV, Russell TP, Emrick 
T. Fulleropyrrolidine interlayers: Tailoring 
electrodes to raise organic solar cell efficiency. 
Science express, 2014, 346(6208):441-444.

8. Nimith KM, Satyanarayan Nagarajan, 
Govindarao Umesh. Enhancement in 
fluorescence quantum yield of  MEH-PPV:BT 
blends for polymer light emittingdiode 
applications. Optical Materials, 2018, 80:143-
148; DOI: 10.1016/j.optmat.2018.04.046.

9. Rabotyagov KV, Shevchenko AI, 
Mazinov AS. Issledovanie struktury i 
fiziko-khimicheskikh svoystv poristykh 
uglerodnykh materialov, poluchennykh 
nizkotemperaturnym krekingom [Study of  
the structure and physicochemical properties 
of  porous carbon materials obtained by 
low temperature cracking]. Uchenye zapiski 
Krymskogo federalnogo universiteta i. V.I. 
Vernadskogo, Ser. Biology. Chemistry, 2015, 
1(67):125-131 (in Russ.).

10. Cigáň M, Jakusová K, Gáplovský M, 
and Filo J, Donovalová J, Gáplovský A. 
Isatin phenylhydrazones: Anion enhanced 
photochromic behavior. Photochem. Photobiol. 

NANOSYSTEMS SPECTRAL AND CONDUCTIVE PROPERTIES OF FILM 
GETEROSTRUCTURES BASED ON FILLERENE...



336

No. 3 | Vol. 11 | 2019 | RENSIT

Sci, 2015, 14:2064-2073.
11. Gusev AN, Mazinov AS, Shevchenko AI, 

Tyutyunik AS, Gurchenko VS, Braga EV. Volt-
ampernye kharakteristiki i fotoelektricheskiy 
effect geterostruktur fulleren C60-4-
methylphenylhydrazone N-isoamylisatin 
[Current-voltage characteristics and 
photoelectric effect of  heterostructures of  
fullerene C60-4-methylphenylhydrazone 
N-isoamylisatin]. Pis'ma v ZHTF, 2019, 
45(19):40-43 (in Russ.).

12. Evstropiev SK, Kylagina AS, Evstropiev KS, 
Kolobkova EV, Nikonorov NV, Soshnikov 
IP, Oreshkina KV, Hrebtov AI. Vliyaniye 
molekulyarnogo vesa polivinilpirrolidona 
na strukturu, spektral'nyye i nelineyno-
opticheskiye svoystva kompozitsionnykh 
materialov, soderzhashchikh nanochastitsy 
CdS/ZnS.[The effect of  the molecular weight 
of  polyvinylpyrrolidone on the structure, 
spectral and nonlinear optical properties of  
composite materials containing CdS/ZnS 
nanoparticles]. Optika i spektroskopiya, 2018, 
125(5):608-614 (in Russ.).

13. Rabotyagov KV, Mazinov AS, Gurchenko VS, 
Tyutyunik AS, Shevchenko AI, Ivanchenko IO, 
Arutinov NE. Sravnitel'naya kharakteristika 
tonkoplenochnykh fullerensoderzhashchikh 
struktur [Comparative characteristics of  
thin-film fullerene-containing structures]. 
Uchenye zapiski Krymskogo federalnogo 
universiteta i. V.I. Vernadskogo, Ser. Biology. 
Chemistry, 2019, 5(2):210-218 (in Russ.).

NANOSYSTEMSALEXEY N. GUSEV, ALIM S. MASINOV, ANDREY S 
TYUTYUNIK, VLADIMIR S GURCHENKO



337

RENSIT | 2019 | Vol. 11 | No.3

DOI: 10.17725/rensit.2019.11.337
Source detection in dispersive dnvironment
Venedikt M. Kuz’kin
Wave Research Center, A.M. Prokhorov General Physics Institute of  RAS, http://www.gpi.ru/
Moscow 119991, Russian Federation
E-mail: kumiov@yandex.ru
Sergey A. Pereselkov, Sergey A. Tkachenko
Voronezh State University, http://www.vsu.ru/
Voronezh 394006, RussianFederation
E-mail: pereselkov@yandex.ru; sega-tk@mail.ru
Yuri V. Matvienko
Institute of  Marine Technology Problems of  Far Eastern Department of  RAS, http://www.
imtp.febras.ru/
Vladivostok 690091, Russian Federation
E-mail: ymat@marine.febras.ru
Received 10.10.2019, peer reviewed 01.11.2019, accepted 07.11.2019
Abstract. The theory and implementation of  a new information technology for passive 
source detection in a dispersive environment is presented. The method is based on 
the processing of  the interference pattern formed by broadband noise source. The 
estimation of  noise immunity of  interferometric processing is received. The results of  
numerical analysis of  noise source detection using the Neumann-Pearson criterion in 
oceanic waveguides are considered.
Keywords: dispersion, interferometry, hologram, noise source, Neumann-Pearson test, 
detection characteristics

UDC 004.052.34
Acknowledgments: This work was financially supported by grants from the Russian Foundation for 
Basic Research (projects No. 19-08-00941, No. 19-29-06075) and the Presidium of  the Russian 
Academy of  Sciences No. 5 “Photonic Technologies in Sensing of  Inhomogeneous Media and 
Bioobjects”.

For citation: Venedikt M. Kuz’kin, Sergey A. Pereselkov, Yuri V. Matvienko, Sergey A. 
Tkachenko. Source detection in dispersive environment. RENSIT, 2019, 11(3):337-344; DOI: 
10.17725/rensit.2019.11.337.

INFORMATION TECHNOLOGIES

Contents 
1. Introduction (337) 
2. Noise immunity of  interferometric 

signal processing (331) 
3. Source detection by the Neumann-

Pearson criterion (333) 
4. Conclusion (335) 
References (335)

1. INTRODUCTION
In dispersing media, when multi-wave 
(multipath) propagation takes place, a 
mechanism of  self-organization of  the 
interference pattern (interferogram) of  a 
moving (or stationary) broadband noise 
source is possible. The interference 
pattern formats the stable system of  



338

No. 3 | Vol. 11 | 2019 | RENSIT

localized bands in the frequency-time 
variables [1]. The slope of  the bands is 
determined by the radial velocity of  the 
source (the projection of  the velocity 
towards the receiver). The frequency 
dispersion can be due to both the 
physical properties of  the environment 
and the presence of  the boundaries of  
the environment in which the waves 
propagate (waveguide propagation). 

The information technology for 
signal processing of  the source noise 
field (interferometric processing) is 
proposed by based on properties of  
interference pattern in waveguide. 
The offered information technology 
implements coherent accumulation 
of  spectral intensity along localized 
bands by using 2D Fourier transform 
of  interferogram. At the output of  
the 2D Fourier transformation of  
interferogram, the spectral density of  
the signal is localized in a narrow band 
in the form of  focal spots caused by 
interference of  modes (normal waves) of  
different numbers. In contrast of  noise, 
the accumulation of  interference along 
the interferogram bands is incoherent. 
The proposed interferometric signal 
processing makes it possible to solve 
the problem of  localization of  low-
noise sources with high noise immunity: 
detection, direction, determination of  
radial velocity, distance and resolution 
[2-6]. 

The 2D Fourier transform of  an 
interferogram is called a hologram, 
since it records and reconstructs 
the wave field of  the source. Image 

reconstruction is achieved by filtering 
the 2D spectral density of  the source 
on the hologram and application of  
the 2D Fourier inverse transform [2-
6]. This clearing of  the source signal 
from noise does not require knowledge 
of  the nature of  the signal, noise and 
transfer function. 

The application of  the proposed signal 
processing does not depend on the nature 
of  the dispersion. At the same time, the 
quantitative parameters of  the dispersion 
determine the effectiveness of  its use. The 
proposed signal processing allows a new 
understanding of  the statistical problem 
of  passive detection of  a noise signal 
at presence of  noise background. This 
paper presents a solution of  this problem 
based on the Neumann-Pearson criterion 
[7]. Its solution focuses on an advanced 
example of  sound propagation in an 
oceanic waveguide (the case of  waveguide 
dispersion) by using a single receiver.

2. NOISE IMMUNITY OF 
INTERFEROMETRIC SIGNAL 
PROCESSING
The efficiency of  interferometric 
processing is characterized by the limit 
(minimum) input ratio − signal/noise 
(s/n): qlim. When value  q0 ≥ qlim  coherent 
accumulation of  spectral intensity along 
interference bands is realized [2]. At this 
condition the source detection is stable 
and estimates of  the source parameters 
are close to real values. For the scalar 
component of  the source noise field and 
isotropic noise qlim ≈ 1.5/J2 [3]. Here J – 
is the number of  time intervals (samples) 
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at which coherent accumulations of  
spectral maxima of  the wave field along 
the interference bands are realized 

,tJ
T Tδ
∆

=
+

 (1)

where  Δt – time of  observation, T 
– duration of  noise realization of  
the source,   δT  the interval between 
samples. In order to noise realization to 
be independent, the duration  δT  must 
satisfy the condition  δT > Δf1, where  
Δf1 noise source spectrum width.  

Next, let's limit the area of  input 
values q0 ≥ 1.5/J. That is practical 
interest. Signal and noise are considered 
independent Gaussian random 
processes with zero mathematical 
expectations. Let’s put that in the band 
Δω1 = 2πΔf1  provides W localized 
bands with width Δω2 = 2πΔf2 and 
the contrast of  the interferogram, i.e. 
the visibility of  the bands, is equal to 
one. Along the interference bands, 
the intensity of  the useful signal 
accumulates coherently, and the noise 
–incoherently. These provisions are not 
fulfilled accurately. But as it is shown 
by the results of  computer modeling 
and nature experiments [2-6], the 
estimations remain quite correct.

Under the s/n ratio  q0  at the input of  
a single receiver at the initial time t = 0  
refers to the value of  

0
(0)(0) ,
(0)

s

n

Eq q
E

= =  (2)

where

( ) ( ) ( )2 2
1

0

1 10 0,  0,  ,s sE s d s
∞

′= ω ω = ∆ω ω
π π∫  (3)

( ) ( ) ( )2 2
1

0

1 10 0,  0,  n nE n d n
∞

′= ω ω = ∆ω ω
π π∫  (4)

− average energy of  useful signal and 
noise. Here  s′ω  and  n′ω   − selected signal 
frequencies and noise in the band  Δω1. 
The stroke above means averaging over the 
ensemble of  realizations. In accordance 
with (3), (4), the input ratio s/n (2) is equal 
to

( )
( )

2

0 2

0,  
.

0,  

s

n

s
q

n

′ω
=

′ω
 (5) 

The values in the numerator and 
denominator (5) are equal to the 
mathematical expectations of  the signal 
intensity and noise at the initial time

( ) ( ) ( ) ( )2 2
0 0,  ,      0 0,  .s s n nM s M n′ ′= ω = ω  (6) 

Signal dispersion and noise at the initial 
moment is [8]

( ) ( ) ( ) ( )
2 2

2 2
0 2 0,  ,     0 2 0,  .s s n nD s D n   ′ ′= ω = ω        (7) 

The average useful signal energy and 
noise during time accumulation  Δt  can 
be written in the form of  the addition of  
energies at time intervals of  duration T  
along the interference bands

( ) ( )
2

10

1 ,  ,
J

s j
j

E t Ws t d
∞

=

∆ = ω ω
π ∑∫  (8) 

( ) ( ) 2

1 0

1 ,  .
J

n j
j

E t WJ n t d
∞

=

∆ = ω ω
π ∑∫  (9) 

Suppose that the mathematical 
expectations of  the signal and interference 
do not depend on the moment of  
reference tj, that is ( ) ( )

2 2
,  js t sω = ω   and 

( ) ( )
2 2

,  .jn t nω = ω  Then expressions (8), 
(9) take the form
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( ) ( ) 22 2
2

1 ,s sE t W J s ′′∆ = ω ∆ω
π

 (10) 

( ) ( ) 2
2

1 ,n nE t WJ n ′′∆ = ω ∆ω
π

 (11) 

so at the output of  the time accumulation, 
the ratio s/n is equal to 

( ) ( )
( )

( )
( )

2

2
.ss

n n

sE t
q t WJ

E t n

′′ω∆
∆ = =

∆ ′′ω
 (12) 

Here  s′′ω   и  n′′ω    − selected frequency of  
the signal and noise in the band  Δω2. 

Using the input ratio s/n (5), the 
expression (12) is represented in the form

( ) ( )
( )

( )
( )

2 2

02 2
.s n

n s

s n
q t WJ q

n s

′′ ′ω ω
∆ =

′′ ′ω ω
 (13) 

At the initial time, the average useful 
signal energies (3) and noise (4) can also 
be expressed as   

( ) ( ) 22
2

10 ,s sE W s ′′= ω ∆ω
π

 (14)

( ) ( ) 2
2

10 .n nE W n ′′= ω ∆ω
π

 (15)

From the comparison of  expressions (3), 
(4) and (14), (15) we find 

( ) ( )2 22
1 2 ,s ss W s′ ′′ω ∆ω = ω ∆ω  (16) 

( ) ( )2 2
1 2n nn W n′ ′′ω ∆ω = ω ∆ω  (17) 

and then the expression (13) takes the 
form
q(Δt) = Jq0.       (18) 
According to (10), (11) during the 
accumulation of  mathematical 
expectations and dispersion of  useful 
signal intensity and noise are equal

( ) ( ) 22 2 ,     s sM t W J s ′′∆ = ω  ( ) ( ) 2
,  n nM t WJ n ′′∆ = ω (19)

( ) ( )
2

24 42 ,  s sD t W J s ′′∆ = ω    ( ) ( )
2

22 22 .n nD t W J n ′′∆ = ω   (20)

Thus, the multiple coherent summation 
of  the interference maxima of  the noise 
source wave field along the localized 
bands increases the output s/n ratio  q(Δt)  
by J  times with respect to the input value 
q0. This increase becomes quite clear if  
we consider an analogy with the coherent 
spatial signal processing of  a multi-
element antenna containing Q  receivers: 
with respect to a single receiver, the ratio 
of  s/n increases Q-times.

Recording an interferogram onto 
a hologram and clearing the domain 
of  spectral density localization from 
interference leads to an additional increase 
in the output ratio s/n compared to 
q(Δt). The 2D Fourier transform of  the 
interferogram localizes the 2D spectral 
density of  the useful signal within a narrow 
hologram band, the area of  which can be 
estimated as

1 .M
sS

t
−τ

=
∆

 (21) 

Here τM-1  – position of  the main maximum 
(M-1)-th focal spot on the time axis due 
to interference between extreme modes, 
where M – the number of  modes forming 
the source field at the receiving point [2]. 
Outside this band, the spectral density 
is practically suppressed. The spectral 
density of  the noise is distributed over the 
entire domain of  the hologram, the area 
of  which is equal to

1 1,n M MS − −= ν τ  (22) 

INFORMATION TECHNOLOGIESVENEDIKT M. KUZ'KIN, SEGEY A. PERESELKOV, 
YURI V MATVIENKO, SERGEY A. TKACHENKO



341

RENSIT | 2019 | Vol. 11 | No.3

where ( )1 1 1M Mwh−ν = − ω    −  position of  
the main maximum (M-1)-th focal spot 
on the axis of  cyclic frequency [2].  
Here h1M = h1 – hM, hm – horizontal wave 
number of  m-th mode; ω1 – average 
frequency of  spectrum width Δω1; w 
– radial velocity of  the source. In the 
2D Fourier  transformation, the energy 
does not change. Therefore, assuming 
that the noise power is uniformly 
distributed in the hologram region, 
the s/n ratio in the localization band 
of  the spectral density of  the useful 
signal (at the output of  interferometric 
processing) will be  

( ).n
hol

s

Sq q t
S

= ∆  (23) 

According to (18), (21), (22), expression 
(23) takes the form

0holq J q= γ  (24) 

where is the concentration coefficient 
1M t−γ = ν ∆ . In the case of  a unmoving 

source, the value |νM-1| replaced by the 
width of  the spectrum Δν in the hologram 
domain. 

For shallow water in the low frequency 
range (several hundred hertz) and source 
velocities w ≈ 1-10 m/s value |νM-1| ≈ 
0.07-0.7  Gz [2−6]. Setting accumulation 
time  Δt = 100 s, we obtain estimation γ = 
7-70. The difference in the mechanism of  
accumulation of  spectral intensity along 
the interference bands and the distribution 
of  the spectral density of  the wave field of  
the source and the noise on the hologram 
gives a high s/n ratio at the output of  the 
interferometric processing.

3. DETECTION OF THE SOURCE 
BY THE NEUMAN-PIRSON 
CRITERION
Neumann-Pearson criterion optimizes 
the probability of  correct detection p1 
(exceeding of  given level at the output of  
the processing at the presence of  useful 
signal) for a given probability of  false 
alarm p2, those. exceeding given level at 
the absence of  useful signal due to noise 
[7]. 
Probability density , ( )sn np x   of  random value 
Isn,n(Δt) equal to temporary accumulation 
of  spectral density

( ) ( ) ( ) 2

,
1

, ,
J

sn n j j
j

I t s t n t
=

∆ = ω + ω∑  (25)

has a complex form defined by the 
composition of  generalized  χ2-
distributions and probability density 
determined by the Hankel function of  
zero order of  the imaginary argument [8]. 
Here, the subscripts «sn» and «n» note the 
cases of  presence and absence of  a useful 
signal, respectively. In accordance with the 
central limit theorem for a large number 
of  terms J probability density , ( )sn np x   
approximates for Gaussian distribution. 
Since value Isn,n(Δt) ≥ 0, so , ( )sn np x  = 0  at 
x < 0  and for probability density  , ( )sn np x , 
when J >> 1, obtain  [8] 

( )
( )

( )( )
( )

( )( )
( )

2
,

,
,,

2
,

,

1 exp
22

exp , 0,
2

sn n
sn n

sn nsn n

sn n

sn n

x M t
p x

D tD t

x M t
x

D t

  − ∆  = − + ∆ π ∆   
 + ∆  + − ≥∆  

 (26)

Here Msn,n(Δt) and Dsn,n(Δt) – expectation 
and variance of  a random variable Isn,n  at 
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time moment Δt. According to (19), (20), 
(25) we have

( ) ( ) ( )2 22 2 ,sn s nM t W J s WJ n′′ ′′∆ = ω + ω  (27)

( ) ( ) ( )
2

2 22 22 .sn s nD t W J s WJ n ′′ ′′∆ = ω + ω  
 (28)

At the absence of  a noise, the mathematical 
expectation Mn(Δt) and variance Dsn(Δt) 
are determined by expressions (19), (20). 
The linear 2D Fourier transform has 
the Gaussian probability density as well. 
Therefore, the probability density of  the 
localized energy on the hologram has form 
similar to (26) by replacing expressions 
(27) and (28) by the relations

( ) ( ) ( ) ( )2 22 2 ,s nsn holM t W J s WJ n′′ ′′∆ = γ ω + ω  (29)

( ) ( ) ( ) ( )
2

2 22 22 .s nsn holD t W J s WJ n ′′ ′′∆ = γ ω + ω  
 (30)

Probability of  false alarm  p2 at 
the output of  interferometric signal 
processing equals to the probability that 
the noise level is more than given level g. 
So, probability of  false alarm equals to

( )
( )( )
( )

( )( )
( )

2

2

2

1 exp
22

exp .
2

n

ngn

n

n

x M t
p

D tD t

x M t
dx

D t

∞   − ∆  = − + ∆ π ∆   
 + ∆  + − ∆  

∫
 (31)

After simple transformations, taking 
into account the relationship (19), (20) 
between the quantities Mn(Δt) and Dn(Δt), 
expression (31) is reduced to the following 
form

( ) ( )2 1 0.5 0.5 0.5 ,n np = − Φ κ − +Φ κ +    (32)

where ( )2 ,n ng M tκ = ∆  Φ(x) –  error 
integral

 ( ) 2

0

2 .
x

tx e dt−Φ =
π ∫

The probability of  a false alarm 
is determined by the parameter nκ . 
Expectation Mn(Δt), according to (4), (17), 
can be represented as

( ) ( ) ( ) 1

2 2

0 0 ,n n nM t J E JM ∆ωπ
∆ = =

∆ω ∆ω  (33)

The noise energy density at the output 
of  the temporary accumulation (for fixed 
input power and samples) is higher, than 
it is greater the ratio of  the bands of  the 
signal spectrum and the interferogram. 

Probability of  correct detection p1   
at the output of  interferometric signal 
processing

( ) ( )
( ) ( )( )

( ) ( )

( ) ( )( )
( ) ( )

2

1

2

1 exp
22

exp ,
2

sn hol

g sn holsn hol

sn hol

sn hol

x M t
p

D tD t

x M t
dx

D t

∞   − ∆  = − +  ∆π ∆    
 + ∆  + −  ∆   

∫
 (34)

By using the ratios (12), (18), (24), (29), 
(30),    can be represented as

( ) ( )1 1 21 0.5 ,p = − Φ η +Φ η    (35)

where

( )1
2 1 ,
2 1

n hol

hol

q
q

κ − −
η =

+  (36)

( )2
2 1 .

2 1
n hol

hol

q
q

κ + +
η =

+
 (37)

One can see the probability of  correct 
detection is determined by the parameter     

nκ  and the s/n ratio  qhol  (24) at the output 
of  interferometric processing.

The given false alarm probability   p2 
determines the level of  g. This level g  
determines the probability of  correct 
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detection p1. Thus, it is possible to 
calculate the useful signal detection 
curves, representing the dependence 
of  the probability of  correct detection 
on the output (or input) s/n ratio at a 
fixed probability of  false alarm  p2. The 
range of  input relations of  s/n  q0 = 1.5/
J2   corresponds to the range of  output 
values of  s/n qhol ≥ 1.5γ/J. One can see, 
that the possibility of  correct detecting 
of  useful signal in interferometric signal 
processing for given probabilities p1 and 
p2 is not depend upon signal form and 
type of  interference. The possibility of  
correct detecting is determined only by 
the energy density of  the interference 
Mn(Δt), the number of  samples  J and the 
concentration coefficient γ.

The Fig. 1 shows the curves for correct 
detecting of  useful signal as dependence 
of  input s/n  ratio q0  for concentration 
coefficient γ = 10. Probability of  false alarm 
p2 = 10-3, 10-6, 10-9. Number of  samples 
J = 15, 30. These values corresponds to 
the limiting input relations of  s/n  qlim = 
0.00667, 0.00167. The decreasing of  the 

probability of  false alarm leads to the 
probability of  correct detection decreasing 
for a given input s/n ratio. At the samples 
increasing, the source detection efficiency 
increases.

4. CONCLUSION
In dispersing environment, the 
information technology for processing 
of  signal interferograms of  broadband 
sources is proposed. This information 
technology allows to solve the problem 
of  localization of  low-noise sources 
with high noise immunity. Of  course, for 
each type of  dispersing environment, the 
preliminary analysis of  the efficiency of  
the offered signal processing is required. 

The offered signal processing 
effectiveness is demonstrated by the 
example of  waveguide dispersion of  
oceanic waveguides for the problem of  
noise source detection by the Neumann-
Pearson criterion by using a single receiver. 
Noise immunity of  signal processing is 
estimated. Analytical dependences of  
detection curves are obtained. The results 
of  numerical calculations are presnted.
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1. INTRODUCTION
Nowadays the study of  earthquake resistance 
is carried out using high-quality computer 

modeling. The finite element method is mainly 
used [1-3] for this in up-to-date software. For 
simulation the propagation of  seismic waves 
through the geological rock, finite-difference 
methods might be used [4].

The grid-characteristic method was 
proposed in [5]. Recently, new modifications 
of  this method [6] and the corresponding 
computational algorithms for high-performance 
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computer systems [7] are being developed. 
The grid-characteristic method has been 
successfully applied to solve direct [8-10] and 
inverse [11] seismic prospecting problems. The 
grid-characteristic method was also applied 
to investigate the seismic stability of  high-
rise buildings [12,13], seismic isolation [14], 
composite oil pipelines [15], and nuclear power 
plants [16].

2. MODELS AND METHODS
To describe the behavior of  the simulated 
materials and water under intense seismic 
influences, the boundary-value problem of  
elastic wave equation:

( , ) ( ( , )) ,Tt t
t

ρ ∂
= ∇

∂
v r rσ  (1)

( ) ( ) ( )( )

( ) ( )( )( )
2 2

T2

, c 2 ,

, , .

P S

S

t c t
t

c t t

ρ ρ

ρ

∂
= − ∇⋅ +

∂

+ ∇⊗ + ∇⊗

r v r I

v r v r

σ
 (2)

and acoustic wave equation:

( ) ( ), , ,t p t
t

ρ ∂
= −∇

∂
v r r  (3)

( ) ( )( )2, , .p t c t
t

ρ∂
= − ∇⋅

∂
r v r  (4)

is solved jointly.
Hereinafter,   is the vector field of  the local 

velocity of  the medium (displacement derivative 
on time),   is the tensor field of  the symmetric 
second-order Cauchy stress tensor,   is the scalar 
field of  pressure in the acoustic medium,   is 
the density,  ,  ,   are the longitudinal (P-) and 
transverse (S- ) waves speeds in an elastic medium 
and the speed of  sound in an acoustic medium, 
respectively,   is the gradient vector,   is the unit 
tensor of  the second rank,   is the symbol of  the 
tensor product of  vectors,  .

The condition of  the free boundary was set 
at the boundaries with air, having the following 
forms for systems (1), (2) and (3), (4), respectively:

0,⋅ =mσ  (5)

0.p =

In expression (5),  m is the external unit normal 
to the boundary.

At the contact boundaries between 
subdomains with structured and unstructured 
computational grids and subdomains with 
various parameters of  the media, the contact 
condition of  complete adhesion was used for 
system (1), (2):

1 2 ,⋅ = ⋅m mσ σ  (6)

1 2 ,=v v  (7)

and system (3), (4):
p1 = p2,                (8)

1 2 .⋅ = ⋅v m v m  (9)

In expressions (6)-(9)   is the external unit 
normal to the boundary of  the body 1; the indices 
1 and 2 correspond to different contacting 
bodies.

At the contact boundaries between elastic 
and acoustic media, the following condition was 
used:

( ) ,p = − ⋅ ⋅m mσ  (10)

(( ) ) = 0,⋅ − ⋅ ⋅m m m mσ σ  (11)

.A E⋅ = ⋅v m v m  (12)

In expressions (10)-(12),   is the external unit 
normal to the boundary of  the elastic body; 
the indices E and A correspond to elastic and 
acoustic bodies.

To obtain numerically solution the systems 
of  equations (1), (2) and (3), (4), the grid-
characteristic method was used, which was 
described in detail in works [17, 18]. The 
Rusanov scheme was used [19]. For this, the 
system of  equations is written in the following 
form:

1 2 3
1 2 3

0.
t ξ ξ ξ
∂ ∂ ∂ ∂

+ + + =
∂ ∂ ∂ ∂

q A q A q A q

Here   is the vector of  unknowns composed of  
components of    and   for system (1), (2) and 
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composed of  components of    and   for system 
(3), (4). The directions of  the coordinate 
system   either coincide with the coordinate 
axes   when using structured computational 
grid, or locally in each cell coincide with 
the axes of  a curved computational grid. In 
this case, one can enter a vector   along the 
direction under consideration :

( , , ).j j x y zξ= ∇n

The eigenvalues of  each of  the matrices   
will run through the following sets of  values for 
systems (1), (2) and (3), (4), respectively:
{| | , | | ,| | , | | , 0},j P j P j S j Sc c c c− −n n n n  (13)

{| | , | | ,0}.j jc c−n n  (14)

The use of  curved computational grids 
requires not only large computational 
resources, but may also require a decrease 
in the time step to ensure the stability of  
the method due to the effective growth of  
wave propagation speeds in accordance with 
expressions (13), (14).

Models of  structures and the host geological 
massif  were used with the following elastic and 
acoustic parameters shown in Table 1.

The integration steps in time and 
coordinates were varied for different 
calculations and for different subregions in 
one calculation in accordance with Table 2. 
A seismic wave, longitudinal or transverse, 
with a wavelength of  50 m was set at an 
angle of  15° to the Earth's surface. The 
maximum amplitudes of  these waves for 
various calculations are also given in Table 2.

The total time was selected in such a way 
that after the propagation of  the wave under 
consideration, new damage would no longer be 
formed.

An example of  using separate 
computational grids to describe the complex 
geometry of  the computational domain is 
shown in Fig. 1 on the example of  the hall 
of  the metro station. Note that fragments 
of  computational grids at the edges of  
the figure are shown. The used integration 
steps on coordinates in different calculation 
grids for this calculation are presented in 
Table  3.

INFORMATION TECHNOLOGIES CALCULATION THE EARTHQUAKE STABILITY OF 
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Table 1
Elastic and acoustic parameters of simulated media.

Material P-wave 
speed, m/s

S-wave 
speed, m/s

Density,
kg/m3

Concrete 4250 2125 2300

Geological rock 2300 1400 2500

Ground under 
riverbed

2200 400 2400

Water 1500 - 1000

Table 2
Computational parameters.

Compu-
tation

Maximal 
coordi-
nate 

step, m 

Minimal 
coordi-
nate 

step, m

Time 
step, 
mks

Total 
time, s

Maximal 
value 
of v in 

P-wave/
S-wave, 

m/s

Building 0.05 0.025 5.875 0.47 0.24/0.25

Dam 0.5 0.07576 30 1.0 0.375/1.0

Station 0.04 0.02 4.7 0.141 0.1/0.1

Foot-
bridge

0.02 0.02 4.7 0.47 0.25/0.25

Fig. 1. Separate computational grids: metro station.

Table 3
Steps of separate computational grids: metro station.

Grids 
numbers

1, 3, 13, 15 4, 10 2, 14 5, 6, 7, 8, 
9, 11, 12

Step 
along 
OX, m

0.04 0.04 0.02 0.02

Step 
along 
OY, m

0.04 0.02 0.04 0.02

Material Geological 
rock

Geological 
rock

Geological 
rock

Concrete
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To simulate the destruction of  materials, 
the criterion for the main stress was used. 
Concrete with a strength of  1 MPa was 
considered. In this case, the bearing walls 
of  the footbridge and the columns of  the 
metro station were considered reinforced 
with a strength of  2.5 MPa. When modeling 
the dam, soil with a strength of  3 MPa was 
considered.
3. RESULTS AND DISCUSSION
In Figs. 2-5 the earthquake resistance 
calculations of  a multi-story residential 
building, an earth dam of  a hydroelectric power 
station, a metro station, and a footbridge under 
roadway are shown respectively. A dam with a 
height of  56 m and a base area of  66 m was 
considered. The metro station was located at a 
depth of  25 m.

Figs. 2a, 2c, 3a, 3c, 4a, 4c, 5a, and 5c 
correspond to the action of  the P-wave, Figs. 
2b, 2d, 3b, 3d, 4b, 4d, 5b, and 5d correspond to 
the action of  the S-wave. The corresponding 
time moments are presented in Table 4. In 
Figs. 2a, 2b, 3a, 3b, 4a, 4b, 5a, and 5b the wave 
patterns are shown, in Fig. 2c, 2d, 3c, 3d, 4c, 
4d, 5c, and 5d the areas of  destruction are 
shown.

The calculations performed demonstrate the 
possibility of  joint solution of  systems (1), (2) 
and (3), (4) in heterogeneous regions of  complex 
shape and the subsequent determination of  the 
weaknesses of  the structures under consideration 
depending on the type of  seismic impact.
4. CONCLUSION
The grid-characteristic method on structured 
and combined structured and curved grids 
allows to successfully calculate the localization 
of  the damaged areas of  complex objects: multi-
story buildings, metro stations, footbridges, 
hydroelectric power stations dams. The 
main features of  this modification of  the 
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Fig. 2. Multi-story residential building.
                     c                                           d

                     a                                           b

Table 4
Time moments in wave patterns presented in the paper.

Compu-
tation

Building Dam Station Footbridge

Wave 
type

P-
wa-
ve

S-
wa-
ve

P-
wa-
ve

S-
wa-
ve

P-
wa-
ve

S-
wa-
ve

P-
wa-
ve

S-
wa-
ve

Time 
mo-
ment, 
ms

94 141 43.33 224.1 21.15 35.25 28.2 25.85

Figure 
number

Fig. 
2a

Fig. 
2b

Fig. 
3a

Fig 
3b

Fig. 
4a

Fig. 
4b

Fig. 
5a

Fig. 
5b

Fig. 3. Dam of  hydroelectric power station.
                     c                                           d

  

                     a                                           b

  

Fig. 4. Metro station.
                     c                                           d

  

                     a                                           b
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grid-characteristic methods are described in 
the paper. Particular attention is paid to the use 
of  separate computational grids to describe 
the complex geometry of  the computational 
domain and to vary the step along the coordinate 
axes. Test calculations of  seismic resistance of  
various structures were carried out. The use of  
combined structured regular and curved grids 
allows to save computing resources and to use 
more detailed computational grids and models 
of  the structures under consideration. It is shown 
that the grid-characteristic method allows highly 
accurate calculation of  elastic and acoustic wave 
processes in heterogeneous objects of  complex 
shape.
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Abstract. Seismiс prospecting is one of  the most popular methods of  revealing oil and gas reservoirs 
in the North seas. Geological media, which contain hydrocarbon layers, often include different    
heterogeneities, for example, fractures. Many scientific works are devoted to modelling fractures 
and ways of  considering them in various mathematical problems, but the Linear Slip model, known 
as Schoenberg model of  fracture, is still the most actual, though this model was developed at the 
end of  the last century. This model is characterized by the presence of  an additional parameter — 
so called fracture opening parameter, describing fractures. In this work, we present the algorithm 
of  introducing the Schoenberg fracture model in the grid-characteristic method. The fracture 
is organized to be parallel to the boundaries of  the modelling grid. The fracture is situated on 
the border of  the two media with the same characterizing parameters. We describe in detail the 
algorithm of  computing the meanings of  velocity and stress tensor in the points on the border with 
the fracture. In order to verify the correctness of  the developed approach to modelling a fracture 
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1.INTRODUCTION
Fractures are often a barrier on the way of  
exploring the chosen territory during conducting the 

geological works on oil and gas deposits extraction 
[1, 2]. They bring in a significant summary into the 
seismogramms, got as a result of  geological layers 
exploration.   Therefore, it is necessary to take into 
account fractured media while modelling the chosen 
area in order to obtain more accurate results of  
seismic data processing. 

In reality, the sizes of  most fractures are of  that 
sort that the ratio of  their width to their height is 
equal to zero in the limit [3] . These fractures are 
described by an abstract model of  an extremely thin 
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fracture. In this work, we explore only models of  
extremely thin fractures. A fracture is described by a 
set of  contact and border conditions in the place of  
its establishment in the computational area.

There are different ways of  modelling the 
seismic waves spread in fractured media. For 
example, hierarhical grids are applied to modelling 
statical fractures [4]. In the work [5], authors 
use the pseudospectral method for modelling 
fractures with not equal to zero parameter of   
viscosity.

Hudson model [6] and Schoenberg model [7] are 
the most well-known models, used for describing 
fractures. In the Hudson model, a fracture is 
described by the parameter of  effective stiffness, 
which is linearly or quadratic (first or second order 
of  accuracy, accordingly) dependent from the so-
called parameter of  fracture density [8].

In Schoenberg model [9, 10], the condition of  
equal normal components of  the stress tensor is 
set on the boundary of  a fracture. In addition, the 
way of  computing the normal components through 
special parameters of  fracture opening, dependent 
from  the medium, filling the fracture, is supposed. 
The Schoenberg model was already introduced in 
the well-known Galerkin method, the results can be 
found in  [11]. 

In this work, we introduce the method of  
computing geological media with a fracture with 
the help of  the grid-characteristic method and the 
induced Schoenberg model for the 2D case, which is 
done for this method for the first time. The contact 
conditions on the boundary with the fracture are 
described in detail. In addition, we present the 
example of  numerical modelling for the seismic 
reflection from the fracture on the boundary of  two 
media. 

2. DETERMINANT EQUATIONS
For describing the spread of  elastic waves in a 
homogeneous medium, we used the system of  
linear-elastic equations [12]:

( ) ,T

t
ρ υ σ∂

= ∇⋅
∂

 (1)

( ) ( ) ( )( ) ,TI
t
σ λ υ µ υ υ∂
= ∇⋅ + ∇× + ∇×

∂
 (2)

where ρ  is the medium density, υ is the speed 
of  elastic waves spread in the medium, σis the 
Caushy stress tensor, λ and μ are the Lame 
parameters, determining the properties  of  the 
elastic material. 

For fracture describing, we used the equations 
from the model of  Schoenberg [13]:

,left right
xx xxσ σ=  (3)

,left right
xy xyσ σ=  (4)

( ) ,right leftxx
N x xK v v

t
σ∂

= −
∂

 (5)

( ).xy right left
T y yK v v

t
σ∂

= −
∂

 (6)

In (3)-(6) the indexes «left» and «right» denote the 
medium on the one side (left) and the medium on 
the other side (right) from the fracture.

KN and KT are the normal and tangential 
components of  the parameter of  fracture opening. 
These characteristics are known beforehand 
or can be calculated. The description of  the 
theoretical computation of  normal and tangential 
components of  fracture opening are presented in 
the work [14], the description of  calculating the 
parameter of  fracture opening as a result of  the 
laboratory experiment is presented in the work 
[15]. The width of  the fracture is considered to be 
extremely small.

3. NUMERICAL METHOD
For solving the system of  linear-elastic equations (1), 
(2) we used the grid-characteristic method [16]. For 
computing the homogeneous medium, we applied 
the Laks-Wendroff  scheme of  the second order of  
accuracy [17] :

( )

( )

1
1 1

2 2

1 12

2

2 .
2

n n n n
i i i i

n n n
i i i

ctu u u u
h

c t u u u
h

+
+ −

+ −

= − − +

+ + −
 (7)

In order to compute fractures, we also used 
the grid-characteristic method, but with some 
modifications. Now, we examine the algorithm of  
computing points on the boundary with the  fracture 
in more detail. 

For this, we present the system of  equations (1), 
(2) in the following form:
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0,x y
q q qA A
t x y

∂ ∂ ∂
+ + =

∂ ∂ ∂
 (8)

where q = {σxx, σxy, σyy, υx, υy}. Ax and Ay  are matrixes, 
made up from the corresponding components of  
the equations (1), (2):

1      0               0         0      0

1      0               0         0     0  

2          0         0     0       0
     0        2    0     0       0
     0                   0     0

x

p

p
A λ µ

λ µ
µ

−

−

= − −
− −
−

.

       0

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (9)

1      0         0       0      0    

1      0         0       0       0

      0            0      0      0
          0        0      0      0
          0        0      0      0

y

p

p
A

λ
λ
µ

 −



−
=
 −
 −
 −

 

.












 (10)

As a result of  adopting the method of  
coordinates splitting in space, we obtain two 1D 
systems of  equations:

0,   , .i
q qA i x y
t i

∂ ∂
+ = =

∂ ∂
 (11)

Now, we examine the system of  equations (11) 
for the x-coordinate:

0.x
q qA
t x

∂ ∂
+ =

∂ ∂
 (12)

Hereinafter, we consider the fracture, situated 
perpendicular to the X-axis, parallel to the 
boundaries of  the computational grid cells.     We 
can make analogous transformations, which are 
presented lower, for the case, when the fracture is 
located perpendicular to the Y-axis.

The system of  equations (12) is hyperbolic, 
therefore it can be represented in the form :

1 0,x x x
q q
t x

−∂ ∂
+Ω Λ Ω =

∂ ∂
 (13)

where Ωx is the matrix, made of   the eigenvectors, 
Λx is the matrix with the eigenvalues on the diagonal.

The eigenvalues of  the matrixes Ax, Ay are: {-cp, 
cp, -cs, cs, 0}, where cp is the longitudinal sound velocity, 
cs is the transverse sound velocity.

After the variable change, the system (13) will 
look as following:

0.x
p p
t x

∂ ∂
+ Λ =

∂ ∂
 (14)

The system (14) contains five independent 
equations, which can be solved by any differential 
scheme [17].

We examine the case of  computing points on the 
boundary of  the fracture with the help of  the CIR 
scheme [17]. The scheme looks as follows:

( )1
1 ,n n n n

i i i i
ctu u u u
h

+
+= − −  if  c > 0,      (15)

( )1
1 ,n n n n

i i i i
ctu u u u
h

+
−= − −  if  c < 0.      (16)

In (15), (16) the index i signifies the number 
of  coordinate (for example, x), the index n 
denotes the number of  time, t is the time step, 
h — is the coordinate step, c is velocity. From 
equations (15), (16), it follows that points on the 
left side of  the fracture can be calculated only for 
vectors, corresponding to negative eigenvalues 
(-cp, -cs) . Points on the right side of  the fracture 
can be calculated only for vectors, corresponding 
to positive eigenvalues (cp, cs). For solving the 
remaining two systems of  equations on the left 
and on the right, we need additional boundary 
conditions (3)-(6). 

Now, we explore in detail the algorithm of  
computing points on the left side of  the fracture 
for positive characteristics (the algorithm of  
computing points on the right side of  the fracture 
for negative characteristics is the same). For this, 
we introduce an additional ghost-node border+1 
on the right side of  the border node [18] into 
the examined computational grid and place 
such values into the node border+1, so that the 
conditions (3), (4) are fulfilled on the boundary of  
the fracture on the next time step. The conditions 
(5), (6) allow to calculate the values σxx,σxy on 
the (n+1)-th time step. In this work, we solved 
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the equations (5), (6) with the help of  the Eiler 
method:

( ), 1 , , , ,left n left n right n left n
xx xx N x xK v vσ σ+ = + −  (17)

( ), 1 , , , .left n left n right n left n
xy xy T y yK v vσ σ+ = + −  (18)
For describing the boundary conditions, we 

used the non-reflecting boundary conditions [19]:

0,outuΩ =  (19)
where Ωout is the matrix of  the eigenvectors, 
corresponding to the outcoming characteristics  (in 
other words, negative meanings of  the characteristics 
for the matrixes Ax, Ay).

4. RESULTS
We carried out the numerical modelling of  the 
seismic response from an extremely long fracture 
in a homogeneous medium for the 2D formulation 
of  the problem. The initial impulse was described 
through the definition of  the stress tensor inside a 
unit circle with the help of  the following formula: 

2 2

( , ) ( , )

( 2.2) ( 3.0)exp ,
0.035 0.035

1.7 2.7,2.5 3.5.

xx yyx y x y

x y

x y

σ σ= =

 − − −
= − 

 
< < < <

 (20)

The homogeneous medium was described 
by the following parameters. The speed of  the 
longitudinal waves was equal to 2 m/sec., the speed 
of  the transverse waves — 1 m/sec . The medium 
density was equal to 1 kg/m3. The computational 
area was 9 m along the X-axis and 6 m along the 
Y-axis. The extremely thin fracture along the whole 
computational grid was situated vertically on the 
boundary x = 3 m (Fig. 1). 

In the calculations, the time step was equal to 
0.005 sec., the coordinate step for X- and Y-axis 
was 0.025 m. The value of  the normal component 
of  the fracture opening parameter KN was equal to 
400 Pa/m, the value of  the tangential component of  
the fracture opening parameter KT was 0 Pa/m. The 
same medium with the parameters, described earlier 
in this section, is situated on the left and on the 
right side of  the fracture. We calculated the spreads 
of  the seismic impulse in the right and left areas  
relative to the fracture independently,  excepting the 
border points, where we changed the values of  the 
normal and tangent components of  the stress tensor 
(according to the border conditions (3)-(6)). At this 
stage, we made all the calculations one after the 
other. Later on, the calculations will become faster 
with the help of  parallelization, for example, using 
the MPI technology [20].

Figures 1, 2, 3 depict wave patterns of  the 
seismic impulse spread (namely, the normal 
component of  the stress tensor σxx). Fig. 1 presents 
the seismic impulse at the initial moment of  time. 
Figs 2, 3 introduce the consistent momemts of  the 
seismic wave reflection from the fracture and its 
further spread in the homogeneous medium .
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Fig. 1. Wave patterns for the seismic impulse spread  
(namely, the normal component of  the stress tensor  σxx) in the 
homogeneous medium at different consistent moments of  time.

Fig. 2. The seismic impulse at time 0.7 sec.

Fig. 3. The seismic impulse at time 1.0 sec.
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5. CONCLUSION
In this work, we introduced the realization of  
the Schoenberg fracture model into the grid-
characteristic method. We interposed the Schoenberg 
model, which is widely used for modelling 
fractured media, in the grid-characteristic method 
with the help of   the additional corresponding 
boundary conditions  in the computational area, 
where the fracture is situated. We presented the 
detailed description of  calculating the points on 
the boundary of  the fracture for the 2D case. The 
boundary conditions were introduced through the 
CIR scheme of  the first order of  accuracy, while 
the other points of  the computational grid were 
calculated using the Laks-Wendroff  scheme of  the 
second order of  accuracy.

As an example, we carried out the test calculation 
of   the seismic waves spread in the homogeneous 
medium with the vertical fracture for the case, when 
the tangential component of  the fracture opening 
parameter was equal to zero. Wave patterns, depicting 
the normal component of  the stress tensor, showed  
the reflected wave from the fracture and further 
spread of  the seismic wave across the homogeneous 
medium.

Later on, we suppose to make the parallelization 
of  the introduced  algorithm for computing the 
seismic waves spread in a homogeneous medium with 
a fracture. It will help to speed up the computations 
significantly. In addition, the logic continuation 
of  this work is the development of  the analogous 
algorithm for computing fractured media for the 3D 
case.
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1. INTRODUCTION
Nowadays a lot of  information is 
transmitting through geostationary 
satellite transponder (GST) because 
of  the development of  needs for the 
global informational exchange among 
multiply users. The using of  this method 
of  informational exchange is especially 
convenient when transferring information 
is over long distances, in conditions of  
sufficiently long sessions of  information 
exchange and when sufficiently large 
amounts of  information are transferring.

But such channels are not always used 
sanctioned. There are a lot of  opportunities 
for the opening of  the protection of  
informational exchange networks and 
the gaining access to the data channels 
(DC) because of  the development of  the 
computer technologies. The struggle against 
unauthorized using of  DC with GST may be 
organized with the using of  one or two GST 
and Earth control stations (ECS) associated 
with it. The determination of  coordinates of  an 
unauthorized radio electronic station (URES) 
is made by using ECS, the unauthorized 
access session is logged and the application 
to the Radiocommunication Bureau of  the 
International telecommunication community 
(ITC) is being prepared, on the basis of  which 
administrative measures are taken to prevent 
the operation of  the URES. Such a problem 
for the present situation to determine the 
coordinates of  the transmitter by various 
methods devoted a lot of  publications [1 - 4, 
etc.].

This article discusses the method of  the 
determining of  the coordinates of  the URES 
using one GST and one associated ECS. 
The scheme of  the information exchange is 
shown in Fig. 1. This figure also shows the 

authorized DC between the first and second 
Earth stations (ES).

The URES transmitter uses the frequency 
resource of  GST and essentially it is a source 
of  interference. It is possible to determine its 
coordinates by a small Doppler shift of  the 
received frequency, formed as a result of  the 
constant movement of  GST in some area of  
space relative to the position given for it in 
the geostationary orbit. Such shifts may be 
tens of  kilometers [1] and the trajectory of  
the GST are known.

2. MATHEMATICAL MODEL 
OF THE INFORMATION 
TRANSMISSION CHANNEL
Consider the phenomenological model of  
the data channel, for which the important 
factors are the signal received at the input 
of  the receiver of  the Earth control station, 
the coordinates of  the transmitter and the 
carrier frequency of  the signal emitted by the 
transmitter.

According to [5] the observation equation 
has the form:
z(t) = U(t)cos (ωTt + φ(t)) + n(t),        (1)
where U(t) – the signal amplitude; n(t) – the 
channel additive white Gaussian noise with 
characteristics:
the mathematical expectation: 
M(n(t)) = 0,          (2)
the dispersion (second central moment):
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2
2 2 0 2 1( ( ) ( )) / 2 ( ),nM n t n t N t tσ δ= = −  (3)

N0 – the one-way spectral noise power 
density, δ( ) – Delta function; the density of  
the channel noise:

( )
2

2 
  2 ,1 

2
n

n

n

p n e σ

πσ

−

=  (4)

φ(t) – the random phase shift, determined by 
the double Doppler frequency shift on the 
signal propagation paths transmitter URES – 
GST and GST – Earth receiving station, and 
described in accordance with the models of  
parameters of  radio signals presented in [6], 
the equation of  state:

( ) ( )
( ) ( ) ( )

 ,

   ,

t t

t t n tω

ϕ ω

ω αω



 =− +

=



 (5)

nω – the parametrical Gaussian noise, 
same described in (2) – (4) with the zero 
mathematical expectation and the dispersion 
(standard deviation) 2 .ωσ

The results of  the frequency 
measurements at the Earth control station is 
used for the estimation of  the location of  the 
unauthorized signal source. The frequency 
of  the received signal fR is associated with the 
coordinates of  the transmitting station rT in 
the form:

( ) 
1 1 ,

||| |  

t
s T s D

R T f
s

v r r vf f
c r r c

  −  = + + ∆ +    −     
 (6)

where fR – the carrier frequency of  the 
received signal; fT – the carrier frequency of  
the transmitting signal; vS – the velocity vector 
of  the satellite in the observation period

( , , ),t
s s s sv x y z=   

 rS – the position vector 
of  the satellite in the observation period 

( , , ),t
s s s sr x y z=  rT – the position vector of  the 

transmitter ( , , ),t
T T T Tr x y z=  ∆f – the frequency 

offset in the satellite repeater; vD – the scalar 
rate of  range change between satellite and 
receiver; c – the spread speed of  the signal, c 

= 3·108 м/с; the upper index «t» denotes an 
algebraic transposition operation.

Cartesian geocentric coordinate system is 
used to determine vectors rS и rT.

3. ESTIMATION OF COORDINATE 
VECTOR OF THE UNAUTHORIZED 
TRANSMITTING STATION
We will use the expression (6) to determine the 
coordinates of  the unauthorized transmitter. 

It is fair for frequency of  the received 
signal with expression (1) and with that 
frequency is derivative on time from a phase 
of  a signal:

( )( )1  .
2R Tf tω ϕ
π

= +   (7)

We will use the geocentric Cartesian 
coordinate system as the coordinate system. 
In this coordinate system, the difference 
between the position vectors of  the GST 
and the transmitter has the following 
representation:

   .
 

T s

T s T s

T s

x x
r r y y

z z

− 
 − = − 
 − 

 (8)

The norm of  the difference of  these 
vectors has the following representation:

( ) ( ) ( )2 2 2   T s T s T s T sr r x x y y z z− = − + − + −  (9)
In consideration of  (7) – (9) expression 

(6) has the representation:
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 (10)

Convert expression (10) to a more 
convenient representation. Enter the 
designation for this:
Bs = 1+  vD/c,
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and we present the dependence of  the 
measured parameter, which is a random 
component of  the signal phase φ(t), from the 
unknown parameters of  the unauthorized 
RES – coordinates of  the transmitter and the 
carrier frequency of  the transmitter:

2 2 2

( )
( ) ( ) ( )
( ) ( ) ( )

( 1) ,

s T s s T s s T s
s T

T s T s T s

T s s

t
x x x y y y z z zB
c x x y y z z

B Bω

ϕ

ω

ω

=
− + − + −

= +
− + − + −

+ − + ∆



  

 (11)

where 2 , 2 .f T Tfω π ω π∆ = ∆ =

In order to be able to estimate the 
parameters of  the unauthorized RES, we 
will use the decomposition of  the right part 
of  the expression (11) into a Taylor series in 
the vicinity of  the current estimate of  the 
coordinates of  the URES on the ground 
and the current estimate of  the transmitter 
frequency and limit ourselves to members of  
the first order of  smallness. 

It is required to find the partial derivatives 
of  the right part of  the expression (11) on 
the vector of  the estimated parameters g(t) 
of  the URES for this purpose. The vector of  
the estimated URES parameters consists of  
the following components: the coordinates 
of  the URES on the ground and the carrier 
frequency of  the transmitted signal:
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The estimation of  the parameters of  the 
vector g(t) will be carried out at a sufficiently 
long interval of  observation time to ensure 
the required accuracy. So even if  the 
components of  this vector are stationary, the 
current estimates will change over time.

The partial derivatives of  the function 
( ( ), ) ( )g t t tω ϕ=   on the vector g(t) on the basis 

of  (11) have the following form:
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We expand the function ( ( ), ) ( )g t t tω ϕ= 
in the vicinity of  some point tk into Taylor 
series [9]:

( ( ), ) ( )
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 (17)

where in the undefined parameter nΩ(tk)
we take into account the residual term of  
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the decomposition and a set of  random 
factors with Gaussian behavior affecting the 
measurement results.  

Given a sufficiently large number of  
such factors, as well as, considering the 
smallness of  the remainder term of  the series 
expansions, you can make the assumption 
about the Gaussian nature of  the behavior 
parameter nΩ(tk). Then the distribution of  the 
parameter nΩ(tk) will be described similarly to 
(2) – (4) with dispersion 2 .σΩ

Thus, when measuring the frequency of  
the signal from the URES transmitter quite a 
long time and a priori knowing the location 
of  the GST at a given time, it is possible 
to filter the vector of  unknown parameters 
of  the URES. For this purpose, a system 
of  equations (17) on a sufficient array of  
frequency measurements at different times tk 
should be used. 

4. SATELLITE INFORMATION 
FREQUENCY RESOURCE
To determine the information space in 
which the information resource should 
be considered, we will use the differential 
entropy introduced by K. Shannon [7] and 
correctly defined by A.N. Kolmogorov [8], 
who called it differential entropy.

Differential entropy has been defined 
as a measure of  uncertainty for continuous 
random variables. But it should be borne in 
mind that its absolute values are associated 
with the coordinate system in question, which 
does not allow one random variable entropy 
to make sufficiently reasonable judgments. 
At the same time, when comparing random 
variables, the use of  the difference in their 
entropies avoids this drawback.

For a continuously distributed random 
variable x with a distribution density p(x), the 
differential entropy is defined as follows:

( ) ( ) log ( ) .H x p x p x dx
∞

−∞

= − ∫  (18)

For the concept of  entropy, the base 
of  the logarithm is not essential, because 
the base of  the logarithm determines the 
units of  information. For the base of  the 
logarithm, two units will be bits, and for the 
natural logarithm, the units will be natas. It is 
more convenient to use natural logarithms, 
operations on which do not lead to the 
appearance of  additional coefficients in 
mathematical transformations. Therefore, in 
the future, if  no special reservations are made, 
it is assumed to use only natural logarithms.

In our case, the frequency resource of  GST 
is considered. As the frequency parameter 
resource should take the distribution of  the 
frequency of  the received signal from URES. 
It is necessary to set as a measure some 
reference distribution for the URES resource 
for the correct application of  differential 
entropy. This reference distribution is the 
distribution of  the authorized operating 
frequency of  the signal from the frequency 
range under consideration. For the operating 
frequency of  the received authorized signal, 
the necessary statistical characteristics are 
a priori known, which makes it possible 
to determine the reference frequency 
distribution. Taking into account the impact 
on the transmission channel of  information 
only Gaussian noise density distribution of  
the authorized frequency will also be subject 
to the normal distribution law:

( )
( )2

22 ,1
2

ref ref

ref

f m

ref
ref

p f e σ

πσ

−
−

=  (19)

where mref – the mathematical expectation 
of  the authorized frequency, σref – standard 
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deviation of  the values of  the authorized 
frequency.

The value of  its differential entropy for 
the normal distribution law (the differential 
entropy of  the authorized frequency access) 
is known [7]:

( ) log( 2 ),ref refH f eσ π=  (20)

where e – the basis of  the natural logarithm.
We will use its entropy to determine the 

information frequency resource (IFR).
Definition: information frequency resource 

of  the GST is the deviation of  the differential 
entropy of  the authorized frequency 
received by the Earth control station, due to 
interference from the URES.

Thus, the information frequency resource 
is presented in the form of:

( ) ( ),ifr ref unrefR H f H f= −  (21)

where H(funref) – differential entropy of  
unauthorized frequency of  the received 
signal (differential entropy of  unauthorized 
frequency access).

This definition of  information frequency 
resource allows you to get the following 
important properties:
1. The information frequency resource is 

not bound to the differential entropy 
measurement scale. This property 
is determined by the presence of  a 
difference term, which eliminates the 
dependence of  the differential entropy 
on the coordinates.

2. In the absence of  a signal from the URES, 
the value of  the information frequency 
resource corresponds to the value of  the 
differential entropy of  the authorized 
access of  GST, which characterizes the 
potential accuracy characteristics of  
GST, and that, in turn, can be used as a 
comparative indicator of  GST.

3. The values of  the information frequency 
resource due to its independence from 
the coordinates can be used as regulatory 
parameters at the conclusion of  
international agreements on the sharing 
of  frequencies.

4. Tables and graphs of  information 
frequency resource dynamics can be used 
in the preparation of  universal calendar 
plans and recommendations to eliminate 
unauthorized access to the frequency 
resource.
In the whole statement of  the problem, 

the information frequency resource should 
be maximized, and ideally, when operating 
of  URES, it should be as close to zero as 
possible, which corresponds to the definition 
of  the URES coordinate vector with the 
potential accuracy of  the system with GST.

In the absence of  unauthorized frequency 
access to the GST, the differential entropy 
of  unauthorized access is zero due to the 
zero value of  the density distribution of  
the frequency of  unauthorized access in the 
entire area of  its definition and the value of  
the information frequency resource is equal 
to:

( ).ifr refR H f=  (22)

The expression (17) shows the 
dependence of  the unauthorized frequency 
of  the received signal on the vector of  
coordinates of  the URES. This expression 
is used to determine the location of  the 
URES transmitter. And also on the basis of  
this expression it is possible to determine 
the differential entropy of  the unauthorized 
frequency of  the received signal.

Expression (17) is a linear function of  its 
random parameters. Therefore, according 
to the properties of  differential entropy, the 
value of  the total differential entropy is also 
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determined by the linear function of  the 
entropy distributions of  the random variables 
included in this function. In this case, we take 
into account the earlier conclusion about the 
normality of  the laws of  distributions of  
these random variables.

Based on the above, we obtain the 
following expression to determine the 
differential entropy of  the unauthorized 
frequency:

( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ),

unref x k T

y k T z k T

f k

H f t H x
t H y t H z
t H f

= Ω +

+Ω +Ω +

+Ω
 (23)

where H(xT), H(yT), H(zT) – differential 
entropies for Cartesian coordinates of  URES,
H(f) – the differential entropy of  the 
frequency of  the transmitter URES.

It should be noted that in the expression 
(23) there is no dependence on the 
parameters that determine the mathematical 
expectation of  the laws of  distribution of  
random variables, since they do not affect 
the differential entropy of  the normal 
distribution law [7].

The technological cycle of  the 
information monitoring process of  
the frequency resource consists of  the 
following stages:
1. Monitoring of  the Earth control station 

for authorized use of  GST channels.
2. Detection of  ground control station 

unauthorized use of  GST in any frequency 
channel.

3. The inclusion of  a ground control 
station of  the optimal determinant of  the 
coordinates of  the URES and the optimal 
evaluation of  the vector coordinates of  
the URES to obtain estimates with the 
required accuracy.

4. Carrying out organizational measures to 
disable the transmitter and prevent its 
further work.

5. Continuing of  the monitoring of  the 
ground control station for authorized use 
of  GST channels.

5. OPTIMAL ESTIMATION OF THE 
STATE VECTOR OF UNAUTHORIZED 
RADIOELECTRONIC WORKSTATIONS 
The estimation of  the coordinate vector will 
be carried out in discrete time. Therefore, 
the transition from the equations of  
observation (1) and state (5) in continuous 
time should be made to the equations in 
finite differences. The observation equation 
for the k moment of  time will take the form:

0 cos( ) .k Tk k k kZ U t nω ω= + +  (24)

The differential equation of  state in finite 
differences presents as follows:

1 1 1 1 1 1.
f f f f

k k k fk k k k fkg g n g g n+ + + + + += Φ + = Φ +  (25)

In this case, taking into account the 
linearity of  the equation of  state (25), it is 
fair [6]:

( )
1

1 1/ 1
,

0

t

k t

e

e

α

α

α − ∆

+ − ∆

 −
Φ =   

 
 (26)

where ∆t – sampling interval.
The expression for APD can be 

represented as follows [5]:

{ } ( ) { }
{ }

1 1 1
1 1

1

| ( | )
( | ,

( | )
k k k k

k k
k k

p z g p g z
p g z

p z z
+ + +

+ +
+

=  (27)

where {zk} = z0, z1, z2, …, zk – a set of  
implementations of  the observed process.

As an approximate algorithm of  
optimal nonlinear filtering we will use the 
approximation of  APD in the form of  point 
masses on a rectangular lattice of  indices 
[11–14]. We present APD as follows:
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( ) ( ) ( ) |{z } ,
k

k k k k kkp g p g
λ

λ δ λ λ≈ − ∆∑  (28)

where Δλk = Δλ1Δλ2…Δλm, Δλi, ∆λi – the 
lattice spacing in the i coordinate of  the vector 
g; δ(gk – λk)  – Delta function; p(λk) – function, 
satisfying the normalization condition:

( ) ( )1,  : 0.
k

k k kp k p
λ

λ λ λ∆ = ∀ ≥∑  (29)

Given the approximation (28), the expression 
(27) will take the form:

{ }( )
( ) ( ) ( ) .

|

|
,

k

k k

k k
k k k k

k

p g z

p z g
p p g

C λ
λ λ λ

≈

≈ ∆∑
 (30)

where 
( )

( ) ( ) ( )
1

1 1 1

,  

| | .
k

k k

k k k k k k k
g

p g

p g g g dg p g

λ

δ λ λ
−

− − −

=

= − =∫  (31)

The normalizing constant Ck is defined as 
follows:

( ) ( ) ,( | ) ,
k k

k k k k k k k k
g

C p p z g p g gλ λ λ
λ

λ

λ λ λ= ∆ ∆∑∑  (32)

where kgλ  – the values of  the vector g given 
on the set of  lattice values λk.

The likelihood function p(zk+1|gk+1),  
included in the expression (27) depends 
linearly only on random variables with 
a Gaussian distribution, so it also has a 
Gaussian distribution:

( )

( )
1 1

2

1 12

|

1 1 ( ,
22

k k

k k
nn

p z g

exp z s gλ

σπσ

+ +

+ +

=

 
= − − 

 

 (33)

where 2 / 2n N tσ = ∆  – the variance of  the 
channel noise.

The nodes of  the grid shall conform to 
the following restrictions on the set of  Tk (λk):

( ) ( ){ }0| ,M
k k kj kT R pλ λ λ δ= ∈ ≥  (34)

where δ0 – a predetermined threshold level;
M – the dimension of  the vector g.

The threshold level is determined by 
the noise intensity in the observation and 
state equations, and should be set to ensure 
stable operation of  the filter. This practical 
recommendation is given by the authors [12].

The lattice nodes are given in the form of  
a uniform scale along the coordinates of  the 
vector g as follows:

( )
{ }|  1,  ,  :  ,

k k

M
kj jk

T

R j m λ

λ

λ λ µσ

=

= ∈ ∀ = … <
 (35)

where μ – the value selected experimentally 
[12], its value is recommended to be set in the 
range from 1.5 to 3; σλ – standard deviation 
for the corresponding component of  the 
coordinate vector.

Given (31), the joint density can be 
determined as follows:

( )

( )
( ) ( ){ }1

/2

,  
1= 1/ 2 .

2

k k

t
k k k kM

p g

exp g D g
D

λ

λ λ
π

−

=

− − −  (36)

where superscript t stands for transpose; D 
– covariance matrix of  the vector g(t), which, 
taking into account the independence of  the 
coordinates of  the vector g has a diagonal 
form:
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ff

D
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σ
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 (37)

Since it is assumed that the URES 
coordinates do not change in time and the 
vector of  the coordinates being determined 
is subject only to Gaussian noise during the 
measurements, in accordance with [6] the 
equation of  state in finite differences has the 
form:

1 , k k gg g D nσ+ = +  (38)
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where ng – parametric noise; Dσ – matrix of  
standard deviations of  parameters of  URES 
vector:
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 (39)

The covariance error matrix of  vector 
estimates is defined as follows:

( )( )( ) ( ) ( )1 * * |g , ,
k k

t

k k k kk k k k k k k
g

kkK C p g g g g p gp z g
λ

λ λ λ λ
λ

λ

λ λλ−= − − ∆ ∆∑∑  (40)

where kg∗  – estimation of  the coordinate 
vector at the k step according to the selected 
Bayesian criterion of  the average risk 
minimum, which can be obtained using the 
current approximation of  the APD on a 
rectangular lattice of  indices.

Based on the above expressions, the 
following algorithm of  optimal nonlinear 
filtering is proposed (the block diagram of  
the filtering algorithm is shown in Fig. 2.)

1. At the first step of  the filter operation 
using a priori information, truncated 
normal distribution laws are set for 
the coordinates of  the unauthorized 
transmitter vector.

2. The nodes of  the lattice Tk(λk) are 
determined in accordance with the 
expressions (34), (25) and the density of  
the distribution in the nodes is given by 
the a priori distribution.

3. The joint density p(gk, λk) is calculated 
based on the expression (36). 

4. According to the expression (32) is 
calculated selection constant Cλk.

5. APD p(gk+1|zk+1) is calculated by 
expression (33).

6. Calculation of  the current estimate of  the 
vector of  coordinates of  kg∗  according to 
selected functions of  fines:
a. For a simple function of  fines the 
coordinate with the maximum value of  
APD is determined.
b. For quadratic functions of  fines 
is determined by the mathematical 
expectation for APD.

7. The covariance matrix of  errors Kk is 
calculated by expression (40). 

8. In accordance with the obtained 
estimation of  the coordinate vector, a 
lattice of  indices is formed for the next 
step. 

9. According to the expression (31) 
distribution in the lattice p(λki) is calculated.

10. The calculations are repeated for items 
2 ... 9 before reaching the covariance 
matrix of  the errors Kk  valid values for 
the precision of  the coordinates. After 
that, the calculations are stopped and the 
results with the coordinates of  the URES 
are transmitted to the coordinating bodies.

INFORMATION TECHNOLOGIES

Fig. 2. The block diagram of  the filtering algorithm of  the 
URES coordinate vector.
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Thus, an estimate of  the URES coordinate 
vector can be obtained, but it is still necessary 
to estimate the information resource of  GST 
in accordance with the recommendations 
given in section 2.

The block diagram of  the optimal digital 
filter with approximation of  APD on a 
rectangular lattice of  indices is shown in 
Fig. 3. 

This diagram shows: AT – analog signal 
path that includes the antenna amplifier, 
preselector, amplifier high frequency and 
the possible local oscillator and intermediate 
frequency amplifier in the case of  a too 
high carrier frequency signal; ADC – 
analog-to-digital converter; Σ – adder with 
one inverse and one direct input; LFS – 
likelihood function shaper; SDL – shaper 
distribution in the lattice; ∆t – delay element 
per quantization step to synchronize the 
operation of  all elements of  the scheme; 
BF APD – block of  APD formation; GRS 
– generator of  the reference signal based on 
the evaluation of  the vector coordinates of  
the URES at the current step of  the filter; 
JDS – joint density shaper; SNC – shaper 
of  the normalizing constant; ILS – index 
lattice shaper; BCCME – block calculator 
the covariance matrix of  the errors; 

AUCP – assessment unit of  a continuous 
parameter; TD – a threshold device that is 
triggered when the errors in determining 
the coordinate vector of  an acceptable level 
are reached; CU – crucial unit that issues 
coordinates URES the signal threshold of  
the device.

In the environment VisualStudio 
and using MSExcel spreadsheets, we 
performed a simulation of  such a filter. 
The results of  APD calculation for two 
coordinates on the plane are shown in 
Fig. 4 (initial filter operation mode), Fig. 
5 (transient operation) and Fig. 6 (steady-
state operation).

The dynamics of  the information 
frequency resource of  GST, obtained on 
the basis of  APD processing, is presented 
in Fig. 7. Until the 10th cycle of  the 
operation the URES did not include the 
transmitter. The value of  the information 
frequency resource corresponds to the 
performance characteristics of  the GST. 
At the 10th cycle of  the filter operation the 
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Fig. 3. The block scheme of  the optimal digital filter.

Fig. 4. The APD evolution. Initial filter operation mode.

Fig. 5. The APD evolution. Transient operation.
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activation of  the transmitter URES passed 
and this event corresponded to the drop 
in the value of  the information frequency 
resource. Further, up to the 52nd cycle of  
operation, the processing of  the observed 
implementation of  the input signal on the 
ECS was carried out. At the same time 
information frequency resource increased 
with increasing accuracy of  estimation of  
the vector of  coordinates of  GST. Since 
the 52-th cycle the required accuracy of  
the vector coordinates URES was obtained 
and the shutdown of  the transmitter URES 
occurred. The value of  the information 
frequency resource returned to its original 
state.

The algorithms, obtained in the present 
work, designed for finding the information 
of  the GST damage by function of  the 
URES.

6. CONCLUSION
Thus, the article considers the following 
provisions:

1. The phenomenological mathematical 
model of  the CRPD is synthesized, 
comprising the GST, ECS, and URES, and 
defined the parameters needed for analysis 
and modeling of  CRPD during the optimal 
estimation of  the vector coordinates URES.

2. The partial differential decomposition 
is obtained by further transformation of  the 
frequency tracking measurement equation. 
This decomposition allowed us to associate 
the unknown components of  the vector of  
coordinates URES with the values of  the 
measurements to allow for optimal estimation 
of  the vector of  coordinates with the use of  
optimal filtering algorithms.

3. The definition of  information frequency 
resource based on differential entropy is 
formulated. The properties of  IFR, defining a 
wide range of  possibilities for its application, 
are described. IFR can be used as an indicator 
of  the accuracy characteristics of  GST. It can 
also be used as an indicator in international 
agreements on frequency sharing. Tables 
and graphs of  information frequency 
resource dynamics can be used in the 
preparation of  universal calendar plans and 
recommendations to eliminate unauthorized 
access to the frequency resource.

4. Solved the problem of  estimating the 
vector of  coordinates URES if  you use the 
same earth test monitoring station with the 
use of  APD approximation in the form of  a 
point-mass on a rectangular lattice of  indices.

5. The stages of  the technological cycle 
of  the information monitoring process of  
the frequency resource are given and the 
modeling of  the optimal receiver is carried 
out. The obtained dynamic values of  the 

INFORMATION TECHNOLOGIES

Fig. 6. The APD evolution. Steady-state operation.

Fig. 7. Dynamics of  information of  the frequency resource.
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information of  the frequency resource in 
different stages of  operation of  the GST.
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1. INTRODUCTION
The problem of  restoring the integrity of  bones 
after their injuries and diseases is characterized 
by growing relevance and high socio-economic 
significance [1-3]. World clinical experience 
in the treatment of  bone tissue pathology 
and replacement of  bone defects constantly 
proves that the use of  osteoplastic materials in 
reconstructive surgery is one of  the decisive 
factors for achieving a positive result of  the 
operation [4-7]. Tissue-engineering tasks for 
the development of  complex designs of  bone-
substituting materials can be solved with the 
joint participation of  multidisciplinary teams 
of  physicians, biologists, chemists, physicists 
and engineers. Substitution of  bone tissue 
defects with porous implants followed by 
restoration of  living bone tissue of  the body 
should be considered as a process of  realization 
of  genetic information [8-10].

To develope optimal conditions for the 
regeneration of  damaged tissue, knowledge of  
the mechanisms of  regulation of  its growth 
and differentiation is necessary. Knowledge 

about the process of  osteogenesis, the 
processes of  implant biodegradation in living 
systems, and the replacement of  bone tissue 
defects contribute to the creation of  new types 
of  bone-replacing biomaterials when natural 
and synthetic polymers are mixed.

In modern implantology, it is fundamentally 
possible to distinguish several levels of  
technological developments in the manufacture 
of  bioplastic bone materials [11]. The first 
donor level involves the use of  donor tissues 
without their deep processing [12]. The 
second donor level is characterized by deep 
processing of  donor tissue. An example is 
the manufacturing process of  demineralized 
bone alloimplants, where the ratio of  mineral 
and organic components is changed in bone 
tissue using decalcification with acid solutions. 
In such cases, the material acquires additional 
osteoinductive properties. In this case, bone 
demineralization can be superficial, partial 
or complete. Depending on the degree of  
decalcification, the material has different 
mechanical and plastic characteristics, which 
allows the surgeon to combine the material 
depending on the specific clinical situation 
[13].

The use of  sterilization, viral inactivation 
using low-frequency ultrasound allowed 
to completely remove cellular elements, 
fat, bone marrow stroma, spongiosis [14]. 
The third level involves the creation of  
biocomposite materials containing both the 
main components of  bone tissue and bioactive 
substances. Bioactive substances include 
growth factors, morphogenetic proteins and 
other components of  the bone matrix, which 
play the role of  activators and regulators of  
physiological tissue regeneration. Currently, the 
development of  such biocomposite materials 
in Russia is becoming a priority [15, 16]. The 
fourth technological level, which has been 
actively developed recently, determines the 
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poPSibility of  creating synthetic biocomposite 
materials based on modern technologies such 
as:

1. Stereolithographic copying of  tissues [17].
2. Technologies for creating 3-dimensional 
implants [18, 19].
3. Liquid-distribution modeling [20].
4. Phase-changing creation of  implants [21].

The combination of  methods of  the fourth 
technological level of  bone engineering allows 
you to copy tissue objects with high accuracy 
and develope materials with clearly defined 
sizes, geometry and pore distribution, as well as 
fully reproduce the architectonics of  the organ 
site and its internal channels in the implant 
being created.
When choosing the starting materials 
for forming biocomposites, collagen and 
hydroxyapatite are the most natural today, 
which in numerous animal experiments 
showed not only excellent biocompatibility, 
but also demonstrated their ability to stimulate 
bone formation and serve as a matrix for new 
bone tissue, depending on the composition, 
manufacturing method. However, when 
creating artificial collagen-apatite materials, the 
technological issues of  regulating the porosity 
of  the material, controlling the formation of  its 
structure and mechanical strength remain far 
from solved. At that time, how exactly, these 
parameters are fundamentally important for the 
maximum manifestation of  osteoconduction 
properties by the material during the reparative 
bone regeneration.

2. SYNTHESIS OF CALCIUM 
PHOSPHATE COMPOUNDS TO 
COMBINE WITH THE COLLAGEN 
MATRIX
A variety of  biocompatible materials for 
clinical use as bone implants are being actively 
developed in world medical practice. At the 
same time, calcium phosphate compounds 

with natural polymers and biocompatible, 
biodegradable synthetic polymers are the 
main components in the production of  bone 
implants. Works in the world practice on the 
production of  bone implants is carried out in 
the following areas: 

1) synthesis of  calcium phosphate 
compounds; 
2) the combination of  calcium phosphate 
compounds with natural and / or synthetic 
polymers; 
3) the synthesis of  calcium phosphate 
compounds in gellike media of  natural and 
synthetic polymers.
All conventionally identified areas are 

aimed at creating biocomposites to replace 
bone defects.

The first area related to the synthesis of  
calcium-phosphate compounds during the 
production of  bone implants, the development 
of  nanotechnology for their realization is still 
an urgent task. This is due to the fact that the 
corresponding synthetic calcium phosphate 
compounds should induce and actively 
participate in biological reactions similar to 
those occurring in the process of  osteogenesis. 
The synthesis of  solid calcium-phosphate 
particles for medical applications is usually 
carried out by precipitation from solutions 
[22]: For example, from solutions of  1) calcium 
nitrate and ammonium hydrogen phosphate, 
2) calcium chloride and sodium hydrogen 
phosphate, 3) calcium chloride and potassium 
hydrogen phosphate, 4) calcium acetate and 
potassium hydrogen phosphate. Thus, in 
the manufacture of  ceramic biocomposites, 
calcium phosphate was obtained from calcium 
acetate and sodium hydrogen phosphate [23].

In [25, 26], to obtain biocomposites, 
calcium phosphate powders were used, having 
nanoparticles of  various phase compositions 
and forms, such as lamellar 0.8–4.5 nm thick 
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and needle-like 5–10 nm in diameter, 40–50 nm 
long. It has been established that, depending on 
the synthesis conditions, phase composition, 
structural, morphological characteristics of  
calcium phosphate particles, its bioactivity can 
manifest itself  in different ways. The possibility 
of  modifying the surface of  hydroxyapatite 
particles by radiation, chemical activation with 
the formation of  radicals, and modification 
with chemical reagents and proteins has been 
established, which helps to strengthen the 
connection between the biocomposite and 
bone tissue.

This paper discusses the basics of  energy-
saving technology for the production of  
calcium phosphate using hydroxyapatite as an 
example by mechano-acoustic activation of  
reaction mixtures consisting of: 

1) aqueous suspensions of  calcium 
monophosphate and calcium hydroxide; 
2) from aqueous solutions of  diammonium 
phosphate, calcium nitrate tetrahydrate and 
ammonium hydroxide. 
Mechano-acoustic activation, under 

conditions of  self-heating of  the reaction 
mixture, was carried out using the rotary-
pulsation apparatus (RPA) "Delta-Rotor" 
(manufactured by "Aviatekhnika" Ltd.) [27], 
which allows the hydroxyapatite dispersion 
to be rapidly and completely formed in the 
aqueous medium.

The particle sizes of  the dispersed phase 
were estimated using the dynamic light 
scattering method on a Zetasizer Nano ZS 
Zen 3600 Malvern instrument. The results 
of  the distribution of  the volume (mass) 
fraction of  particles depending on their 
size indicate that in control syntheses, under 
standard laboratory conditions, the formation 
of  rather large particles with an average 
hydrodynamic diameter of  about 5.5 μm 
takes place. In contrast, mechano-acoustic 

activation allows the formation of  nanosized 
particles of  hydroxyapatite having an average 
hydrodynamic diameter of  about 20 nm.
2.1. syNthesis of "coNdeNsatioN" 
hydroxyapatite

The synthesis of  "condensation" hydroxyapatite 
(HAP-c) was carried out according to the 
reaction equation
6CaHPО4×H2O + 4Ca(OH)2 → Са10(РО4)6(ОН)2 + 12Н2О

Changes in the ratio of  the mass of  
reagents to the mass of  the reaction medium, 
in the synthesis of  HAP-c condensation 
method, slightly affect the particle size of  the 
resulting dispersed phase. However, it should 
be noted that the width of  the particle size 
distribution is certainly smaller at a low partial 
concentration of  HAP-c. The specific features 
of  the synthesis of  HAP-c obtained by the 
interaction of  calcium monophosphate and 
calcium hydroxide include the difficulty of  
controlling the reaction. This is largely due 
to the purity of  the reagents and the accuracy 
of  taking samples of  the starting reagents. 
Express control in this case was carried out by 
changing the pH of  the reaction medium or by 
sampling with their subsequent instrumental 
analysis, for example, using IR spectroscopy.

Hydroxyapatite (HAP-c) has a pronounced 
crystalline structure, which is confirmed by 
electron microscopy. Micrographs (Fig. 1) 
show lamellar crystals with powder inclusions.

Fig. 1. Micrograph of  particles (HAP-c). Scale-200 nm. 
Scanning electron microscope Neon 40 EsB-35-09.

VLADIMIR N. GORSHENEV, MAYYA YU. ZIANGIROVA, VLADIMIR V. KOLESOV, 
LARISA M KRASNOPOLSKAYA, ALEXANDER A.PROSVIRIN, ANDREY T. TELESHOV



373

RENSIT | 2019 | Vol. 11 | No.3

MEDICAL PHYSICS NEW ADDITIVE TECHNOLOGIES FOR FORMING 
COMPLEX BONE STRUCTURES FOR MEDICAL...

2.2. syNthesis of "ioN-exchaNGe" 
hydroxyapatite

The synthesis of  hydroxyapatite by the ion 
exchange reaction (HAP-i) was carried out 
according to the reaction equation:
6(NH4)2HPO4 + 10Ca(NO3)2×4H2O + 8NH4OH→ 
→ Ca10(PO4)6(OH)2 + 20NH4NO3 + 46H2O

The particle sizes of  the dispersed 
phase were estimated using the dynamic 
light scattering method. The results of  the 
distribution of  the volume (mass) fraction of  
particles depending on their size indicate that 
in the control synthesis (without using RPA), 
the formation of  rather large particles with an 
average hydrodynamic diameter of  about 5.5 
μm takes place. In contrast, mechano-acoustic 
activation allows the formation of  nanosized 
hydroxyapatite particles having an average 
hydrodynamic diameter of  approximately 
22 nm. The maPS fraction of  such particles 
in the reaction medium is ≈75%. It should 
be noted that a decrease in the feed rate of  
the diammonium phosphate solution into the 
reactor and an increase in the rate of  mixing of  
the reactants leads to an increase in dispersion. 
So, at a RPA rotor speed of  3100 rpm and a rate 
of  introduction of  a diammonium phosphate 
solution of  0.5 l / min into the reactor, a 
dispersion was obtained, characterized by 
particles having an average diameter of  about 
20 nm. The maPS fraction of  such particles in 
the reaction medium is ≈90%.

The most energy-intensive part of  the 
synthesis of  HAP-i the exchange reaction is 
the purification of  its sol from the by-product 
of  ammonium nitrate. HAP-i nanoscale 
particles can only be separated from the liquid 
phase with great difficulty and freed from 
an admixture of  ammonium nitrate. In this 
regard, the following options for obtaining 
pure HAP-i are implemented:

1) by decantation,
2) using centrifugation,

3) by heat treatment.
The second approach, in contrast to 

sedimentation in a gravitational field, allows 
you to increase the speed of  the cleaning 
process. HAP-i cleaning by decantation is 
associated with high water consumption and 
cannot be considered effective. The interest 
is the heat treatment of  the technical HAP-i, 
which was used in [28]. Indeed, we have 
shown that a HAP-i sample contaminated with 
ammonium nitrate can be successfully cleaned 
by heat treatment at 350°C for 30 minutes.

The data of  elemental analysis, purified 
HAP-i confirm the complete absence of  
nitrogen-containing impurities in the heat-
treated sample (standard- ammonium nitrate). 
An additional confirmation of  the absence 
of  ammonium nitrate in the purified HAP-i 
samples is the results of  the calorimetric 
experiment. HAP-i obtained by the exchange 
reaction and subjected to heat treatment, 
passes into a xerogel having characteristic blue 
luminescence.

It should be noted that the crystalline phase 
is not dominant in the structure of  purified 
HAP-i. This is observed both for the sample 
of  its suspension, and for the sample - xerogel. 
This is indicated by the data of  electron 
scanning microscopy.

Using the method of  reference contact 
porometry to determine the weight of  a 
sample treated with octane under vacuum, it 
was found that the porosity of  the heat-treated 
HAP-i is about 75% with an average pore 
radius of  2.8·103 nm. HAP-i purified from 
impurities and dispersed in water, is prone 
to changes in its properties over time. These 
changes, in particular, are directed towards the 
enlargement of  the particles of  the dispersed 
phase. So, after holding the dispersion of  
purified HAP-i in an aqueous medium for 30 
days, the average particle diameter increases to 
44 nm. The change in time of  the dispersion 



374

No. 3 | Vol. 11 | 2019 | RENSIT

MEDICAL PHYSICS

of  the HAP-i purified from byproducts of  
the reaction, may be due to: a change in the 
nature of  the dispersion medium. In this 
case, the characteristic of  the diffuse layer of  
counterions changes. This is indicated by the 
found drop in the zeta potential from +30 mV 
for the aqueous dispersion of  the technical 
HAP-i and to a value of  about +5 mV, 
characteristic of  the dispersion of  the purified 
product.

3. THE FORMATION OF 
COLLAGEN-CALCIUM-PHOSPHATE 
BIOCOMPOSITES
At the stage of  production of  biocomposites, 
calcium phosphate compounds are usually 
combined with both natural and artificial 
polymers, for example, collagen, gelatin, 
alginates, chitosan, polylactide, polyhydroethyl 
methacrylate, and others [29–33]. Of  
particular interest in polymeric materials is the 
possibility of  obtaining hydrogels from them. 
Biocompatibility, cell adhesion, the ability to 
exist in the body without damaging neighboring 
cells are necessary criteria for the development 
of  hydrogel biomaterials. Currently, in the 
manufacture of  bone implants, interest is 
shown in technologies for combining natural 
and artificial polymers. This is due to the fact 
that such materials, by changing the properties 
of  the biocomposite (sorption, diffusion, the 
ratio of  hydrophobic and hydrophilic sites, 
etc.), make it possible to finely control the 
course of  the basic processes of  bone tissue 
restoration such as inflammation, dissolution, 
hydrolysis, enzymatic hydrolysis, and cellular 
biodegradation.

It has been established that after the 
introduction of  a polymer-containing 
biocomposite into the animal organism, cells 
of  various types group around it. At the first 
stage, loose connective tissue forms around 
the biocomposite, through which blood 

vessels and nerve fibers pass. From the blood 
the cellular elements of  connective tissue and 
fibroblast cells that produce collagen enter the 
forming tissue. At the same time for blood 
as one of  the main connective tissues of  the 
body, effective circulation in the volume of  
the biocomposite is necessary, which can be 
ensured by it. porous structure.

In a simplified form, the regeneration 
process consists of  the following stages:

1) in the area of  a bone defect, a tissue 
clot from macrophages and fibroblasts is 
formed;
2) at the next stage, cells (osteoclasts) and 
cells (osteoblasts) are observed in the area 
of  the defect;
3) as a result, the site is filled with fibrous 
tissue and bone tissue elements;
4) restoration of  the periosteum, bone 
marrow and vascular system ultimately 
leads to the formation of  new bone tissue.
In [34], it was noted that as a result 

of  numerous experimental studies, high 
efficiency was established for the replacement 
of  bone tissue defects and the activation of  
reparative osteogenesis of  a biocomposite 
drug combining hydroxyapatite, collagen with 
the inclusion of  antibiotics (Collapan). At the 
same time, the need to achieve a macropore 
value of  the biocomposite of  at least 300 μm is 
noted, which contributes to nutrition, cellular 
distribution on the surface of  macropores and 
the formation of  capillaries.

In this work, we developed the basics 
of  energy-saving technology for producing 
collagen-calcium-phosphate biocomposites by 
combining hydroxyapatite and collagen under 
conditions of  mechano-acoustic activation of  
reaction mixtures. In contrast to the known 
methods for combining calcium-phosphate 
particles of  a solid phase with a polymer 
material, in the continuation of  [35, 36], 
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biocomposites were obtained by synthesizing 
calcium-phosphate compounds directly in a 
collagen matrix.

To obtain porous calcium phosphate 
biocomposites, pork skin (PS) used in the 
food industry was used as a source of  organic 
binders [37]. It is known [38] that upon 
extraction of  the skin of  animals, a solution 
of  protein fractions forming fibrils is obtained. 
The chains of  fibrils are twisted in the form 
of  an “electric cable”, and the side groups of  
all amino acid residues are on the outside of  
the molecule. Dispersion of  PS was carried 
out in an aqueous medium to obtain a collagen 
sol. To obtain porous calcium-phosphate 
biocomposites, gelatin was also used- one of  
the best gel-forming agents of  protein nature. 
Gelatin hydrosol as well as collagen with a 
concentration of  2% or more when cooled 
below 40°C forms stable gels. The mechanism 
of  gelatin gel formation during the sol-gel 
transition is associated with the formation of  
a three-dimensional network structure due 
to hydrogen bonds. When a gelatin solution 
is cooled, randomly arranged helices of  
macromolecules change the conformation 
of  polypeptide chains, forming a three-
dimensional structure with a loss of  fluidity. It 
was found that during the enzymatic treatment 
of  collagen-containing raw materials, high 
molecular weight gelatins are formed, from 
which strong gels are formed.

As the initial collagen-containing raw 
material, we used PS, fat-free with hexane, 
subjected to cryogenization to a particle size of  
≤5 mm and blanching at a temperature of  60° 
C. The synthesis of  hydroxyapatite-collagen 
compositions was carried out in RPA during 
sequential loading of  components according 
to the schemes: collagen-hydroxyapatite ratio, 
6: 4 (HAP-C-1) and collagen-hydroxyapatite 
ratio, 4: 6 (HAP-C-2).

The immobilization of  hydroxyapatite on 
the collagen matrix leads to the enlargement 
of  the particles of  the dispersed phase. So, 
unlike hydroxyapatite, formed in the absence 
of  collagen having an average particle diameter 
of  about 20 nm, particles of  the HAP-C-1 
composition have an average diameter of  
about 680 nm.

The IR spectrum of  HAP-C-1 pulp has 
a strong absorption band of  1332 cm-1, 
associated with the presence of  ammonium 
nitrate in the impurity system. The 
composition of  HAP-C-1 was purified from 
ammonium nitrate by sequential washing 
of  the precipitate with distilled water. The 
multiple decantation leads to a HAP-C-1 
composition, according to spectral data, 
excluding the presence of  ammonium 
nitrate in the composition.

The purification of  the HAP-C-2 
composition from ammonium nitrate was 
carried out using the settling method with 
draining the liquid and sequential washing 
of  the precipitate with distilled water. 
Multiple decantation leads to a HAP-C-2 
composition, according to spectral data, 
excluding the presence of  ammonium nitrate 
in the composition. The resulting collagen-
hydroxyapatite compositions (HAP-C-1, 
HAP-C-2) were used to form porous medical 
materials.

4. THE FORMATION OF 
POROUS MATERIALS BASED ON 
COLLAGEN-CALCIUM-PHOSPHATE 
COMPOSITIONS.
Porous biomaterials are necessary for 
the effective interaction of  implants with 
tissues in living systems. For all three-
dimensional porous biomaterials (scaffolds) 
participating in the cell growth stage, it 
is important that their surface promotes 
adhesion, cell fixing and their migration 
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in the porous structure. New approaches 
developed in the work on the formation 
of  porous biocomposites using the 3D 
printing technique and microwave radiation 
have allowed the formation of  porous 
samples of  biocomposites with different 
pore structures. The advantages of  using 
porous materials for biomedical purposes 
based on natural and synthetic polymers are 
also associated with the ability to regulate 
the functional properties of  the synthesized 
materials through the immobilization of  
enzymes, proteins, amino acids, and other 
natural substances [39].

The introduction into the defective areas of  
bone tissue of  biocomposites, which include 
stem cells, can also be carried out using porous 
biocomposites.

When creating porous bone-substituting 
materials the biocompatible and biodegradable 
polymers are used, for which various methods 
of  forming a porous structure are being 
developed. So, porous biocomposites are 
made using the following methods: 1) freeze 
drying; 2) microwave drying; 3) the use of  
devices with fibers (utility models); 4) the use 
of  gas-releasing additives in the composition 
(porophores); 5) the formation of  porous 
biocomposites in supercritical carbon dioxide; 
6) the construction of  porous biomaterials by 
3D printing.

In the work some methods for the 
formation of  porous collagen-calcium-
phosphate composites were considered. The 
ability of  the synthesized HAP and HAP-C 
to form plastic pasty compositions as a result 
of  centrifugation and removal of  excess 
water was used. Centrifugation was carried 
out on an "Allegro 64R, Beckman" centrifuge 
in the mode of  6000 rpm for 15-20 min at 
10°C. After centrifugation, hydroxyapatite 
concentrates were placed in special forms for 
the manufacture of  porous biocomposites. The 

volumetric porous collagen calcium-phosphate 
biocomposites obtained by the developed 
methods of  formation were used in models of  
orthopedics and traumatology to replace bone 
tissue defects in living systems [40].

4.1. the formatioN of porous collaGeN-
calcium-phosphate biocomposites by 
freeze dryiNG

Samples of  porous composites (Fig. 2) were 
formed by lyophilic drying of  collagen-
calcium-phosphate sols obtained according 
to the developed method. Additional cross 
linking was carried out with glutar aldehyde. 
Drying was carried out in a freeze dryer "Martin 
Christ Gamma 1-16 LSCplus" at a condenser 
temperature of  -55°C.

After freeze drying, depending on the water 
content in the collagen component, porous 
samples with a density of  0.15-0.2 g/cm3 
are obtained. Using the method of  reference 
contact porometry [41] to determine the weight 
of  samples processed under vacuum with 
an organic liquid-octane, it was determined 
that the bulk of  the pores for the HAP-C-1 
biocomposite are in sizes from 10 μm to 100 
μm. In this case, pores of  approximately 60 
μm are dominant.

When comparing collagen-calcium-
phosphate biocomposites with pure 
hydroxyapatite (without a binder organic 
component), it was found that the pore 
surface size depends on the ratio of  the 
mineral and organic components of  the 

Fig. 2. Samples of  collagen-calcium phosphate biocomposites 
after freeze drying (a), micrograph of  pores of  the biocomposite 

sample (b), scale - 20 μm.

                          a                             b
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composite and significantly decreases with 
an increase in the content of  the organic 
component. So, the xerogel of  pure HAP-
2 is characterized by a pore area of  about 
616 m2/g, and for the collagen-calcium-
phosphate composition this value decreases 
to 27 m2/g, which is due to the blocking of  
pores by the organic component.

4.2. the formatioN of porous 
biocomposites by GraNulatioN aNd fiber 
formatioN

The method of  filling forms with granules 
or fiber is associated with percolation 
models. Between the granules and the 
fibers, physiological fluids flow that 
provide the conditions for the growth 
of  cells. The production of  granules and 
fibers in the work was carried out from 
flowing collagen-calcium-phosphate 
paste. When forming fibers, sodium 
alginate was additionally introduced into 
the composition. Extrusion of  the mixture 
composition during the formation of  
fibers was carried out using a peristaltic 
pump in a solution of  calcium chloride. 
The resulting granules and fiber were 
subsequently subjected to freeze-drying 
and a tissue-engineering structure using 
solutions of  biodegradable polymers was 
assembled from them.

In Fig. 3 presents images of  granules 
and fibers from which the tissue-engineering 
structure is assembled.

4.3. the formatioN of porous 
biocomposites usiNG special forms aNd 
devices

To form biocomposites with a large pore size 
of  100 to 300 μm, special forms and devices 
have been developed and manufactured [42]. 
The device (Fig. 4a) for the formation of  a 
porous bone composite consists of  a hollow 
cuvette (1) made with the possibility of  filling 
with a biocomposite mass (2) and porosity-
defining embedded fibers (3), which are fixed 
in through holes (4) made in the walls ditches. 
After filling with a biocomposite mass, drying 
and removing fibers, a composite is obtained 
with a given through porosity and a given 
fiber distribution. Fibers are selected from 
the group including textile, polymer, metal 
fibers, including biodegradable materials with 
a diameter of  100-500 microns.

A cuvette for filling with a biocomposite 
is made of  polymethylmethacrylate, Teflon 
or metal if  it is necessary to heat the binder 
component or to initiate the polymerization 
process. A cuvette for filling with a biocomposite 
mass can also be made in the form of  a tube 
(Fig. 4b) from an elastic polymer, mainly 
rubber, and the insertion of  embedded fibers 
(3) is carried out through the through holes 
in its walls formed by piercing with a needle 
and thread. The photos of  the surface sections 

Fig. 4. Devices for the formation of  biocomposites with 
through porosity.

                       a                                 b
Fig. 3. Granules made by dispersing a suspension of  
HAP-C-2 in liquid paraffin (a), HAP-C-2 fibers formed 
in a solution of  calcium chloride (b). The area is a 4x4 cm 

in the photo.

                       a                                 b
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of  the collagen calcium phosphate composite 
with through pores are shown in Fig. 5.

Such methods can be used both for the 
manufacture of  biocompositions from natural 
polymers, as well as mixed compositions from 
natural and synthetic polymers. Mixing aqueous 
pasty compositions with natural polymers and 
pasty synthetic polymers in organic solvents 
under the conditions of  ultrasonic dispersion 
of  mixtures made it possible to obtain pasty 
mixtures and extruding from the syringe to 
form biocomposites in the form of  a lattice 
with a window of  the order of  0.3-0.3 mm 
(Fig. 6b).

4.4. the formatioN of porous 
biocomposites by microwave heatiNG

The use of  microwave radiation to remove 
liquid phases from biocomposite compositions 
is promising especially in the conditions 
of  formation of  mixed compositions from 
natural and synthetic polymers. Biocomposites 
containing water, polar solvents, electrically 
conductive particles, when interacting with 

microwave radiation (microwave range) are 
intensively heated. As a result, liquid substances 
moving into the gas phase are removed from 
the biocomposite and the porous structure of  
the material is formed [43].

The interaction of  electromagnetic 
radiation (EMR) with samples of  materials 
is characterized by reflection coefficients (R), 
absorption (Q), transmission (T). The values of  
R, Q, T are determined by the complex values 
of  the dielectric and magnetic permeabilities 
of  the samples of  materials, the wavelength 
(λ) of  the radiation and the thickness of  the 
irradiated material (d). Model experiments 
with materials of  various nature (intercalated 
graphites, fumed paper, liquids) showed that 
for effective interaction with electromagnetic 
radiation, a certain ratio of  the specific volume 
resistance of  the materials ( νρ ), the thickness 
of  the material (layer d) and the location of  
the material on the dielectric substrate (with 
the value dielectric constant ε). The balance of  
all parts of  the energy determines the heating 
conditions.

To remove the liquid phases from 
the collagen-hydroxyapatite composite, a 
microwave oven was used (frequency 2.45 GHz, 
power 800 W). The samples of  biocomposites 
were made by applying a paste-like complex of  
the studied components on a dielectric Teflon 
substrate with followed by drying under the 
influence of  radiation from a microwave oven.

It was found that the drying process in the 
mode of  sequential heating of  the collagen-
hydroxyapatite composition for 15-20 seconds 
does not lead to strong heating of  the samples 
and the development of  destructive processes. 
Raman spectra (Raman spectra) of  collagen-
hydroxyapatite samples are lyophilically dried 
and dried under the influence of  microwave 
radiation. The comparison of  porometric 
parameters in the pore region of  more than 
10 μm of  samples of  biocomposites dried 

Fig. 6. a) Pores in the polylactide sample with hydroxyapatite 
particles were formed after combining the components 
and drying on a rotary evaporator; b) A sample from the 
composition of  sodium alginate - HAP-2 in the form of  a 

lattice, made in a special form.

                       a                                          b

Fig. 5. Sections of  the surface of  the composite with through 
pores.
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freeze-dried and under the influence of  
microwave radiation also did not reveal obvious 
differences.

Microwave radiation was also used in 
the preparation of  complex compositions 
including, in addition to collagen-
hydroxyapatite, additional biodegradable 
polymers. In this case, an aqueous suspension 
of  collagen-calcium phosphate under the 
influence of  ultrasound with a frequency of  
22 kHz and a generated emitter power of  100 
W was mixed with a biodegradable polymer in 
an organic solvent. The formation of  porous 
biocomposites was carried out by layer-by-layer 
deposition of  compositions on a dielectric 
substrate and the removal of  liquid components 
under the influence of  microwave radiation. 
The amount of  the polymer component M 
(g) required to ensure optimal film formation 
on the hydroxyapatite particles was estimated 
taking into account dry hydroxyapatite (m, g), 
specific surface area of  hydroxyapatite powder 
(S cm2/g), polymer density, (ρ, g/cm3) and the 
thickness of  the polymer layer on the surface 
of  the powder particles (h, cm).

Noteworthy the biocomposite obtained 
on the basis of  2-hydroxyethyl methacrylate 
(HEMA) and HAP using microwave radiation. 
For this, HAP-2 paste with a water content 
of  12% in an amount of  19.8 g was mixed 
using a UZDN-1 low-frequency ultrasonic 
disperser (emitter frequency 15 kHz) with 
5.1 g HEMA. The weight ratio of  GEMA-
HAP (in terms of  dry HAP, 1:3.5). GEMA-
HAP-2 paste was exposed to: drying by means 
of  microwave radiation. When potassium 
persulfate is introduced into the paste, 
followed by microwave heating and drying, the 
polymerization process takes place and solid 
white organomineral compositions are formed.

As a result of  studies, it was found that 
when additives are added to the composition 
of  pasty compositions that affect the electrical 

conductivity of  the compositions, it is possible 
to control the rate of  release of  gaseous 
components, and thereby affect the porous 
structure of  biomaterials. The introduction of  
fibrous additives can also significantly affect 
the distribution of  the porous structure in the 
biomaterial.

The results of  studies on the formation of  
a porous structure in samples of  biopolymers 
have shown that the use of  thermal and 
microwave (microwave) methods for removing 
the liquid phase is most effective for samples 
containing water. Therefore, the manufacture 
of  porous biomaterials through the stage 
of  creating aqueous emulsions from film-
forming biocompatible polymers with calcium 
phosphate compounds is promising for 
the formation of  porous biomaterials. It is 
established that a combination of  thermal and 
microwave heating in a polymer matrix gives 
rise to a developed pore structure. During 
thermal heating, thermoplastic polymers 
become viscous, and the exit of  gas-forming 
components from the liquid phase forms 
through pores in the material and large pores.

5. FABRICATION OF TISSUE 
ENGINEERING STRUCTURES.
For the manufacture of  tissue-engineering 
structures, biocompositions from natural and 
synthetic polymers in the form of  pastes, 
thermoplastic rods, and nonwoven fibrous 
materials were prepared. This approach made 
it possible to construct tissue-engineering 
structures with various combinations of  the 
initial compositions, which are constituent 
structures and are themselves samples of  
materials for replacing bone tissue defects. 
Paste-like calcium phosphate compositions 
were prepared by mixing synthesized 
hydroxyapatite particles with suspensions 
of  collagen, gelatin, sodium alginate and 
synthesizing hydroxyapatite particles directly in 
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polymer suspensions. Techniques for making 
pastes include the steps of  synthesizing 
hydroxyapatite particles, ultrasonic dispersion, 
and the centrifugation step to obtain a paste-
like consistency of  the compositions.

Using indenter immersion methods 
under load in samples of  calcium phosphate 
pastes, it was determined that the viscosity 
of  the compositions is a characteristic of  the 
plastic properties of  pastes. Measurements of  
calcium phosphate paste samples were carried 
out according to the method of  immersing 
an indenter in a sample under load. After 
application of  the load, a creep process develops 
in the sample, associated with the development 
of  irreversible deformation. The viscosity of  
the composition is 0.44 MPa. An increase in 
the concentration of  hydroxyapatite particles 
led to an increase in the elastic properties of  the 
composition (when the ratio of  hydroxyapatite 
particles to HAP-C collagen was 6:4). When 
a 5% solution of  glutaraldehyde is added to 
collagen-hydroxyapatite concentrate, and a 
5-15% solution of  calcium chloride is added 
to the composition of  sodium alginate, the 
material samples acquire elastic properties and 
the strength of  the samples increases due to 
the formation of  crosslinks between polymer 
macromolecules.

The porous collagen samples of  calcium 
phosphate compositions are made by filling 
pastes with molds and drying by freeze drying 
and microwave heating. As a result of  drying the 
porous samples were obtained in the form of  
plates with a density of  0.15-0.2 g/cm3. Using 
the method of  reference contact porometry, it 
was determined that the majority of  the pores 
are in sizes from 10 μm to 100 μm. The porous 
samples in the form of  plates are also made 
by mixing particles of  hydroxyapatite with 
suspensions of  sodium alginate.

After filling the forms of  various designs 
with pastes and drying the porous samples 

of  various kinds were obtained. When 
mixing sodium alginate (Na alginate) and 
hydroxyapatite particles, in which a uniform, 
necessary consistency paste is formed (65% (2% 
Na alginate solution) and 35% hydroxyapatite 
powder (HAP). The resulting mixture (HAP 
and Na alginate) was carefully dispersed with 
using ultrasonic exposure by a low-frequency 
ultrasound generator with a frequency of  22 
kHz for 5-10 minutes.

It has been found that it is possible 
to combine collagen calcium phosphate 
concentrates with solutions of  synthetic 
polymers to produce pastes from a mixture 
of  natural and synthetic polymers. A mixture 
of  collagen calcium phosphate paste with 
a solution of  polylactide (in a ratio of  1:1, 
by weight) was carried out under ultrasonic 
dispersion for 5 minutes. The formation of  
mixed plastic compositions from natural and 
synthetic polymers is a promising area of  
tissue engineering. Using various methods of  
forming a porous structure, tissue engineering 
structures of  varying complexity can be 
manufactured for biomedical applications.

The results of  comparative tests of  the 
strength properties of  biocomposites based 
on natural and synthetic polymers have shown 
that the combination of  polymers of  different 
nature leads to an increase in the strength 
properties of  biocomposites and a change 
in the time of  their biodegradation in living 
systems.

Ufter saturated with water the samples 
acquire elastic properties. The highest strength 
(80 MPa) and the lowest tensile deformation 
(25%) have samples based on polyacrylamide 
gel (PAAG). Collagen based compositions have 
the highest tensile deformation (65%), but their 
strength (2 MPa) is low. With an increase in 
the thickness of  the polymer layer of  synthetic 
biodegradable polymers on the surface of  
a porous collagen of  a calcium-phosphate 
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sample, strength characteristics increase, and 
the biodegradation time also changes.

Synthetic biodegradable polymers: 
polylactide- PLA (brand 4032D Nature 
Works LLC (LD, L)), poly-3-hydroxybutyrate 
- PHB obtained by microbiological synthesis 
(BIOMER, Germany) and polycaprolactone-
PCL ("ADALIK" Ltd.), relate to a class of  
thermoplastic polymers and were used in the 
work to build tissue-engineering structures. 
To use thermoplastic polymers in 3D printing 
technologies, it is necessary to produce rods 
of  a given thickness and strength. It follows 
from the experimental data that the polylactide 
sample has the highest strength, and the 
introduction of  hydroxyapatite particles (20 
mass%) into the synthetic polymer (PHB) 
leads to a decrease in strength characteristics.

Studies of  the thermophysical and strength 
properties of  thermoplastic biodegradable 
polymers are necessary for constructing tissue-
engineering structures using 3D printing. 
Therefore, comparative studies of  polymer 
samples, polymer blends, and composite 
material samples were carried out using the 
TGA, TMA, DMA, DSC methods.

The processes of  heating and cooling during 
extrusion by the method of  3D printing affect 
the size of  the fibers, the shape and size of  the 
cells during the construction of  cellular three-
dimensional structures (Fig. 7). The results 
of  measurements of  the characteristics of  
polymer samples by the DSC method showed 

that, in the heating-cooling mode, samples 
from PHB do not exhibit thermal stability 
compared to PLA. PHB is characterized by a 
change in crystalline phases with conversion 
to an amorphous state. The spreading of  the 
thermoplastic material leads to an increase in 
the thickness of  the samples in the manufacture 
of  rods. A change in the thermal stability of  
PHB samples occurs when the polymer is 
mixed with hydroxyapatite particles.

The technological process for the 
manufacture of  rods from thermoplastic 
polymers and their mixtures with natural 
polymers was carried out in two stages. At the 
first stage, using the IIRT-AM thermoplastics 
yield index meter, thermoplastics powders 
were poured into IIRT-AM, heated to the 
melting temperature, which was determined by 
the DSC method. After holding for 1 minute, 
the material was extruded from the chamber 
through a capillary with a diameter of  2.08 mm. 
The first stage was used to assess the feasibility 
of  manufacturing polymer rods from new 
polymer combinations. The second stage was 
carried out in the manufacture of  calibrated 
rods in sufficient quantities to work with a 
3D printer. The production of  polylactide-
based rods was carried out by melt extrusion 
on an extrusion line manufactured by firm 
"Gottfert".

A mixture of  polymers was obtained by 
mixing 7% solutions of  PLA polymers with 
PHB in a ratio of  1:1 and drying. Using a melt 
extrusion method on an extrusion line, a bar of  
a given diameter (1.75±0.05 mm) and length 
was manufactured. 

At the IIRT-AM laboratory unit, rods were 
made from a mixture of  PHB with particles 
of  hydroxyapatite (HAP). The composition 
for the manufacture of  the rod consisted of  
domestic polyhydroxybutyrate (PHB) obtained 
from the chloroform clarified biomass extract 
Methylobacterium extorquens G-10 (weight 

Fig. 7. Samples of  tissue-engineering structures made of  
polylactide. a) the disk with cells from a polylactide bar, built 
according to 3D technology; b) the sample in the form of  a 

pencil case, constructed of  polylactide by 3D printing.

               a                                             b
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18 g), (Pushchino, Institute of  Microbiology 
RAS) in the form of  particles of  size 0.5-2 mm 
and particles of  hydroxyapatite in the form of  
a finely divided powder.

Another approach to the manufacture 
of  the rod was to mix the polymer with 
hydroxyapatite particles. The manufacture of  
the rod from the PHB-HAP composition with 
a 20% mass fraction of  hydroxyapatite particles 
was carried out after preliminary grinding of  
PHB particles in an IP-30 mill and mixing with 
HAP particles. The filler leads to a decrease 
in the fluidity of  the polymer melt, and the 
forcing of  the composite melt was carried out 
at a temperature of  180°C.

A new approach for mixing PHB with 
hydroxyapatite particles was to create an 
aqueous suspension of  PHB by mechano-
acoustic treatment of  the suspension in RPA. 
Then, in the PHB suspension, the reaction 
of  the formation of  HAP particles was 
carried out according to the reaction between 
calcium monophosphate hydrate and calcium 
hydroxide (by analogy with the synthesis of  
collagen calcium phosphate compositions). 
The mechano-acoustic treatment of  the PHB-
HAP composition in water led to the formation 
of  synthesis products in the form of  a lower 
sediment layer, an upper layer in the form of  
foam and an intermediate layer of  a suspension 
of  nanoparticles. As a result of  centrifugation 
of  the precipitate, the product of  the paste-like 
composition PHB / HAP was obtained. Using 
the TGA and DSC methods, it was found that 
the ratio of  organic and inorganic components 
in the sediment is 80:20 wt.%, And the DSC 
dependence confirms the role of  the influence 
of  hydroxyapatite particles on the thermal 
stability of  the composition.

In contrast to the synthetic polymers 
PLA, PHB, of  which rods and extruded films 
were made at temperatures above 170°C, 
polycaprolactone (PCL) rods were produced 

at extrusion temperatures over the extruder 
zones 60-80°С. A calibrated bar with a diameter 
of  1.7-1.8 mm was obtained on the extrusion 
line. The PCL melt flow rate, measured on 
an IIRT-AM device at 100°C, 2.16 kg was: 15 
g/10 min; at 80°C - 7 g/10 min and at 60°C - 
2.5 g/10 min. For maxillofacial surgery interest 
in polycaprolactone is due to the ability to 
produce samples of  materials of  specialized 
structures at temperatures of  60-80°C.

The results of  the manufacture of  
thermoplastic rods for the 3D printing 
technique showed the need to develop 
polymer compositions with the necessary 
flow properties of  polymer melts. Thus the 
process of  constructing tissue-engineering 
structures is associated with the improvement 
of  3D printing technology. The development 
of  a temperature controlled 3D printing 
technique, the use of  UV, IR, and microwave 
radiation techniques when forming products 
of  complex architecture by 3D printing can 
change the polymerization rate and form a 
porous structure in the samples.

The methods for the formation of  porous 
polymer composites presented in this work 
allow the production of  porous biocomposites 
with various architectures. The formation 
of  mixed compositions from natural and 
synthetic polymers with inorganic and organic 
compounds allows to design a wide range of  
biomaterials of  varying complexity. A new 
approach to the mixing of  polymers of  various 
nature is implemented under conditions 
of  ultrasonic dispersion of  solutions of  
biodegradable polymers in chloroform 
with colloidal aqueous suspensions and 
thermostimulated microwave heating.

Non-woven porous films were made by 
the method of  electroforming of  fibers (EFF) 
from solutions of  biodegradable polymers 
(PHB, PLA, PCL).
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Fig. 8 shows electron microscopy images 
of  nonwoven samples obtained by the EPI 
method from PHB and PLA solutions. The 
synthesis of  nonwoven samples of  materials 
from polymer solutions with inorganic and 
organic components was carried out under 
conditions of  ultrasonic and mechanical-
acoustic dispersion. The creation of  multilayer 
samples of  nonwoven materials with a different 
combination of  layers and the construction of  
structures on samples of  nonwoven materials 
using 3D printing made it possible to create 
porous structures with controlled porosity and 
bioresorption time.

The methods of  formation of  a porous 
structure in polymer composites developed 
in the work indicate the need to combine 
various methods to achieve a branched 
porous structure and the required pore sizes 
in biomaterials. The combination of  samples 
of  materials obtained by 3D printing and EPI 
is a promising direction in the manufacture of  
porous three-dimensional frame structures.

6. METHODS OF IMPLANTING 
POLYMER SAMPLES INTO A BONE 
DEFECT.
Studies of  the effectiveness of  calcium-
phosphate biomaterials based on natural 
and synthetic polymers in traumatology and 
orthopedics were carried out using the method 
of  implantation of  samples into a skull bone 
defect in vivo. The implantation technique 
included: incision of  the prepared skin up to 

2 cm and atraumatic dilution of  soft tissues to 
the parietal bones, then two holes were formed 
in the bones of  the skull with a round cutter 
with a diameter of  3.5 mm (Fig. 9).
The defect was closed with a prepared collagen 
calcium phosphate sample (KHA matrix) in 
this model and the reactions at the border of  
the graft and bone tissue were studied. The 
graft mineralization process was also evaluated. 
For this purpose, computed tomography and 
histological preparations of  the skull bones 
were used.

In the preparations of  the experimental 
group on the 60th day the filling of  the defect 
area with fibrous connective tissue of  varying 
degrees of  density was observed. The study 
of  the toxicity of  the KHA matrix was carried 
out on a fibroblast culture. The surface of  
the sample contributed to good spreading 
and fixation of  cells. Attached fibroblasts 
on the material were alive. The staining with 
fluorescent nuclear probes (Hoechst 33342) 
after 48 hours after plating of  cells on the 
material showed their complete survival. 
Moreover, among them cells in anaphase and 
metaphase state were revealed, which directly 
indicates cell growth on a sample of  material.

The developed porous tissue-engineering 
construction- the KHA matrix, consisting of  
collagen and hydroxyapatite materials that are 
biologically natural for bone tissue, is close to 
the native bone in percentage. The production 
technology of  such structures allows the 

Fig. 9. Scheme for applying defects (3.5 mm) in the parietal 
bones of  a rat with a round mill.

Fig. 8. Electron microscopy images of  non-woven samples 
obtained by the method (EPI) from solutions of  PHB a) and 

PLA b). Scale - 100 microns.

                       a                                          b
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inclusion of  drugs in its composition, 
depending on the specific clinical task. The 
structure and physicochemical properties of  
the developed bone implant provide it with 
high adhesive properties for fibroblast cells. 
This contributes to the activation of  reparative 
processes in bone defects, without interfering 
with natural osteohistogenesis.

The use of  the developed design with 
the inclusion of  an antibiotic in it makes it 
possible to eliminate the purulent-destructive 
inflammatory process in the model of  post-
traumatic osteomyelitis with restoration of  
bone tissue. The developed methods for 
studying porous collagen-calcium-phosphate 
matrices were also used in the study of  porous 
calcium-phosphate compositions based on 
other natural and synthetic polymers in the 
replacement of  bone defects.

As a result of  the synthesis of  hydroxyapatite 
in a suspension of  PHB, paste PHB/HAP with 
a 20% content of  hydroxyapatite particles was 
obtained. Films 100-200 μm thick, rods for 3D 
printing, and a 2-layer fabric engineering design 
based on the porous non-woven material PHB 
obtained by EPI and paste - PHB/HAP were 
made from these compositions. The paste 
was applied to a nonwoven sample of  PHB 
material and dried under the influence of  
microwave radiation. During subcutaneous 
implantation of  the fabricated material 
samples, their biocompatibility and the absence 
of  inflammatory reactions in the tissues were 
noted. The results obtained allowed us to 
proceed to the design of  complex tissue-
engineering structures by 3D printing in the 
form of  volumetric cellular structures and 
filling their calcium with phosphate pastes. 
The method of  3D printing made porous 
cellular samples, it is planned to fill the cells 
with calcium phosphate pastes containing 
morphogenetic protein and other bioactive 
materials. Biomedical testing of  samples of  

biocomposites in living systems allows you 
to adjust the methods, composition and 
conditions for the manufacture of  structures 
of  complex architecture. The manufacture 
of  biocomposites with the introduction of  
biological components from living organisms 
into them will stimulate the process of  
osteogenesis and restore the process of  
replacing a bone defect.

7. PRODUCTION OF BONE 
SUBSTITUTE MATERIALS USING 
THE 3D PRINTING METHOD.
The development of  frame-type implants 
is currently an important area of  tissue 
engineering. With this construction, a 
framework made of  a thermoplastic polymer 
plays the role of  mechanical support, and 
is filled with biomaterial that acts as an 
extracellular matrix.

The development of  new methods and 
approaches for 3D printing of  bone implants, 
which, after being introduced into the body, 
can be reconstructed into living bone tissue, 
for maxillofacial surgery and dentistry are 
the most popular and can be implemented 
in the first place. Jaw defects resulting from 
inflammatory and tumor processes, traumatic 
injuries, and tooth extraction make it difficult 
to rehabilitate patients and prosthetics.

Currently, biomaterials are used to replace 
jaw defects in the form of  chips, blocks and 
gels, which, however, are not able to restore 
the shape and structure of  lost bone. These 
limitations can be overcome with the help of  
new approaches to computer modeling and 
combined 3D printing methods, which allow 
creating bone implants close in structure and 
biological properties to living bone tissue.

As a layout, a 3D model of  a bone with 
a defect was constructed using computed 
tomography data, using the example of  the 
lower jaw. For this the ViSurgery program 
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was used. By software, a model of  a bone 
implant was formed, repeating the contours 
of  the defect and replenishing its volume 
with the formation of  the internal structure 
of  the implant in the form of  a beam three-
dimensional structure. Fig. 10 shows the 
appearance of  the 3D model of  the lower 
jaw after it is divided into regular cells. The 
cortical (external) frame of  the implant was 
printed using a polylactide rod. The formation 
of  a spongy (internal) structure of  the bone 
implant and jaw model was performed with 
hydroxyapatite paste.

The development of  a lattice structure will 
allow us to split the 3D model of  the implant 
into lattices (Fig. 10), which in turn repeat the 
individual implant geometry to restore the bone 
defect in the patient and allow the strength 
characteristics of  the implant to be preserved 
after transplantation. At the same time, the 
space between the beams is communicated 
throughout the implant, which will not impede 
the growth of  vessels deep into the implant 
and limit regeneration, simulating the natural 
structure of  bone tissue.

The development of  a 3D printer for 
combined printing with biocompatible 
polymers (polylactide, polyoxybutyrate, 
polyglycolide) by the method of  layer-by-layer 
deposition (FFM) and pastes based on natural 
and synthetic components, the method of  
direct extrusion is an innovative and highly 
sought-after approach to solving the problem 
of  timing and quality of  bone restoration 
defects.

In the work, pastes based on hydroxyapatite 
and sodium alginate (HAP-AN) were used 
as biomaterials filling the framework of  a 
thermoplastic polymer. HAP-AN paste was 
used in the preparation of  compositions 
containing biopolymers with viscous-flowing 
properties and suitable for the construction of  
implants using the 3D printing method. The 
implants were constructed in layers. Various 
combinations of  mixing the components 
of  the compositions and the construction 
of  product layers were used. At the same 
time, a new approach was implemented in 
the work, associated with the use of  non-
woven polymeric materials as a substrate for 
constructing a polymer skeleton. Non-woven 
polymeric materials obtained by electrofiber 
forming (EFF). Forming was carried out 
on a substrate of  nonwoven polypropylene 
material using a 7% chloroform solution of  
polyhydroxybutyrate (PHB). The electrical 
conductivity of  the solution was about 9 μS/
cm. The capillary diameter is 0.1 mm.

Electroforming of  nonwoven fibrous 
materials from PHB was carried out with the 
aim of  manufacturing

- substrates for further layering of  calcium-
phosphate compositions and construction 
of  implant structures using a 3D printer;
-for electroforming non-woven fibrous 
materials with dosage forms.

Fig. 10. The lattice structure of  the lower jaw, modeled in the 
Inspire software package.
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So, on a non-woven material from PHB by 
3D printing a polylactide (PLA) framework 
was constructed, which was then filled with 
a paste-like water composition HAP-AN. For 
the study of  the behavior of  biomaterials in 
living systems, samples of  various architectures 
were made.

In Fig. 11 shows PLA disks located on 
a PHB membrane constructed using 3D 
printing technology. The development of  
such structures from two polymers, one of  
which is of  the membrane type, opens up new 
possibilities in the production of  artificial bone 
substitute materials.

The samples of  mesh (lattice) architecture 
seem to be the most promising for the 
replacement of  bone defects, as it provides 
greater access to cells to three-dimensional 
porous structures during the formation of  
new tissue.

In the work, compositions were developed, 
including HAP and biodegradable polymers, 
suitable for the construction of  implants using 
3D printing technology. The combination 
of  HAP with polymers was carried out 
under conditions of  ultrasonic dispersion 
of  mixtures using chloroform solutions of  
PHB, PLA, and aqueous suspensions of  HAP. 
From compositions comprising HAP and 
biodegradable polymers, the corresponding 
fibrous non-woven materials were obtained by 
electroforming. The conditions of  electrostatic 
forming of  fibrous nonwoven materials do 

not significantly affect the chemical nature of  
the starting biopolymers. This, in particular, 
is indicated by the results of  IR spectroscopy. 
Spectra of  reflection (not detecting significant 
differences among themselves) of  PLA films 
obtained by pressing and electroforming.

Part of  the polymer-containing 
compositions before doping was doped with 
the endoxan dosage form. The idea of  creating 
fibrous non-woven materials with dosage 
forms is associated with the need to obtain 
implants with a prolonged ability to suppress 
bone tissue neoplasms.

Using 3D printing, samples from synthetic 
polymers were fabricated in a layer-by-layer 
manner on fabric-based non-woven samples 
from the corresponding polymers. On a 
nonwoven fibrous material obtained by the 
EFF method from solutions of  biodegradable 
polymers, a tissue-engineering cellular structure 
with a predetermined pore size (100-500 
μm) is formed by 3D printing, which is filled 
with calcium phosphate pastes containing 
natural polymers and necessary components. 
After assembly, the structure is dried by 
thermostimulated microwave heating.

To determine the changes in biocomposites 
that occur in living organisms over time, a 
series of  samples were prepared based on 
biodegradable polymers and calcium phosphate 
pastes.

It was established by electronic, atomic 
force, and acoustic microscopy that polylactide 
wafers aged for 1-3 months in living organisms 
undergo changes. As a result of  biodegradation, 
the average height of  the microrelief  decreases.

During histological examination of  bone 
tissue samples containing a polymer three-
dimensional structure, it was found that bridges 
and the outer membrane of  the structure, 
around which the connective and bone tissue 

Fig. 11. The disks from PLA on the PHB (a, b), built 
using 3D technology.

                       a                                          b

VLADIMIR N. GORSHENEV, MAYYA YU. ZIANGIROVA, VLADIMIR V. KOLESOV, 
LARISA M KRASNOPOLSKAYA, ALEXANDER A.PROSVIRIN, ANDREY T. TELESHOV



387

RENSIT | 2019 | Vol. 11 | No.3

MEDICAL PHYSICS NEW ADDITIVE TECHNOLOGIES FOR FORMING 
COMPLEX BONE STRUCTURES FOR MEDICAL...

of  the regenerate are located, are clearly 
constructed among the bone regenerate.

Contact of  bioimplant with bone tissue 
occurred without a layer of  connective tissue. 
Regenerative type connective tissue with signs 
of  focal osteogenesis was in contact with the 
bioimplant without visible cellular reactions 
characteristic of  inflammation. Reticulofibrotic 
bone tissue rested on a bioimplant and spread 
along it. Osteoblast precursors evicted from 
immature connective tissue cells formed 
an osteoid in the immediate vicinity of  the 
structure without significant signs of  inhibition 
of  reparative osteogenesis. A targeted study 
of  the contact area of  the connective tissue 
of  the regenerative type and the material of  
the three-dimensional structure did not reveal 
a pronounced macrophage and inflammatory 
infiltration of  it. The fibers of  connective tissue 
penetrated into the gaps of  the material, which 
indicates in favor of  its hydrolytic dissolution.

A histological investigation of  tissue 
samples containing a three-dimensional plastic 
structure created by the three-dimensional 
printing method revealed that the bioimplant 
from which the structure is produced has good 
supporting functions for connective, bone, 
and granulation tissue. The bioimplant does 
not cause severe inflammatory infiltration by 
lymphocytes, neutrophils and giant cells of  
foreign bodies. The bioimplant resorption 
probably occurs by hydrolysis, the metabolites 
released during this do not negatively affect 
reparative osteogenesis.

8. CONCLUSION
Thus, the synthesis of  nanosized hydroxyapatite 
by the exchange reaction between diammonium 
phosphate and calcium nitrate under conditions 
of  mechano-acoustic processing of  the 
reaction mixture was developed. The methods 
for purifying hydroxyapatite from by-products 
are proposed. By dispersing raw materials of  

animal origin, a protein hydrosol was obtained 
in the medium of  which hydroxyapatite was 
synthesized and a collagen-calcium-phosphate 
composite was obtained. The methods of  
forming porous collagen-calcium-phosphate 
composites, including the action of  microwave 
radiation, are considered.
It is shown that based on the developed 
biocompositions: calcium phosphate 
pastes, compositions from thermoplastic 
biodegradable polymers, non-woven fibrous 
materials, fabric-engineering constructions with 
an adjustable architecture can be made to solve 
various biomedical problems. The manufacture 
of  biocomposites with the introduction of  
biological components from living organisms 
and drugs into their composition will stimulate 
the process of  osteogenesis and restore the 
process of  replacing a bone defect.
The creation of  three-dimensional structures 
capable of  performing the functions of  a 
particular natural tissue of  the body, based on 
a combination of  cells and scaffolds (three-
dimensional structures, matrix, framework), 
as well as other factors affecting cell growth, 
their differentiation and organization of  the 
extracellular matrix, is an important task of  the 
tissue engineering [44-46].
The work was carried out with the financial 
support of  the Russian Federal Property Fund, 
project 18-29-23042.
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