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1. INTRODUCTION
A considerable amount of  work has been 
devoted the scattering of  electromagnetic 
waves in randomly inhomogeneous 
media with large-scale or delta-correlated 
disturbances of  the medium [1–5]. The 
average intensity of  the field of  a wave 
incident along the normal to a layer with 
narrow (compared to the wavelength in 
vacuum) random discrete one-dimensional 
inhomogeneities under the condition of  
uniform distribution of  the phase of  the 
reflection coefficient of  the wave from each 
inhomogeneity was analyzed in [6]. In [7], 
using the method of  geometric optics, the 
mean electromagnetic field in a randomly 
inhomogeneous atmosphere was calculated. 
Taking into account the fractal properties of  
randomly inhomogeneous media, multiple 
scattering of  waves was studied in [8]. The 
scattering of  acoustic waves by a set of  
spherical inhomogeneities randomly located 
on a horizontal seabed was analyzed in [9]. 
Despite of  the large amount of  research 
presented in these works, the properties 
of  the mean intensity of  the wave field in 
a medium with random rarefied fluctuations 
of  the dielectric constant of  an arbitrary 
shape have not been studied yet. It is possible 
to use these layers to model the propagation 
and reflection of  electromagnetic waves 

in the problems of  sounding the Earth in 
shallow geophysics [10], as well as during 
the passage of  radio emission through the 
troposphere (for example, [11, 12]).

In [13], the average intensity of  the 
field of  a plane wave incident on a one-
dimensional layer with random rarefied 
rectangular dielectric permittivity 
inhomogeneities with zero mean 
amplitude is analyzed. In this paper, we 
generalize the results obtained in [13] to 
the case of  a medium with rectangular 
permittivity perturbations with a nonzero 
mean value, and also consider wave 
propagation in a medium with triangular 
permittivity fluctuations. The dependence 
of  the average intensity on the parameters 
of  fluctuations (average width, average 
amplitude and standard of  fluctuations in 
amplitude) is studied.

2. PROBLEM STATEMENT AND 
CALCULATION METHOD
The paper investigates the average intensity of  
a harmonic plane electromagnetic wave with 
an electric field strength 0 0(x) exp( )E nE i t ikxω= −



  
which is falled falling on a layer (0 ≤ 
x ≤ L) with random one-dimensional 
inhomogeneous fluctuations of  the dielectric 
constant of  various shapes (Fig. 1). Here n  
is the unit normal vector perpendicular to the 

Fig. 1. The dielectric constant of  the layer ε(x)/ε(0).

GENNADY I. GRIGOR'EV, TATIANA M. ZABORONKOVA, LEV P. KOGAN RADIOLOCATION
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X axis, E0 is the amplitude of  the incident 
wave, (0)

0 ,k k ε= where 0k  = 2π/λ0 is the 
wavenumber in vacuum, ε(0) is the relative 
permittivity of  the medium in the absence 
of  disturbances.

The relative dielectric constant of  the 
layer in an individual realization is given in 
the form

(0)
1

( ) (1 ( )[ ( ) ( )]).N
m m m mm

x f x H x x H x x Sε ε
=

= + − − − −∑  (1)

Here H(z) is the Heaviside unit function, the 
function fm(x) determines the disturbance 
profile, N is the number of  irregularities in 
the realization, xm is the coordinate of  the 
beginning of  the mth irregularity, Sm and 
|Am| = max|fm(x)| – its width and amplitude, 
respectively; the distance between the 
inhomogeneities is Lm = x(m+1) – xm – Sm. We 
assume that xm, Sm, and Am are independent 
random variables (RVs). Parameters Sm and 
xm have a truncated Gaussian distribution 
with average values S = <Sm> and <xm> = 
<x1> + (m – 1) , (where   = S + <Lm>), 
as well as fluctuation standards σS and σx. We 
take the probability density for RV Am in (1) 
in the form of  a Gaussian distribution with 
an average value <Am> = A and a fluctuation 
standard σA. The following restrictions are 
assumed to be met
{ } 2, ,  ,  |A | 3 1,  ( ) 1.x A xS L S kσ σ σ− +     �  (2)

As in [13], we will assume that Re 
ε(x) > 0 and Im ε(x) = 0. Note that the 
reflection of  electromagnetic waves from 
a randomly inhomogeneous medium with 
fluctuations of  the complex permittivity 
was considered in [14] under the condition 
that fluctuations are delta-correlated and 
mutually independent.

The intensity of  the field of  a plane wave 
propagating in a layer with one-dimensional 
inhomogeneities, under conditions (2), is 

determined by the following expression (see 
[13]):

0

20

2

( ) exp[ (0.75 )]
( ) {2 cos[2 ( ) ]
( )

sin[2 ( ) ]}exp( ) .

I x I L x
sh t t L x t
ch t

L x t Lt dt

π κ
π κ
π

κ κ

+∞

= − ×

× − +

+ − −

∫  (3)

Here 2 (0) 1
0 0 0 0

1
2

I E ε ε µ−=  is the intensity 
of  the plane wave incident on the layer 
(where ε0 and μ0 are electric and magnetic 
constants); the parameter κ  depends on 
the reflection coefficient Rm as follows: 

1 2 2| | /(1 | R | ) ,m mRκ − < −= >  the symbol 
<...> means averaging over the ensemble 
of  realizations. Below, we proceed to 
calculating the coefficient κ  in formula 
(3). To determine the value of  κ , we first 
calculate the reflection coefficient Rm of  a 
plane wave from a separate inhomogeneity 
with number m. The electric field strength 
E inside the m-th inhomogeneity with 
permittivity 0( ) [1 ( )],mfε ζ ε ζ= +  set on the 
interval 0 ≤ ζ ≤ Sm (where ζ = x – xm) is 
determined by the wave equation

2( ) ( ) ( ) 0,E k Eζ ε ζ ζ′′ + =  (4)

where the prime means differentiation 
with respect to the argument; for ζ < 0 
and ζ > Sm, one should set (0)( ) .ε ζ ε=  Let 
us denote two independent solutions of  
Eq. (4) as functions Φ1,2(ζ). Taking into 
account the conditions for the tangential 
components of  the electromagnetic field 
at the boundaries of  the inhomogeneity (ζ 
= 0 and ζ = Sm), we obtain the expression 
for the reflection coefficient Rm

2
1 2

2
1 2

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

m m m m
m

m m m m

k C S b S ik S SR
k C S b S ik S S

α α
α α

− + +
=

+ + −
 (5)

The following notations were introduced in 
(5):

INTENSITY OF ELECTROMAGNETIC WAVE INTO LAYERS 
WITH FLUCTUATIONS OF DIELECTRIC PERMITTIVITYRADIOLOCATION
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1 2 1 2 1

1 2

1 2 1 1 1

2 1 2 2 2
1

1 2

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

( ) (0).

m m m

m m

m m m m

m m

m

b S S S
C S S

S S S S
S S

S

β
β

α β
α β

β −

′ ′ ′ ′= Φ Φ −Φ Φ

= − Φ Φ
′ ′= Φ Φ −Φ Φ
′ ′= Φ Φ −Φ Φ

= Φ Φ

Below we consider the properties of  the 
average intensity of  the wave field in layers 
with fluctuations in the permittivity ε(x) of  
rectangular and triangular shapes. In these 
cases, the solution to Eq. (4) can be obtained 
analytically.

3. RESULTS OF NUMERICAL 
CALCULATIONS AND THEIR 
DISCUSSION
3.1. field intensity in a layer with 
rectanGular dielectric constant 
inhomoGeneities

The function fm(x) in relation (1) for a layer 
with rectangular inhomogeneities is a constant 
fm(x) = Am. Then the solution of  equation 
(4) has the form: 1,2 exp( 1 ).mik A xΦ = ± +  In 
this case, from (5) we obtain the following 
expression for the reflection coefficient: 

2 2( 1) / ( 1 2 ctg ),m m m m mR Z Z iZ θ= − + −  where 
1/21 ,  (1 )m m m m mk A S Z Aθ −= + = +  is the 

impedance of  the inhomogeneity, normalized 
to the impedance of  the unperturbed 
medium Z(0) = [μ0/(ε0ε

(0))](1/2). Note that 
the obtained expression for Rm coincides 
with the coefficient of  reflection from a 
homogeneous plane layer given in [15]. Using 
the relationship between κ  and the average 
reflection coefficient <Rm> under small 
values of  A, for the averaged parameter κ  in 
(3) we have:

2 2 2 2 2 4 2

2

( exp( )[( ) cos

2 si ,n ]) / 8
A A A

A

gA k S A
kAS

κ σ σ σ α

σ α

= + − − − + −

− 
 (6)

where 2 2 2 2 22 / 2,  2 1 .S Ag k k S k ASσ σ α= + = +

Below, we present the results of  a 
numerical analysis of  the dependence of  the 

GENNADY I. GRIGOR'EV, TATIANA M. ZABORONKOVA, LEV P. KOGAN RADIOLOCATION

Fig. 2. Parameter κ (S)L for a layer with rectangular 
inhomogeneities ε(x) at L = 2∙104λ, <Lm> = 2λ, σS = 
0.01λ, σA = 0.07. Curves 1–3 correspond to A = 0.05, 0, 

–0.05.

normalized average intensity I(S)/I0 on the 
average width of  the inhomogeneities S for 
different values of  the x coordinate inside 
the layer. All calculations were carried out 
for a layer with a thickness of  L = 2∙104λ, 
the average distance between neighboring 
inhomogeneities <Lm> = 2λ, and the standard 
of  fluctuations of  the average disturbance 
width σS = 0.01λ.

The character of  the I(S) dependence is 
determined by the properties of  the parameter 

Lκ , which is confirmed by the results of  
numerical calculations. Fig. 2 shows the κ
(S)L dependence (curves 1–3) at A = 0.05, 
0, –0.05, respectively, and the fluctuation 
standard σA = 0.07. From expression (6) it 
is easy to obtain that κ (S)L is an oscillating 
function with a period / (2 1 )Aλ + where 

(0)
0λ λ ε= , which is illustrated in Fig. 2.

Fig. 3 shows the dependence of  the 
average intensity I(S) (normalized to I0) on the 
dimensionless width of  the inhomogeneities 
S/λ at the fluctuation standard σA = 0.07. 
Curves 1–5 in Fig. 3a correspond to the 
values x = 0.0.25L, 0.5L, 0.75L, L and A 
= 0.05; curves 1–6 in Fig. 3b correspond 
to parameters A = 0.05, 0, –0.05 at x = 0 
(curves 1–3) and x = L (curves 4–6).

At x < L/2, the intensity maxima I(S) are 
achieved at the values of  the average width of  
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                                              a                                                                                          b
Fig. 3. Average intensity I(S)/I0 for a layer with rectangular inhomogeneities ε(x) at σA = 0.07 (a) A = 0.05; curves 1–5 
correspond to the values x = 0, 0.25L, 0.5L, 0.75L, L; (b) A = 0.05, 0, - 0.05; curves 1–3 at x = 0, curves 4–6 at 

x = L.

the disturbances max ( 0.5) / (2 1 ),S n Aλ= + +  
and the minima – at min / (2 1 ),S n Aλ= +  
where n = 0,1,2,3,…. For x > L/2, the 
oscillation phase of  the function I(S) is 
shifted by π in comparison with the case x < 
L/2 (curves 1 and 5, as well as curves 2 and 
4 in Fig. 3a). For x = L/2, the ratio I(S)/I0 
≡ 1 holds for all values of  the average width 
of  the inhomogeneities S. From Figures 2 
and 3 and expressions (3), (6) it follows that 
the functions κ (S)L and I(S) have the same 
oscillation period. Figs. 2 and 3b show that 
the period of  oscillations decreases with an 
increase in the value of  A.

The amplitude of  the intensity oscillations 
decreases with increasing S/λ. Fig. 3b shows 
that as the average value of  the disturbance 
amplitude (at σA = const) decreases, the 
amplitude of  the intensity fluctuations I(S) 
decreases. With an increase in S, the intensity 
I(S) also tends to the unperturbed value I0, 
while the coefficient κ (S) → 0.

As follows from (6), under the condition 
sinα = 0 (which for small values of  |A| 
<< 1 is equivalent to S = λn/4, where n = 
0,1,2,3, ...) the value κ  ~ A2; moreover, I(A) 
= I(–A). Fig. 4 shows the dependence of  the 

parameter κ (A)L at σA = 0.02 and σA = 0.07 
(solid and dotted lines, respectively). Curves 
1 and 3 correspond to the value n = 4, curve 
2 – n = 20.

Fig. 5 shows the results of  calculating I(A) 
for the average width of  inhomogeneities S 
= λ (n = 4, Fig. 5a), S = 5λ (n = 20, Fig. 5b) 
for x = 0, 0.25L, 0.5L, 0.75L, L and the 
standard of  fluctuations σA = 0.02 (solid 
curves 1–5), σA = 0.07 (dashed curves 1' - 5'). 
Figs. 4 and 5 show that for integer values of  

Fig. 4. Parameter κ (A)L for a layer with rectangular 
inhomogeneities ε(x) at σA = 0.02 (solid line), σA = 0.07 
(dashed lines). Curves 1 and 3 correspond to S = λ, curve 

2 - S = 5λ.
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n corresponding to the case of  a symmetric 
dependence of  the functions κ (A)L, the 
average field intensity is also independent of  
the sign of  A.

Numerical calculations of  the dependences 
κ (A)L and I(A) plotted for S = 1.9λ and S = 
2.1λ and for the same other parameter values 
as in Fig. 5, confirm the conclusion about 
the asymmetry of  the coefficient κ (A) and 
intensity I(A) at non-integer values of  S/λ 
(sinα ≠ 0).
3.2. field intensity in a layer with 
trianGular dielectric constant 
inhomoGeneities

For a layer with inhomogeneities of  the 
dielectric constant in the form of  right-
angled triangles (Fig. 1), the functions fm(x) in 
(1) are written as fm(x) = pm(x - xm), where pm = 
Am/Sm. In this case, the solution to equation 
(4) has the form [16]:

0.5 (1,2) 1 1.5
1,2 1/3( ) (1 ) [(2 / 3) (1 ) ].m m mp H kp pζ ζ ζ−Φ = + +  (7)

Here (1,2)
1/3 ( )H ζ  are the Hankel functions of  

the first and second kind with index 1/3, ζ = 
x – xm. In this case, the reflection coefficient 
Rm from one triangular inhomogeneity is 
determined by expression (5), in which the 
functions Φ1,2(ζ) are given by relation (7).

Fig. 6 shows the dependence of  the 
parameter κ (S)L on the normalized average 
width of  inhomogeneities S/λ for the 
considered case ε(x) at σA = 0.07 and A = 
0, 0.1, –0.1 (curves 1–3, Fig. 6). Numerical 
calculations show that the κ (S)L dependence 
for different values of  the parameter A has 
a similar form as in a layer with rectangular 
inhomogeneities ε(x) (i.e., the oscillation 
period decreases with increasing A).

Fig. 7 illustrates the dependence κ (A)L 
at S = 2.1λ, σA = 0.02 and σA = 0.07 (curves 
1 and 2); the values of  the parameters L, 
<Lm> and σS are the same as in Section 3.1. 
It follows from the calculation results that, in 
the case of  triangular perturbations ε(x), the 

Fig. 5. Average intensity I(A)/I0 for a layer with rectangular inhomogeneities ε (x) at σA = 0.02 (solid curves), σA = 0.07 
(dashed curves); x = 0 (curves 1 and 1′), x = 0.25L (curves 2 and 2′), x = 0.5L (curve 3), x = 0.75L (curves 4 and 4′), 

x = L (curves 5 and 5'); (a) S = λ, (b) S = 5λ.

Fig. 6. Parameter κ (S)L for a layer with triangular 
inhomogeneities ε(x) at σA = 0.07; A = 0 (curve 1), 

A = 0.1 (curve 2), A = –0.1 (curve 3).

                                       a                                                                                  b
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function κ (A)L depends on the sign of A for 
any values of  the normalized average width 
of  the inhomogeneities S/λ.

Fig. 8 shows the average intensity I(S)/I0; 
in Fig. 8a, curves 1–5 corresponding to x = 
0, 0.25L, 0.5L, 0.75L, L correspond to the 
values of  σA = 0.07. A = 0.1; curves 1–6 in 
Fig. 8b correspond to σA = 0.07, A = 0; 0.1; 
–0.1 at x = 0 (curves 1–3) and x = L (curves 
4–6). Comparing Fig. 8 and Fig. 3, we come to 
the conclusion that the periods of  oscillations 
of  the function I(S) for fluctuations ε(x) of  
triangular and rectangular shapes practically 

coincide, while the amplitude of  oscillations 
for triangular inhomogeneities turns out to 
be significantly smaller (Figs. 4 and 7).

Fig. 9 shows the normalized average intensity 
I(S)/I0 for a layer with triangular inhomogeneities 
ε(x) at x = 0, 0.25L, 0.5L, 0.75L, L (curves 1–5). 
The curves in the figure correspond to the I(S)/
I0 dependence at σA = 0.07, A = 0 (thin lines), 
and A = 0.1 (bold lines). It should be noted that 
the difference between the intensities |I(S) – I0| 
increases with increasing |A| and σA.

Fig. 7. Parameter κ (A)L for a layer with triangular 
inhomogeneities ε(x) at S = 2.1λ; σA = 0.02 (curve 1), 

σA  = 0.07 (curve 2).

                                                a                                                                                       b
Fig. 8. Average intensity I(S)/I0 for the layer with triangular inhomogeneities ε(x) at σA = 0.07 (a) A = 0.1, curves 1–5 

correspond to x = 0, 0.25L, 0.5L, 0.75L, L; (b) A = 0, 0.1, –0.1; x = 0 (curves 1–3), x = L (curves 4–6).

Fig. 9. Average intensity I(S)/I0 for a layer with triangular 
inhomogeneities ε(x) at σA = 0.07, A = 0 (thin lines), 
A = 0.1 (bold lines); curves 1–5 correspond to x = 0, 

0.25L, 0.5L, 0.75L, L.
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Thus, it is shown that for a layer with 
triangular inhomogeneities ε(x), the intensity I(A) 
depends on the sign of  A for any values of  the 
average width of  inhomogeneities, in contrast to 
the case of  dielectric constant with rectangular 
inhomogeneities. This is explained by the fact 
that the reflection coefficient from a single 
inhomogeneity with a linear dependence ε(x) is 
a function of  the parameter A, in contrast to the 
case of  constant ε(x) inside the inhomogeneity. 
Note that despite of  the asymmetric shape of  
the inhomogeneities ε(x) of  a triangular shape, 
the layer with inhomogeneities of  this shape, as 
well as the layer with rectangular fluctuations ε(x), 
does not possess anisotropy properties, i.e. the 
distribution of  the average intensity inside the 
layer with one-dimensional discrete fluctuations 
ε(x) does not depend on the direction of  
incidence of  the wave on the layer. This is due to 
the multiple reflection of  the wave from a large 
number of  random irregularities within the layer.

4. CONCLUSION
The problem of  scattering of  a plane 
electromagnetic wave by a dielectric layer 
with one-dimensional random discrete 
inhomogeneities of  arbitrary width is 
considered. When calculating the intensity 
of  the scattered field, it was assumed that 
the coordinates of  the points of  origin 
of  inhomogeneities, as well as their width 
and amplitude, are independent random 
variables distributed over Gaussian. The 
cases of  layers with perturbations of  the 
permittivity of  rectangular and triangular 
shapes are investigated. One of  the results 
of  this work is the lack of  localization of  
mean intensity. The localization of  plane 
waves in chaotically layered media are 
discussed in [17-21]. In particular, it was 
shown in [17] that dynamic localization 
takes place for individual realizations of  the 

field, while statistical energy localization 
expresses the properties of  the entire 
statistical ensemble of  realizations. The main 
conclusion of  the authors of  [17] is that, 
despite the presence of  field localization 
in individual realizations, it may be absent 
for the average wave intensity for the entire 
statistical ensemble of  realizations. The 
calculation method used in our work is 
based on averaging the field intensity over 
all random realizations.

It is shown in this work that the 
amplitude of  intensity oscillations I(S) for a 
layer with rectangular inhomogeneities ε(x)
is significantly larger than for fluctuations 
with a triangular profile. With an increase 
in the average width of  inhomogeneities, 
the amplitude of  oscillations of  the average 
intensity at a nonzero average value of  the 
amplitude of  fluctuations decreases faster 
than at A = 0. The period of  oscillations for 
both types of  disturbances is the same and 
is approximately equal. The deviation of  the 
average intensity I(S) from the unperturbed 
value turns out to be proportional to 
the amplitude |A| and the standard of  
fluctuations σA of  inhomogeneities and 
decreases with an increase in the average 
width S. Differences in the behavior of  
the average intensity when the wave is 
scattered by layers with inhomogeneities 
of  the dielectric constant with a constant 
and linear dependence on the x coordinate 
inside the inhomogeneities are explained by 
the features of  the reflection coefficients 
of  the wave from individual fluctuations of  
rectangular and triangular shapes [ 12]. For a 
layer with rectangular inhomogeneities, the 
I(A) dependence is a symmetric function 
of  the average value of  the parameter A at 
integer values of  S/λ for small fluctuation 
amplitudes. For a layer with fluctuations 
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in the permittivity of  a triangular shape, 
the dependences κ (A) and I(A) are not 
symmetric functions of  A at any width of  
the inhomogeneities, as well as the modulus 
of  the reflection coefficient from an 
individual inhomogeneity. The noted fact 
can be used in the diagnostics of  natural 
environments.
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1. INTRODUCTION
The main element base of  modern 
submodules of  output power amplifiers 

RADIOELECTRONICS

(OPAs) of  receiving and transmitting  
modules of  active phased phased array 
antennas are solid-state monolithic 
integrated circuits of  microwave power 
amplifiers on GaAs or GaN crystals [1,2]. 
To obtain the required output power in the 
OPA, the summation of  the microwave 
power of  two or more MICs is usually 
used. The efficiency of  modern OPA, as 
a rule, does not exceed 20-25%, and the 
power released in the MIC leads to their 
significant heating. The inhomogeneous 
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heating of  the MIC and the difference 
in the temperature coefficients of  the 
material of  the contact joint and the MIC 
crystal lead to large thermomechanical 
stresses in the area of  the contact joint of  
the MIC with the substrate. The efforts of  
the developers are aimed at reducing the 
overheating of  the MIC during operation, 
but reducing the average temperature of  the 
substrate does not eliminate the problem 
of  local dynamic overheating of  the MIC 
in pulse modes of  operation. Thermal 
models and thermal modes of  operation 
of  the OPA X-band were considered in 
many works [3-5]. However, estimates of  
the thermomechanical stresses occurring 
in MIC crystals and in the region of  their 
contact connections with a substrate in 
pulsed operating modes have not been 
given in the literature. At the same time, 
these thermal deformations are one of  
the main reasons for the increase in the 
thermal resistance of  the contact joint as a 
result of  the accumulation of  microcracks 
[6] and gradual (degradation) failures of  
the OPA.

2. THERMODEFORMATIONAL 
MODEL OF THE OPA SUBMODULE
The object of  research in this paper is 
the submodule of  the X-range OPA, the 
thermal model of  which is considered by 
us in [7]. With a OPA efficiency of  20%, 
the pulse power dissipated by the OPA 
MIC is 60 W, and the average for the 
period of  radio pulses is 12 W. With an 
uniform distribution of  power between 
the MIC, each MIC dissipates 6 W of  
average power. The power dissipated by 
other OPA elements can be neglected.

The geometry of  the OPA thermal 
model is presented in Fig. 1 in the 

form of  two identical rectangular GaAs 
MIC crystals with sides of  size b×a and 
thickness δ, fixed on a copper heat sink 
plate of  thickness h using an adhesive 
layer of  thickness δs and with a thermal 
conductivity coefficient λs; the dimensions 
of  the MIC crystal b×a×δ = 4.29×4.94×0.1 
mm; the dimensions of  the mounting plate 
17×46×5.5 mm. To calculate and analyze 

Fig. 1. Geometry of  the OPA model: 1, 2 - MIC with 
the location of  heat sources on the crystal surface.
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the thermodeformational processes in 
the OPA submodule, the equation of  
thermoelasticity was added to the non-
stationary heat equation in its mathematical 
thermal model [8]:

( ) ( )
( ) ( )

2

03 2 0,  1,...,5,
i i i i i

i i i i

u u

T T i

µ λ µ

λ µ α

∇ + + ∇ ∇ −
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where ( , , , )iu x y z t  is the deformation 
displacement of  the elements of  the 
structure OPA; T0 is the ambient 

temperature; ,  
(1 )(1 2 ) 2(1 )

i i i
i i

i i i

v E E
v v v

λ µ= =
+ − +  

- Lame coefficients; Ei, vi, αi - modulus of  
elasticity, Poisson's ratio and coefficient of  
thermal expansion of  the materials of  the 
structure ( , , ).x y z∇ =∇  All external surfaces 
of  the elements of  the OPA structure are 
considered free.

The numerical solution of  the model 
problem was performed by the finite 
element method using the COMSOL 

Multiphysics software environment. The 
values of  the mechanical characteristics 
of  GaAs and copper were taken from the 
Comsol Multiphysics library. For the basic 
design version, silver-containing epoxy 
adhesive XH9960-1 from NAMICS was 
chosen as the adhesive, thickness δs = 15 
microns with a temperature coefficient 
of  expansion (TCE) α = 29e-6∙K-1 and 
other mechanical and thermophysical 
characteristics that were found from the 
technical specification of  the adhesive  
[9]. The critical temperature of  the GaAs 
crystal is TC = 460 K. The ultimate shear 
strength of  the crystal for this type of  glue 
σc = 13 MPa.

As shown by the calculated studies, the 
maximum value of  the mechanical stress 
in the structure is concentrated in a small 
critical area at the edge of  the adhesive joint 
of  the MIC crystal with the mounting plate  
(Fig. 2).

Fig. 2. Distribution of  mechanical stress in the area of  the glued joint; α: 1 - 3e-6∙К-1, 2 - 29e-6∙К-1, 3 - 9e-6∙К-1; 
W = 6 W.
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Time dependence of  the temperature 
of  the center of  the upper surface of  the 
crystal MIC and the maximum stress in the 
critical region at the edge of  the adhesive 
bonding of  the crystal with a mounting 
plate, as shown in Fig. 3. The dashed line 
corresponds to the temperature behavior 
during dissipating in each of  MIC 6 W 
average power during the period, and the 
solid lines - 30 W of  pulsed power, with 
a pulse duration τ = 10 μs and duty cycle 
of  Q varying in the range Q = 2 ÷ 10. The 
maximum temperature and mechanical 
stress in the dynamic mode (at Q ~ 10) 
reach the limit values in just tenths of  a 
second.

Calculations of  the maximum 
thermomechanical stress acting in the 
critical region at the edge of  the adhesive 
joint for several brands of  electrically 

conductive adhesives used for mounting 

                                          a                                                                                              b
Fig. 3. Kinetics of  the overheating temperature of  the center of  the upper surface of  the MIC crystal (a) and the 
maximum mechanical stress of  the adhesive joint (b); pulse duration τ = 10 μs; duty cycle Q: 1 - 2, 2 - 5, 3 - 10; 

Tc = 460 K.

Fig. 4. Dependence of  the maximum mechanical 
stress on the thermal expansion coef ficient at W = 

6 W.
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crystals [9-11], with a TCE varying within 
α = (3÷30)e-6∙K-1, showed that the 
calculated curve has a minimum when the 
TCE of  the glue and the GaAs crystal are 
equal (Fig. 4).

Even with a small decrease in the 
TCE of  the adhesive compared to the 
GaAs TCE, the maximum stress in 
the critical area of  the contact joint 
increases sharply, which must be taken 
into account when choosing the material 
of  the contact joint.

3. CONCLUSION
Modeling of  thermal and thermal 
processes in the submodule OPA showed 
that the maximum temperature and 
thermomechanical stresses in the crystal 
MIC and in contact with the substrate 
coupling in dynamic mode substantially 
exceed the calculated values for the 
stationary regime and highly dependent on 
the duty cycle of  MIC dissipated power. The 
maximum values of  the thermomechanical 
stresses in the area solder joints crystal 
MIC with a mounting plate are accepted 
in some narrow region near the boundary 
of  the crystal dimension. The maximum 
mechanical stress σm strongly depends on 
the TCE of  the glue and takes the lowest 
value when the TCE of  the glue and the 
GaAs crystal are equal.
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1. INTRODUCTION
Nonlinear frequency converters (FC) are 
radiotechnical systems key elements since they 
are used to perform general radiotechnical 
conversions. FCs electrical parameters 
determine the electrical parameters of  
most radiotechnical systems. One of  the 
ways to improve FCs electrical parameters 
is to use nanoelectronic devices, such as 
resonant-tunneling diodes (RTD) based on 
AlGaAs/GaAs multilayer heterostructures 
with transverse current transport [4]. The 
improvement of  the FCs electrical parameters 
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is achieved by picking the optimal shape of  
the diodes current-voltage characteristic (I-V 
characteristic. The optimal shape of  diodes 
I-V characteristic is obtained by varying 
thicknesses and chemical composition of  the 
resonant-tunneling structures (RTS) layers 
[14,15]. The RTD usage allows to widen 
the operating frequencies range up to THz 
[1-3,6,10,13,16] and increase the FCs noise 
immunity. The RTD can be manufactured 
using proven microelectronics technologies.

During FCs design stage, the task of  ensuring 
its reliability in given operating conditions is a 
priority one along with the task of  ensuring 
the devices electrical parameters. To solve the 
former task the reliability assessment of  the 
device being developed is required. As the 
reliability assessment by experimental means 
is costly, it seems topical to study the kinetics 
of  RTD-based FCs electrical parameters under 
destabilizing factors impact considering the 
effect of  its design parameters technological 
errors on its electrical parameters distributions 
and to assess the devices reliability for gradual 
failures by the means of  computer statistical 
experiment. The FCs gradual failure is caused 
by the gradual deterioration of  its electrical 
parameters. This deterioration is caused by 
the irreversible degradation of  the RTDs 
I-V characteristic under destabilizing factors 
impact.

One of  the possible ways to solve the task 
of  ensuring the FCs reliability in given operating 
conditions is the micro- and nanodevices design 
methodology listed in [5]. This methodology 
proposes to introduce the design and 
technological optimization stage, which allows 
to determine the corrections of  the devices 
design parameters and electrical characteristics, 
leaving the technological tolerances on its design 
parameters and designer-determined tolerances 
on the device’s electrical parameters intact. 
The gamma-percentage time to failure is used 
as the goal function. The described approach 
supposes the usage of  the imitational (including 

probabilistic) modeling of  the devices electrical 
parameters to determine their degradation 
patterns in given operating conditions, 
considering the technological errors and is based 
on the research results of  the devices elements 
electrical parameters degradation processes in 
given operating conditions.

Based on the above, to solve the problem 
of  ensuring the reliability of  the frequency 
converter of  radio signals, it seems most 
expedient to use a software package that allows 
analyzing the reliability of  the frequency 
converter by calculation methods and perform 
the design and technological optimization of  
the RTD-based FCs electrical parameters to 
ensure the required reliability indicators in 
given operating conditions. Having such a 
software complex would allow to improve 
RTD-based FCs reliability and quality as well 
as improve their manufacturing efficiency. To 
improve optimization algorithms efficiency 
and speed it seems appropriate to determine 
the FCs design parameters making the main 
contribution to its electrical parameters’ 
distribution. Thus, it seems relevant to solve 
the problem of  determining the FCs design 
parameters, technological errors of  which 
make the maximal contribution to the FCs 
electrical parameters distribution.
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Fig. 1. The initial section of  the RTDs I-V characteristic
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2. RESEARCH OBJECTS DESCRIPTION
In this paper the RTD-based broadband 
balanced microwave frequency mixer (RTD BM) 
of  4-8 GHz range is being studied. The initial 
section of  the RTDs I-V characteristic is shown 
in Fig. 1. The simulation of  the BMs electrical 
parameters is performed in the AWR Microwave 
Office CAD.

3. STUDY OF THE RTD-BASED 
BMS DESIGN PARAMETERS 
TECHNOLOGICAL ERRORS IMPACT 
ON ITS ELECTRICAL PARAMETERS 
DISTRIBUTION
The conversion losses of  the output signals 
spectrum components (OSSC) 1-1 and 2-2 are 
considered as the RTD BMs electrical parameters 
(Fig. 2). The first index in the OSSCs number 
designates the n-th harmonic of  the signal, the 
second one – m-th harmonic of  the heterodine, 
which form the OSSC n-m: n∙fS ± m∙fh. Signals 
frequency is fS, heterodynes fh.

The RTD BM’s design parameters are 
separated into 3 groups: nonlinear elements (NE) 
I-V characteristic, BMs topology parameters 
and substrates parameters. All parameters 
distributions obey the Gauss law. NEs I-V 
characteristics distribution is caused by the 
combined impact of  the NEs design parameters 
technological errors: RTS and near-contact areas 
thicknesses and chemical compositions, mesas 
and ohmic contacts areas. Microstrip transmission 
lines widths and lengths are considered as the 

BMs topology parameters. Tolerances on these 
parameters is ±12 μm. Substrate parameters are its 
thickness and relative permittivity. The substrate 
is considered to be made of  polycor, its relative 
permittivity is 9.8 ± 0.1 F/m, thickness – 1 ± 
0.03 mm. Since modern microelectronics CADs 
dont have RTD models allowing to calculate 
the diodes I-V characteristic basing on RTDs 
design parameters, special software complex 
was developed by the authors. This complex 
allows to simulate the initial section of  the RTDs 
I-V characteristic, simulate its kinetics in given 
operating conditions and carry out the computer 
statistical experiment studying the impact of  the 
RTDs design parameterstechnological errors 
on the I-V characteristics distribution [15].  To 
carry out the study, a bunch of  100 diodes was 
modelled (RTDs design parameters maximal 
deviations listed in Table 1, current distribution 
in the operating point (1.36 V) – on Fig. 3).

To assess the impact of  RTD BMs design 
parameters technological errors on its electrical 
parameters distribution several batches of  RTD 
BMs were modelled, per 100 devices each. In 
the first one only RTDs design parameters were 
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Fig. 2. Nominal values of  the OSSC 1-1 and 2-2 
conversion losses of  the studied RTD BM.

Table 1.
RTD design parameters maximum deviations values

Parameter Maximum deviation

Thickness of spacers, well and barriers ± 1 monolayer

Al doping level in barriers and spacers ± 1 %

Ohmic contacts’ contact resistivity ± 0.25 μOhm∙sm2 (nominal 
value – 1 μOhm∙sm2)

Mesa diameter ± 2 μm (nominal value 
20 μm)

Fig. 3. RTD I-V characteristics current distribution in 
the operating point.
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varied while other parameter groups were set 
constant and equal to their nominal values. In 
the second batch microstrip lines lengths and 
widths were varied, in the third one – substrates 
thickness, in the fourth – substrates relative 
permittivity. Finally, the fifth batch was modelled 
using combined impact of  all listed parameters 
technological errors.

Simulated distributions of  the BMs electrical 
parameters for the combined impact of  all 
design parameters technological errors case are 
shown on the Fig. 4a,b, distributions parameters 
are listed in Table 2. Dispersions of  the BMs 
electrical parameters under the separate impact 
of  various BMs design parameters groups can be 
assessed basing on the Table 2 and contributions 
of  said parameters groups in the total dispersion 
(Fig. 5, 6).

To rank contributions of  different RTD BMs 
design parameters technological errors in the 
total dispersion of  its electrical parameters graphs 
showing each technological errors contribution 

in the total dispersion were plotted. Each 
technological errors contribution is evaluated by 
the ratio of  the electrical parameters dispersion 
under the impact of  said design parameters 
technological error to the dispersion of  that 
electrical parameter under the combined impact 
of  all design parameters’ technological errors 
(Fig. 5, 6).

The analysis of  different RTD BMs 
(microstrip lines sizes, substrates thickness 
and relative permittivity) and its NEs design 
parameters groups technological errors 
impacts on the RTD BMs electrical parameters 
distribution revealed that the maximal 
contribution in the total dispersion of  the RTD 
BMs  electrical parameter is made by the RTDs 
I-V characteristics technological error – RTD 
BMs electrical parameters dispersion under 
this factors influence is 91% from the total 
dispersion (Fig. 5, 6). In turn, the technological 
error of  RTDs I-V characteristic is caused by the 
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Table 2.
Parameters of simulated distributions of OSSC 1-1 (a) 
and 2-2 (b) conversion losses at the signal frequency 
7.5 GHz under the combined impact of technological 
errors of NEs I-V characteristics, microstrip lines sizes, 

and substrates thickness and relative permittivity
Electrical 
parameter

Mean value, 
dB

Standard 
deviation, dBБ

Dispersion, 
dB2

OSSC 1-1 
conversion 

losses

13.8 0.66 0.44

OSSC 2-2 
conversion 

losses

79.59 5.35 28.62

                      a                                        b
Fig. 4. Simulated distributions of  OSSC 1-1 (a) and 
2-2 (b) conversion losses at the signal frequency 7.5 
GHz under the combined impact of  technological errors 
of  NEs I-V characteristics, microstrip lines sizes, and 

substrates thickness and relative permittivity.

Fig. 5. Contributions of  OSSC 1-1 conversion losses 
dispersions under the impact of  different RTD BM’s 
design parameters technological errors in the total 

dispersion.

Fig. 6. Contributions of  OSSC 2-2 conversion 
losses’ dispersions under the impact of  different RTD 
BM’s design parameters technological errors in the total 

dispersion
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combined influence of  RTD’s design parameters 
technological errors: RTS layers thicknesses 
and chemical compositions, mesas area, and 
RTDs ohmic contacts parameters. Thus,  it can 
be concluded that the NE’s I-V characteristics 
technological error is the dominant factor 
determining the properties of  the RTD BMs 
electrical parameters distribution. Obtained 
distributions of  the RTD BMs electrical 
parameters under the combined impact of  
all design parameters technological errors are 
required for carrying out the BMs reliability 
assessment.

4. THE STUDY OF THE RTD BM’S 
ELECTRICAL PARAMETERS’ KINETICS 
DURING OPERATION
For the nonlinear elements the impact of  250°C 
temperature during 21 h and gamma-irradiation 
dose of  375.1 Mrad was modelled. The measured 
I-V characteristic of  the RTD of  the given 
type was used as the initial I-V characteristic, 
the kinetics was modeled by the means of  the 
software complex developed by the authors, 
using the models described in [7,11-12]. Obtained 
I-V characteristics were put into the studied 
BMs model in the AWR Microwave Office CAD 
as approximated polynomial current-voltage 

dependencies. Basing on the results of  modeling 
of  the studied RTD BMs electrical parameters, 
their kinetics under the ionizing irradiations 
and high temperatures impact at the signal 
frequency of  7.5 GHz is plotted (Fig. 7a,b). 
During the analysis, the failure is considered to 
occur if  at least one of  the following conditions 
is completed: OSSC 1-1 conversion losses are 
more than 16 dB; OSSC 2-2 conversion losses 
are less than 66 dB.

As shown in the Figures above, OSSC 
1-1 and 2-2 conversion losses kinetics has a 
monotonously increasing trend both in the case 
of  ionizing irradiation and high temperatures 
impact. The horizontal lines indicate the 
threshold values, on exceeding which a failure is 
recorded. Thresholds for OSSC 2-2 conversion 
losses are beyond the plot area since they’re the 
lower boundary while conversion losses are 
increasing monotonously under destabilizing 
factors impact. Thus, the failure is only possible 
to occur because of  the OSSC 1-1 conversion 
losses exceeding their threshold value. In the case 
of  the ionizing irradiation exposure, the failure 
corresponds to 325 Mrad dose. The failure under 
the high temperatures impact wasnt registered 
on the studied time span. By the OSSC 1-1 

RADIOELECTRONICS

                                             а                                                                                            b
Fig. 7. Kinetics of  the RTD BMs OSSC 1-1 and 2-2 conversion losses at the signal frequency of  7.5 GHz: (a) 

under the impact of  250°C temperature; (b) under the ionizing irradiations doses impact.

ANALYSIS OF THE PROBABILISTIC CHARACTERISTICS OF THE 
ELECTRICAL PARAMETERS OF A BROADBAND MIXER OF MICROWAVE....
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conversion losses kinetics curve extrapolation it 
was revealed that the failure corresponds to the 
25 h of  exposure to the 250°C temperature.

Basing on the RTD BMs electrical parameters 
kinetics obtained for the single device in 
given operating condition (Fig. 7a,b) and the 
distributions of  said electrical parameters 
obtained during the previous research (Fig. 4a,b), 
the group kinetics of  the RTD BMs electrical 
parameters in given operating conditions were 
plotted (Fig. 8, 9a,b).

To obtain the gamma-percentage time to 
failure for γ = 0.99 corresponding to the actual 
operating conditions, the obtained values were 
converted into time to failure in actual operating 
conditions, using the technique described in 
[7,11-12]. The studied RTD BMs is supposed 
to be a part of  near-earth orbit spacecrafts 
(SC) onboard equipment. The impact of  
the temperatures up to +200°C and ionizing 
irradiation doses up to 30 krad/year (according 

to [8-9,17], the absorbed dose for the onboard 
SCs equipment behind the mass protection of  
1...2 г/см2 (which corresponds to typical values 
for protective material used in SCs), is 10…30 
krad/year).

The obtained results analysis revealed that 
RTD usage as the BMs NE doesnt ensure proper 
reliability of  the mixer during its operation under 
the high temperatures impact (the gamma-
percentage time to failure tγ = 0.99 under the 
200°C temperatures impact doesnt exceed 6.5 
years). Thus, it seems promising to develop the 
design and technological optimization algorithms 
along with the software complex implementing 
them to improve the mixers reliability.

To assess the studied BMs gamma-percentage 
time to failure under the ionizing irradiations 
impact the gamma-radiations dose causing the 
failure was converted into the operating time. 
Gamma-percentage time-to-failure tγ = 0.99 for 
this case is more than 25 years, which proves high 
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                                                   a                                                                                     b
Fig. 8. The group kinetics of  the RTD BM’s OSSC 1-1 (a) and 2-2 (b) conversion losses at the signal frequency 

of  7.5 GHz under the impact of  250 C temperature.

                                              a                                                                                       b
Fig. 9. The group kinetics of  the RTD BM’s OSSC 1-1 (a) and 2-2 (b) conversion losses at the signal frequency 

of  7.5 GHz under the gamma-irradiation impact.
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reliability of  the studied BM under the ionizing 
irradiations impact.

5. CONCLUSION
The technique of  assessment of  the RTD-
based FCs reliability for gradual failures in give 
operating conditions, considering the impact 
of  the FCs design parameters technological 
errors on its electrical parameters distribution is 
developed.

The analysis of  different groups of  the 
broadband RTD BMs design parameters 
technological errors impact on the distribution 
of  its electrical parameters was performed. 
The distributions of  the RTD BMs electrical 
parameters under the impact of  its design 
parameters (BMs topology, RTDs I-V 
characteristic, substrate thickness and relative 
permittivity) technological errors were obtained. 
It is revealed that the maximal contribution to 
the RTD BMs electrical parameters distribution 
is made by the technological error of  RTDs I-V 
characteristic.

The broadband RTD BMs electrical 
parameters kinetics under ionizing irradiation 
and high temperatures impact was studied. The 
RTD BMs electrical parameters kinetics in given 
operating conditions is obtained. It is revealed 
that the BMs failure occurs due to the growth 
of  the mixers conversion losses. Assessments 
of  the BMs gamma-percentage time to failure 
corresponding to the operating conditions as 
part of  the SCs onboard equipment at the near-
earth orbit were obtained. The studied RTD BM 
doesnt provide sufficient reliability under the 
high temperatures impact. To increase the RTD 
BMs reliability under the said factors reliability 
it seems promising to perform the design and 
technological optimization of  the RTD BMs 
electrical parameters.
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1. INTRODUCTION
Inductors (tunable inductance) and voltage 
transformers are among the most important 
components of  modern electronics, radio 
engineering and low-power power engineering. 
Until recently, in the development of  these 
devices, the main emphasis was on improving 
their parameters by improving the design and 
using new materials, increasing operational 
reliability, and reducing production costs. 
However, modern electronic components must 
not only be technically perfect and economical, 
but also "smart", what means that it is necessary  
to control their characteristics using external 
influences, which are usually understood as 
magnetic or electric fields.

Inductors are used in power supply control 
circuits, in telecommunication systems, data 
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acquisition and processing systems [1,2]. 
Currently, the most common are inductors, 
consisting of  an electromagnetic coil, with a 
core made of  a ferromagnetic material with high 
magnetic permeability inside. The inductance of  
the device is shifted by changing the magnetic 
permeability of  the core using an external 
magnetic field.

Voltage transformers are used for conversion 
the amplitude of  an alternating voltage and the 
galvanic isolation of  elements of  electronic 
circuits with respect to the dc voltage. Currently, 
compact transformers using the phenomenon 
of  electromagnetic induction [3] and solid-
state transformers using the piezoelectric effect 
[4] are widely used in low-power electronic 
circuits. However, both types of  transformers 
have several disadvantages. In particular, 
electromagnetic transformers contain two 
volumetric coils, which makes them larger and 
more difficult to manufacture. Piezoelectric 
transformers have high input and output 
impedances. Both types of  transformers do not 
allow quick rebuild the voltage transformation 
ratio.

In this work, the possibilities of  creating 
a new type of  inductors and transformers 
using magnetoelectric effects in ferromagnet-
piezoelectric composite structures are 
demonstrated. It is shown that the 
characteristics of  such devices can be easily 
controlled using electric and magnetic fields. 
In the beginning, the designs of  some of  the 
devices developed so far are described. Then 
a magnetoelectric inductor and a transformer 
of  new designs, manufactured in the work, of  
higher characteristics, including tuning ranges, 
in comparison with the known ones, are 
described and investigated in detail.

2. MAGNETOELECTRIC EFFECTS
One of  the ways to create controlled electronic 
devices is to use the so-called "magnetoelectric" 
(ME) effects in multiferroics. Materials that 
possess both magnetic and electrical ordering 

are called multiferroics. These materials include a 
number of  single crystals and artificially created 
composite materials containing ferromagnetic 
and ferroelectric components [5].

There are two types of  ME effects: the 
direct ME effect is defined as the appearance (or 
change) of  the electric moment of  the sample P 
in an external magnetic field H, the inverse ME 
effect is defined as the appearance (change) of  
the magnetization of  the sample M in an external 
electric field E.

The largest ME effect was found in 
layered composite heterostructures with 
ferromagnet and piezoelectric (FM-PE) layers. 
Magnetoelectric effect in such structures arise as 
a result of  a combination of  magnetostriction 
of  FM layer and piezoelectricity in PE layer 
due to mechanical coupling between the layers. 
When the structure is exposed to an alternating 
magnetic field h( f ) , magnetostriction leads 
to variable deformation of  the FM layer, this 
deformation is transferred to the PE layer 
and it generates an alternating electric voltage 
u( f )  (direct ME effect). When an alternating 
electric field e( f )  is applied to the PE layer 
of  the structure, it is deformed due to the 
inverse piezoelectric effect, the deformation is 
transferred to the FM layer, which, due to the 
reverse magnetostriction (or the Villari effect), 
leads to a periodic change in its magnetization 
m( f )  (reverse ME effect) [6,7].

By applying constant control magnetic or 
electric fields to the structure, the efficiency 
of  ME conversions can be varied over a wide 
range. The use of  layers made of  various FM 
and PE materials also opens up wide possibilities 
for controlling the ME effects. Finally, we note 
that ME effects in composite heterostructures 
exist at room temperatures, which is extremely 
important for applications.

3. MAGNETOELECTRIC INDUCTOR
Inductors in which the inductance shift is carried 
out by a magnetic field due to a change in the 
magnetic permeability of  a ferromagnetic core 
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are well known and described, for example, in 
[1]. Shift of  inductance by an electric field was 
recently demonstrated in an inductor containing 
a ring of  MnZn ferrite with a toroidal winding 
and a plate of  lead zirconate titanate (PZT) 
inside the ring [8]. The inductance shift reached 
∆L/Lmin = 20% at field E = 5 kV/cm. In an 
inductor based on a Metglas/PZT/Metglas 
planar structure placed inside an electromagnetic 
coil, a change in inductance by ΔL/Lmin = 450% 
was observed under the action of  a field E = 
12 kV/cm [9]. In [10,11], the characteristics of  
electrically tunable planar inductors with FM 
layers made of  Metglas, FeGa, MnZn- and NiCo-
ferrites and PE layers made of  PZT and PMN-
PT ceramics were studied. In [12], an inductor 
based on a structure with layers of  NiZn ferrite 
doped with Ga and PZT is described, which 
inductance was tuned by both a magnetic and 
an electric field.
3.1 construction of me inductor

The design of  the manufactured in the work ME 
inductor is schematically shown in Fig. 1. The 
main element of  the inductor is a ring made of  
PE material with its outer surface covered with 
the FM material. The ring shape of  the inductor 
core allows obtaining high inductance value 
while maintaining a small size of  the device 
and also it minimizes electromagnetic stray 
fields in the interference with the surrounding 
space. The PE ring is made of  widely used 
piezoceramics PZT-19 (manufactured by the 

JSC Research Institute “Elpa”, Russia) and has 
an outer diameter D = 17 mm, thickness ap = 1 
mm and height 5 mm.

The Ag electrodes ~2 µm thick each, 
were deposited both on the outer and inner 
surfaces of  the ring by firing. And the ring was 
polarized in the radial direction by applying a 
constant voltage of  600 V to the electrodes at 
a temperature of  100°С. The piezoceramics 
PZT-19 has a piezoelectric modulus d31 = −175 
pm/V and density was pρ  = 7.5∙103 kg/m3. An 
amorphous magnetic FeBSiC ribbon (Metglas 
2605SA1, Metglas Co, USA) with a thickness am 
≈ 25 μm, width b = 5 mm and length 55 mm 
served as an FM layer. Amorphous FM alloy 
had a saturation inductance BS ≈ 1.6 T, maximal 
magnetic permeability μ ≈ 30000, saturation 
magnetostriction λS ≈ 27∙10─6 and the resistivity 

mρ  = 130∙10−6 Ohm∙cm. The FM ribbon was 
glued to the outer surface of  the PE ring using 
cyanoacrylate adhesive, which ensured the 
efficient transfer of  deformations across the 
interface. The structure was embedded in a 
plastic frame with wound toroidal coil, which 
consisted of  N = 100 turns of  wire 0.2 mm in 
diameter. The active resistance of  the coil with 
the structure inside was R = 1.13 Ohm, the 
inductance was L ≈ 75 μH, and the capacitance 
of  the structure was C = 3.5 nF. The inductance 
L and the quality factor Q = 2πfL/R were 
measured by the serial resonance method using 
an AKTAKOM AM-3026 RLC meter in the 
frequency range f = 20 Hz – 5 MHz with an 
accuracy of  0.1%. We investigated the change 
of  the inductance L using constant magnetic H 
and electric E fields. A radial electric field in a 
PE ring with a strength of  E = 0-18 kV/cm was 
created by applying a voltage U = 0-18 kV to the 
ring electrodes from a Stanford Research Systems 
PS350 high-voltage source. Magnetic field H = 
0-200 Oe was created using Helmholtz coils 15 
cm in diameter. Two cases were considered: (1) 
the field is applied along the axis of  the ring 
structure (shown in Fig. 1) and (2) the field is 
applied in the plane of  the structure. Also, the 

 

Fig. 1. Schematic of  the magnetoelectric inductor. Arrows 
indicate the direction of  the electric field E in the PE ring and 

the direction of  the magnetic field H.
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change of  L was investigated using a circular 
field H created by a direct current I = 0-200 
mA flowing through an additional toroidal coil 
wound on a structure.
3.2. inductance shift by the electric field

The tuning of  the device inductance by an 
electric field E was done by applying a DC 
voltage of  up to U = 1800 V to the electrodes 
on the PZT layer. Fig. 2 shows the dependences 
of  L on the frequency f  for different values of  
E. The applied field polarity E > 0 corresponds 
to the stretching of  the PZT ring due to converse 
piezoelectric effect. It can be seen, that for all E, 
L decreases monotonically with increasing f  and 
at the constant f, L decreases with increasing E. In 
this case, the maximum and minimum L reached 
Lmax ≈ 80 μH and Lmin = 5.5 μH, respectively. The 
tuning of  L by E was observed in the frequency 
range up to ~10 kHz. The tuning coefficient of  
the inductor by the electric field reached   ≈ 412 
% (where L0 is the induc-tion in the absence of  
magnetic field).

Fig. 3 shows the dependences of  L on 
the field at a frequency of  300 Hz when the 
field E changes in a closed cycle with large 
amplitude or smaller limits. Without the field 
(E = 0) at a starting point “A” the inductance 
was L0 = 76 μH. One can see from Fig. 3a that 
with increasing E in the positive direction (E 
> 0), L first slowly increases monotonically 
to 82 μH, then sharply drops at a field E ≈ 
EC and after that continues to decrease slowly 
to L ≈ 15 μH as the field increases to 18 кV/
cm. During the subsequent decreasing E to 
zero, the inductance monotonically increases 
to a value of  L ≈ 70 μH. After the change in 
the field polarity (E < 0) and a subsequent 
increase in the field, the inductance behaves 
similarly: at first, it increases monotonically, 
and then at E ≈ −EC it drops abruptly and 
continues to decrease to L ≈ 15 μH at 18 kV/
cm. In the last segment of  the curve, when 
E increases from −18 кV/cm to zero, the 
inductance also monotonically increases to 70 
μH. The characteristic fields EC ≈ ±10 kV/cm 
correspond to the polarization reversal field 
of  the PZT ring, at which the polarization 
vector P in the piezoelectric reverses its 
direction.

It is seen, that at the field amplitudes more 
than EC, the electrical tuning of  the inductor 
is essentially nonlinear and has a large 
hysteresis. The hysteresis is much less when 
E changes within smaller limits and moves 
only along the lower part of  the curve in Fig. 
3a, where there is no repolarization of  the 
structure. Nevertheless, even in this case, the 

 

Fig. 2. Dependences of  the inductance L of  the ME inductor 
on the frequency f  when at different electric fields E.

 

  

Fig. 3. Dependence of  the structure’s inductance L on the field E at 300 Hz (a) when the field cycles with large amplitudes 
and (b) when E changes within smaller limits (E > 0). (с) Inductance tuning coefficient γ dependence on the field E. EC is the 

field of  polarization reversal of  the PZT ring. Arrows indicate the direction of  change in field E.

                              a                                                          b                                                              c
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dependence L(E) remains nonlinear. Fig. 3c 
shows the dependence γ(E), obtained using 
the data in Fig 3a for E > 0. The maximum 
tuning of  the inductance by an electric field 
reached γ = 413% at 300 Hz.

The change in the inductance of  the ME 
inductor under the action of  an electric voltage 
is associated with a change in the permeability 
of  the magnetic layer due to the converse ME 
effect. the structure’s magnetic permeability μ 
depends on E as [13]

2
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where µ0 is the  magnetic permeability of  
vacuum, Ms is the saturation magnetization, K0 – 
is the initial anisotropy constant (including both 
magnetocrystalline and shape anisotropies), Kσ 
is the stress-induced magnetoelastic anisotropy 
(stress anisotropy), λs is the saturation 
magnetostruction, σ is the applied stress. 
Mechanical stresses applied to the magnetic 
layer are formed as a result of  the action of  the 
piezoelectric layer in a ME inductor. Therefore, 
µr correlates with the electric field applied to the 
piezoelectric layer, and relation (1) transforms 
into:
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where deff  is the effective piezoelectric strain 
coefficient, Y is the Young’s modulus, E is 
the electric field, applied to the piezoelectric. 
Since the change in the linear dimensions of  
the inductors due to the piezoelectric effect 
and magnetostriction) is small (< 0.5%), and 
the magnetic permeability µr of  the magnetic 
material is much greater than 1, the change in 
inductance should be directly proportional to µr. 
In this case the induction tuning coefficient γ is 
related to the electric field E by the following 
expression [14]:
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3.3. inductance shift by the maGnetic field

Fig. 4 shows the dependences of  L of  
ME inductor on the frequency f when it is 
magnetized by an external magnetic field H 
directed along the ring axis. One can see from 
figure that at any field in the range H = 0-200 
Oe the inductance L is approximately constant 
in the low-frequency region, and then decreases 
monotonically with increasing frequency. 
The frequency range, in which L is constant, 
expands from ~0.2 kHz at H ~ 0 to ~100 kHz 
when the field H increased from zero to 200 
Oe. However, the absolute value of  L decreases 
with H increasing. The maximum inductance 
value was Lmax = 77 μH at a frequency of  0.1 
kHz. The minimum inductance value was Lmin 
= 6 μH in the high-frequency region ~5 MHz 
for all fields. Dependences similar in shape 
were obtained for two other orientations of  the 
magnetic field: in the plane of  the structure and 
using a circular field. The main difference lies in 
the range of  the applied magnetic field, which 
for these cases was H = 0-20 Oe.

Fig. 5 shows the dependences of  the 
inductance L of  the ME inductor and the 
inductance tuning coefficient γ on the magnetic 
field and on the control current (for the case of  a 
circular magnetic field). The measurements were 

Fig. 4. Dependences of  the inductance L on the fre-quency f  
when magnetized by the field H along the axis of  the structure.
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carried out at a frequency of  300 Hz. The values 
H < 0 correspond to the field with reversed 
direction. It can be seen for all three magnetic 
field directions, that L does not depend on the 
direction of  the field and decreases monotonically 
with increasing H.

The inductance decreases by a factor of  ~8 
at a frequency of  300 Hz under the influence 
of  magnetic field in case of  the field orientation 
along the structure axis (Fig. 5a). As follows 
from Fig. 4, the tuning range of  L under the 
action of  the field decreases with increasing 
frequency. in the low-frequency region, the 
tuning coefficient of  the device inductance in a 
magnetic field directed parallel to the axis of  the 
structure was γ ≈ 690% with a control field up 
to H = 200 Oe.

In the case of  the field orientation in the 
plane of  the structure (Fig. 5b), the inductance 
L drops to a minimum value in a field H ~ 20 
Oe, which is ~ 10 times less than in the previous 
case. At the frequency of  300 Hz, L decreases 
by ~11 times under the influence of  a magnetic 
field. The maximum value of  γ reaches ≈ 1000% 
at the control field H ≈ 20 Oe when the structure 
is magnetized in the plane.

Fig. 5c shows dependences of  the inductance 
L of  the ME inductor on the control current 
when it is magnetized by a circular magnetic field 
H. For a comparison with the previous cases, the 
upper axis in Fig. 5с indicates the calculated value 
of  H created by the current through the coil at 
the location of  the FM layer. The drop rate of  
the inductance with increasing H is higher than 

in the previous cases. The maximum tuning 
coefficient of  the inductance when the structure 
is magnetized by the field of  the toroidal coil 
reached γ ≈ 850% at a value of  the control 
current I = 0.18 А (H = 9 Oe).

The inductance of  the ME inductor L 
changes due to a change in the magnetic 
permeability of  the FM layer. The relative 
changes in the dimensions of  the structure due 
to magnetostriction are no more than 10–4 and 
can be ignored.

Additional measurements were carried 
out in order to explain the mechanism of  the 
restruc-turing of  the inductor by the magnetic 
field. Fig. 6 shows the measured magnetization 
curve B(H) for a test sample made of  a Metglas 
2605SA1 ribbon with dimensions 15 mm×5 
mm×23 μm, magnetized along the long axis. 
In the same figure, we’ve also plotted field 

   

                                         a                                               b                                              c
Fig. 5. Dependence of  the L and the tuning inductance coefficient γ on the field H (current I) when the field is: (a) directed 
along the axis; (b) directed in the plane; (c) directed along the generatrix of  the structure. The measurements were carried out 

at a frequency of  300 Hz.

 

Fig. 6. Field dependences of  the magnetic induction B for the 
Metglas test sample and the normalized permeability µ/µmax 
for: 1 – test sample; 2 – the ring structure magnetized with a 
circular field; 3 – the ring structure magnetized along the axis.
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dependence of  the real part of  the normalized 
magnetic permeability μ'(H)/μmax, obtained by 
numerical differentiation of  the B(H) curve. 
One can see that in the low field region the 
permeability is approximately constant and 
then gradually drops to zero with increasing H. 
This dependence μ(H) that makes it possible to 
change the inductance using the magnetic field 
H. For a qualitative explanation of  the cases 
considered above, let us take into account the 
demagnetization effects.

 It is known that in an FM sample of  finite 
dimensions, due to demagnetization, the average 
field Hin inside the ferromagnetic is less than the 
external field H and is related to it by the relation 
[15]

,
1in

HH
Nχ

≈
+

 (5)

where N is the demagnetizing factor of  the 
sample along the direction of  the field, and  
χ(H = 0) is the initial magnetic susceptibility. 
For Metglas χ >> 1, so we can take χ = μ(0). 
Thus, demagnetization leads to a scaling of  the 
external magnetic field by the factor of  1+Nμ(0). 
By measuring the field dependence μ(H) for an 
FM sample with known N and knowing N for 
another sample, it is possible to construct a field 
dependence μ(H) for the second sample. The 
demagnetizing factors for the FM sample in the 
form of  a rectangular prism were calculated in 
[16]. The field dependences μ(H) calculated using 
the measured curve B(H) for the test sample and 
equation (4) for the FM strip magnetized along 
the length and along the width are also shown in 
Fig. 6. We assume that for an FM ring magnetized 
with a circular magnetic field, the dependences 
μ(H) have a similar form.

Then it follows from Fig. 6 that when the ring 
structure is magnetized with a circular magnetic 
field along the generatrix, μ decreases, for 
example, by a factor of  5, in a magnetic field H ≈ 
4 Oe. That is consistent with a 5 times decrease in 
the inductance L of  the inductor as it is shown in 
Fig. 5c when the field changes by approximately 

4.5 Oe. Magnetic permeability μ decreases much 
more slowly due to the strong demagnetization 
when the ring structure is magnetized along the 
axis. Magnetic permeability on curve 3 in Fig. 6 
decreases 5 times when the field changes by 150 
Oe, which is in a good agreement with a 5 times 
decrease of  L in Fig. 5c when the field changes 
by ~135 Oe.

The magnetic hysteresis of  the structures 
FM layer upon cycle tuning of  the inductor by a 
magnetic field leads to an uncertainty in the set 
value of  L. The coercive force for the amorphous 
alloy Metglas 2605SA1 was Hc ≈ 0.2 Oe. The 
maximum inductance setting error was ∆L/L ≈ 
0.3% when the structure was magnetized along 
the axis and ∆L/L ≈ 12% when the structure 
was magnetized with a circular magnetic field 
created by additional coil.

Fig. 7 demonstrates the possibility of  tuning 
the inductor simultaneously by the current I 
through the control coil (i.e. by the magnetic 
field H) and the electric field E applied to the 
PZT-ring. In the absence of  current at E = 0, 
the inductance was L ≈ 75 μH. The inductance 
decreases monotonically with increasing current 
I and electric field E. Therefore, with an increase 
in the field E, the tuning range of  the inductance 
by the current narrows.

 

Fig. 7. Dependencies of  inductance L on the current I 
through the control coil at different values of  electric fields E.
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4. MAGNETOELECTRIC 
TRANSFORMER
To date, several different designs of  ME 
transformers have been proposed. Models of  
both step-up [17-19] (operating on the direct 
ME effect) and step-down transformers [20-22] 
(operating on the converse ME effect) based on 
heterostructures with layers of  various FM and 
PE materials have been created and investigated. 
The possibilities of  controlling the voltage 
transformation ratio using a constant magnetic 
field [18,23] or a constant electric field [24] 
applied to the structure have been demonstrated. 
Methods for calculating the characteristics 
of  ME transformers of  various designs are 
proposed [25].
4.1. construction of the transformer

The composite heterostructure and the design of  
the ME transformer are schematically shown in 
Fig. 8a and 8b, respectively. The main element of  
the transformer is a three-layer heterostructure 
containing a PE layer sandwiched between two 
FM layers [26]. The PE layer with dimensions 
of  20 mm×10 mm and a thickness ap = 2 mm is 
made of  transformer piezoceramics Pb(Zr,Ti)O3 
(PZT-47 type, manufactured by the JSC Research 
Institute "Elpa", Russia). The pie-zoceramics has 
a piezoelectric modulus d33 = 290 pC/N, high 
electromechanical quality factor Q = 900, an 
electromechanical coupling coefficient kp =0.56, 
a dielectric loss tangent tanδ < 0.6, and the 
Curie temperature TC = 270°C. Ag-electrodes 
were deposited on the end faces of  the PE layer 
and it was poled in the direction of  the long 
axis. The capacitance between the electrodes 

of  the PE cell was C2 = 66.3 pF. Ferromagnetic 
layers, 20 mm×10 mm in size and am = 0.5 
mm thick each, are made of  magnetostrictive 
nickel ferrite of  composition Ni0.99Co0.01F2O3. 
The layers had a saturation induction BS = 
0.33 T, a saturation magnetostriction λS = 
26∙10–6, initial magnetic permeability μ = 51, a 
magnetomechanical coupling coefficient km = 
0.2, and Curie temperature TC = 500°C. The 
layers of  piezoceramics and ferrite were coupled 
under pressure using a cyanoacrylate adhesive.

The structure was placed inside a 20 mm 
long electromagnetic coil, containing 120 turns 
of  a wire with a thickness of  0.2 mm. The coil 
generated an alternating magnetic field h with 
the variable frequency f. The structure was 
rigidly fixed in its central transversal plane for 
the most efficient excitation of  the fundamental 
mode of  longitudinal acoustic vibrations. The 
resistance and inductance of  the coil with the 
structure inside were R1 = 2.3Ω and L = 168 
μH, respectively. A control magnetic field H = 
0-200 Oe was applied parallel to the long axis 
of  the structure and the axis of  the coil using an 
electromagnet.

During the measurements, the voltage 
U1cos(2πf t )  from a generator (Agilent 33210A), 
with an amplitude U1 up to 8 V and a variable 
frequency f = 0-200 kHz, was applied to the 
input coil of  the transformer. The output 
voltage of  the transformer U2 was measured at 
the load resistance RL. Both input and output 
voltages were measured using a voltmeter (AKIP 
2401) with an input impedance of  more than 10 
MΩ. The voltage transformation ratio of  the 
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                                                a                                                                                        b
Fig. 8. Schematic view of  (a) the Ni-Co-ferrite-PZT heterostructure and (b) the transformer. The arrows denote directions of  

magnetic field H, magnetization M, and polarization P.
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transformer was determined as K = U2/U1. To 
measure the input power P1 of  the transformer, 
a shunt resistor was connected in series with 
the coil to determine the current I1. The input 
active power was calculated by the formula P1 = 
U1I1cos(φ), where φ is the phase shift between 
voltage and current. The active power in the 
output circuit was calculated as 2

2 2 / .LP U R=  The 
transformer characteristics were recorded for the 
cases when the frequency f and the amplitude U1 
of  the input voltage, the control magnetic field 
H and the load resistance RL were varied.
4.2. control by the maGnetic field

Fig. 9 shows a typical measured amplitude-
frequency response of  a transformer with an 
input voltage U1 = 1 V and a constant magnetic 
field of  H = 80 Oe for the open-circuit 
condition (at RL = ∞). One resonance peak 
around the frequency f0 ≈ 99 kHz was observed 
in the frequency response. The resonance quality 
factor was estimated from the width of  the 
resonance curve δf  at a height of  0.7: Q = f0/
δf ≈ 143. The voltage transformation ratio at 
the resonance frequency is K = U2/U1 = 14.1. 
The calculated value of  the resonance frequency 
of  the structure was f0 ≈ 100.4 kHz, which is in 
good agreement with the measured value.

The most important feature of  the ME 
transformer, in comparison with electromagnetic 
and piezoelectric transformers, is the ability 
to control the voltage transformation ratio 
using an external magnetic field. Fig. 10 shows 
the measured dependences of  the voltage 
transformation ratio K on the frequency f of  the 
input voltage with amplitude 1 V in the absence 

of  a load resistance. It is seen that an increase 
in the field H leads to a strong change in the 
transformation ratio K and a small shift in the 
resonance frequency f0.

 Fig. 11 demonstrates the dependences 
of  the transformation ratio K, the resonance 
frequency f0, and the quality factor of  resonance 
Q on the control magnetic field H, derived 
from the data in Fig. 10. It can be seen that 
with increasing field, the transformation ratio 
K increases approximately linearly from zero to 
a maximum value of  K = 14.1 in the field Hm 
≈ 80 Oe, and then monotonously declines with 
a further increase in the field. The resonance 
frequency f0 grows almost linearly by 0.4% with 
the increasing magnetic field. The resonance 

Fig. 9. Dependences of  the output voltage U2 on the voltage 
frequency f  at U1 = 1 В.

 
Fig. 10. Dependences of  the voltage transformation ratio K 
on the frequency f  for different control fields H (0 - 200 Oe) 

under open-circuit condition.

 Fig. 11. Field dependences of  (a) the transformation ratio 
K and the piezomagnetic coefficient q, and (b) the resonance 
frequency f0 as well as the quality factor Q under open-circuit 

condition.
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quality factor decreases from Q ≈ 200 in the 
absence of  a field to a minimum value of  Q ≈ 
143 in the same field Hm ≈ 80 Oe, and then rises 
again to Q ≈ 189 at H = 200 Oe.

The capability to control the voltage 
transformation ratio is caused by the dependence 
of  the magnitude of  the direct ME effect in 
composite structures on a constant field. To 
confirm this conclusion, the field dependence 
of  magnetostriction λ(H) was measured by a 
strain gauge glued to the surface of  the ferrite 
layer. Then, using the numerical differentiation, 
the field dependence of  the piezomagnetic 
coefficient q(H) was found. The obtained 
dependence q(H) is shown in Fig. 11a. For 
convenience of  comparison, the scale along the 
vertical axis for q is chosen so, that the maxima 
of  the dependences K(H) and q(H) visually 
coincide. It can be seen that the pie-zomagnetic 
coefficient q initially linearly increases with 
increasing field H, reaches a maximum at the 
same characteristic field Hm ≈ 80 Oe, and then 
decreases as the ferrite layer is saturated. The 
shapes of  the field dependences K(H) and q(H) 
agree qualitatively well. The discrepancy between 
the curves in the region of  large fields can be due 
to the influence of  the Poisson’s effect and the 
inhomogeneity of  the magnetic field inside the 
FM plates due to the demagnetizing fields, which 
were not taken into account in the calculations. 
The dependence of  the resonance frequency f0 
and the quality factor Q of  the structure on the 
field H (Fig. 11b) is caused by the dependence of  
the Young's modulus and the mechanical losses 
of  the ferrite layer on the magnetic field H.

Next, the characteristics of  the transformer 
were measured in dependence on the load 
re-sistance in the range RL = 0-220 kOhm at 
optimal bias magnetic field  Hm = 80 Oe and 
amplitude of  the input voltage U1 = 1 V. Fig. 12 
presents the dependences of  the transformation 
ratio K, output power P2, frequency f0, and 
Q-factor of  resonance on the load resistance 
RL. It can be seen that the transformation ratio 
increases monotonically from zero to 14.1 with 

the load resistance increasing up to RL = 220 
kΩ. In this case, the output power P2 varies 
non-monotonically: first it increases from zero 
and reaches a maximum Pm ≈ 1.18 mW with 
a load resistance of  Rm ≈ 18-20 kΩ, and then 
monotonously decreases to P2  ≈ 0.9 mW with 
a further increase in resistance to RL = 220 kΩ. 
With an output voltage U2 = 50 V, it was 125 mW.

 The resonance frequency f0 monotonously 
increases by less than 0.5%, from 98.54 kHz 
to 99.02 kHz with the increasing load. The 
resonance quality factor Q first steeply decreases 
with the increasing load resistance from Q ≈ 100 
to Q ≈ 80 at RL ≈ 5 kΩ, and then again increases 
to Q ≈ 142 at high load resistances (see Fig. 11b).

Fig. 13 shows the dependence of  the ME 
transformer output voltage on its input voltage 
at different load resistances. It can be seen that 
in the investigated input voltage range of  0-8 
V the dependences are linear and the range of  
the output voltages of  the transformer reaches 
hundreds of  volts.
4.3. calculation of the transformer 
characteristics

To explain the dependencies shown in Fig. 12a, 
we write the equation for the current in the 
output circuit of  the transformer
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Fig. 12. Dependences of  (a) the voltage transfor-mation ratio 
K and the output power P2 on the load resistance RL and (b) 
the resonance frequency f0 and the quality factor Q on the load 
resistance RL at H = 80 Oe. The dashed lines in (a) are the 

calculated dependences.
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where UME is the amplitude of  the voltage in 
the output circuit induced by the ME effect. At 
the resonance frequency the measured active 
resistnce and capacity of  the PZT layer were R2 
≈ 17 kΩ and С ≈ 66.3 pF, i.e. the condition R2 
<< 1/(ωC) fulfilled, where ω = 2πf. Then for the 
output voltage we get

2 2 2 2
2

.ME L
L

L

U RU I R
R R

= ≈
+

 (7)

The dependence K(RL) = U2(RL)/U1 
calculated using (6) for the amplitude of  the 
ME voltage UME = 15 V is shown in Fig. 12a 
with a dashed line. It can be seen that the theory 
describes the dependence of  the transformation 
ratio on the load resistance qualitatively well. 
For the output power P2, using formula (2) 
and mention ( 2

2 1/ ( )R Cω

), we obtain the 
expression

2
2

2 2 2 2
2

.ME L
L

L

U RP I R
R R

= =
+

 (8)

The power at the transformer output, 
reaches its maximum value at RL ≈ R2 ≈ 17.7 
kΩ. The dependence P2(RL) calculated using (7) 
with the parameter values UME = 15 V and R2 
= 15 kΩ is also shown in Fig. 12a with a dashed 
line. Thus, the theory qualitatively well describes 
the dependence of  the output power on the load 
resistance.

6. CONCLUSION
Thus, in this work, an ME inductor with a 
variable inductance tuning coefficient and an 

ME transformer with a controlled voltage 
transformation ratio of  new designs were 
manufactured and investigated.

A unique property of  an ME inductor is the 
ability to tune its inductance using external elec-
tric and magnetic fields. The inductance L of  
the device is tuned within ~ 65 μH by electric 
and magnetic fields. The control magnetic field 
is minimal ~ 10 Oe when the ring structure is 
magnetized in the plane or along the generatrix 
and increases to ~ 200 Oe when the structure is 
magnetized along the axis due to demagnetization 
effects. The inductance tuning coefficient was ~ 
400% for electrical and ~ 1000% for magnetic 
tuning. The power consumption for magnetic and 
electrical tuning of  the inductor is approximately 
comparable in magnitude and amounts to ~ 1-10 
mW. However, electrical tuning does not require 
additional power to maintain a given inductance.

A unique property of  the ME transformer is 
the change of  the voltage transformation ratio 
by an external magnetic field. The transformer 
operates in the input voltage range of  0-8 V, the 
voltage transformation ratio reaches K = 14.1 
and is shifted from zero to the maximum value 
when the magnetic field H changes from zero 
to 80 Oe. The amplitude of  the output voltage 
is linearly dependent on the input voltage in the 
input voltage range from zero to 8 V. With an 
optimal load resistance of  20 kΩ, the maximum 
power at the transformer output reached 
125 mW, while the maximum power transfer 
coefficient was ~ 30.5%.
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1. INTRODUCTION
To identify active sites and surface intermediates 
in catalytic reactions [1,2], many methods 
are used, such as signal enhancement Raman 
spectroscopy on the surface of  samples (SERS) 
[3], X-ray photoelectron spectroscopy (XPS) 
[4], infrared (IR) spectroscopy [5,6]. Among 
them, SERS, which uses optically excited 
coherent oscillations of  conduction electrons 
on a developed (rough or porous) metal surface 
to dramatically amplify the Raman signals of  
absorbed molecules, is a unique spectroscopic 
detection method that offers information on 
both surface-sensitive and chemical bonding, 

and it is ideal for direct detection of  surface 
chemical intermediates. For direct detection 
of  intermediate products of  surface reactions 
during photocatalysis, nanocrystalline SERS 
substrates with a large area with a uniform and 
strong amplification of  the electromagnetic 
field are required. In [7], it was demonstrated 
that using the Langmuir-Blodgett method, it is 
possible to collect faceted Ag nanocrystals with 
sharp corners into a close-packed substrate of  a 
large area with gaps between particles less than a 
nanometer in size, which have a gain of  up to 108 
and are optically homogeneous for performing 
quantitative ultrasensitive determination arsenic 
with a detection limit of  ~ 1ppb. In [8], it is 
reported that membranes with a surface cubic 
morphology of  silver, in which silver nanocubes 
with sharp edges and corners serve as "hot 
spots", made it possible to increase the sensitivity 
of  the spectral method by amplifying the signal 
by 5 orders of  magnitude.
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To obtain optically transparent membranes 
with a developed metallized surface, the 
method of  electrochemical anodic oxidation 
of  metal surfaces is known as one of  the 
simple and effective technological methods. 
The manufacture of  porous membranes based 
on anodic alumina (PAOA) is based on simple 
and inexpensive electrochemical anodization, 
combined with the self-ordering process of  
nanopores that does not require lithography or 
templates, with the ability to control the process 
of  obtaining ideally ordered and size-controlled 
nanopores with the required geometry [9].

The electronic structure of  aluminum oxide 
(Al2O3) is of  increasing interest due to its various 
applications in optical, electronic, and structural 
devices. Thus, thin optically transparent ceramic 
metallized membranes based on porous anodic 
alumina can serve as a platform for various 
optical and electronic applications.

The aim of  this work was to experimentally 
study the process of  modified deposition of  
silver into the nanopores of  ceramic membranes, 
to manufacture thin nanocomposite membranes 
based on the developed technological methods 

for silver deposition, and to study their 
composition and surface morphology.

2. MATERIALS AND METHODS
The technological scheme for obtaining a 
composite material based on a matrix of  porous 
anodic aluminum oxide (PAOA) filled with 
silver nanowires is shown in Fig. 1. The starting 
material for obtaining the composite was Al 
(99.9%) in the form of  a foil ~100 μm thick. To 
prepare the metal and structure its surface for 
the further formation of  an ordered system of  
porous channels, the primary anodic oxidation 
of  aluminum was carried out. The process was 
carried out in a 0.3 M solution of  H2C2O4 in an 
electrochemical cell made of  an inert material at 
a temperature of  2-4°С in a two-electrode mode. 
A working sample made of  aluminum was 
connected to the positive pole of  the current 
source (anode), and a steel perforated electrode 
of  equal area was connected to the negative pole 
(cathode). A constant voltage in the range of  40 
± 1 V was applied to the electrodes, the distance 
between which was 10-15 mm, and held for 
15-20 hours. The thin layer of  Al2O3 obtained 
after primary anodizing on the metal surface 
had a disordered porous structure ("sacrificial 
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Fig. 1. Technological scheme for obtaining a composite based on a matrix of  PAOA filled with Ag nanowires.



41

RENSIT | 2021 | Vol. 13 | No. 1

layer") and was removed at 85-90°C by chemical 
etching in a solution of  CrO3 and H3PO4 (80%) 
with a concentration of  20 g/L and 35 ml/L, 
respectively. The metal thus prepared underwent 
a second anodization for 2 h under conditions 
similar to the primary anodic oxidation, as a 
result of  which an ordered porous structure of  
Al2O3 was formed on the Al surface.

To make the PAOA sample optical 
transparency, the metal sublayer at room 
temperature was dissolved in a mixture of  5 
wt% HCl (38%) with the addition of  67.5 g/L 
CuCl2. The result was thin PAOA membranes 
(Fig. 2a), one side of  which was covered 
with a continuous layer of  Al2O3 (barrier 
layer), while the other had an “open” porous 
structure (porous layer, Fig. 2b). To form a 
matrix of  hollow channels, a continuous oxide 
layer was dissolved in 5% H3PO4 (80%), after 
which a thin Au layer with a thickness of  less 
than 10 nm was deposited on one side of  the 
membrane by plasma spraying, which served as 
a conductive contact at the bottom of  the pores. 
At the final stage of  the technological scheme, 
the PAOA membrane was functionalized 
with silver by electrochemical deposition. Ag 
electrodeposition was carried out at 50 ± 5°С in 
a potentiostatic mode at a potential of  –450 mV 
(rel. Ag/AgCl (sat.)) (With a graphite auxiliary 

electrode, S ~5 cm2) from a mixture of  0.05M 
Ag2SO4 + 2.3M KCNS for different times. 
Upon completion of  the technological scheme, 
the obtained samples were washed with distilled 
water and dried in air at room temperature. Ag 
electrodeposition was carried out at 50 ± 5°С 
in a potentiostatic mode at a potential of  –450 
mV with a graphite auxiliary electrode, S ~5 
cm2 from a mixture of  0.05M Ag2SO4 + 2.3M 
KCNS for different times. Upon completion of  
the technological scheme, the obtained samples 
were washed with distilled water and dried in air 
at room temperature.

3. RESULTS AND DISCUSSION
The surface morphology and structure of  
the obtained composites based on porous 
anodic Al2O3 modified with Ag were studied 
by scanning electron microscopy (SEM) at the 
AURIGA Crossbeam 350 workstation (Carl 
Zeiss Gr., Germany). As mentioned above, 
the surface of  PAOA membranes had a highly 
ordered two-dimensional structure in the form 
of  hexagonally located pores with a diameter of  
(52.9 ± 2.7) nm (Fig. 2b), a height of  ~10 μm with 
a packing density of  1.1∙1010 cm-2. There were 
practically no artifacts and defective areas on 
the surface. The porous channels were oriented 
mutually parallel in a direction perpendicular to 
the original substrate (Fig. 2a).

SINTHESIS AND STUDY OF COMPOSITE BASED ON POROUS 
ANODIC ALUMINA MODIFIED BY SILVER NANOWIRESNANOSYSTEMS

Fig. 2. Micrographs of  scanning electron microscopy of  the PAOA membrane: a) - side view (inset - external view of  the 
working sample), b) - top view (porous layer).

                                             a                                                                                b
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After the deposition of  silver on the surface 
of  the composite, there was observed the 
appearance of  spherical agglomerates ranging in 
size from 0.1 to 1.0 µm, which were “caps” of  
silver, obtained as a result of  the release of  metal 
from the porous channel to the surface of  the 
membrane (Fig. 3a). It should be noted that the 
“caps” were formed rather scattered and with a 
low surface density. This can be explained by the 
high filling rate of  single pores due to a kind of  
electrical "breakdown", which leads to the rapid 
deposition of  silver in these channels. Most of  
the pores do not have metal "caps", since their 
filling with metal occurs evenly, and it takes a 
longer time to completely fill. As an example, 
Fig. 3a shows a cross section for a PAOA-based 
composite modified by Ag deposition for 30 
min. It can be seen that for a given deposition 
time interval, the length of  the Ag filaments is 
about half  the length of  the porous channel (~5 
μm). The filaments have a dense, continuous 
structure, almost equal in length and a diameter 
corresponding to the pore diameter. The 
complete filling of  the nanopores occurred with 
the periodic removal of  a compact metal Ag 
layer from the surface of  the PAOA membrane 
and the process time was about 60 min.

The qualitative composition of  the obtained 
PAOA/Ag composites was studied by X-ray 
phase analysis (XPA) using an ARL X'TRA 
X-ray diffractometer (0.154 nm, CuKα, Thermo 
Scientific, Switzerland). The diffraction pattern 

of  the composite synthesized at 30 min of  Ag 
deposition (Fig. 3b) showed a diffraction doublet 
of  high intensity (44.6°, 44.9°), related to the 
α-phase of  Al2O3, and a diffuse halo (43.5°) for 
aluminum oxide with an amorphous structure, 
from which it follows that the synthesized PAOA 
membrane had various structural modifications. 
The characteristic reflections at 24.7° and 38.2° 
were attributed to the α-phase of  metallic Ag, 
while their low intensity indicated a low metal 
concentration. The average crystallite size, 
found according to P. Scherrer's formula (K≈1), 
for α-Al2O3 and α-Ag was 15.9 nm and (11.3-
23.4) nm, respectively. Thus, the synthesized 
composite material was an ordered porous 
matrix of  mixed Al2O3 with a predominance of  
the crystalline α-phase, the inner cavity of  which 
was filled with metallic α-Ag.

When analyzing the current-time 
dependences of  silver deposition, it was found 
that the deposition curves had characteristic 
regions corresponding to certain stages of  the 
PAOA modification process (Fig. 3c). At the 
initial moment of  time (0-8 min), a slight increase 
in the cathodic current was observed, which 
was associated with the occurrence of  silver 
nucleation processes at the bottom of  the pores. 
After the formation of  Ag nuclei, the internal 
cavity of  the nanoporous channel was gradually 
filled in the vertical direction, which manifested 
itself  in the current – time dependence in an 
increase in the growth rate of  the deposition 
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Fig. 3. Cross-sectional SEM micrograph (a) and X-ray diffractogram (b) of  the composite based on Ag-modified PAOA (top 
view in the inset). Time dependence of  the cathode current during the deposition of  silver into the PAOA matrix (c).

                   a                                                         b                                                           c
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current. After 16 min of  the process, the 
cathodic current changed insignificantly, which 
indicated the formation and evolution of  a 
continuous Ag layer on the membrane surface 
due to the unification of  metal “caps”. No 
further changes were recorded in the deposition 
curve. It can be concluded that by varying the 
time of  the process and a qualitative analysis of  
the dependences of  the deposition current on 
time, it is possible to obtain composites based 
on PAOA with different degrees of  pore filling 
with metallic silver.

4. CONCLUSION
Laboratory samples of  thin ceramic composite 
PAOA nanomembranes  on the basis of  the 
developed technological procedure for the 
creation of  composite nanomaterials from 
nanoporous anodic aluminum oxide filled with 
silver nanowires were prepared. The surface of  
the PAOA membranes had a highly ordered two-
dimensional structure in the form of  hexagonal 
pores with a diameter of  (52.9 ± 2.7) nm, a height 
of  ~10 μm with a packing density of  1.1∙1010 

cm-2. At the same time, there were practically no 
defect areas on the surface.

It is shown that the process of  modified 
deposition of  silver into the pores of  
membranes has a two-stage character. At the 
first stage of  silver deposition on the surface 
of  the composite, the appearance of  scattered 
spherical agglomerates with a size of  0.1 to 
1.0 μm with a low surface density, obtained as 
a result of  the exit of  metal from the porous 
channel to the membrane surface was observed. 
The appearance of  silver agglomerates can be 
explained by the high rate of  filling of  single 
pores due to a kind of  electrical "breakdown", 
which leads to a rapid deposition of  silver in 
these channels. At the second, final stage, there 
is a uniform volumetric filling of  the pores with 
PAOA. Within 30 min, the length of  the Ag 
filaments is about half  the length of  the porous 
channel (~5 μm). The filaments have a dense, 
continuous structure, almost equal in length and 
a diameter corresponding to the pore diameter. 

The complete filling of  the nanopores occurred 
with the periodic removal of  a compact metal Ag 
layer from the surface of  the PAOA membrane 
and the process time was about 60 min.

X-ray diffraction analysis showed that 
the synthesized composite material was an 
ordered porous matrix of  mixed Al2O3 with a 
predominance of  crystalline α-phase, the inner 
cavity of  which was filled with metallic α-Ag. 
The average crystallite size for α-Al2O3 and α-Ag 
was 15.9 nm and (11.3-23.4) nm, respectively. 
It can be concluded that by varying the time 
of  the process and a qualitative analysis of  the 
dependences of  the deposition current on time, 
it is possible to obtain composites based on 
PAOA with different degrees of  pore filling with 
metallic silver.

The developed nanoceramic porous silver 
modified membranes can become the basic 
platform for the construction of  various sensor 
devices.
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Abstract: Hypothesis is suggested about the generation of  neutrino-antineutrino pairs in collisions 
of  particles of  matter at temperatures of  several thousand degrees. Particularly intense generation 
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1. INTRODUCTION
Researches in the field called LENR (low-energy 
nuclear reactions, cold nuclear transmutations, 
cold nuclear fusion) have shown the diversity of  
this phenomenon. These are processes in metals 
with hydrogen dissolved in them [1,2]. These are 
processes in plasma [3,4], in gas discharge [5], 
in electrolysis [6], and even in biological systems 
[7,8]. In addition to energy release, which far 
exceeds the capabilities of  chemical reactions, 
LENR is characterized by a large variety of  
emerging chemical elements. For example, after 
water treatment in the Energoniva reactor [3], 
Li, Be, B, C, Mg, Si, P, Ca, Ti, V, Cr, Mn, Fe, 
Ni, Cu, Sn, Se, Pb, Bi were detected. In the 
nickel-hydrogen LENR reactor, which worked 
for 7 months [2], Ca, V, Ti, Mn, Fe, Co, Cu, Zn, 
Ga, Ba, Sr, Yb, and Hf  were found. Initially, 
the content of  these elements in the "fuel" and 
structural materials was negligible. An overview 
of  elemental and isotopic changes in nickel-
hydrogen LENR reactors is provided in the 
article [1].

Huge variety of  chemical elements can be 
explained by nuclear transformations in nuclide 
collectives initiated by low-energy neutrinos 
(antineutrinos) [9,10].

2.INTERACTION OF LOW-ENERGY 
NEUTRINOS WITH COLLECTIVES 
OF ATOMS. VARIETY OF POSSIBLE 
TRANSFORMATIONS
De Broglie wavelength λ = h/р (h is Planck's 
constant, p is the momentum) characterizes 
the size of  the interaction region. Neutrinos 
(antineutrinos) with an energy of  about 1 MeV, 
which occur in nuclear reactions, have λ ~ 10-12 

m. Distance between the atoms in a liquid or 
solid substance is ~10-10 m, i.e. the possibility 
of  nuclear transformations under the action of  
such neutrinos does not go beyond one atom. 
At a sufficiently low energy, value λ exceeds the 
distance between the atoms, and the interaction 
can cover many atoms. For example, a neutrino 
with a mass of  0.28 eV with a kinetic energy of  

0.2 eV (average energy of  thermal motion at a 
temperature of  about 2000°C) is ~ 3.2∙10-6 m, 
i.e., much larger than the interatomic distance. 
Nuclear transformations become possible, in 
which two or more atoms are transformed into 
two or more other atoms, and electrons can be 
included in these transformations. In this case, 
the laws of  conservation of  the baryon charge 
(i.e., the number of  nucleons), electric and 
lepton charges must be fulfilled. Since neutrinos 
at low energies cannot make a significant 
contribution to the energy of  the reaction, only 
transformations with a positive energy balance 
can occur. Law of  conservation of  momentum 
defines the distribution of  reaction products by 
the velocities and angles of  expansion.

Transformations without participation of  
electrons can be written in the form of  equations 
[11]:
(A1, Z1) + (A2, Z2) + ν  →  (A3, Z3) + (A4, Z4) + ν ′ + Q
A3 + A4 = A1 + A2, Z3 + Z4 = Z1 + Z2
или
(A1, Z1) + (A2, Z2) + ν →  (A3, Z3) + (A4, Z4) + ν ′  + Q
 A3 + A4 = A1 + A2, Z3 + Z4 = Z1 + Z2,
например, ν  + 7Li3 + 16O8 → 11B5 + 12C6 +  ν ′
+1.504 МэВ.

Neutrino (antineutrino) on the left side of  the 
equations must have a sufficiently low energy so 
that the de Broglie wavelength (the interaction 
region) is greater than the distance between 
the reacting atoms. Neutrino (antineutrino) in 
the right part acquires a significant part of  the 
energy Q and freely carries it away, reducing the 
amount of  energy given by the emerging nuclei 
to the environment.

For transformations involving two nuclei 
involving electrons, the following processes are 
possible [12]:
• Rearrangement of  nucleons
(A1, Z1) + (A2, Z2) + e- + ν  → (A3, Z3) + (A4, Z4) + Q
A3 + A4 = A1 + A2, Z3 + Z4 =  Z1 + Z2 -1,
for example, 60Ni28 + 1H1 + e- + ν  → 4He2 + 
57Fe26 + 0.569 МэВ.
• Rearrangement of  nucleons with the release of  

electrons
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(A1, Z1) + (A2, Z2) + ν  → (A3, Z3) + (A4, Z4) + e- + Q
A3 + A4 = A1 + A2, Z3 + Z4 =  Z1 + Z2 +1,
for example, 61Ni28 + 64Ni28 + ν  → 63Cu29 + 
62Ni28 + e- + 0.995 МэВ.

Computer calculation of  possible 
transformations of  two stable nuclides into 
two other stable nuclides without and with the 
participation of  electrons is made [11,12]. The 
abundance of  such transformations is striking. 
More than a million variants have been identified. 
The results obtained can be taken from the 
author of  this article in the form of  an EXCEL 
file.

It suggests that the abundance of  emerging 
chemical elements in LENR processes is of  
the same nature. But everyone knows about 
the extremely weak intensity of  the interaction 
of  neutrinos with matter. Therefore, for the 
appearance of  tangible effects, neutrino fluxes 
of  enormous magnitude are needed. Where 
can they come from in a LENR reactor? From 
Outer Space? According to [13, 14], the density 
of  the galactic neutrino flux is about 107 cm-2s-1. 
This is clearly not enough to initiate the kilowatt 
power processes achieved in a number of  LENR 
reactors.

To find a possible source of  intense neutron 
fluxes, we pay attention to one characteristic 
feature of  LENR processes: they have quite a 
noticeable energy threshold. This is especially 
clearly seen in the case of  nickel-hydrogen 
reactors, where excessive heat release is detected 
only at temperatures above 1200°C [1,2], i.e. 
when average energy of  the matter particles 
during thermal motion exceeds 0.1 eV. In 
electroplasma reactors [3,4], temperature reaches 
several thousand degrees (tenths of  eV). In 
installations with a glow gas discharge plasma [5], 
electron energy is of  the order of  1 eV. At first 
glance, the processes in which LENR features 
are detected at room temperature (electrolysis 
[6], biology [7,8]) are an exception to this rule. 
But in fact, for acts of  energy exchange, both in 
electrochemistry and in the processes of  cellular 

metabolism, it is the energy of  the order of  1 eV 
that is characteristic.

Neutrino has a very small mass (currently it is 
believed that the mass of  the electron neutrino 
and antineutrino does not exceed 0.28 eV [15]), 
so they can be formed as a result of  inelastic 
collisions of  matter particles (electrons, ions, 
neutral atoms) during their thermal motion. 
Since there are no exact data on the mass of  
neutrinos, we will assume that the minimum 
energy for the formation of  a neutrino-
antineutrino pair is 0.5 eV. Average energy of  
0.5 eV has particles in a body heated to 3200°C. 
Recall that average energy of  thermal motion 
ε  = 1.5kT (k = 1.38∙10-23J/K is the Boltzmann 
constant, T is the absolute temperature). Some 
particles have the same and higher energy at a 
lower temperature. Using the particle energy 
distribution function in thermal motion [16]

3

2( ) exp( ),
( )

f
kTkT

ε εε
π

= −

it is possible to find the dependence on the 
temperature of  the fraction of  particles having 
an energy higher than the specified one. For 
an energy of  0.5 eV, this dependence is shown 
in Fig. 1. At room temperature, the fraction 
of  such particles is 10-8. A noticeable fraction 
of  particles with an energy higher than 0.5 eV 
appears only at a temperature of  about 1000°C. 
At a temperature of  1600°C, such particles are 
already 10%, and at a temperature of  4500°C, 
50%. Therefore, when you made assumptions 
threshold thermal generation of  neutrino-
antineutrino pairs of  about 1000°C.

Fig. 1. Fraction of  particles having an energy above 0.5 eV, 
depending on the temperature.
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At present, the level of  knowledge about the 
properties of  neutrinos is insufficient to reliably 
determine the probability of  the formation of  
neutrinos and antineutrinos in thermal collisions 
of  matter particles. It is only clear that the 
probability of  this is small. A small probability 
is compensated by a large number of  collisions. 
Let's estimate the number of  collisions per 
second during thermal motion in metals. Most 
often in metals, electrons collide with atoms. 
The length of  the run between collisions is 
about 10-8 m. The velocity of  the electrons at 
a temperature of  2000K is about 2∙105 m/s 
[17, p.117]. Consequently, the electron under its 
thermal motion experiences 2∙1013 collisions per 
second. Given that the number of  free electrons 
in 1 cm3 of  metal is about 1023 [17, p.115], we 
find the number of  collisions per second in 1 
cm3 of  metal: 2∙1036.

Such a huge number of  collisions suggests 
that neutrinos and antineutrinos arise in hot 
metals with an intensity sufficient to initiate 
nuclear transformations that give significant 
energy release even with very small probabilities 
of  processes associated with neutrinos. Let's 
assume that only one of  the 1010 collisions 
generates a neutrino-antineutrino pair, and only 
one of  the 1010 neutrinos or antineutrinos causes 
a nuclear transformation. Even with such huge 
losses, 1cm3 of  hot metal produces 2∙1016 nuclear 
transformations per second. In each act of  such 
transformations, about 1MeV is allocated. Since 
1 J is equivalent to 6.25∙1012 MeV, the power of  
the released energy is approximately 2 kW.

We will make a similar estimate for a gas 
heated to a temperature sufficient for thermal 
generation of  neutrinos (several thousands 
°C). In a gas, even at such temperatures, there 
are significantly fewer electrons and ions than 
neutral atoms (molecules), so it is mainly atoms 
(molecules) that collide. The speed of  their 
movement is about 103 m/s, and the length 
of  the run before the collision at atmospheric 
pressure is about 10-7 m [18]. Hence, an atom 
(molecule) experiences about 1010 collisions per 

second. 1 cm3 of  hot gas at atmospheric pressure 
contains about 1019 atoms (molecules). It has 
about 1029 collisions per second, which is 7 orders 
of  magnitude less than in metals. Thus, in a gas 
heated to a temperature of  several thousands 
degrees, the thermal generation of  neutrinos and 
antineutrinos, although possible, occurs with an 
intensity many orders of  magnitude lower than 
in metals.

For intensive generation of  neutrinos and 
antineutrinos, a hot, dense medium with a high 
content of  free electrons is needed. In addition 
to metals, such a medium is high-density 
plasma, which occurs briefly, for example, 
during explosions of  metal conductors or with 
a sufficiently strong pulsed energy release in 
liquids.

Thus, the assumption of  the possibility of  
nuclear transmutations under the action of  low-
energy neutrinos arising in hot metals or dense 
plasma allows us to explain two empirically 
discovered properties of  LENR: the variety of  
chemical elements that arise and the temperature 
threshold of  the order of  1000°C. One can also 
understand the absence of  hard nuclear radiation. 
In the proposed mechanism, rearrangement of  
nucleons occurs without introducing energy 
that could cause the excitation of  nuclear 
levels, which could lead to the emission of  
gamma quanta. Lack of  energy input leads 
to the fact that out of  all possible variants of  
transformations, those are realized in which 
the most stable nuclides are formed, which are 
not prone to either alpha or beta radioactivity, 
or to emission of  neutrons. Released energy is 
realized in the form of  the kinetic energy of  the 
resulting nuclides. Despite the fact that they can 
have an energy of  up to several MeV, when they 
are decelerated, hard radiation does not occur, 
since massive charged particles, even at high 
energies, lose their energy mainly as a result of  
ionization and excitation of  the atoms of  the 
medium in which they move [19]. At the same 
time, electromagnetic radiation is emitted, but 
"soft", with the energy of  quanta up to several 
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Fig. 2. Halogen incandescent lamp and 40W incandescent 
lamp wrapped in aluminum foil.

keV. In addition, the radiation of  "soft" quanta 
occurs when the deformed electron shells of  the 
resulting nuclides are normalized. This allows us 
to explain the appearance of  soft X-rays near 
the operating LENR installations.

Note that in weak nuclear interactions (beta 
processes) involving neutrinos (antineutrinos), 
there is no "Coulomb barrier problem", which 
for a long time was the justification for the 
"impossibility" of  cold nuclear transmutations.

3. EXPERIMENTS SUPPORTING 
THE HYPOTHESIS OF THE ROLE 
OF NEUTRINOS IN COLD NUCLEAR 
TRANSMUTATIONS
Above hypothesis predicts that a metal heated 
to a temperature of  about 1000°C or higher 
emits neutrinos and antineutrinos, which cause 
the appearance of  initially absent chemical 
elements in the surrounding matter. This is 
accompanied by release of  heat. Let us consider 
several confirmatory experiments reported at 
the 26th Russian Conference on Cold Nuclei 
Transmutations and Ball Lightning [20].

In the experiments described below, tungsten 
filament was used as hot metal in incandescent 
lamps, in particular, in halogen lamps with a 
tubular quartz shell with a nominal power of  150 
or 300 W (Fig. 2), as well as in a conventional 
incandescent lamp with a power of  40 W. To 
reduce the power consumption, at which a 
sufficiently high temperature of  the filament is 
achieved, you can use a reflective coating of  the 
lamp cylinder. Such a coating of  aluminum foil 
had a lamp with a power of  40 watts.

Dependence of  the specific resistance of  
tungsten on temperature is well known [21]. 

Fig. 3. Halogen incandescent lamp inside a cylindrical 
container.

Therefore, the temperature of  the tungsten 
filament is easy to determine by measuring its 
resistance at room temperature R20, as well as 
the voltage U and current I in the operating 
mode. Knowing the voltage and current, we 
determine the resistance R = U/I, and then the 
temperature by the formula t(°C) = 197.6(R/
R20) – 1.57(R/R20)

2 – 176. It should be noted 
that the described method of  determining the 
temperature gives an average value, since the 
filament has colder (at the ends and near the 
supports) and hotter areas.

Using the same data, you can determine the 
power consumed by the lamp P = U∙I.
3.1. experiments 1. measurement of heat 
output power usinG an air flow calorimeter

The halogen incandescent lamp is placed inside 
a cylindrical stainless steel container with two 
walls, the space between which can be filled 
with various substances (Fig. 3). To measure 
heat output power, air flow calorimeter is used 
(Fig.4). Heat output power is determined by 
increasing the temperature of  the air washing 
the object under study, located in a thermally 
insulated cylinder with a diameter of  20 cm and 

Fig. 4. Air flow calorimeter.
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a length of  100 cm. The temperature difference 
between the outlet and inlet air is measured by a 
differential thermocouple. To create a stable air 
flow, a fan connected to a stable power source 
is used. Calibration measurements showed that 
the measurement error of  this calorimeter at a 
heat output power of  100 to 2000 W does not 
exceed 3%.

Fig. 5 shows the dependence of  the thermal 
coefficient COP (the ratio of  the heat output 
power to the electrical power consumed) the 
temperature of  the filament in the halogen 
lamp. The measurements were made with an 
empty container and with a container filled with 
lithium tetraborate  Li2B4O7 (10 g). Excessive 
heat generation at temperatures above 2200°C is 
observed even in the case of  an empty container, 
but a container filled with lithium tetraborate 
gives a stronger effect. With an electrical power 
consumption of  292 W, the average temperature 
of  the tungsten filament reached 2390°C. Heat 
output power measured by a flow-through air 
calorimeter, 428W. Thus, the release of  energy 
in excess of  the spent on heating the thread is 
136 watts. Further temperature rise leads to an 
increase in excess power, however, as can be seen 
from Fig. 5, the thermal coefficient decreases. 
This is due to the fact that at high temperatures, 
the power required for heating grows much 
faster (~T4) than the excess heat release, the 
growth of  which is similar to the dependence 
shown in Fig. 1.

Fig. 6. Experimental installation with a water calorimeter. 
1 - a Dewar vessel with water in which an incandescent lamp 
is immersed, 2 - thermometer, 3 - meter of  current, voltage 

and power consumption, 4 - stopwatch, 5 - stirrer.

Note that this reactor does not contain 
hydrogen, and, nevertheless, reliably gives 
excessive heat generation. This indicates the 
need to reconsider the established view that 
hydrogen is necessary for the LENR to flow. 
This conclusion is confirmed by the nuclear 
transmutations found in the lead-tin alloy that 
does not contain hydrogen (see the section 
"Experiment 4. Halogen incandescent lamp and 
tin-lead alloy").
3.2. experiments 2. measurement of 
heat Generation power by the rate of 
temperature increase in water

In these experiments, incandescent lamps 
were immersed in water (450 ml) poured into 
a glass Dewar vessel (Fig. 6). The heat output 
was determined by the rate of  increase in the 
water temperature. Calibration experiments have 
shown that by varying the measurement time, this 
calorimeter can measure the heat output power 
in the range of  10-500 W with an error of  no 
more than 1%. To speed up the establishment of  
thermal equilibrium, a manual stirrer was used.

Several different types of  incandescent lamps 
have been tested. In all experiments, excess heat 
was detected when the average temperature of  
the filament exceeded 2200°C. Fig. 7 shows 

Fig. 5. Thermal coefficient as a function of  the filament 
temperature in  halogen lamp, measured with an empty 

container and a container filled with lithium tetraborate.
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Fig. 7. Dependence of  the thermal coefficient COP on 
the filament temperature. Set of  data obtained in different 

experiments.

a set of  data obtained in experiments with an 
incandescent lamp with a nominal power of  40 
W and halogen lamps of  a tubular design (Fig. 2) 
with nominal power of  150 and 300 W. Due to 
the stronger cooling of  the lamp shells with 
water compared to air, 60-70% higher than the 
rated power is required to achieve a sufficiently 
high filament temperature.

Fig. 7 shows that for all the tested lamps, 
which are very different in power and design, a 
noticeable increase in the thermal coefficient 
is observed at temperatures above 2200°C. At 
a thread temperature of  about 2500°C, the 
thermal coefficient reaches a value of  1.18, 
but at a higher temperature it decreases. This 
is due to the fact that at high temperatures, 
the power required for heating grows much 
faster than excess heat generation. This effect 
was also observed in type 1 experiments (see 
Fig. 5).

Excessive heat generation can occur in lamp 
cylinders containing SiO2 and in water. For 
example, the following nuclear transformations 
are possible:
ν  + 28Si  + 16O + e- → 43Ca + 1Н + 4.878 МэВ
2ν  + H2O  +  2e- → 18O8  + 11.646 MэВ
2ν  + 2H2O + 2e- → 36Ar18 + 50.933 MэВ
4ν  + 3H2O + 4e- → 54Fe26 + 87.810 MэВ

To make sure that new chemical elements 
actually appear in the substance near the 
incandescent lamps, special rather long-term 
experiments were carried out, which convincingly 
confirmed the appearance of  nuclides that were 
initially absent.

Fig. 8. Experimental setup with a circulating KNO3 solution 
and a halogen incandescent lamp.

4. INVESTIGATION OF ELEMENTAL 
AND ISOTOPIC CHANGES IN 
MATTER NEAR INCANDESCENT 
LAMPS
To confirm above hypothesis about the 
generation of  neutrino-antineutrino pairs in the 
collision of  particles of  matter at temperatures 
of  several thousand degrees, it is important to 
make sure not only that a lot of  heat is released 
in the substance surrounding a hot metal, 
but also that new chemical elements appear 
in accordance with nuclear reactions that can 
be produced by low-energy neutrinos [11,12]. 
The experiments described above showed the 
presence of  excessive heat release at a sufficiently 
high metal temperature, but they were not long 
enough to accumulate a noticeable amount of  
new elements. This problem is solved in further 
experiments.
4.1. experiment 3. a haloGen incandescent 
lamp and a circulatinG solution

The halogen incandescent lamp (220V, 300 W) 
was located in a quartz tube, through which a 
10% aqueous solution of  KNO3 seeped (Fig. 8). 
The circulating solution was cooled by passing 
through heat exchanger. The reactor operated 
for 20 hours at power consumption of  450 W. 
Heat output power, determined by the heating 
rate of  the solution, is about 500 W. Average 
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temperature of  the tungsten filament is about 
2400°C.

Samples of  the solution taken before and after 
the experiment, after evaporation, were transferred 
for analysis of  the elemental composition to 
the SYNTHESTECH Research Center. Two 
methods were used: X-ray fluorescence (XRF) 
and mass spectral (ICP MS). The results of  the 
analyses are presented in Table 1.

It can be seen that the content of  many 
elements after treatment of  the solution 
increased by tens or even hundreds of  times. 
Using the tables of  possible transformations 
of  nuclides [11,12], it is possible to detect many 
possible nuclear transformations, which result in 
the chemical elements indicated in Table 1. The 
starting elements can be potassium, nitrogen, 
oxygen, and hydrogen. Below are some of  the 
possible nuclear transformations that result 
in the detected lithium, boron, magnesium, 
aluminum, calcium, and iron:
ν  + 14N7 + 39K19 + e- → 47Ti22 + 6Li3 + 0.067 МэВ
ν  + 14N7 + 16O8 + e- → 26Mg12 + 4Нe2 + 12.074 МэВ
ν  + 14N7 + 14N7 + e- → 26Mg12 + 2Н1 + 9.120 МэВ
ν  + 14N7 + 39K19 + e- → 26Mg12 + 27Al13 + 2.636 МэВ
ν  + 39K19 + 39K19 → 24Mg12 + 54Fe26 + ν ′  +2.573 МэВ
ν  + 14N7 + 41K19 + e- → 11B5 + 44Ca20 +  0.263 МэВ
 ν  + 39K19 + 39K19 → 38Ar18 + 40Ca20 + ν ′  +1.969 МэВ

The calcium content increased the most (the 
appearance of  calcium is also typical for many 
other LENR experiments [1,2]). The last of  
the written equations are just two of  the many 
possible ways in which calcium can appear. In 
this regard, we can recall the research of  Louis 
Kervran, who found that chickens continue to 
lay eggs, the shell of  which contains a lot of  
calcium, even if  it is completely deprived of  
its sources of  calcium, replacing calcium with 
potassium [7]. He suggested that calcium occurs 
as a result of  the nuclear reaction 39K19 + 1H1 → 
40Ca20 + 8.337 MeV, which caused the ridicule 
of  physicists: potassium and hydrogen cannot 
combine because of  the "Coulomb barrier", 
and if  this somehow happened, the huge energy 
release of  the chicken would incinerate. However, 
if  this happens as a result of  weak interactions
ν  + 39K19 + 1Н1 → 40Ca20 + ν ′  + 8.337 МэВ,
both the problem of  the "Coulomb barrier" and 
the problem of  huge energy release are removed. 
According to the laws of  conservation of  energy 
and momentum, if  energy is released in a system 
of  two particles, it is distributed inversely to the 
masses. Since the mass of  the neutrino is much 
less than the mass of  the calcium nucleus, almost 
all of  the released energy is carried away by 
neutrino. Where do the neutrinos that initiate the 
nuclear reaction come from? As already noted, 
cellular metabolism is characterized by energies 
of  the order of  1 eV, which is sufficient for the 
formation of  neutrinos and antineutrinos.
4.2. experiment 4. haloGen incandescent 
lamp and tin-lead alloy

The 300-watt halogen incandescent light bulb 
was wrapped in lead-tin alloy tape and placed 
in a container of  water. To avoid overheating 
and boiling, the water was cooled by pumping 
through a fan-cooled coil (Fig. 9). The lamp 
power consumption is 480 W. Heat output 
power of  about 550 W was determined by the 
water heating rate. Temperature of  the tungsten 
filament is 2400-2450°C. Working time is 40 
hours.

Table 1.
Results of analysis of KNO3 samples by RFA and 
ICP MS methods before and after treatment in an 

incandescent lamp unit in KNO3 solution (mass %).
Before After

XRF ICP MS XRF ICP MS

Li 0.007 0.12

Be 0.017 0.08

Mg 0.050 0.55

Al 0.010 3.30

K 99.01 86.04

Ca <0.01 10.2

Fe <0.01 0.66

Cu 0.018 2.04

Cu 0.010 1.10

Zn <0.01 0.58

Zn 0.010 0.13

Ni <0.01 0.048
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Fig. 9. Halogen incandescent lamp wrapped with a tin-lead 
alloy tape in a vessel with water. The water is pumped through 

a fan-cooled coil.

Table 2.
Content of some elements in the lead-tin alloy before 

and after processing (mass %)
Before After

XRF ICP MS XRF ICP MS

Li 0.0001 0.0063

B 0.0012 0.012

Na 0.13 1.16

Al 0.001 0.024

K 0.056 0.75

Ca 0.018 0.34

Fe <0.01 0.27

Fe 0.014 0.13

Co 0.0002 0.014

Ni <0.01 0.073

Ni 0.0006 0.018

Cu 0.012 0.041

Zn 0.0038 0.040

Pd 0.0002 0.0005

Ag 0.006 0.024

Cd 0.0005 0.0011

Sn 45.7 43.6 40.3 46.0

W <0.01 1.51

W 0.00003 0.105

Pb 54.2 44.5 57.9 31.4

Bi 0.0005 0.057

Samples of  the lead-tin alloy before and 
after processing in the described installation 
were transferred for analysis of  the elemental 
composition by XRF and ICP MS methods to 
the SYNTHESTECH Research Center. The 
results of  the analyses are presented in Table 2. 

It can be seen that the content of  many elements 
after processing has increased many times. 
Especially strongly increased the content of  
lithium, sodium, aluminum, potassium, calcium, 
iron, cobalt, silver, cadmium, tungsten, bismuth.

The alloy of  tin and lead is favorable for the 
appearance of  tungsten: tin has 12 isotopes, lead 
has 4 isotopes. Combinations of  these isotopes 
open up 32 channels for converting tin and lead 
to tungsten [12]. We show one of  the variants of  
such transformations:
118Sn50 + 206Pb82 + e- + ν  → 86W74 + 138La57 + 14.052 МэВ

Rearrangements between tin isotopes can 
give rise to the formation of  silver in 8 channels 
and cadmium in 9 channels, for example:
114Sn50 + 117Sn50 + e- + ν  → 109Ag47 + 122Te52 + 1.229 МэВ,
112Sn50 + 119Sn50 + e- + ν  → 110Cd48 + 121Sb51 + 1.450 МэВ.

Using the tables of  possible transformations 
of  nuclides [11,12], it is possible to detect many 
possible nuclear transformations, which result in 
the chemical elements indicated in Table 2.

Note that the XRF analysis provides 
information about the elemental composition 
in the thin surface layer of  the test sample. 
Therefore, it is quite possible to participate in 
transmutations in this layer of  hydrogen, which 
is part of  the water that washes the sample 
during the experiment. In contrast to XRF, 
ICP MS analysis provides thickness-averaged 
information. Hydrogen cannot penetrate 
deep into the lead-tin alloy. Therefore, if  the 
participation of  hydrogen in transmutations 
is necessary, the analysis of  the composition 
of  the samples during the ICP MS study 
would reveal significantly smaller changes 
than changes in the surface layer by the 
XRF method. However, strong changes were 
detected by both methods, which confirms 
that the participation of  hydrogen in nuclear 
transmutations is optional. This is also 
indicated the calorimetric experiment with an 
incandescent lamp and lithium tetraborate, 
described above.
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4.3. experiment 5. haloGen incandescent 
lamp and boilinG solution

In a glass vessel with 900 ml of  water and 14 
g of  sodium bismuthate (NaBiO3), a halogen 
incandescent lamp with a rated power of  150 
W is immersed (Fig. 10). The duration of  the 
experience is 20 hours with a power consumption 
of  270 W. The temperature of  the tungsten 
filament is 2200-2300°C. Excess heat generation 
with a power of  about 25 W was determined 
by the evaporation rate of  water. Since sodium 
bismuthate is insoluble in water, it was suspended 
during the operation of  the setup.

After the end of  the experiment, XRF 
analyses of  the precipitate and the evaporated 
solution, as well as the initial NaBiO3 powder, 
were performed at the SYNTHESTECH  
Research Center. The results are presented in 
Table 3.

In the starting material, except for bismuth, 
only platinum was found. The presence of  
a number of  other elements was revealed in 
the formed sediment and in the solution. In 
particular, as in experiment 4, a lot of  tungsten 
appeared. This can happen, for example, in the 
following ways:
209Bi83 + 23Na11 + ν  → 184W74 + 48Ca20 + ν ′ + 62.258 МэВ,
209Bi83 + 23Na11 + 16O8 + ν  → 186W74 +  62Ni28 + ν ′ + 76.774 МэВ

4.4. experiments 6. hot metal or liGht?
In 2013, at the Kurchatov Institute, 
Yu.N.Bazhutov and his colleagues realized a 
series of  experiments with solutions of  LiOH, 
NaOH, and Na2CO3 illuminated by a laser or 
LED with a wavelength of  625-650 nm [24,25]. 
It was found that a tritium  appears in the 
solutions (1 tritium atom per 1013-1014 radiated 
photons). No noticeable excess heat generation 
was detected.

Ubaldo Mastromatteo discovered the 
appearance of  C, O, Na, Si, Al, Mg, S, Cl, K, 
Ca, and Cu in the atmosphere of  hydrogen and 
deuterium as a result of  two weeks of  laser 
irradiation with 633 and 405 nm wavelengths of  
palladium film [26]. This experiment was recently 
reproduced by Jean-Paul Biberian [27]. After 
three months of  irradiation in the atmosphere of  
hydrogen or deuterium of  a palladium film with 
a 5 mW semiconductor laser with a wavelength 
of  650 nm, initially absent N, O, Na, S, Al, Ca, 
Fe, Ni, Zn, Mo were detected. The presence of  
excessive heat release was not controlled.

Thus, light exposure causes nuclear 
transmutations. Our experiments described in 
this article are accompanied by very intense light 
radiation. Perhaps it is due to the action of  light 
that the appearance of  new elements and excessive 
heat generation is associated? Photons with a 
wavelength of  650 nm have an energy of  about 
2 eV, which is more than enough to produce a 

Table 3.
Results of the analysis of the content of chemical 

elements before and after the experiment (mass %).
Starting 
powder

Treated

Sediment Solution

S <0.01 <0.01 6.167

Ca <0.01 0.231 <0.01

Fe <0.01 0.092 <0.01

Cu <0.01 <0.01 0.396

Dy <0.01 <0.01 0.451

Ta <0.01 0.246 <0.01

W <0.01 0.289 88.371

Pt 0.562 0.496 <0.01

Bi 99.498 99.646 4.615

Fig. 10. Halogen incandescent lamp in boiling water with 
NaBiO3 suspension.
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Fig. 12. Diagram of  the Mizuno reactor.

pair of  neutrinos-antineutrinos that cause nuclear 
transmutations. Such energy is also sufficient to 
generate a monopole-antimonopoly pair with 
masses of  0.048 eV, which, as it is assumed, can 
also cause nuclear transmutations [28].

To test this possibility, a calorimetric 
experiment was conducted with a chain of  15 
LEDs extracted from a household LED lamp 
(Fig. 11). The same calorimeter with water in 
the Dewar vessel was used, which was used in 
experiments with incandescent lamps (see Fig. 6).

The measurements showed that the LEDs 
immersed in water do not give a noticeable excess 
heat release (COP = 1.00 ± 0.01). The LED 
block, surrounded by aluminum foil or quartz, 
also gave no noticeable excess heat generation.

It can be concluded that, although light causes 
nuclear transmutations, they can only be noticed 
when very long-term illumination with powerful 
light. The efficiency of  the reactors described in 
this article is related precisely to the presence of  
hot metal.

5. NEW APPROACH TO CREATING 
LENR REACTORS
In structures that have already become traditional, 
the zone with a high temperature (metal 
saturated with hydrogen, plasma) is surrounded 
by a layer of  a substance that performs the 
contradictory tasks of  thermal insulation and 
heat removal. This does not allow us to create 
powerful reactors with a high ratio of  released 
and consumed energy.

The presented hypothesis allows a new 
approach to the design of  LENR reactors. 
The source of  the agent that causes nuclear 
transmutation (hot metal or dense plasma) can 
be placed inside the thermal insulation. This 
allows you to reach a high temperature using 
a low-power heater. Fuel (a substance where 
processes with a large heat release occur) can be 
located on the periphery, which allows you to 
efficiently remove the heat generated.

This is the configuration of  the reactor 
created by Tadahiko Mizuno [22] (Fig. 12), 
which, consuming 300 watts of  electrical power, 
produced 2-3 kW of  heat. In this reactor, the 
high-temperature heater is located inside a 
thermal insulation - rarefied deuterium gas. The 
fuel (nickel mesh with a thin layer of  palladium 
deposited on it, in which deuterium is dissolved) 
is located at the periphery in thermal contact 
with the outer wall of  stainless steel.

In the C3 reactor (Fig. 13), an iron cylinder 
weighing 60 g was heated by a tungsten spiral 

Fig. 11. LEDs used in the calorimetric experiment.

Fig. 13. Details of  the C3 reactor. 1 - iron cylinder in a 
sapphire tube, on which a tungsten heater is wound; 2-thermal 
insulation; 3-nickel mesh; 4-quartz tube; 5- thermocouple 

W-Re.
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wound on a sapphire tube. The "hot zone" 
is surrounded by thermal insulation made of  
porous quartz, wrapped in nickel nets. Between 
the grids there was 15 g of  nickel powder saturated 
with hydrogen. The outer shell is a quartz tube 
filled with a mixture of  hydrogen and argon. To 
measure the heat output power, a flow-through 
air calorimeter was used (see Fig. 4).

Fig. 14 shows the dependence of  the excess 
heat output power and the thermal coefficient of  
the C3 reactor on the temperature. A noticeable 
excess heat release is observed already at the iron 
core temperature of  800°C and continuously 
increases with increasing temperature. The 
thermal coefficient at a temperature of  about 
1000°C reaches a value of  about 1.3. An increase 
in temperature does not lead to an increase in 
COP due to the rapid increase in the power 
consumed by the electric heater.

The W1 reactor uses a tubular silicon carbide 
heater and a tungsten core, which allows for a 
higher temperature than the C3 reactor, which 
has an iron core. Design of  the reactor is shown 
in Fig. 15. Inside the silicon carbide heater there 
is a tungsten powder weighing 3.1 g. The heater 
is surrounded by thermal insulation made of  
porous ceramics. Between the thermal insulation 
and the outer quartz pipe is hydrogen-rich nickel 

mesh ("fuel"). A view of  the reactor in operation 
is shown in Fig. 16.

Fig. 17 shows the dependence of  the excess 
heat output power and the thermal coefficient 
of  the C3 reactor on the temperature. This 
reactor produced up to 1.000 W of  excess power. 
A noticeable excess heat generation appears 
at a temperature of  1100°C and increases 
with increasing temperature. The thermal 
coefficient also increases, reaching a value of  
2.2 at a temperature of  about 1600°C. At higher 
temperatures, growth slows down.

CONCLUSION
A number of  experiments have been carried 
out to confirm the hypothesis that low-energy 
neutrinos, which occur as a result of  collisions 
of  matter particles during their thermal 
motion, can cause nuclear transformations. 
The energy release predicted by the hypothesis 
in a substance near a metal heated to a high 
temperature is confirmed. Analysis of  changes 
in the elemental composition in the substance 

Fig. 14. The excess heat output power and the thermal 
coefficient of  the C3 reactor as a function of  temperature.

Fig. 15. Design of  the W1 reactor.

Fig. 16. Reactor W1 and the process of  operation.

Fig. 17. Excess heat output power and thermal coefficient of  
the reactor W1 as a function of  temperature.
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around incandescent lamps showed a significant 
increase in the content of  a number of  chemical 
elements.

The presence of  such changes, along with the 
detected excess heat release, proves that, indeed, 
the hot metals emit an agent that initiates nuclear 
transformations in the surrounding matter. The 
correspondence of  the detected transformations 
to possible nuclear reactions initiated by 
neutrinos (antineutrinos) indicates that these 
agents are neutrinos and antineutrinos.

This allows a new approach to design 
of  LENR reactors. Source of  the agent that 
causes nuclear transmutation (hot metal or 
dense plasma) can be placed inside of  thermal 
insulation, which allows you to achieve a high 
temperature with low energy consumption. Fuel 
(a substance where processes with a large heat 
release occur) can be located on the periphery, 
which allows you to efficiently remove the 
heat generated. Several reactors manufactured 
according to this scheme have been tested. One 
of  them managed to achieve an excess heat 
output of  1 kW (COP  = 2.2).
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reactions in hot laser plasma. The most probable mechanism of  neutron generation is associated 
with nuclear reactions at low energies and is due to the formation of  coherent correlated states 
(CCS) of  deuterons. In this experiment, such states can be formed in two different processes: 
due to the effect of  a shock wave in the undisturbed part of  the target lattice on the vibrational 
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distribution of  the total flux of  particles entering from the laser plasma into the interplanar channel. 
In this second case, the process of  the formation of  the CCS is associated with the longitudinal 
periodicity of  the interplanar crystal channel, which is equivalent to a nonstationary oscillator in 
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1. INTRODUCTION
The question of  realizing of  energy-efficient 
controlled nuclear fusion is undoubtedly 
one of  the most actual and widely discussed 
problems. Special interest to this problem 
is due to the fact that the potential and 
effectiveness of  such reactions does not need 
to be proved, since all life on Earth is due 
to the Sun, where such processes have been 
continuously going on for 5 billion years. Real 
study of  this problem began in the mid-50s 
after the implementation of  uncontrolled 
fusion in the form of  a hydrogen bomb, 
when most of  the scientists who had 
previously dealt with purely explosive topics 
(including such outstanding physicists as A.D. 
Sakharov, L.A. Artsimovich, I.E. Tamm, I.V. 
Kurchatov), quickly came to a consensus 
on the basic idea: the implementation of  
a controlled thermonuclear fusion based 
on high-temperature plasma with magnetic 
confinement in systems of  the TOKAMAK 
type. The initially unrecognized exceptional 
complexity of  the task of  confining high-
temperature plasma in such a system turned 
out to be a tough nut to crack. Despite huge 
financial investments, it did not allow for 
the next 60 years to create a successful and 
energy-efficient prototype of  such a device. 
An alternative model of  inertial confinement 
of  short-lived dense hot plasma eliminated the 
problem of  magnetic confinement and was 
directly associated (on a smaller scale) with 
uncontrolled fusion in a hydrogen bomb, but 
required corresponding high-speed efficient 
drivers. The successes of  the synchronously 
developing laser physics were the impetus that 
led to the idea of  laser inertial fusion. It is 
quite natural that those outstanding scientists 
(primarily N.G. Basov) who very successfully 
creating high-power pulsed lasers, quickly 
came up with the idea of  using such lasers to 
implement inertial thermonuclear fusion. The 
idea of  using powerful lasers to implement 
controlled thermo-nuclear synthesis was first 

expressed in 1960 by A.D. Sakharov on the 
basis of  a modernized explosive thermonuclear 
fusion scheme (a hollow mirror ellipsoid, in 
the foci of  which there is a compressible fuel 
and a laser radiation source). A more realistic 
scheme for heating and compressing a target 
by laser radiation was proposed in 1961 by 
N.G. Basov and O.N. Krokhin.

2. ANALYSIS OF THE FIRST 
EXPERIMENTS ON LASER 
SYNTHESIS
The first experiments on the realization of  
nuclear fusion stimulated by laser action on a 
target were carried out in the late 1960s [1-3] 
according to the simplified scheme shown in 
Fig. 1 and does not imply target compression.

It was assumed that intense one-sided 
localized heating of  a small part of  the target 
surface using short (~10-11 s) single laser optical 
pulses with an energy of  about 10 J, generated 
by a high-power neodymium laser with a 
wavelength of  1.06 μm, during the action of  
each pulse on the LiD surface target would 
allow to realize such a short-term hot plasma, 
within which thermonuclear fusion will be 
possible until the moment of  expansion. To 
increase the radiation intensity, a long-focus 
lens was additionally used, which made it 

Fig. 1. General scheme of  experiments on laser synthesis 
of  neutrons in a LiD target.
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possible to achieve a record intensity of  J ≈ 
1016 W/cm2. It should be noted that even 50 
years after these experiments, such an intensity 
is quite adequate for such studies, and even 
today these parameters significantly exceed only 
the pulses generated by modern picosecond or 
femtosecond lasers.

The authors of  the experiments expected 
that in the hot plasma formed near the target 
surface, synthesis based on one of  the d - d 
synthesis channels would be possible
d + d = He3 + n + 3.27 MeV,       (1)
implementing due to collision of  deuterons into 
the hot plasma.

To confirm the implementation of  such 
a synthesis, a stintillation detector based on a 
polystyrene (CH2)n crystal was used. According 
to the authors' estimates, the neutron detection 
efficiency, taking into account the geometric 
parameters of  the detector , the solid angle 
of  registration ∆Ω = 1.3π and the probability 
of  the formation of  optical quanta during the 
interaction of  neutrons with hydrogen nuclei, 
corresponded to η ≈10%.

From the results of  experiments [1,2] it 
follows that under such a pulsed action, on 
average Nneutron ≈ 1 neutron was recorded for each 
laser pulse, which corresponded to generation

0 / 10neutron neutronN N η≈ ≈  neutrons/pulse       (2)
These data were interpreted by authors as 

the first demonstration of  the inertial laser 
thermonuclear (hot) synthesis. It should be 
noted that in [1-3] a very detailed analysis 
of  the process of  formation of  hot plasma 
using specific laser pulses was carried out, 
but the quantitative features of  nuclear fusion 
were almost not considered and the results 
of  experiments were not compared with the 
calculated parameters of  the expected hot 
fusion.

Such an analysis can be easily carried out 
on the basis of  a technique that is now widely 
used both for the analysis of  similar problems in 
laboratory and industrial nuclear fusion, as well 

as in the analysis of  astrophysical processes in 
stars.

According to the authors of  [1-3], during the 
action of  each of  the laser pulses on the LiD 
target, plasma with the following parameters was 
formed:
• deuterium ion concentration - nd ≈ 1021 cm-3;
• average thickness of  the plasma region near 

the laser focus - x0 ≈ 10-2 cm;
• the temperature of  the ion component of  the 

plasma - kTmax ≈ 120 eV corresponded to the 
close-to-spherical geometry of  its expansion 
(see. [3], Fig. 10);

• the lifetime of  a plasma with such a 
temperature - τ ≈ 5∙10-10 s;

• rms velocity of  deuterium ions in 
plasma at maximum temperature - 

73 / 10v kT M< >≈ ≈  cm/s.
If  we assume that the area of  transverse 

expansion of  the plasma (taking into account 
the initial cross section of  the focused laser 
pulse 2 4

0 0 3 10S R −= π ≈ ⋅ cm2) during its existence 
was equal Sτ ≈ π(<v>τ + R0)

2 ≈ 6∙10-4 cm2, then 
in the volume of  plasma there were Nd = n0Sτx0 
≈ 6∙1015  deuterium nuclei.

Based on these data, taking into account the 
cross section of  the reaction σ(v) and the speed 
of  the particles participating in it, it is possible 
to calculate the total number (d-d) of  reactions 
and, accordingly, the total number of  generated 
neutrons,

0 2
0 ( ) / 2,neutronN Vn v vσ τ≈ < >        (3)

in the volume of  the laser plasma during its 
existence τ.

The standard expression for the reaction rate 
σ(v)v averaged over the Maxwellian distribution 
of  ions in the plasma is determined by the well-
known formula (eg, [4], Chapter 2) 

14
2/3 1/3

1 18.8( ) 1.3 10 exp
( ) ( )dd kT kT

−  
σ ν ν ≈ ⋅ − 

 
[cm3/s] (4)

Here kT corresponds to the plasma 
temperature in units of  keV.
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Substituting the above parameters, we can 
find 30( ) 5 10

dd
−σ ν ν ≈ ⋅  cm3/s.

When this quantity is taken into account, 
from (3) it follows an estimate of  the average 
number of  neutrons generated in experiments 
[1,2] when a single laser pulse is exposed to a 
LiD target 

0 0.007neutronN ≈  neutrons/pulse.      (5)
This value is 1500 times less than the 

estimate (2), which was made by the authors 
of  the experiments on the basis of  the neutron 
registration process under experimental 
conditions [1,2].

It is obvious from these estimates that 
the considered thermonuclear mechanism 
can provide only 0.07% of  the total number 
of  neutrons generated in the experiments 
performed. 

We have no doubt about the very high 
qualifications of  the authors of  works [1-3] 
and the correctness of  their measurements, 
but the question immediately arises about 
the mechanism and substantiation of  those 
processes that led to the generation of  neutrons 
under the one-sided action of  single laser pulses 
on the LiD target.

3. AN ALTERNATIVE MECHANISM FOR 
THE GENERATION OF NEUTRONS 
AND OTHER PARTICLES UNDER THE 
ACTION OF A LASER PULSE ON A LID 
TARGET
The subsequent analysis shows that the neutrons 
recorded in the experiments under consideration 
were generated in the process of  low-energy 
nuclear reactions (LENR), which were stimulated 
by effects that are not directly related to an 
increase in the temperature of  deuterium nuclei 
under the action of  laser pulses on the target 
surface and are realized even at relatively low 
energy and temperature.

Two basic mechanisms that are based on 
the same physical process and lead to efficient 
nuclear fusion can be noted.

3.1. features of nuclear reactions at 
low enerGy in nonstationary microcracks 
stimulated by the action of a laser pulse 
on the tarGet

It is well known that when a laser pulse acts 
on a target, an ablation process always takes 
place due to intense pulsed evaporation of  
fast ions from that part of  the target surface 
on which the laser pulse acts. This evaporation 
is accompanied by the transfer of  momentum 
to the target, which leads to the formation of  
an intense shock wave moving deeper into 
the target perpendicular to its surface. Such a 
mechanism for generating shock waves is well 
known (eg, [5-9]).

The shock pressure on the remaining (non-
evaporated) part of  the target surface with 
this ablation mechanism is P ≈ 4∙106 atm at 
a laser pulse intensity J = 1013 W/cm2 [5]. 
With an increase in the laser pulse intensity, 
the pressure sharply increases P ~ J7/9 [8,9], 
reaching gigantic values P ≈ 108 ... 109 atm at 
an intensity J ≈ 1016 W/cm2 corresponding to 
this experiment.

The speed of  the front of  the shock wave 
with the above parameters of  the laser pulse 
can reach or exceed 4...8 km/s. When this 
shock wave moves inside any material bodies, 
a very sharp narrowing of  its leading front 
occurs to a size limited by several free path 
lengths of  the accelerated ions. In the case 
of  a solid target, the minimum value of  the 
leading edge corresponds to several nm. This 
“steepening” of  the shock front is due to the 
fact that the more intense (increasing) part of  
the shock front, due to the nonlinearity of  the 
interaction process, moves faster than the less 
intense front part of  the front and “catches 
up” with it.

The passage of  this shock wave through a 
target containing deuterium and lithium leads to 
a very fast (~10-11...10-13 s) shock compression, 
and then rapid expansion and subsequent 
slower relaxation of  the local environment of  
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each of  the deuterium and lithium atoms in the 
target. From the point of  view of  crystal lattice 
dynamics, these processes correspond to very 
fast pulsed reversible modulation of  parameters 
and vibration frequency of  a nonstationary 
harmonic oscillator characterizing the vibrational 
state of  each of  the deuterium nuclei in the lattice 
(including optical phonon modes at frequencies 
of  10...15 THz).

Such very fast process of  nonstationary 
modulation leads to phase synchronization 
(otherwise, constructive interference) of  
optical phonon modes of  the same particle 
and to the formation of  a coherent correlated 
state (CCS) of  these particles (nuclei). It leads 
to the generation of  giant fluctuations of  the 
momentum and energy of  the corresponding 
nuclei accompanying these states [10-
23]. Obviously, this mechanism of  pulsed 
modulation of  the parameters of  the local 
oscillator is much more effective in the region 
adjacent to the target surface, near which the 
laser plasma is formed. In this region, even 
before the arrival of  the shock wave, numerous 
nanocracks arise, which are formed due to the 
entry of  fast ions, escaping from the volume of  
the near-surface plasma. This process is similar 
to the cracking procedure for metal hydrides of  
the TiD or TiH type upon their rapid saturation 
with hydrogen isotopes. The relatively large 
width of  these nanocracks filled with deuterium 
sharply (several times) increases the amplitude 
of  the possible modulation of  the frequency 
of  deuteron oscillations upon the subsequent 
action of  a shock wave on this nanocrack. 
Another important result of  the action of  the 
shock wave is the accelerated "opening" of  
those nanocracks that had not yet formed, but 
were in a very stressed state due to the internal 
pressure of  deuterons trapped in the interstice 
of  the target lattice. This process is possible 
anywhere in the target.

It was shown in [10-17] that at such a very 
fast pulse modulation of  the parameters of  
a nonstationary oscillator, the amplitude of  

particle momentum fluctuations increases 
sharply, as a result of  which fluctuations of  the 
kinetic energy of  a particle (in particular of  a 
proton) can reach δEcorr ≥ 10...30 keV even in the 
case of  a crystal lattice at room temperature. 
An important fact is that during the generation 
of  such gigantic fluctuations of  momentum 
and energy, the average kinetic energy of  these 
nuclei can remain invariably small and differ 
little from the thermal energy of  the condensed 
target!

Another very important circumstance is the 
very long (compared to the case of  uncorrelated 
states) lifetime of  these giant fluctuations δtcorr, 
which is many orders of  magnitude longer 
than the duration of  possible uncorrelated 
fluctuations δtuncorr, if  it is estimated on the basis 
of  the "usual" Heisenberg uncertainty relation 
δtuncorr ≈ ћ/2δE.

The possibility of  the existence of  such 
coherent correlated states was described in 
the most general form (for different pairs of  
arbitrary dynamical variables A and B) in 1930 
independently by Schrödinger and Robertson 
[18,19] on the basis of  the general rules of  
quantum mechanics. In the general case, these 
relations are characterized by generalized 
uncertainty relations for the variances of  these 
variables

2
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In particular, for pairs of  variables 
"coordinate-momentum" or "energy-time" these 
states are characterized by the Schrödinger-
Robertson relations, which are fundamentally 
different from the Heisenberg uncertainty 
relations
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 (7)

where 0 ≤ |r| < 1 and 1 ≤ G < ∞ are, 
respectively, the correlation coefficient and the 
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correlation efficiency coefficient for specific 
variables. These coefficients characterize the 
degree of  inphase and mutual correlation 
of  different eigenstates of  a particle in a 
superposition quantum state (in particular, 
inphase of  optical phonon modes of  a 
deuteron in the space between neighboring 
lithium atoms in the lattice). It was shown in 
[20] that the coefficients r px, rEt and Gpx, GEt 
for each specific state are very close to each 
other.

For uncorrelated states r = 0 and G = 1, 
and for maximally correlated |r| → 1 and G 
>> 1. The characteristics of  these states and 
the possibility of  their application have been 
studied in many works (in particular, in articles 
[11-17,20-22]).

Particles in a coherent correlated state can 
"use" a large fluctuation of  virtual kinetic energy 
δE = (δp)2/2M to pass through a potential 
barrier and then stimulate nuclear or chemical 
reactions if  these processes correspond to 
exoenergetic reactions.

Such processes have been implemented 
many times in successful experiments on low-
temperature nuclear fusion. Some of  these 
experiments are described in [11-13,23].

The same mechanism, realized by the pulse 
modulation of  the parameters of  local equivalent 
harmonic oscillators when exposed to a shock 
wave, successfully substantiates the results of  
experiments on the generation of  alpha particles 
under the action of  low-amplitude high-
frequency temperature waves, generated during 
cavitation of  water jets, on the TiD targets [24-
26]. The general scheme of  these experiments 
and the corresponding results on the registration 
of  generated alpha particles are presented in 
Fig. 2.

These experiments, if  we consider them as 
a kind of  realization of  systems with shock 
action, are in some way similar to experiments 
with pulsed laser action. The mechanism of  
such an effect in such a system is associated 

with the dynamics of  the development of  rapid 
cavitation of  microbubbles in the volume of  
a water jet expanding after compression. The 
interaction of  the jet in the state of  cavitation 
with the metal wall of  the chamber leads to 
the excitation of  primary shock waves in 
the volume of  this wall. Internal reflection 
of  these waves from the outer wall leads to 
periodic excitation of  surface atoms and, 
as a result, to the subsequent generation of  
both periodic pulses of  soft (~1.5 keV) X-ray 
radiation and pulsed heating of  the adjacent 
air. These processes are considered in details 
in [24-26].

If  the duration of  these heat pulses is less 
than the thermal relaxation time τ in air, then at 
such a pulsed heating continuous temperature 
waves will be generated and propagated 
in air. Their frequency corresponds to the 
expression

Fig. 2. Above is a diagram of  experiments on the 
excitation of  continuous temperature waves and the 
implementation of  nuclear fusion using them. Below 
is a fragment of  a track detector with tracks of  alpha 
particles generated when such temperature waves act to a 

distant TiD target.
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ωn = π(n + 1/2)/τ, n = 0,1,2...        (8)
The minimum frequency of  such a wave at 

normal pressure and room temperature is ωmin ≈ 
75 MHz.

The substantiation of  the possibility of  the 
existence of  these waves and the results of  their 
detailed theoretical and experimental study are 
considered in our works [24-26].

Such waves can propagate without 
significant attenuation over a long distance (up 
to many meters from the place of  excitation). 
When these waves interact with a distant TiD 
target, secondary shock waves are excited in 
this target, which cause nuclear reactions with 
the participation of  deuterons. Fig. 2 shows a 
view of  the track detector, which was located 
near the rear wall of  the TiD target obtained 
with preliminary enrichment (~150%) of  the 
titanium sample with deuterium. The axial 
symmetry of  the directions of  motion of  
the registered alpha particles on this detector 
corresponded to the cylindrical shape of  the 
TiD target. According to our estimates, the 
third possible channel of  the d-d reaction was 
realized in these experiments
d + d = He4 + 23.8 MeV,       (9)
the probability of  which for "standard" hot 
fusion is very small. In contrast, this channel 
is more likely to be implemented in the same 
systems based on LENR processes.

A more detailed description of  these 
experiments is given in [15,24-26].
3.2. the mechanism of nuclear fusion at 
low enerGy, which is connected with the 
movement of ions in the crystal lattice of 
the tarGet

Another mechanism for the realization of  
reaction (1) is associated with an alternative 
method for the formation of  CCS taking 
into account the interaction of  moving ions 
with lattice atoms. It is due to the fact that 
in experiments [1,2] a great number of  fast 
deuterium ions, which are formed during the 
formation of  a laser plasma, move deep into 

the unbroken crystal lattice of  LiD in the 
channeling mode. It was shown in [16,17] 
that during a similar motion of  relatively slow 
protons in the periodic field of  the lattice of  
a lithium crystal, a similar CCS of  a moving 
particle with a correlation coefficient 1 – |r| ≤ 
10-8 are formed very quickly (in an interval equal 
to 3 ... 4 lattice periods). It corresponds to the 
correlation efficiency coefficient G ≥ 104 and to 
the increase of  the energy of  fluctuations in the 
transverse (with respect to longitudinal motion) 
direction to the value

2 2 2 2

2 2 2

( ) / 2 / 8 ( )

/ 2 40 ,x

E p M G M x
G Ma keV

δ δ δ≈ ≥ ≈

≈ ≥





 (10)

which is many orders of  magnitude higher than 
the energy of  longitudinal translational motion.

Here M is the proton mass, ax ≈ 2δx ≈ 2Å is 
the interplanar distance in the lattice.

This mechanism of  self-similar formation 
of  CCS is fulfilled for those ions that move in 
the periodic field of  the lattice with velocities 
close to the value vopt ≈ 2az<ω>, which 
provides synchronization of  the eigenstates of  
the transverse quantized motion of  the particle 
in the channel [16]. Here <ω> is the average 
frequency of  ion oscillations between planes 
during channeling in the averaged potential of  
the channel walls.

It was shown in [16] that a very large value 
of  the coefficient G corresponds to particles 
with velocities in the range of  approximately 
10% of  the optimal velocity vopt for a given 
crystallographic direction. There are a lot of  
such particles with energies of  several hundred 
eV on the “tail” of  the Maxwellian distribution 
of  laser plasma ions in experiments [1,2].

The spatial dynamics of  the formation of  
CCS and the dependency of  the correlation 
efficiency coefficient on the particle velocity 
in the lithium crystal lattice [16] is shown in 
Fig. 3.

The same dynamic mechanism of  the CCS 
formation during the motion of  an ion in a 
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periodic field of  a lattice or in the field of  
a cluster of  several atoms explains well the 
results of  numerous experiments carried out in 
several US laboratories (Louisiana Accelerator 
Center (Lafayette), Physical Dept. of  North 
Texas Univ (Deuton) and NASA MFES 
Center in Huntsville). In these experiments 
a beam of  accelerated protons with tunable 
energy E ≤ 500 eV and two types of  targets: 
a solid-state target in the form of  a thin foil 
(~1 mm) of  lithium and a target in the form 
of  saturated vapors of  the same lithium were 
used, as a result leading to efficient nuclear 
fusion (for details see [16,17]).

4. CONCLUSION
Both considered above mechanisms fully 
correspond to the definition of  "nuclear 
reactions at low energy" or LENR, since they 
do not require heating or real (not virtual due 
to fluctuations) acceleration of  particles to a 
typical thermonuclear energy of  10-15 keV and 
do not require the implementation of  other 
conditions of  hot thermonuclear fusion. It is 
very important that these types of  reactions well 
substantiate the complete prohibition [14,20] 
on the realization of  those channels of  nuclear 
reactions that, after the fusion of  the initial 

particles, lead to the formation of  radioactive 
compound nuclei. Such an extremely important 
result is differs greatly from typical reactions at 
high energies and, most importantly, is observed 
in all successful experiments at low energies 
without exception. A brief  substantiation of  
such a feature of  LENR reactions using the 
energy of  giant fluctuations δE formed during 
the formation of  coherent correlated states 
is due to the fact that a sufficiently long, but 
finite time of  existence of  these fluctuations 
δtcorr makes it possible to realize only those 
reaction channels in which a rapid return of  
the fluctuation energy  δE, which was used 
to increase the transparency of  the potential 
barrier, is realized. It is quite obvious that in 
any radioactive daughter nucleus such a return 
of  energy occurs over a long time, which is 
many orders of  magnitude greater than the 
value δtcorr and so such reactions are absolutely 
forbidden! In contrast, in reactions with really 
accelerated particles (including in systems 
of  high-temperature nuclear fusion), there 
is no such a critical requirement, and in most 
reactions channels with the formation of  both 
stable and radioactive nuclei are realized. These 
extremely important for practical applications 

Fig. 3. a) spatial dynamics of  the process of  formation of  a coherent correlated state during the motion of  protons 
with an optimal energy of  450 ... 500 eV in a lithium crystal in the mode of  in-plane channeling in the direction oz 
(az is the longitudinal lattice period of  lithium);  b) the dependence of  the averaged correlation efficiency coefficient on 

the proton velocity at the end of  the third lithium lattice period [16].
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features of  reactions with the use of  CCS are 
considered in details in [20,23].

In addition to this, it should be noted that the 
analysis of  experiments [1, 2] with the use of  the 
CCS ideology also makes it possible to explain 
the relatively weak ( 0 10neutronN ≈  neutron/pulse) 
efficiency of  neutron generation, which was 
observed in these experiments. This is due to 
the fact that the neutron channel (dd) of  the 
reaction d + d = He3 + n, if  we associate it 
with the formation of  such CCS, turns out to 
be many orders of  magnitude less probable 
[11,13] than the alternative and faster "proton" 
channel
d + d = T + p + 4.03 MeV.     (11)

This is due to both the specificity (duration) 
of  reactions stimulated by virtual energy 
fluctuations and the possible realization of  
the Oppenheimer-Phillips effect [27], which is 
connected with the mutual spatial reorientation 
of  deuterons before their interaction, that leads 
to the capture reaction (4) without the formation 
of  a compound nucleus He4.

It is also important to point out that if  
a LiD target is used in the analyzed earlier 
laser experiments, other reactions with the 
participation of  lithium isotopes, in which 
alpha particles and protons are formed, are also 
possible.

6 8 4

6 7

2 22.37 ,
5.03 .

Li d Be He MeV
Li d Li p MeV

+ = → +

+ = + +
 (12)

Unfortunately, the authors of  the first 
laser experiments [1,2] did not carry out 
control measurements of  other potentially 
possible daughter products of  these reactions, 
and these features remained unexplored and 
unnoticed.

Based on this analysis, it can be concluded 
that the most probable mechanism of  neutron 
generation in the first laser experiments 
was associated not with the implementation 
of  thermonuclear fusion, but with the 
implementation of  nuclear reactions at low 

energy due to the formation of  coherent 
correlated states in the target volume under the 
action of  a shock wave or during the motion of  
the formed ions in the undisturbed part of  the 
target lattice [28].

The fact that such an analysis was not done 
50 years ago is quite reasonable for a number of  
reasons. First of  all, at that time some important 
circumstances, which relate to the peculiarities 
of  nuclear reactions at high and low energies, 
were not understood and taken into account. 
Until recently, it was considered a priori that the 
region of  low energies is completely unpromising 
from the point of  view of  nuclear energy based 
on charged particles. On the other hand, it is 
logically difficult to understand and accept the 
fact of  completely ignoring of  the influence 
of  the effects of  coherence and correlation on 
nuclear interaction, although the basic ideas 
of  such effects were described back in 1930 in 
the works of  Schrödinger and Robertson. In 
particular, as a completely inexplicable fact, it 
can be pointed out that none of  the classical 
textbooks on quantum mechanics, on which 
all generations of  physicists of  the world were 
brought up in the 20th century, does not mention 
a word about such processes. In particular, 
nothing is written about the full ratio of  the 
Schrödenger-Robertson uncertainties (6)-(7), 
from which, as a special case of  an uncorrelated 
state, the famous Heisenberg uncertainty 
relation is obtained, which is well known and is 
used by everyone.

It should also be noted that the results 
obtained substantiate the possibility of  
alternative reactions in laser simulation 
of  thermonuclear fusion. They show the 
advisability of  a more detailed study and 
repetition of  this and similar experiments in 
order to search for other possible nuclear fusion 
products using the same technique [1,2] at the 
action of  unidirectional single or repetitive laser 
pulses. It is very important that such studies can 
be carried out in small laboratories and they do 
not require very complex, unique and expensive 
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equipment, which currently exists only in some 
world centers dealing with the solution of  global 
problems of  inertial thermonuclear fusion with 
mandatory all-round target compression by 
the time synchronized exposure to laser pulses 
generated by dozens of  super-powerful lasers. 
Successful experiments on the implementation 
of  nuclear fusion [24-26], carried out using 
temperature waves generated in a simple and 
extremely inexpensive cavitation setup based on 
a water jet, confirm the effectiveness of  such 
studies.

Another conclusion concerns the need 
for a certain revaluation of  the role and 
efficiency of  nuclear reactions at low energy 
in order to solve modern problems of  
nuclear technologies [29–31]. Obviously, in 
order to solve successfully such problems, 
it is necessary to take into account not only 
the specific interaction between a pair of  
particles under consideration, as is the case in 
high-energy nuclear physics, but also to fully 
analyze the influence of  the environment 
on the efficiency of  these processes. The 
world turned out to be more complex and 
a simplified analysis based on the separated 
from the environment pair interaction works 
well at high energy, but turns out to be quite 
far from reality at low energy.
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1. INTRODUCTION
The problem of  searching for fractured 
hydrocarbon reservoirs is one of  the primary 
problems of  geophysics, to the solution of  
which exploration seismology is involved [1,2]. 
The widespread use of  traditional seismic 
technologies without sufficient justification 
for their application to unconventional seismic 
objects in many cases leads to ambiguous 
geological interpretation of  seismic data, false 
ideas about the geological structure of  the target 
object. The combined use of  mathematical and 
physical modeling can improve the quality of  
seismic data interpretation.

Papers [3-6] are devoted to different 
approaches to fracture modeling. According to 
[7], several types of  fractures are distinguished, 
depending on their size: microfractures, the 
opening of  which is about tens of  microns, and 
the length is several centimeters; mesofractures 
with an opening of  the order of  hundreds of  
microns, with a length of  up to several meters, 
and macrofractures, the opening of  which 
reaches the order of  several millimeters or more, 
and the length – from tens to hundreds of  
meters.

For modeling microfracturing, the most 
optimal will be the use of  effective models 
[8,9]. Meso- and macro-fracturing can be 
considered in more detail with discrete 
assignment of  fractures in the integration 
domain. Papers [10,11] are devoted to the 
study of  the formation of  responses on 
macrofractures using this approach. This 
article will consider studies using mathematical 
and physical modeling of  the formation of  
responses in mesofractures.

2. MATERIALS AND METHODS
2.1. mathematical model and numerical 
method

For mathematical modeling, a linear elastic 
medium model is used. The computation uses a 
grid-characteristic method with a hybrid scheme 
of  the 2nd order.

Wave processes in an elastic geological 
medium are described on the basis of  the 
governing equations of  the theory of  a 
linearly elastic medium [12]. The state of  
an infinitely small volume of  a medium, 
according to this model, obeys a system of  
two equations: a local equation of  motion and 
a rheological relationship connecting stresses 
and deformations in the medium. They can be 
reduced to the form:

,

.

jii

j

ij jk i
ijk

k j i

TV
t x

T VV VI
t x x x

ρ

λ µ

∂∂
=

∂ ∂

 ∂ ∂ ∂ ∂
= + +    ∂ ∂ ∂ ∂   

∑
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where Vi – velocity components, Tji – 
components of  elastic tensor, ρ  – medium 
density, λ and μ – Lame coefficients, Iij – 
components of  unit vector. Introducing the 
vector of  variables u { , , , , },x y xx yy xyu V V T T T=



 (1) 
can be reduced to:
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The numerical solution (2) is found using 
the grid-characteristic method [13]. We carry 
out the coordinate-wise splitting and change 
the variables to reduce the system to a system 
of  independent scalar transport equations in 
Riemann invariants.

0,   1, 2.i
i

w w i
t ξ

∂ ∂
+Ω = =
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 (3)

For each transfer equation (3), all nodes of  
the computational mesh are traversed, and for 
each node the characteristics are omitted. From 
the time layer n, the corresponding component 
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of  the vector w  is transferred to the time layer 
n+1 by the formula

1( ) ( ),n n
k i k i kw wξ ξ ω τ+ ′ ′= −

where τ is time step.
After all the values have been transferred, 

there is a reverse transition to the vector of  the 
desired values u .

The grid-characteristic method makes it 
possible to apply the most correct algorithms at 
the boundaries and contact boundaries of  the 
integration domain [14,15].

The boundary condition can be written in 
general form as:

1 2( , , t ) d,u ξ ξ τ+ =


D
where D – some matrix of  size 9×3 in 
3D-case (5×2 in 2D-case), d



 – some vector, 
u 1 2( , , t )u ξ ξ τ+

 – the value of  the sought 
values of  the velocity and the stress tensor 
components at the boundary point at the next 
time step.
2.2. mathematical models of fractures

In real problems of  exploration seismology, one 
has to deal with the inhomogeneity of  the nature 
of  the interaction of  elastic waves with the 
surface of  the fracture when passing through it. 
A fracture is a complex heterogeneous structure 
[7,16]. In some places, the flaps of  the fractures 
are located at some distance and are separated 
by a saturating fluid or void [7], in some places 
adhesion is observed, when, under the action 
of  pressure forces, the walls are close to each 
other [17]. In addition, fractures can be classified 
according to the nature of  saturation: fluid or 
gas [7,17].

In the problem under consideration, 
discrete fracture models were used based on 
the concept of  an infinitely thin fracture. 
The fracture was specified as a boundary or 
a contact boundary with a specific boundary 
condition.
a) Gas-saturated fracture

The gas-saturated fracture model well simulates 
the behavior of  fractures filled with air or gas 

at shallow depths up to 100-150 m [17]. At 
great depths, under the influence of  pressure, 
fractures with air are closed, and the gas acquires 
the properties of  a liquid.

The fracture is specified as the boundary 
condition of  free reflection on the fracture flaps:

0.n =
T

This model is applicable to the described 
situation. The speed of  propagation of  
longitudinal elastic waves in the geological 
environment (1500 – 7000 m/s) is much 
higher than the sound speed in air (330 m/s) 
or natural gas (430 m/s) at low pressures. The 
speed of  propagation of  transverse waves 
in air is zero. Similarly, with densities (1000-
3000 kg/m3 versus 1.2 kg/m3). Therefore, the 
reflection coefficient is approximately equal 
to unity.

Thus, a fracture filled with gas under a 
pressure close to normal can be considered 
empty and the boundary condition for a free 
boundary can be set, which gives a complete 
reflection of  the incident wave.
b) fluid-filled fracture

In most of  the problems solved in practice, 
the fractures are filled with a fluid: water, oil, 
liquefied gas, etc. [7,11,17] Therefore, it was 
advisable to develop a model to describe such 
a situation.

A fluid-filled fracture is specified as a contact 
boundary with the condition of  free sliding [11]:

,   ,   0.a b a b
a b n nn n f f f fτ τν ν⋅ = ⋅ = − = =

   

  

Such a contact boundary completely 
transmits longitudinal vibrations without 
reflection and completely reflects shear waves. 
This picture corresponds to a real situation: 
the values of  the velocities of  propagation 
of  longitudinal waves in liquids and densities 
are comparable to the values of  the velocities 
and densities of  geological media; while the 
velocities of  transverse vibrations in liquids are 
close to zero.
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c) Glued fracture

At great depths, under the action of  pressure, 
it happens that the flaps of  the fractures touch 
so that the elastic waves almost completely 
pass through the fracture. In this case, it will be 
optimal to use the contact condition of  complete 
adhesion [11]:

,    .a b a bf fν ν= = −
 

 

where ν  – the velocities of  contacted points 
of  contact boundaries, f



 – the force acting to 
the boundary. a – first, and b – second flap of  
fracture.
d) partially-Glued fracture

In real exploration seismology, there are partially 
stuck together fractures [11,17], in which part of  
the valve surface is stuck together, and part is 
separated by fluid or gas. Such fractures show 
partial transmission of  the elastic wave front, 
which affects the amplitudes of  the response 
waves on the seismograms.

A fracture model was developed, where gas 
saturation (fluid filling) and complete adhesion 
conditions were randomly set at different points 
of  the valves. The number of  certain points was 
regulated by a weighting coefficient – the gluing 
coefficient. Such a model made it possible to 
define gas-saturated and fluid-filled fractures with 
a percentage of  glued points from 0 to 100%.

Since at some points the fracture reflects 
the wave front, and at others it passes, the 
superposition of  scattered waves formed during 
interaction with all points is a response of  a 
gas-saturated (fluid-filled) fracture with a lower 
amplitude.
2.3. installation for physical modelinG

To conduct research on physical models within 
the framework of  this topic, an installation for 
ultrasonic seismic modeling (IUSM) is used. The 
installation is made according to a single-channel 
scheme and includes:
- a source of  elastic vibrations from piezoceramics;
- receiver of  elastic vibrations from piezoceramics;
- generator of  exciting electrical impulses;

- seismic amplifier;
- analog-to-digital converter;
- personal computer - a controller that controls 
all system nodes and stores simulation results.

The functional scheme of  the IUSM is shown 
in Fig. 1.

An exciting pulse generator (EPG) 
generates voltage in the form of  a sequence 
of  short pulses. The source of  seismic waves 
(S), connected to the EPG output, emits elastic 
vibrations - seismic waves - into the medium 
of  the physical model (PM). Seismic waves 
of  various types propagating in the medium 
are recorded by a seismic receiver (SR), which 
sequentially moves along the points (ch 1 - 
ch N) of  the seismic profile. The signal from 
the seismic receiver (SR) output is amplified 
by the seismic amplifier (SA) to the required 
level and converted by an analog-to-digital 
converter (ADC) into digital form. Registration, 
processing of  digital signals, recording in the 
standard seismic SEG-Y format and control of  
the system as a whole are performed using a 
personal computer (PC).

By moving the source and the seismic 
receiver along the given points of  the seismic 
profile, it is possible to form a given observation 
system. The data is accumulated in the form of  
n-channel seismograms and can be processed 
according to the standard processing graphs 
used in exploration seismology.
2.4. fractured layer physical modelinG 
technoloGy

The physical model was made from a sheet of  
plexiglass with dimensions of  1640×800×4 mm 
and simulates a homogeneous environment in 
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Fig. 1. Functional scheme (a) and timing diagrams (b) 
of  the setup for ultrasonic seismic modeling of  the IUSM.
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which the investigated mesofractured layer of  
a given shape and given physical parameters 
is located. With the coefficient of  geometric 
similarity K = 4000, it is possible to simulate 
a geological section with a size of  6560×3200 
m. The IUSM installation uses signals with a 
signal frequency of  the order of  40-50 kHz. 
Seismic waves propagate in a medium with 
velocities of  longitudinal and shear waves 
Vp = 2200-2400 m/s и Vs = 1200-1300 m/s. 
Accordingly, seismic waves with a wavelength 
of  λ = 5-6 cm.

In Fig. 1a, the side of  the sheet AB corresponds 
to the surface, and the side AC corresponds to the 
depth. The CD side (“bottom” of  the model) can 
be used as a very contrasting reference horizon. 
Taking into account the similarity coefficient 
K = 4000, the ultrasonic frequency signals are 
transformed into the low-frequency region with 
prevailing frequencies of  the order of  10-12 Hz.
2.5. methodoloGy for comparinG the 
results of mathematical and physical 
modelinG

Both mathematical and physical simulation 
results are saved in the standard seismic SEG-Y 
format. The obtained data are processed in 
order to quantitatively compare the results. 
For a qualitative comparison of  the results, 
visualization is performed in the form of  
seismograms in the SeiSee program.

3. RESULTS
3.1. formulation of the problem

The problem of  studying wave responses from 
a system of  uniformly oriented mesofractures 
located at a depth of  1640 m is considered. The 
horizontal length of  the formation is 2800 m, the 
vertical length is 120 m. The fractures are evenly 
distributed in the formation. The height of  the 
fractures is 12 m, the distance between them is 
12 m, the angle of  inclination is 5 degrees. The 
observation scheme is shown in Fig. 2.

An excitation point is used, located on the 
day surface, its horizontal position coincides with 

the center of  the fracture layer. The frequency 
of  the excited seismic pulse is 10 Hz.

Three observation profiles are used, on 
which wave responses are recorded in the form 
of  seismograms:
1) Reception points ch-1 – ch-49 are located on 
the day surface with an interval of  40 m to the 
right and left of  the source, 24 sensors each. ch-1 
– ch-49 sensors are located from left to right. ch-
25 is combined with the excitation point.
2) Reception points ch-1 – ch-49 are located at 
a depth of  400 m with an interval of  40 m to 
the right and left of  the source with 24 sensors 
each. ch-1 – ch-49 sensors are located from left 
to right. ch-25 is under the excitation point.
3) Reception points ch-1 – ch-49 are located at 
a depth of  2000 m with an interval of  40 m to 
the right and left of  the source, 24 sensors each. 
ch-1 – ch-49 sensors are located from left to 
right. ch-25 is under the excitation point.
3.2. results of mathematical and physical 
simulation

The solution to the problem was carried out 
jointly by the methods of  mathematical and 
physical modeling. The results are shown in 
the figures – for mathematical modeling on the 
left, for physical – on the right. A fairly good 
agreement is seen.
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Fig. 2. Observation scheme (a), detailing the picture of  
the location of  fractures in the reservoir (b).
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Fig. 3. Results in the form of  seismograms for the horizontal component, obtained using mathematical (a) and 
physical (b) modeling for the profile located on the surface.

Fig. 4. Results in the form of  seismograms for the vertical component, obtained using mathematical (a) and physical 
(b) simulations for the profile located on the surface.

Fig. 5. Results in the form of  seismograms for the horizontal component obtained using mathematical (a) and 
physical (b) modeling for a profile at a depth of  400 m.

Fig. 6. Results in the form of  seismograms for the vertical component obtained using mathematical (a) and physical 
(b) modeling for a profile at a depth of  400 m.
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4. CONCLUSION
The developed technique, based on the grid-
characteristic method, makes it possible to 
carry out mathematical modeling for seismic 
exploration problems in layers of  uniformly 
oriented mesofractures. Several fracture 
models based on the concept of  an infinitely 
thin fracture have been developed to simulate 
heterogeneities with different types of  
saturation: gas-saturated, fluid-saturated, glued 
and partially glued gas-saturated and fluid-
saturated fractures.

Numerical modeling of  the problem of  
seismic prospecting of  a layer of  mesofractures 
in a formulation close to the real one with 
registration of  wave responses in three receiver 
profiles is carried out. A similar problem was 
solved using physical modeling, the results 
of  which verified the results of  mathematical 
modeling.
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1. INTRODUCTION
Modern tasks of  the development of  the 
Arctic set new requirements for the offshore 
infrastructure facilities. Artificial ice islands 
provide a low-cost and environmentally friendly 
alternative to conventional drilling platforms 
for oil and gas production in the Arctic. 
The approach has already been successfully 
implemented in Canada [1]. Ice islands and their 
advantages in the development of  the Arctic are 
considered in [2]. In [3], a numerical solution 
of  the problems of  stability of  ice islands to 
elastic impact was carried out. But during 
operation, in addition to mechanical stability, it 
is necessary to take into account resistance to 
thermal influences (melting of  an ice island). To 
correctly solve the problem of  stability of  an ice 
island to static and dynamic elastic effects, it is 
necessary to know the temperature distribution 
inside the ice island. It is also important to study 
the island's resistance to seasonal temperature 
fluctuations. Approaches for taking into 
account climatic impacts on the ice island were 
considered in [4-6].

This article proposes an approach to 
numerical modeling of  the melting of  ice 
islands, based on solving the problem of  the 
evolution of  a system with different phase 
states of  matter and changing the location of  
the boundary between these phases - Stefan's 
problem [7-12]. The works [13-16] are devoted 
to the numerical solution of  problems with 
phase transitions. In [13,14], the method of  lines 
was considered. The finite element method and 
finite difference methods are also often used in 
practice [15,16].

In this work, the enthalpy approach is used 
[17]. For this, the task is reduced to the function 
of  heat content. The developed approach also 
takes into account water flow, melted water 
runoff, and other important phenomena. With 
its help, it was possible to obtain the temperature 
distributions in the ice island, as well as to conduct 
a study on resistance to seasonal temperature 
fluctuations.

2. MATERIALS AND METHODS
2.1. mathematical model

Consider a three-dimensional computational 
domain of  arbitrary volume V. Let us write 
down the first law of  thermodynamics and pass 
from internal energy to enthalpy:
δQ = dH -VdP,         (1)
where δQ – heat flow, dH – enthalpy change, 
V – volume of  matter, dP – pressure change. 
For sufficiently slow (practically equilibrium) 
processes with constant pressure, one can (1) 
takes the form:
δQ = dH.         (2)

Enthalpy is a function of  state. Let us select 
in the computational domain a small element of  
volume V. For it, the first law of  thermodynamics 
can be rewritten as:

,
S V V

Hq dS dV
t=∂

∂
− ⋅ =

∂∫ ∫


  (3)

where q  – heat flow per unit area. Using Gauss's 
theorem, we turn to the continuity equation for 
heat:

( ) 0.Hdiv q
t

∂
+ =
∂

  (4)

Applying the Fourier thermal conductivity 
formula, we obtain from (4):
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where k(H,x,y,z) – coefficient of  thermal 
conductivity, which depends on the substance 
and its phase state.

Let's introduce the function of  heat content:
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where ρ S and CS – density and specific heat of  
solid, and ρ L and CL – ones of  liquid state, T0 
– the phase transition temperature, λ – specific 
heat of  fusion in a given volume.

The inverse transition to temperature is 
possible by the formula:
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where Q– and Q+ – limits of  the value of  heat 
content at the phase transition temperature.

We believe that the thermophysical constants 
are determined by the substance, which is 
constant at a given point. Note that mapping (6) 
is not continuous with respect to temperature. 
This correlates with the fact that at the melting 
point, a substance can be in different phase 
states.

Enthalpy and heat content coincide up to 
a constant. Substitute expressions (6) and (7) 
into (5) and obtain a hyperbolic equation for 
the evolution of  the system through the heat 
content:

( ) ( ) ( ) .T T T Hk Q k Q k Q
x x y y z z t

 ∂ ∂ ∂ ∂ ∂ ∂ ∂   + + =    ∂ ∂ ∂ ∂ ∂ ∂ ∂    
 (8)

Note that the thermal conductivity 
coefficients also depend on the coordinate of  
the point, but in our model, at each point, the 
substance remains constant and only its phase 
state changes, so this dependence is not reflected 
in this equation.

The value of  thermal conductivity k(Q) 
for each phase of  the substance is known. For 
intermediate values, during phase transitions, for 
thermal conductivity, we can write:
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where kS – thermal conductivity of  a solid state 
of  matter, kL – thermal conductivity of  a liquid 
state.
2.2. numerical method

For the numerical solution of  equation (8), 
the Peasman-Reckford scheme (in the two-
dimensional case, referred to as the longitudinal-
transverse scheme) [18,19] was chosen since it 
showed the best results in terms of  operating 
speed. In the two-dimensional case, it is 
unconditionally spectrally stable, which makes it 
possible to freely choose the time step, but at the 
same time it can be solved in a time linear in the 
number of  nodes. The computation is carried 

out in two steps: during the first, the scheme 
is explicit in one direction, and implicit in the 
second; during the second step, the directions 
change:
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The schematic template is shown in Fig. 1.
When modeling thermal processes in an ice 

island, it is necessary to take into account that 
ice melting in the upper part of  the island can 
flow downward, thus changing the substance at 
the mesh point. For this, at each time step, all 
nodes of  the computational mesh are checked 
for the fulfillment of  the melting condition. If  it 
is satisfied, the substance is replaced in the node. 
In addition, the model takes into account the flow 
in the liquid, as a result of  which mixing occurs. 
The realization of  all these effects implies the 
modification of  the values of  heat content and 
matter at the grid nodes after solving equations 
(8) when certain conditions are reached.
2.3. software implementation

The developed program accepts as input a 
rectangular two-dimensional uniform mesh, as 
well as configuration files and initial temperature 
distribution. In the configuration file, it is 
possible to specify all the characteristics of  
substances, the parameters of  the task, such as 
the time step and the total number of  steps, as 
well as the frequency of  recording the fields of  
temperatures, heat content and aggregate state 
into the VTK file for subsequent visualization.

Fig. 1. Template (right) and illustration of  the method 
working on a two-dimensional mesh (left).

MATHEMATICAL MODELING OF TEMPERATURE 
CHANGES IMPACT ON ARTIFICIAL ICE ISLANDS
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The program solves the problem in several 
stages. At the beginning, the correctness of  the 
input data is checked and a uniform mesh is built 
according to the transmitted data. After this, the 
initial field of  heat content is computed using 
equation (6). Then equations (9) are solved by the 
sweep method. Moreover, method (11) allows for 
parallel execution. To do this, each step is divided 
into ix = 1,2, ..., Nx for the first half  step and iy 
= 1,2, ..., Ny for the second separate iterations, 
which can be solved in parallel. OpenMP is used 
for parallelization.

The solution of  the systems is found using 
the sweep method (Thomas's algorithm). For 
systems of  this kind, a solution can be obtained 
in O(n) operations. This algorithm will parallelize 
quite well using block decomposition:
• The original matrix is represented as a product 

of  a block matrix and some modified matrix. 
In this case, the block matrix can be scattered 
between processes in blocks.

• Computation of  blocks independently by 
different processes.

• Return to the original matrix.
After each time step, the grid nodes are 

checked for the fulfillment of  the phase transition 
conditions. With a user-defined frequency, the 
values of  the grid function of  heat content are 
converted into temperature (7) and written to 
the VTK file.

Subsequent rendering of  VTK files is possible 
using the open source ParaView software, as well 
as custom developed scripts.

To set the initial conditions, scripts have 
been implemented for constructing meshes 
from arbitrary substances of  various shapes 
(circle, rectangle, etc.), as well as initial 
temperatures from VTK files of  previous 
computations and arbitrary figures with 
constant temperatures.

3. RESULTS
3.1. problem formulation

The integration area is an ice island with a 
height of  10 m and a horizontal length of  300 

m [3]. The island is submerged in water at a 
depth of  8 m and lies on the bottom. The 
geometrical dimensions of  the area and the 
layout are shown in Fig. 2. The characteristics 
of  the substances are presented in Table 1. 
We also assume that the melting point of  ice 
is T0= 0°C, and its specific heat of  fusion λ = 
334 kJ/kg.

In Fig. 2, the designations of  substances 
are introduced: 1 – ice (artificial ice island), 2 – 
bottom soil, 3 – water, into which the ice island 
is immersed, 4 – air.

The distribution of  temperatures in the ice 
island was found at average temperatures in 
winter. Computations were also carried out to 
study the stability of  the ice island to melting 
during seasonal temperature changes.

The computations were carried out using 
three main models:
• setting without taking into account the flow 

of  water and freezing of  the soil;
• setting taking into account water flow, but 

without soil freezing;
• setting taking into account water flow and 

soil freezing.
3.2. the results of modelinG the problem 
in the formulation without takinG into 
account water flow and soil freezinG 
Modeling were carried out to determine the 
equilibrium temperature distribution in the 
ice island at an air temperature of  –40°C, 

Table 1.
Thermophysical properties of substances.

No Substance Density, 
kg\/m3

Thermal 
conductivity, 

W/(m∙K)

Specific heat,
J/(kg∙K)

1 Ice 917 0.591 2100

2 Bottom soil 2500 0.8 750

3 Watter 1000 2.22 4180

4 Air 1.60 0.022 -

Fig. 2. Model of  ice island.

MAXIM V. MURATOV, VLADIMIR A.BIRYUKOV, 
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a bottom soil temperature of  5°C and a 
water temperature of  3°C. The problem of  
establishing was solved, the initial temperature 
of  the ice island was 10°C, the contacting 
substances (water, air, soil) were set in the 
form of  boundary conditions with given 
temperatures, heat capacities, and thermal 
conductivity coefficients.

Fig. 3 shows the results of  computing the 
temperature settling. A period of  150 days 
was simulated. On the left is a picture of  the 
distribution of  temperatures in the ice island, on 
the right is a map of  phase states (blue – ice, red 
– water and air).

Further, the study of  the stability of  the ice 
island was carried out with seasonal temperature 
changes. The air temperature has been changed 
to 3°C. The results after 150 days are shown in 
Fig. 4. It can be seen that from the edges the 
ice island practically did not melt – since we 
do not take into account the flow of  water, a 

temperature gradient simply established there. 
From above, the island melted significantly, 
since after melting the water immediately flowed 
down and the boundary condition with air was 
set on the remaining ice mass. Even a relatively 
low coefficient of  thermal conductivity of  the 
air provided a serious heat flow, which melted 
the island.
3.3. the results of modelinG the problem 
in the formulation takinG into account 
the water flow and without soil freezinG

Obviously, without taking into account the 
flow of  water, the ice island will practically 
not melt. Let's take into account the water 
flow as follows. For any melted water with 
a temperature strictly greater than zero, at 
the end of  the time step, we explicitly set the 
temperature equal to three degrees Celsius. As 
a result, it will be possible to take into account 
the flow of  water. We use the distribution of  
substances, the temperature distribution after 
freezing, and the thermophysical constants 
obtained in the problem of  establishing the 
temperature distribution in Section 3.2. Similar 
to the previous calculation, the results after 150 
days of  melting of  the ice island are shown 
in Fig. 5. It is clearly seen that the island has 
practically melted. This was due to the fact that 
a thin layer of  water appeared in its bottom part 
during the establishment. Further, the constant 
water temperature created a large temperature 
difference with the ice and, as a consequence, 
an abnormally large heat flux through the lower 
edge.

Fig. 3. Temperature distribution in an ice island (left) 
and a map of  phase states (right) in the problem of  
establishing the temperature in an ice island in the setting 

without taking into account soil freezing.

Fig. 4. Temperature distribution in an ice island (left) 
and a map of  phase states (right) in the problem of  
melting an ice island under the influence of  a change in 
air temperature in the formulation without taking into 

account the water flow and soil freezing.

Fig. 5. Temperature distribution in an ice island (left) and 
a map of  phase states (right) in the problem of  melting an 
ice island under the influence of  air temperature changes in 

the formulation taking into account the water flow.

MATHEMATICAL MODELING OF TEMPERATURE 
CHANGES IMPACT ON ARTIFICIAL ICE ISLANDS
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3.4. the results of modelinG the problem 
in the formulation takinG into account 
the flow of water and soil freezinG

In order to solve the problem that arose when 
taking into account the flow of  water in paragraph 
3.3, you can take into account the freezing of  the 
soil. To do this, we use a computational area of  
300 meters by 20 meters, where ice occupies the 
upper half, similar to the previous statements, 
and 10 meters below it is filled with soil (in 
previous calculations, the boundary of  the island 
with the soil was set by the boundary condition). 
The initial temperature distribution is similar to 
paragraph 3.2, the soil has an initial temperature 
of  +5°C. The boundary conditions for water 
and air are similar to the previous formulations 
with the addition of  the condition of  zero heat 
flux through the bottom and side faces of  the 
soil massif.

The results of  modeling the establishment 
of  temperatures are shown in Fig. 6. It can be 
seen that the depth of  soil freezing is about 
five meters. On the right in Fig. 6 there is a 
map of  phase states in the computational 
domain. Dark blue denotes a solid medium 
(ice and soil), blue – liquid (water) and red –
gaseous (air).

Further, for this temperature distribution, 
the problem of  stability in extreme conditions 
with water flow was set. The air temperature 
was taken equal to +10°C. The simulation 
results are shown in Fig. 7. It can be seen 
that after 150 days the topside melted 

completely. The edge of  the island has also 
seriously melted, the size of  the thawed part 
is comparable to the size of  the surface of  
the island. The temperature in the interior of  
the island and in the soil has practically not 
changed.

4. CONCLUSION
The enthalpy approach for solving the Stefan 
problem and the software for solving this 
problem in various settings were developed. 
On the basis of  this program, various models 
of  the ice island were tested and conclusions 
about its resistance to melting were drawn. 
The developed approach allows one to take 
into account various external influences, such 
as heat fluxes from man-made installations, 
water flow and seasonal temperature changes. 
Based on the data obtained, it is possible to 
more efficiently plan the development of  the 
structure of  future ice islands, and also an 
opportunity opens up for numerical modeling 
of  existing ones in order to audit their integrity. 
Also, using this approach, it is possible to 
check the feasibility of  using such materials 
as pykerite and other ice-composite materials, 
the introduction of  additional heat-insulating 
layers, cooling the fins of  the island and other 
ideas.

The developed methods can be applied 
in solving static and dynamic thermoelastic 
problems, which are a logical continuation of  
this study.

Fig. 6. Temperature distribution in an ice island (left) 
and a map of  phase states (right) in the problem of  
establishing the temperature in an ice island in the setting 

taking into account soil freezing.

Fig. 7. Temperature distribution in an ice island (left) 
and a map of  phase states (right) in the problem of  
melting an ice island under the influence of  a change in 
air temperature in the setting taking into account the 

water flow and freezing the soil.
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1. INTRODUCTION
In some cases, development of  embedded 
systems requires compromise decisions to be 
made to secure compliance of  the product with 
the applicable requirements. Such a situation can 
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be seen, for example, when restrictions apply to 
heat release or crystal size, or when transistor 
budget needs to be reduced.

Sometimes, such compromise solution is to 
reduce the number of  frequency synthesizers 
(FS). Multiple display controllers use the same 
FS, but different display interface protocols (e.g. 
TMDS and LVDS) are used while the outputs 
operate concurrently.

In addition, such embedded systems can use 
a common configurable register. In such register, 
both general parameters of  the whole display 
subsystem and some parameters of  individual 
controllers are often configured. This complicates 
programming of  the output subsystem, since 
such register becomes a shared resource and 
requires access control.

Such display system configuration 
requires new approaches to be developed 
to create drivers that ensure that the system 
is functional. Accordingly, our tasks are as 
follows:
1. Consider possible models for creation of  

drivers for such embedded systems;
2. Compare the models under consideration in 

terms of  extensibility and functionality of  
the resulting drivers;

3. Develop a driver model that will allow solving 
the problem of  interaction with the operating 
system when multiple display controllers and 
one frequency synthesizer are used.
The research will be conducted on the basis 

of  Linux OS, which is a common operating 
system for embedded systems.

There are several kernel subsystems used 
in development of  a display controller driver 
for Linux. The applied model depends on the 
subsystem used (which can be specified in 
documentation or identified from an analysis of  
sample drivers). Let us look at the most popular 
ones:
1. DRM. As stated in [1], the display 

controller and mode setting interface is 

part of  the Direct Rendering Manager 
(DRM) infrastructure. DRM developers 
[2] consider this subsystem in terms of  
2 models — an external and an internal 
ones. According to their views, the 
external model includes 5 entities, such 
as framebuffer, plane, CRTC, encoder 
and connector, which are listed from 
proximity to the user space to proximity 
to the display. The internal subsystem 
model additionally includes a bridge 
between the encoder and the connector, 
while the connector can also include a 
panel. In contrast, software developers [3] 
and independent researchers [4] generally 
consider an external model or a simplified 
external model only.

2. FrameBuffer device (fbdev). If  fbdev [4] is 
used, the model consists of  2 components: 
a memory buffer interacting with the user 
space and a monolithic virtual DC (display 
controller) device that controls several 
physical devices. The modes of  the device 
were set directly from the user space thus 
causing problems [5]. Along with the 
identified problems, such simplified model 
has low extensibility and lower functionality 
than models based on the DRM subsystem 
[6]. Currently, the latest available drivers 
based on this model are being redeveloped 
into drivers based on DRM model variations 
[7]

3. Driver solutions for Android Display 
Framework (ADF) exist, but have the 
following disadvantage: standard hardware-
independent protocol functions need to 
be developed from scratch in each driver 
increasing the possibility of  errors and the 
complexity of  the task. In addition, as the 
ADF subsystem is a development of  fbdev, 
drivers need to be combined, as despite the 
atomicity, models based on this subsystem 
remain monolithic, which was the reason 
for replacement of  the subsystem with 
DRM [8].
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2. MATERIALS AND METHODS. 
GRAPHICS DRIVER DEVELOPMENT 
MODELS USING THE LINUX DRM 
SUBSYSTEM
Controller driver solutions in a number of  other 
Unix-compatible systems (e.g. FreeBSD) also 
use the DRM subsystem as the most extensible 
and functional open subsystem for development 
of  such drivers [9].

To develop a driver using the DRM, an 
approach should be used so that the driver model 
is not in conflict with the external and internal 
subsystem models, thus allowing the use of  the 
DRM API for programming display controllers, 
especially when an image is displayed by multiple 
display units simultaneously. Three models were 
analyzed during the development of  the driver. 

A completely monolithic type (Fig. 1) is 
characterized by relative simplicity of  the device, 
but at the same time it has a very high cohesion. 
This implies that various DTLC (display 
transmitter link controller – a controller that 
encodes and decodes signals for a display unit 
and works with a graphics transmission protocol) 
subsystems and various FS types require writing 
of  completely different drivers, despite an 
identical IP-block of  the display controller. 
Despite that such driver formally belongs to the 

DRM subsystem, the model has the advantages 
and disadvantages of  the previous generation 
subsystems. This significantly limits the ability 
of  the drivers based on such model to update 
and replace components – a new driver will have 
to be developed for each revision of  the system. 
An advantage to be noted is the simplicity of  the 
driver for each device.

The second type is a cohesive component 
model considering possible replacement 
of  hardware (Fig. 2). Drivers based on this 
model have a slightly lower component 

SOFTWARE ARCHITECTURE FOR DISPLAY 
CONTROLLER AND OPERATING SYSTEM INTERACTION

 Fig. 1. Monolithic driver model.

Fig. 2. Semi-monolithic driver model. 
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cohesion, which simplifies modification for 
a new controller type, but does not solve the 
problem of  extensibility and adds complexity 
to the driver due to separation of  components. 
Despite internal division into components and 
lower cohesion, drivers based on this model still 
have an important disadvantage of  completely 
monolithic drivers, such as the need to modify 
the whole driver for each combination of  
components in all possible revisions, which 
complicates driver unification.

The third type is built on the basis of  
the external DRM model and following the 
example of  other drivers for embedded 
systems that use the DRM subsystem [10] – a 
model that is developed on the principle of  
maximum independence and interchangeability 
of  components (Fig. 3). Drivers based on this 
model are extensible and all their components 
are interchangeable. For example, it is possible to 
replace only a DTLC driver, or only a frequency 
synthesizer driver, or only a configuration 
device driver. It is also possible to use drivers 
that have been already developed (with minor 
modifications for integration), which is 
important when IP-blocks are purchased from 
other manufacturers. In addition, as the model 

is not monolithic, it is possible to build an API 
that will address common devices avoiding 
the race condition and, at the same time, will 
not integrate the driver of  the device into a 
monolithic structure.

When only the external model is considered 
and all the components have maximum 
independence, a more complex algorithm 
than the one implied by abstraction of  the 
external model is required to control some 
DTLC controllers. For example, interaction 
with the DTLC component has to be taken 
into account when the controller is switched 
on and off.

Since many modern display interface 
protocols (e.g. DisplayPort) require the use of  
the above algorithm, the presented model needs 
to be modified considering their features.

3. RESULTS. DEVELOPMENT OF 
A NEW DRIVER MODEL FOR A 
DEVICE WITH SEVERAL OUTPUT 
DEVICES AND ONE FREQUENCY 
SYNTHESIZER
Among the solutions described above, the 
component solution was tested (Fig. 3) as the 
most extensible one, which uses the internal 
mechanisms of  the Linux kernel to a greater 
extent. During testing of  the driver based on 
solution 3, this solution revealed the following 
disadvantages:
1. Race condition when the clock generator 

is addressed. Since all instances work with 
the clock frequency control API, when the 
FS is addressed in parallel the frequency will 
vary in a chaotic manner, which will lead to a 
flickering screen and incorrect operation of  
an output.

2. When only the external DRM model is used, 
it is impossible to create such DTLC driver 
that requires complex interaction with the FS 
or display controller driver. In the external 
DRM model, the replaceable component 
is the connector, which does not have 
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dynamic APIs for interacting with DTLC [2]. 
Therefore, an internal DRM model has to be 
used, which is incompatible with the model 
shown in Fig. 3.

3. Driver instances within the kernel based 
on the component model are completely 
independent, which makes it difficult to 
transfer data between them. Since the 
instances are identical, a race condition 
can occur when data are written in the 
configuration register.
To solve the above problems, modifications 

were made in the component model, which 
eventually became as follows (Fig. 4):
1. The first instance of  the DC driver becomes 

the only instance that is able to transmit 
information to the FS driver. All instances 
are able to receive information.

2. The first instance of  the driver determines 
configuration parameters that are common 
for all instances and sets the same in the 
common configuration register.

3. To link the display controller driver and the 
DTLC driver, the bridge component of  the 
internal DRM model is used, which operates 
jointly with the connector component of  the 
external model.

4. Parameters of  permissible modes are 
calculated as:

a1∙x1 – a2∙x2 ≤ b, 
where ai is the coefficients associated with 
DTLC (the exact value depends on the DTLC 
hardware), b is the error coefficient (which 
depends on the interface protocols; in particular, 
for DVI the coefficient is 0.025[11]), and xi is 
the pixel frequency coefficients of  the requested 
modes. In this case, ai and b coefficients are 
parameters that are set when a driver based on 
the model shown in Fig. 4 is developed, while 
xi is the variables calculated when the driver is 
running.

Most systems working under Linux use 
low-level bootloaders (U-Boot [12], BareBox 
[13]) for initial initialization and loading of  
devices, including display subsystem devices 
(Fig. 5). In such cases, apart from a driver for 
the OS, a bootloader driver that is capable of  
performing the basic display functions also 
has to be developed. With some modifications 
in the model due to simplified nature of  the 
graphic API of  the bootloader (if  any) and 
incomplete suitability of  the graphic API for 
the DRM subsystem, parts of  the driver for 
Linux based on the developed model can be 
used. To be able to use low-level bootloaders 
(in particular, those listed above) in the drivers, 
the following modifications were made in the 
model:
1. There is no separate DTLC module in 

the bootloader, as no work with complex 

SOFTWARE ARCHITECTURE FOR DISPLAY 
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 Fig. 4. Newly developed component-based model. Fig. 5. Bootloader driver model
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protocols is carried out. Therefore, everything 
is included in the display controller driver.

2. The DC driver model in the bootloader 
does not have such entities as plane, encoder 
and crtc. All display operations are carried 
out in the same structure, so the DC driver 
is monolithic. Despite being similar to 
the model based on fbdev, the bootloader 
subsystem has fewer features. This is due to 
the bootloader's focus on quick booting of  
the operating system and reduction of  the 
bootloader size.

3. The bootloader does not require simultaneous 
use of  several screens, so one instance of  the 
display driver is sufficient in case of  identical 
output devices.
Simultaneous use of  the FS by multiple 

display devices is very rarely met in the graphic 
subsystem of  the bootloader, so the only 
remaining option is simultaneous use of  the same 
memory area by multiple devices. Consequently, 
drivers are significantly simplified.

An interesting point is also the relationship 
between the bootloader driver components and 
the OS driver. If  the OS driver is based on the 
model described in the previous chapter, its 
module for interaction with the hardware will 
be applicable in the bootloader if  the internal 
API is the same. This significantly simplifies 
writing of  complex device drivers, where 
interaction with hardware requires algorithms 
for calculation of  parameters (independent of  
the high level) or sequences of  data records in 
the device registers.

Despite a simpler structure, bootloader drivers 
inherit the component principle. This allows an 
incremental update of  driver components both 
in case of  a change in the hardware and when 
the bootloader is modified making the update 
easier [14].

4. DISCUSSION
The developed model has the following 
advantages over the considered model options:

1. Extensibility – the DC driver based on this 
model can be extended with any DTLC driver 
(including those developed before creation 
of  a driver based on the above model) that 
uses bridge API.

2. Accelerated transition to new controller 
models. As transition to a new controller 
model requires only development of  a new 
module for interaction with hardware, no 
complete redevelopment of  the driver is 
required in comparison with the model 
shown in Fig. 1, and no complete update 
of  the driver (it is enough to update the 
module for interaction with hardware only) 
is required in comparison with model 2.

3. Unlike drivers based on the component 
model, as shown in Fig. 3, drivers based 
on the developed model do not go into the 
race condition if  the application software 
constantly requests the DRM API to change 
the frequency.

4. Furthermore, unlike the model shown in 
Fig. 3, drivers based on the modified model 
are able to display multiple images on all 
display units at the same time (when the 
permissible modes are set). The driver based 
on model 3 will give an unstable image in 
case of  constant recording in the FS (as 
different display units require different 
pixel frequencies, the image will flicker), 
and drivers based on models 1 and 2 will set 
the frequency of  the display unit, which was 
connected last).
In comparison with the considered models, 

the developed model has the following 
disadvantages:
1. Increased complexity of  driver development 

in comparison to model 1.
2. More failure possibilities due to a larger 

number of  points of  failure (more driver 
instances and possibilities of  random 
recombination with DTLC drivers).

3. The use of  Bridge API is complicated in 
architectures with no device tree; complex 
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data manipulations to find the bridge are 
needed.

5. CONCLUSION
In the course of  the research, various possible 
variants of  the driver architecture for a device 
with multiple display controllers and one 
frequency synthesizer were analyzed. From 
several known driver models, a new derived 
driver model for such a device was developed, 
which combines the advantages of  all the 
proposed models, but has a disadvantage 
– creation of  a driver based on this model 
is difficult if  no device-tree is used. This 
disadvantage is not significant for embedded 
systems with Linux, as most of  them use a 
device tree.

The created model was tested during the 
development of  the driver for a device with DVI 
outputs, LVDS on a single FS, under Linux, with 
MIPS architecture. All model implementations 
were successfully tested using the Protium 
prototyping system [15].

The results of  the research can be used to 
create new drivers for this class of  devices for 
Unix-like systems if  hardware with multiple 
outputs and one frequency synthesizer is 
used.
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1. INTRODUCTION
Communication technologies are one of  
the most actively developing areas in the 
field of  science and technology. With the 
advent of  new developments, such as cloud 
storage, smart home, smart city, automated 
systems for medical, financial, technical 
services, etc., the problem in the growth 
of  data transmission speed is becoming 
more and more urgent [1-3]. Humanity has 
come close to the era of  the Internet of  
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Things (IoT devices), when the automation 
of  processes no longer requires human 
participation, which in turn leads to an 
unprecedented variety of  requirements and 
scenarios for developed applications [4,5]. 
Along with this, the amount of  data that is 
generated by a huge number of  IoT devices 
continues to grow exponentially [6]. The 
number of  devices connected to the IoT 
- smartphones, personal computers, urban 
and industrial sensors, etc., has already 
exceeded the population and reached 9 
billion [7]. Thus, the upward trend in traffic 
and data transmission is a big problem for 
the functional operation of  the network 
[8,9], and the gap between the rapidly 
growing requirements for data transmission 
speed and existing network infrastructures 
with limited bandwidth has become more 
and more noticeable [10]. Unfortunately, 
the modern 4G communication system can 
no longer provide effective support for the 
above technologies in terms of  transmission 
speed, connection density, end-to-end 
latency, etc. [11]. A more efficient and 
reliable mobile communication system is 
needed to meet all the growing needs.

On the other hand, an increase in the 
number of  transceiver devices leads to 
an increase in the effect of  radio waves 
on the human body [12]. The Institute 

of  Electrical and Electronic Engineering 
(IEEE) and the International Commission 
on Non-Ionizing Radiation Protection 
(ICNIRP) have established requirements for 
a peak absorption power standard to limit 
exposure to electromagnetic fields [13,14]. 
When exposed to electromagnetic radiation, 
biological tissues absorb it, as a result of  
which the absorbed energy is converted into 
heat, which leads to an increase in tissue 
temperature, which negatively affects the 
biological functions of  the body [15].

Based on the foregoing, the purpose 
of  this work is to study the problem of  
increasing the demand for the bandwidth of  
communication channels using the example 
of  real statistical data and to find possible 
ways to solve this problem. In particular, 
the analysis of  the impact of  microwave 
electromagnetic radiation on the human 
biological system.

2. PROBLEMS OF INCREASING 
MOBILE TRAFFIC VOLUME
With the development of  the economy 
and the growth of  material and cultural 
needs of  people, the subscriber base of  
mobile operators is increasing, which 
subsequently leads to an increase in the 
number of  terminals (Fig. 1a). The volume 
of  mobile data transmission (voice and 

Fig. 1. (a) - Growth of  the subscriber base for the period from 2017 to 2020; (b) - an increase in voice and Internet traffic 
consumed on average by one subscriber per day.

                                               a                                                                                       b
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traffic) is growing rapidly from year to 
year (Fig. 1b).

Over the past few years, the total 
consumption of  mobile data has been 
increasing annually to a significant extent 
(Fig. 2a). In order to cope with the growth 
in the volume of  transmitted information 
and ensure a high level of  system reliability, 
mobile operators annually increase the 
number of  hundreds of  base stations (Fig. 2b) 
and the total throughput of  communication 
channels (Fig. 3a). This has a positive effect 
on the increase in the average speed for 
subscribers (Fig. 3b).

Despite all the efforts being made to 
increase the number of  base stations, improve 
coverage density, expand communication 
channels, the need for an increase in the 

speed of  information transmission leads 
to the need to increase the bandwidth 
of  communication lines. The classical 
theorem of  K. Shannon [16,17] allows you 
to theoretically describe the capacity of  a 
communication channel:

2 2
0

log 1 log 1 ,cP E CN f f
N N f

δ   = ∆ + = ∆ +    ∆    
  (1)

where Δf – the frequency band occupied by 
the system, Рс –  the average signal power, 
N – the average noise power, Еδ – the bit 
energy, N0 – the spectral density of  the 
noise power.

Based on expression (1), it follows 
that there are two possible ways to solve 
the problem of  increasing the capacity of  
communication lines. The first solution is 
to increase the average signal power Рс in 

Fig. 2. (a) - The trend of  growth in the total consumption of  2G/3G/4G traffic for the period from 2016 to 2020 in 
percentage terms; (b) - an increase in the number of  BS cells for the period from 2018 to 2020. 

                                                   a                                                                         b

Fig. 3. (a) - Increase in the throughput of  communication channels for the period from 2018 to 2020; (b) - an increase in the 
average subscriber speed for the period from 2018 to 2020. 

                                                      a                                                                        b
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relation to the total energy of  noise and 
interference. The second is an increase in the 
capacity of  the communication channel due 
to the expansion of  the frequency band Δf  
occupied by the signal.

3. EFFECT OF ELECTROMAGNETIC 
RADIATION ON HUMAN 
BIOLOGICAL SYSTEM
To assess the interaction of  electromagnetic 
radiation with a biological environment, 
it was decided to use SAR (Specific 
Absorption Rate) - specific absorbed 
power within the environment [18]. SAR 
(2) is defined as the ratio of  the absorbed 
power in a given cell to the weight of  
biological tissue in it:

2| E | ,SAR σ
ρ

=  (2)

where σ(S/m) - electrical conductivity, ρ  
(kg/m3) - material density, E(V/m) - electric 
field strength.

SAR is set by national and international 
standards. The SAR limit in the US is 1.6 
W/kg, and in Europe it is 2.0 W/kg as set 
by the International Commission on Non-
Ionizing Radiation Protection (ICNIPR) 
[19]. Analyzing the effect of  electromagnetic 
radiation on the human body, the most 
interesting area is the head area, as it is the 
closest to the radiation source - a mobile 
phone.

The HFSS (High Frequency Structure 
Simulator) simulation software was used 
to calculate the SAR parameter based 
on the finite element method. A three-
dimensional multilayer model consisting 
of  skin (4 mm), skull (4.5 mm) and 
brain (50 mm) is considered as the initial 
model of  the human head (Fig. 4a). The 
total estimated area of  human tissue was 
200×200 mm.

The radiation source was a designed flat 
monopole antenna, the type of  which is 
quite common in the design of  2G 3G/4G 
mobile devices [20-22]. The advantage of  
such an antenna is its low weight, ease 
of  installation and low manufacturing 
cost. The antenna is designed on an 
FR4 dielectric substrate with a relative 
permittivity (εr) of  4.4 and a loss tangent 
(δ) of  0.2. The thickness of  the substrate 
used was 1.6 mm. The upper conductive 
copper coating was 0.036 mm thick. The 
dimensions and dimensions of  the antenna 
are shown in Fig. 4b.

To calculate the electrical parameters of  
human tissues, as a rule, the fourth-order 
Cole-Cole model is used [23].
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where rε
∗  – the complex relative permittivity;  

rε ′  – relative dielectric constant (real part of   
rε
∗ ); rε ′′  – loss factor (imaginary part of  rε

∗ ); 
εr∞ – dielectric constant at the field frequency;   
∆εm – increment in the relative permittivity;  
α – relaxation distribution time; ε0 – dielectric 
constant of  vacuum; σi – ionic conductivity;   
ω – angular frequency.

In our case, the values of  the electrical 
parameters of  the head tissues given in [21] 

Fig. 4. (a) Three-layer model; (b) Dimensions of  antenna 
structure (unit: mm). 
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for a frequency of  2600 MHz were taken as 
a basis. Fabric density values (kg/m3): 1100 - 
for leather; 1850 - for the skull; 1030 - for the 
brain. The dielectric constant of  the skin - 
42.645, the skull - 11.293, the brain - 42.330. 
Conductivity (S/m) of  skin - 1.684, skull - 
0.424, brain - 1.603.

SAR distribution for the headform was 
calculated at 2600 MHz. As a comparative 
analysis, the antenna excitation power was 1 

W (Fig. 5), which usually corresponds to the 
maximum usable power in the GSM standard, 
and 7 W (Fig. 6). The radiation source was 
located at a distance of  2 cm from the human 
head model.

At 1 Watt, the maximum SAR values do 
not exceed 0.763 W/kg for the skin, 0.53 
W/kg for the skull and 0.33 W/kg for the 
brain (Fig. 5b). It should be noted that most 
of  the incident energy is absorbed by the 

Fig. 5. Three-dimensional distribution of  electromagnetic fields in the tissues of  the head at a radiation power of  1 W, 
(a) the distribution of  the electromagnetic field; (b) SAR distribution. 

                                                         a                                                                                 b

Fig. 6. Three-dimensional distribution of  electromagnetic fields in the tissues of  the head at a radiation power of  7 W, (a) 
distribution of  the electromagnetic field; (b) SAR distribution. 

                                                     a                                                                             b
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scalp tissue. The closer the radiation source 
is to the head, the greater the harm from the 
electromagnetic effect of  a mobile phone to 
the tissue of  the human head. The highest 
values of  the electric field strength (Fig. 5a) 
are observed on the surface of  the human 
skin, in comparison with the brain and bone 
tissue, similar to SAR. The obtained values 
clearly demonstrate the possibility of  using 
the simulated antenna as an element for a 
mobile phone device.

With an increase in the power of  the 
emitter to 7 W, a sharp increase in the values 
of  SAR (Fig. 6a) and electric field strength 
(Fig. 6b) is observed for all layers of  the head 
tissue. The maximum SAR values for skin 
are 5.583 W/kg, for the skull - 3.23 W/kg, 
for the brain - 2.08 W/kg. The calculated 
data obtained indicate that the maximum 
permissible values of  the specific absorbed 
power inside the human body are exceeded 
[19].

As can be seen from Figs 5 and 6, with an 
increase in the power of  the radiation source 
by 7 times, the maximum SAR exceeds the 
allowable level according to the ICNIPR 
standard and is 2.08 W/kg for the human 
brain.

As an example, let us determine the 
bandwidth of  the communication channel 
according to formula (1). To determine 
the signal-to-noise ratio (SNR), the useful 
signal power (Pc) values of  1 W and 7 W were 
selected, which translated into decibels is 
30 dB and 38.45 dB, respectively. The noise 
power for both cases was N = 5 dB. The 
bandwidth of  the communication channel 
was Δf = 10 MHz, which is standard for 
the territory of  the Russian Federation, 
for the 4G/LTE frequency range (2500 - 
2690 MHz). As a result of  the calculation, 
the throughput of  communication lines 

( N ) was 83.093 Mbit/s and 111.125 
Mbit/s, for a signal power of  1 W and 7 
W, respectively. A 7-fold increase in power 
gave an increase of  ~ 33%, which is not 
so significant. It follows from this that the 
method of  increasing the throughput of  
communication channels by increasing the 
signal power of  the receiving-transmitting 
device of  the subscriber's terminal is 
unacceptable from the point of  view of  
electromagnetic safety and insignificant 
in the context of  the global problem 
of  growing demand for expanding 
communication lines.

4. MODERN SOLUTIONS IN 
MOBILE COMMUNICATIONS 
SYSTEMS, 5G TECHNOLOGY
The solution to the problem of  increasing 
the throughput of  communication channels 
by increasing the signal power in relation to 
the total energy of  noise and interference, 
by increasing the radiated power of  the 
subscribers' terminals is not possible, due 
to the increase in the negative effect of  
electromagnetic radiation on the human 
body. Therefore, the best way to solve 
this problem is to expand the frequency 
band, in particular, the transition to 5G 
technology. 5G currently uses 160, 200, 
and 100 MHz bandwidths in the frequency 
range 2515 - 2675 MHz, 3.4 - 3.6 GHz and 
4.8 - 4.9 GHz, respectively [24]. However, 
the frequency resources of  these spectrum 
intervals are not unlimited and in the 
future there will be a number of  problems 
associated with the limitations of  the used 
frequency spectrum.

Currently, active work is underway 
to develop and conquer the millimeter 
wavelength range. The millimeter dimensions 
of  the antennas and the frequency range 
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of  tens of  gigahertz make it possible to 
significantly increase the energy potential in 
millimeter-wave radio channels [25]. Nokia 
has carried out a number of  experiments 
with data transmission at 70 GHz and 80 
GHz. The initial results demonstrated the 
ability of  the 5G system to provide reliable 
coverage and high performance of  an 
experimental mobile communication system 
[26]. Samsung and Huawei also have some 
success in the development and creation of  
equipment for a new generation of  mobile 
systems, qualitatively not inferior to the 
developments of  Nokia [27,28]. Ericsson 
was able to achieve a data transfer speed of  
5 Gb/s [29], and Samsung even announced 
that it had reached a speed of  7.5 Gb/s [27], 
which gives hope for the possibility of  a 
significant increase in the data transfer speed 
and the introduction of  new technologies in 
the near future.

5. CONCLUSION
In this article, by means of  numerical 
simulations, the SAR values and the 
distribution of  the electromagnetic field 
for a three-layer human head model at 
a frequency of  2600 MHz, at various 
powers of  the radiation source, have been 
obtained. Calculated results show that 
an increase in power up to 7 W, with a 
distance from the head to a mobile phone 
of  2 cm, significantly increases the SAR 
values and amounts to 5.583 W/kg for the 
skin, 3.23 W/kg for the skull, 2.08 W/kg 
for the brain. ... Considering the reference 
ICNIRP limit of  2 W/kg, the increase in 
power is unacceptable from the point of  
view of  the negative impact on the human 
body. In addition, an increase in power to 7 
W gave an increase in channel capacity by 
only ~ 33%, which is not significant in the 

context of  the global problem of  growing 
demand for expanding communication 
lines. The results thus obtained provide 
valuable information for designing 
devices and assessing the effects of  an 
electromagnetic field.

The optimal solution to the problem of  
expanding the bandwidth of  information 
transmission channels is the transition to 
the millimeter frequency range. This, in 
turn, will make it possible to use the existing 
spatial, frequency redundancy when 
receiving, and transmitting information, 
which will open up some ways to raise the 
energy potential in millimeter-wave radio 
channels.
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IN MEMORY OF
ARKADY B. TSEPELEV
PACS 01.60.+q          DOI: 10.17725/rensit.2021.13.104

On March 22, 2021, at the age of  72, Arkady 
Borisovich Tsepelev, Doctor of  Physical and 
Mathematical Sciences, a full member of  the Russian 
Academy of  Natural Sciences, professor, leading 
researcher at the A.A. Baikov Institute of  Metallurgy 
and Materials Science (IMET) RAS, member of  the 
Academic Council of  IMET RAS, professor of  the 
Moscow Engineering Physics Institute (National 
Research Nuclear University), specialist in the 
field of  solid state physics and radiation and space 
materials science died suddenly.

Arkady Borisovich was born on October 08, 
1949 in Engels, Saratov Region, in the family of  
an aviation colonel of  the Soviet Army. In 1966, 
after graduating from high school, he entered the 
Voronezh Polytechnic Institute at the Faculty of  
Physics and Technology, from which he graduated in 
1971, receiving a diploma with honors as an engineer 
in metallurgical physics.

From 1971 to 1973, he studied at the graduate 
school at the A.A. Baykov Institute of  Metallurgy 
of  the Academy of  Sciences of  the USSR, and 
since 1974 he was assigned to work at this institute, 
in which he went from an engineer to a leading 
researcher.

In 1983, Arkady Borisovich defended his Ph.D. 
thesis on "The role of  radiation-stimulated processes 

in changing the mechanical properties of  stainless 
steels", and in 2001 - his doctoral thesis on "Dynamic 
change in mechanical properties in metallic materials 
under cyclic irradiation".

The main direction of  his scientific research 
throughout his scientific career was associated with 
radiation physics of  solids. The research results were 
repeatedly reported at the largest international and 
domestic scientific forums, in many of  which he 
took part not only as a speaker, but also as a member 
of  the Program and Organizing Committees. Arkady 
Borisovich has published more than 200 printed 
scientific papers in leading scientific journals in our 
country and for abroad.

Along with extensive research activities, Arkady 
Borisovich Tsepelev constantly conducted various 
scientific and organizational work as a scientific 
secretary of  the Scientific Council for New Structural 
Materials of  the Russian Academy of  Sciences, a 
member of  the editorial boards of  the RAS journals 
"Physics and Chemistry of  Materials Processing" 
and "Perspective Materials", as well as their executive 
secretary and deputy editor-in-chief. He was also a 
member of  the editorial board of  RENSIT journal 
and an active reviewer.

Since 2008, Arkady Borisovich Tsepelev has 
combined work at the Russian Academy of  Sciences 
with teaching at the Moscow Engineering Physics 
Institute (National Research Nuclear University), 
lectured and taught practical classes on the course 
"Radiation-stimulated processes in solids and 
nanomaterials".

In 2019, Arkady Borisovich Tsepelev was elected 
a corresponding member of  the Russian Academy 
of  Natural Sciences, and in 2020 he was elected a full 
member of  the Russian Academy of  Natural Sciences 
in the Department of  Radioelectronics, Nanophysics 
and Information Technologies Problems.

The bright memory of  Arkady Borisovich 
Tsepelev, a remarkable scientist and teacher, a man 
of  the highest moral qualities, will forever remain in 
the hearts of  all his friends and colleagues.

RENSIT journal editorial воard
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Abstract: The material of  the defense of  the dissertation for the degree of  Doctor in Engineering 
Sciences is presented. The relevance of  the search for new electroactive nanomaterials for current 
sources of  portable electronic equipment in conditions of  its high energy consumption with its 
miniaturization and increase in performance is noted, the object of  research is characterized – 
graphene oxide as a cathode material for lithium chemical current sources, the formulation of  
research tasks is formulated, the physicochemical methods of  analysis.
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15 of  December 2020, at the Dissertation 
Council 05.07 of  the D.I. Mendeleev Russian 
University of  Chemical Technology, Denis 
Kornilov defended his dissertation work on 
the theme "Graphene oxide – a new electrode 
nanomaterial for chemical current sources" 
for the degree of  Doctor in Engineering 
Sciences. In the report of  the doctoral 
candidate was outlined: the relevance of  the 
search for new electroactive nanomaterials 
for current sources of  portable electronic 
equipment in the conditions of  its high 
energy consumption with its miniaturization 
and increased speed was noted, the object 
of  research – graphene oxide as a cathode 
material for lithium chemical current sources 
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General and Inorganic Chemistry of the Russian Academy of Sciences, 
scientific head of "AkKo Lab" LLC.

*

(in contrast to transition metal oxides – 
cathode materials of  widespread use), 
formulated the research tasks, the physical 
and chemical methods of  analysis are listed. 
The object of  research was a wide range of  
functional materials based on graphene oxide 
with different stoichiometry, size and shape:

- Graphene oxide films obtained from the 
dispersion of  graphene oxide by the spin-
coating method;
- Graphene oxide films obtained from the 
dispersion of  graphene oxide by the dip-
coating method;
- Films of  reduced graphene oxide 
obtained from by directed heating of  the 
surface of  the graphene oxide dispersion;
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- Spheres made of  reduced graphene 
oxide obtained by drip injection of  heated 
oil into the graphene oxide dispersion;
- Aerogels based on graphene oxide 
obtained by freeze-drying of  highly 
concentrated dispersion of  graphene 
oxide.
Here it is necessary to clarify that in 

accordance with the ISO/TS 80004-13 
dictionary of  the International Organization 
for Standardization [1], graphene materials 
include:
• Graphene is a monolayer of  carbon 

atoms;
• Double-layer graphene is a material 

consisting of  two layers of  carbon;
• Three-layer graphene is a material 

consisting of  three layers of  carbon 
atoms;

• Few-layers graphene is a material 
containing from 3 to 10 layers of  carbon 
atoms;

• Turbostratic double-layer graphene – 
double-layer graphene whose layers are in 
an arbitrary azimuthal orientation relative 
to each other;

• Graphene oxide (GO) is a chemically 
modified graphene produced by the 
oxidation and exfoliation of  graphite;

• Reduced graphene oxide (RGO) is a 
form of  graphene oxide after chemical, 
thermal, microwave, photochemical, 
photothermal, or microbial/bacterial 
recovery.
This classification is consistent with 

publications [2-4] which indicated the 
presence of  practically confirmed unique 
properties in graphene materials consisting 
of  no more than 10 layers of  carbon atoms.

For example, single-layer graphene has a 
large surface area, which is 2640 m2/g [5], 

high electrical conductivity, high mobility of  
current carriers (2∙105 cm2/(V∙s)) [6].

Graphene can withstand currents 
exceeding 107 A/cm2 [7].

Graphene is a strong material with Young's 
modulus of  1TPa [8], it can undergo 20% 
deformation without breaking the crystal 
lattice [9].

The thermal conductivity of  a graphene 
monolayer is 5000 W/(m∙°C)  [10], which is 
10 times higher than the values of  copper.

The optical transmission coefficient in 
graphene reaches 97.7% [11].

Also, the advantages of  graphene materials 
include the possibility of  obtaining them 
in various ways, while various methods and 
technological techniques for the synthesis of  
graphene materials allow them to be obtained 
in various forms, which can be attributed to 
another advantage of  this material. Changes 
in the properties of  the objects of  study from 
the conditions of  production, heat treatment 
conditions, and the reducing agents used 
were established and analyzed.

The obtained results served as the basis 
for the study of  the possibility of  using 
graphene oxide in secondary chemical current 
sources (lithium-ion batteries) as an additive 
in cathode materials, namely, coatings of  
reduced graphene oxide on the surface of  
microparticles of  the cathode material of  
the composition LiNi0.33Mn0.33Co0.33O2 flows; 
corrosion inhibitor of  the current collector, 
namely, a coating of  graphene oxide on the 
surface of  an aluminum current collector; an 
anode material in the form of  hollow spheres 
of  reduced graphene oxide; cathode materials 
in the form of  films, powders and aerogels of  
graphene oxide. At the same time, the results 
of  electrochemical studies of  graphene oxide 
allowed us to establish high values of  the 
electrochemical potential and high values of  
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the irreversible energy intensity depending 
on the surface area of  the objects of  study, 
which indicated the direction of  further 
research, namely, to establish the influence 
of  the degree of  oxidation and surface area 
on the energy-intensive characteristics of  
graphene oxide aerogels.

Also, complex physicochemical research 
methods were used to analyze graphene 
oxide-based aerogels as they were discharged. 
As a result, it was found that during the 
electrochemical reduction of  graphene oxide, 
particles of  about 20 nm in size are formed 
on its surface, the number of  which increases 
when the discharge reaches 2.0 V, and when 
the voltage reaches 1.5 V, a sufficiently dense 
layer of  particles is observed, which, when 
the voltage reaches 1 V, takes the form of  
a solid massive coating. The results allowed 
us to determine the products formed during 
the discharge on the surface of  graphene 
oxide, which in turn served as the basis for 
establishing current-forming processes. 
Based on the obtained data, the theoretical 
capacity of  graphene oxide reaching 3292 
С was calculated, which exceeds the values 
of  the discharge capacity of  known cathode 
materials used in the production of  primary 
chemical current sources by 1.5-3 times.

Thus, the presented chain of  consecutive 
interrelated studies of  graphene oxide 
allowed us to establish the practical possibility 
of  its direct application as a high-energy 
cathode material of  primary lithium chemical 
current sources since practical results were 
obtained at the level of  721 mAh/g. Based 
on the practical results, the model of  the 
prototype of  the electrochemical cell of  the 
lithium|graphene oxide system is calculated, 
the specific (weight) energy intensity of  
which exceeds the values of  the specific 
(weight) energy intensity of  the galvanic cells 

produced by industry by 25-400%, which 
in turn is of  important socio-economic and 
economic importance since high-energy-
intensive primary chemical current sources 
open up wide opportunities for autonomous 
electronic devices.

The results obtained in the dissertation 
work create a foundation for technical and 
technological solutions for the using of  
graphene oxide, and information about the 
electrochemical properties of  functional 
materials based on graphene oxide will be in 
demand in the laboratory and technological 
processes when designing and predicting the 
characteristics of  innovative chemical current 
sources, the introduction of  which will make 
a significant contribution to scientific and 
technical development.
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