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Introduction 

The problem of forming non-uniform 
distributions of nanoparticles in liquid 
suspensions under the action of external fields, 
including light pressure, is a major challenge for 
applications in biophotonics, environmental 
monitoring, and deposition nanotechnology.  
The range of practical tasks is extremely broad: 
from targeted drug delivery using magnetic 
nanoparticles [1] and biofilm formation [2] to the 
purification of aqueous solutions from 
polyethylene microparticles [3].  Methods  
for controlling particle separation, including the 
use of optical lasers, were reviewed in [4]. 
Currently, experimental and theoretical studies on 
the effect of lasers on nanosuspensions are being 
actively conducted [5–7]. Most authors focus on 
the horizontal dynamics of particles in laser 
beams or thermodiffusion [8, 9], while the 
vertical geometry accounting for gravity has been 

insufficiently studied.  At the same time, the task 
of investigating the behavior of nanosuspensions 
under external influence in a vertically oriented 
cuvette is quite relevant.  In particular, paper [10] 
considers the possibilities of forming various 
structures on a substrate, which is the bottom of 
the cuvette containing the nanosuspension. 

Papers [11, 12] analyzed the optical 
deposition of nanoparticles within the ideal gas 
model, where the sizes of the nanoparticles and 
their interactions with each other were neglected. 
However, it is obvious that the interaction of 
nanoparticles cannot be neglected at their 
sufficiently high concentrations. Paper [14] 
considered the stationary distribution of 
nanosuspension particles with finite volume in a 
uniform force field, which corresponds to 
repulsive forces between nanoparticles. 

This paper considers not only the repulsion 
between suspension nanoparticles, which are 
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acted upon by an external force (light pressure 
force), but also their mutual attraction.  

As is known (see, for example, [15]), in the 
equation of state for real dilute gas state, the 
interaction of gas molecules in the second virial 
coefficient is described by two parameters a  
and b, where b “accounts for” the repulsion of 
molecules, and a – for their attraction.  The 
parameter b is of the order of the molecular 
volume, while the parameter a is expressed 
through the integral of the potential energy of 
pairwise molecular interaction over the distance 
between molecules with a weight equal to the 
square of that distance. When considering a real 
gas with an arbitrary density, these quantities 
become fitting parameters in an interpolation 
equation (see, for example, [15, 16]). 

A similar approach is applied here (as in 
[14]) to interacting nanoparticles that are in a 
liquid in equilibrium.  

Indeed, nanoparticles located in a 
macroscopic volume V, which is small compared 
to the cuvette volume, can be considered as a 
quasi-closed and statistically independent 
subsystem with a variable number of particles.  
The probability of finding the subsystem in a 
certain state with an exact number of particles N 
is determined by the grand canonical distribution 
[15], which contains the potential energy of the 
interacting nanoparticles. If this energy can be 
represented as pairwise, triple, etc., interactions 
between particles, then the thermal equation of 
state  , ,P P V T N  for a sufficiently dilute 

“gas” of nanoparticles can be written in a virial 
form, just as for a conventional real gas.  In this 
equation, T is the temperature (we will use energy 

units), and N  is the average number of particles.  
When transitioning to an arbitrary nanoparticle 
density, the equation of state containing virial 
coefficients can be replaced by one of the 
interpolation equations [15, 16] by analogy with a 
real gas. The most well-known of these equations 
are the van der Waals equation, the first and 
second Dieterici equations, and the Berthelot 
equation [16].  

Here we will use the van der Waals 
equation: 

 

 
2

,P a V bN N
N

T
V

  
       

           (1) 

which allows us to determine the relationship 
between the nanoparticle concentration n and the 
coordinate z, along which a constant and uniform 
force F acts on the nanoparticles. 

 
 

Problem Formulation and Main Results 
 
Let N nanoparticles be placed in a cuvette 

containing a liquid.  Its volume is equal to Sh (S 
is the base area, h is the height). Initially, the 
nanofluid is homogeneous, with nanoparticle 
concentration equal to /n N Sh .  At some point 

in time, constant external force  0, 0, F F  

begins to act on each nanoparticle. This force is 
directed antiparallel to the z  axis of the 
Cartesian coordinate system, with plane 0z   
corresponding to the cuvette base.  Following the 
activation of the external force, the nanoparticle 
concentration begins to change, and 
thermodynamic equilibrium is established after a 
sufficiently long (theoretically infinite) time 
interval. Moreover, for a nanofluid located in a 
thin layer Sdz , where it can be considered 
homogeneous, the equation of state (1) holds if 
we replace V with Sdz  and N  with dN. Then, 
denoting /n dN Sdz  as the nanoparticle 
concentration in the cross-section of the nanofluid 
at coordinate z , we rewrite (1) as 

 

 
2.

1

nT
P an

bn
 


 

 

Considering that T = const, we obtain 
 

 2 2 .
1

dn
dP T andn

bn
 


              (2) 

 

Let us introduce the following notations 

/ ,z z h       ,x z bn z   0 0 ,x x   1 1 ,x x  

.x bn    Hereinafter, n  is the average 
concentration of nanoparticles in the cuvette. 

After substituting (2) into the expression  
 

,dP nFhdz    
we obtain 

 2

2
.

1

dx a Fh
dx dz

bT Tx x
  


 

 

Integrating this expression from arbitrary 
value x to x1 on the left-hand side and from an 
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arbitrary z to unity on the right-hand side, after 
straightforward transformations, we arrive at 
equation: 

 

 

1 1

1
1

1 1 1 1
1 ln

1 1 1

2
ln ,

x
z

q x x x

x a
x x

x Tb

        
   


         (3) 

 
where /q Fh T  is dimensionless parameter. 

If we set both a and b equal to zero in (3), 
we obtain the Boltzmann formula (for an ideal 
gas concentration), which can be written as:  

 

01
ln .

n
z

q n
   
 

                     (4) 

 
After substituting z = 0 into (3), we obtain 

the relations between x0 and x1: 
 

 

1

0 1 0

0
0 1

1

11 1 1
1 ln

1 1 1

2
ln .

x

q x x x

x a
x x

x Tb

       


   


       (5) 

 

To determine the concentrations of particles 
at z = 0 and z = 1 in terms of a, b and q, we use 
the relation 

 

     .Shd zn z Shn z dz Shzdn    
 
Integrating this expression over z from 0  

to 1, and over n from n0 = n(0) to n1 = n(1), and 

considering that  
1

0

,N Sh n z dz   we obtain 

 
1

0

1 .
x

x

x x zdx                              (6) 

 
Substituting expression (3) into (6) and 

evaluating the integrals over x, we obtain the 
equality.  

 

 
 

0 1 21 0
1 1 0 1

0 1 0

11
ln ( )

1 1

x xx x a
x x x x x

q x x x Tb

 
       

  

 
or (after cancelling b) 

 
 

1

0 1 21 0
1 0 1

0 1 0

11
ln ( ) .

1 1

n n

n bnn n a
n n n

q bn n bn T

 

 
      

  (7) 

 

From (7) and (5), at a = 0, it is easy to 
express n0 and n1 in terms of n , as was done in 
[14]: 
 

 0 1 exp 1

qn
n

bqn q bn


     
           (8) 

and 

 
   1

exp 1
.

1 1 exp 1

qn q bn
n

bqn q bn

   
     

      (9) 

 

However, obtaining analytical expressions 
for a  0 analogous to (8) and (9) appears to be 
impossible.  Therefore, in this work, we will 
investigate the effect of nanoparticle attraction, 
i.e., the parameter a, on their equilibrium 
distribution graphically, using expression (3). We 
assume that at z = 1, the attraction between 
nanoparticles can be neglected, and consequently, 
the value of n1 is determined by formula (9).  

 
 

Analysis of the Results 
 

For a graphical study of expression (3) at a 
finite value of parameter a, we introduce the 
following dimensionless quantities: / ,y n n  

1 1 / ,y n n  0 0 / ,y n n  ,g nb  2 / .k an T   

Then (3) can be written in the following 
form: 

 

 

1 1

1
1

1 1 1 1
1 ln

1 1 1

ln ,

gy
z

q gy gy gy

y
k y y

y

        


   


    (10) 

 

that is, the concentration dependence on depth 
will be determined by three parameters: q, g, k. 

In the new notation, relation (9) takes the 
form: 

 

 
   1

exp 1
.

1 1 exp 1

q q g
y

gq q g

   
     

          (11) 

 

It was shown in [14] that the dependence 
z = z(y) (or y = y(z)) differs significantly from the 
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case when b = 0 for q = 107 and g = 10–5; 
therefore, it is reasonable to consider the effect of 
attraction between nanoparticles for the same 
values of q and g. 

Figure 1 shows dependencies z = z(y) at 
y  (1, y0), when q = 107, g = 10–5, while 
parameter k takes the values 0; 0.0001; 0.0002; 
0.0003; 0.00004; 0.0005. 

The curve corresponding to k = 0 coincides 
with the curve obtained in [14]. 

From the obtained curves, it can be seen 
that a relative concentration of particles with an 
extremely large gradient is created in a very thin 

layer near the cuvette bottom.  With a increasing, 
the downward migration of particles intensifies, 
and the curves reach a greater maximum at a 
longer distance from the cuvette bottom. 

Figure 2 shows the same dependencies 
z = z(y), as in Figure 1, but at y  [y0, 
99334,51654]. Analysis of the results shows that, 
with a increasing, the concentration of 
nanoparticles at the cuvette bottom increases (the 
authors do not show the functions z = z(y) for 
negative z, which have no physical meaning in 
the chosen formulation of the problem). 

 
 

 k = 0.0005

z

0.000012

0.000010

0.000008

0.000006

0.000004

0.000002

0
0 10000    30000    50000    70000    90000 

y 

k = 0.0004 k = 0.0003 
k = 0.0002 

k = 0.0001 

k = 0 

 
 

Fig. 1. Functions z = z(y) at g = 10–5 and q = 107, y  (1, y0) 
 
 

 
k = 0.0005

z

410–6

310–6

210–6

110–6

0
99050    99100   99150   99200   99250   99300

y 

k = 0.0004

k = 0.0003

k = 0.0002

k = 0.0001 

 
 

Fig. 2. Functions z = z(y) at g = 10–5 and q = 107, y  (y0, 99334,51654) 
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Figure 3 shows the derivative dz/dy = u(y) 
(multiplied by 109) at k = 0.0000675. The 
equation u(y) = 0 has two multiple real roots (in 
the region of non-negative z) equal to 
33333.3333.  Consequently, for such a value of k, 
the function z = z(y) has an inflection point 
(Fig. 4). 
 
 0

–0.00005

–0.00010

–0.00015

–0.00020

–0.00025

28000  30000  32000 34000  36000  38000  40000
y 

 
 

Fig. 3. Functions u = u(y) at k = 0.0000675, g = 10–5  
and q = 107 

 
 

 

0.000010

0.000008

0.000006

0.000004

0.000002

0   10000       30000        50000       70000       90000 
y  

Fig. 4. Functions z = z(y) at g = 10–5 and q = 107,  
k = 0.0000675, y  (1, y0) 

 
If, for the chosen values of q and g, the 

parameter k exceeds 0.0000675, then the equation 
u = 0 will have two distinct roots, with the 

smaller root corresponding to the minimum of the 
function  z(y), and the larger root to its maximum. 
Figure 5 shows the functions z and u (for clarity, 
the latter is multiplied by 109) for k = 0.0000676.  
In this figure, the function z = z(y) is shown as a 
horizontal segment; in reality, this is an illusion. 
It is simply that z(ymax) – z(ymin) << 0.00001. 

Thus, we find that for sufficiently large q, 
and starting from certain values of k, the function 
y = y(z) (the inverse of z = z(y)) becomes 
multivalued over some intervals of the coordinate z. 
Physically, this may correspond to different 
“phases” of the nanosuspension, by analogy with 
the van der Waals gas. 

 
 0.00001

0

–0.00001

–0.00002

32000      33000     34000      35000     36000
y 

u

z 

 
 

Fig. 5. Functions z = z(y) and u = u(y) at g = 10–5  
and q = 107, k = 0.0000675, y  (26302.32..40899.1) 

 
 

Conclusion 
 
The problem of nanoparticle deposition in a 

liquid under external impact is of significant 
scientific interest due to a wide range of practical 
applications.  The results obtained show that 
taking into account nanoparticle interactions 
fundamentally changes the pattern of their 
distribution in the liquid. Based on the performed 
studies, it can be expected that in a nonuniform 
suspension of interacting nanoparticles subjected 
to intense laser radiation, spatial regions may 
exist in which different phases of the suspension 
coexist, similar to the different phases of the van 
der Waals gas. 
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Moreover, it offers a possibility of the 
targeted formation of layers with increased 
particle concentration under laser irradiation. The 
obtained expressions (3) and (10) show that it is 
possible to control nanoparticles in a liquid to 
form thin-film structures, which is of interest for 
the development of optical methods for particle 
manipulation, as well as for methods of nonlinear 
optics and diagnostics of liquid-phase media.  
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Introduction 
 
The study of phenomena related to 

Vavilov-Cherenkov radiation and transition 
radiation arising from the motion of accelerated 
relativistic particles through various materials has 
traditionally been a promising direction for the 
development of innovative detectors and radiation 
sources in various regions of the electromagnetic 
spectrum. Recent advances and prospects in this 
field are presented, in particular, in the recent 
review article [1]. 

As was shown in [2], the dielectric 
permittivity of certain substances near the edges 
of K- and L-absorption lines can exceed unity. 
This creates conditions for the occurrence of 
Cherenkov radiation in the X-ray frequency 
range.  A theoretical analysis of the possibility of 
X-ray Cherenkov radiation in various materials 
was carried out in [3]. A discussion of the 
possible generation of X-ray Cherenkov radiation 
by ultrarelativistic electrons in carbon was first 
conducted in the experiments [4].  Paper [5] 

reports the observation of X-ray Cherenkov 
radiation from electrons with an energy of 5 
MeV in silicon near the L-absorption line edge at 
99.7 eV.  The authors of [6] detected the 
Cherenkov radiation from relativistic electrons 
with an energy E = 10 MeV in titanium and 
vanadium targets with a thickness of 10 µm at 
photon energies of 453 eV and 512 eV, 
respectively, at the normal incidence of particles 
on the target surface.  The recorded photon yield 
per electron was 3.510–4 for the titanium target 
and 4.310–4 for the vanadium target, 
respectively.  The region of the electromagnetic 
spectrum in the frequency range from 300 to 
500 eV is of particular interest.  Water is 
transparent in this spectral range (the so-called 
water window), but carbon and its organic 
compounds are not.  The quasi-monochromatic 
Cherenkov radiation in this spectral region can be 
used to create X-ray microscopes for imaging 
biological tissue structures [7]. In this regard, the 
measurement results of [6] are of particular 
interest. 
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According to the data in [8], the maximum 
values of the real and imaginary parts of the 
dielectric permittivity in titanium are reached at a 
quantum energy of 454 eV, and the region where 
 >1 is approximately 5 Ev wide.  At a quantum 
energy of 454 eV,  = 1.007 and  = 0.006.  It is 
easy to estimate that the threshold for the 
occurrence of the X-ray Cherenkov radiation with 
quantum energies near the L-absorption edge, for 
example in titanium, is reached a Lorentz factor  
> 12, which corresponds to an electron energy 
E > 6 MeV.  The Cherenkov radiation angle 
relative to the electron velocity vector for 
electrons with the 10 MeV energy and a photon 
energy of 454 eV is с  3.78. For relativistic 
electrons entering the target perpendicularly to 
the surface, the radiation is polarized in the plane 
of the wave vector and the normal to the surface 
(longitudinal polarization). For the oblique 
incidence of particles on the target, a radiation 
component polarized in the plane orthogonal to 
the radiation plane (transverse polarization) 
appears due to the breaking of azimuthal 
symmetry, and the angular distribution of 
radiation becomes asymmetric. The features of 
transition radiation and Cherenkov radiation for 
the oblique incidence of particles on the target 
were investigated in a number of monographs [9, 
10], as well as in papers [11–17].  As shown in 
[11, 12], for oblique incidence, the intensity of 
the longitudinally polarized wave increases, while 
the width of the angular distribution decreases. In 
addition, azimuthal oscillations arise due to the 
interference of waves reflected from the front and 
rear surfaces of the target [13].  The method of 
polarization currents was used in [14] to study  
the spectral-angular  distribution  and polarization 
properties of the so-called X-ray"hybrid” 
radiation, i.e., under conditions where the 
interference between Cherenkov and transition 
radiation is significant.   

Given below is an the analysis of 
Cherenkov radiation in the spectral region of the 
water transparency window for relativistic 
electrons entering a titanium target, as well as a 
regular stack of titanium plates under the 
conditions of the experiments cited above [6].  

 
 

Spectral-Angular Distribution 
 

One of the methods for solving the problem 
in this formulation is to match the normal and 

tangential components of the fields at the 
interfaces. A general solution to such a problem is 
given in [10, 16]. However, it is possible to solve 
such problems without resorting to direct field 
matching.  For this purpose, one can use the well-
known result that the Fourier component of the 
field of a moving particle is equivalent to the field 
of summed stationary dipoles located along the 
particle trajectory. This approach was effectively 
used in [17] (the so-called “image method”) for 
solving a number of problems on radiation from 
charged particles in a medium. Following that 
approach, we will represent the angular 
distribution of radiation in terms of direction 
cosines cosx and cosy (orthogonal axes x and y 
lie in the plane of the target surface, and the z-
axis is directed along the normal to the surface).  
In contrast to the variables  and  (where  and 
 are the polar and azimuthal angles, 
respectively), this provides greater clarity. We 
assume that the front and rear surfaces of the 
target are parallel and have no roughness, and that 
the particle velocity is constant.  

Analytical formulas for the spectral–angular 
density of radiation with longitudinal

   , , dI I d d     k k  and transverse 

polarization    , , dI I d d     k k  in the 

frequency range ,  + d and the solid angle 
d oriented in the direction of particle motion in 
a target of thickness L with a complex dielectric 
permittivity are given in [17] (formulas 18.25 and 
18.26) and are rather cumbersome.  However, 
more compact asymptotic formulas can be used 
for analyzing the radiation yield under the 
conditions of the above–cited experiments [6]. 

Indeed, such factors as the finite target 
thickness, a sufficiently large value of the 
imaginary part of the dielectric permittivity, and a 
relatively small difference of the real part from 
unity will lead to some features in the angular 
distribution of the resulting radiation when 
azimuthal symmetry is broken. First of all, we 
note that Cherenkov radiation is summed 
coherently along the entire trajectory in a 
transparent medium. When the imaginary part of 
the dielectric permittivity is equal to zero and the 
threshold condition is satisfied, this leads to the 
obvious divergence of the corresponding 
formulas. On the other hand, existence of 
absorption leads to the fact that the trajectory 
length, over which the radiation summation 
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occurs, becomes finite.  This length can be easily 
estimated from relation c / εcL     (see, e.g., 

[10]), from which we obtain the estimate of 
/ 1/ 166cL      ( is the radiation 

wavelength).  Under the conditions of the 
experiments cited above, the thickness of the 
titanium target used is 10 µm, so L/  3500, 
which is much larger than length Lc (if the 

wavelength is 0.28 nm, then Lc  0.5 μm).  
Consequently, the wave reflected from the front 
surface in the direction of the rear surface will be 
strongly suppressed. Therefore, one can use the 
asymptotics of formulas (18.25) and (18.26) from 
[17] as L/   for calculations of radiation 
intensity. We have the following for the spectral-
angular density of radiation for the longitudinal 
polarization component: 

 

 
 

 
  

22 2

22 2 2 2

2
2 2 2 2

2 2

cos 1
, 

1 cos cos sin

1 sin cos sin cos sin

1 cos sin sin co
.

s

z z

x x z z z

z z z x x z x z x z

x x z z z x

I
   

  
      

             


           

 n

                   (1) 

 
 

The spectral-angular density of radiation  
for the component with polarization 

perpendicular to the radiation plane is determined 
by formula: 

 

 
 

  

22 4 2 2

22 2 2 2

2
2 2

cos cos 1
, 

1 cos cos sin

1 cos sin sin cos .

x z y z

x x z z z

x x z z z x

I 



     
  

      

           

n

                                (2) 

 
 

The direction of the electron velocity forms 
an angle  with the normal to the target surface, 
such that  sin ,x    cos ,z    / .v c  . 

The direction of radiation is determined by the 
direction cosines relative to the coordinate axes 
(z-axis coincides with the normal to the surface): 
cos sin cos ,x     cos sin sin ,y     

cos cos .z    The dimensionless spectral-

angular density of radiation intensity in formulas 
(1) and (2) is expressed in units of 2 2 2/Z e c   
(Ze is the particle charge). 

 Fig. 1 shows calculations of the angular 
distribution of polarized radiation from electrons 
with an energy of 10 MeV in a titanium target of 
10 µm thickness near the L-absorption edge 
(454 eV) at incidence angles of 50 and 70, 
respectively.  The vertical line marks the 

direction cosines of the particle incidence angle  
relative to the surface normal.  Fig. 2 presents the 
results of calculations of the angular distribution 
of radiation at zero azimuthal angle. Two maxima 
corresponding to the Cherenkov radiation cone 
are clearly visible.  As follows from the 
performed calculations, the intensity of the 
longitudinally polarized wave increases with an 
increasing particle incidence angle into the 
crystal, while the angular width of the maximum 
decreases.  At an incidence angle into the 
titanium target of 70, the radiation yield at the 
maximum can exceed the yield at normal 
incidence by approximately a factor of twenty. 
Given the measurement results [6], this would 
amount to approximately 710–3 photons per 
electron. 
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Fig. 1. Calculated angular distribution of the longitudinally polarized (a, c) and transversely polarized (b, d)  
components of Cherenkov radiation from relativistic electrons with the 10 MeV energy in the X-ray frequency range  

( = 454 eV) in the titanium target at different particle incidence angles:  (a, b) –  = 50, (c, d) –  = 70 
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Fig. 2. Calculated angular distribution in the polar angle in the plane of Cherenkov radiation (azimuthal angle  = 0) 
with longitudinal polarization for relativistic electrons with the 10 MeV energy in the X-ray frequency range  

( = 454 eV) in the titanium target at different particle incidence angles. 
 

Parametric X-Ray Radiation 
 
When relativistic electrons pass through a 

regular stack of plates, along with the well-known 
Cherenkov and transition radiation, the so-called 
resonant parametric (or structural) Cherenkov 
radiation arises.  The intensity of the resonant 

parametric radiation can, in some cases, exceed 
the radiation intensity of an isolated target by 
many times. Under ideal conditions with no 
absorption, the intensity at the parametric maxima 
of the angular distribution is proportional to the 
square of the number of plates, N, and their 
angular width is proportional to 1/N.  In this case, 



Applied Physics, 2026, No. 3 
 

15

the position of the maxima in the angular 
distribution can be determined from kinematic 
relations [10].  In particular, if the conditions   
| – 1| << 1 and L << d are satisfied, where d	 is the 
distance between the plates, then the angular position 
of the parametric maxima is determined by a well-

known relation cos 1/n     2 / ,nc d   where 

n = 1, 2 … . As was noted in the previous 
section, the existence of absorption leads to the 
fact that the trajectory length of the particle in the 
target over which coherent summation of 
radiation occurs becomes finite, and under the 
conditions chosen above, it does not exceed 
0.5 µm according to estimates.  If in an isolated 
target this results in radiation being formed in a 
thin layer near the rear surface, then in a regular 
stack of thin plates  (L < 0,5 μm) this may limit 
the number of plates whose radiation will be 
summed up coherently.  In this case, the position 
of the maxima in the angular distribution, their 
width, and intensity will not be determined by 
simple kinematic relations, but can only be found 
by numerical calculation of the spectral-angular 
characteristics of the radiation [9].  In this 
section, we consider the X-ray parametric 
radiation in the water window range from 
relativistic electrons with an energy of 10 MeV 
that pass through several identical titanium plates 
regularly spaced in a vacuum and placed parallel 
to each other.  
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Fig. 3. The calculated angular distribution of parametric 
radiation from relativistic electrons with an energy of 

10 MeV in the X-ray frequency range ( = 454 eV) in a 
target consisting of a regular stack of N titanium plates of 
0.1 µm thickness and a 1 µm vacuum gap between the plates 

For calculations of the parametric X-ray 
radiation yield, we use the well-known result 
from [9], which applies recurrent  relations 
expressing the fields in a given vacuum gap 
through the fields in the previous gap. The 
resulting exact expressions are rather 
cumbersome  (see formula (3.1) in [9]) and will 
not be presented here.  Fig. 3 shows the results of 
calculations of the angular distribution of 
parametric radiation from electrons at the normal 
incidence of 10 MeV relativistic electrons on the 
stack of thin titanium plates.  As before, the 
intensity is expressed in dimensionless units of  
Z2e2/2c. Due to the constructive interference of 
radiation when the particle passes through 
different plates, the angular distribution has a 
number of additional parametric maxima as 
compared to the analogous distribution for a 
single plate. Unlike the oblique incidence on an 
isolated target, the angular width of these 
radiation maxima is significantly smaller.  
Analysis of the calculation results shows that, as 
noted above, the existence of absorption leads to 
the fact that radiation from the regular stack of 
thin (no more than 0.5 µm) titanium plates is 
formed mainly in the last few plates.  Therefore, 
it is impossible to achieve an increase in the 
radiation yield by more than a factor of ten by 
increasing the number of plates, as shown by the 
calculation results in Fig. 3: namely, starting from 
N = 5, the radiation yield practically does not 
change. 

 
 

Conclusion 
 
The performed analysis and the established 

features of the Cherenkov and parametric 
radiation in the X-ray frequency range may be 
useful in the design of radiation sources and 
demonstrate the fundamental feasibility of using 
the effect to create quasi-monochromatic 
directional sources of polarized X-ray radiation in 
the spectral range of the water transparency 
window. 
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intensifier with a "blue" photocathode and a pulsed Nd:YAG laser. It is concluded that active-
pulse optical television systems offer potential for obtaining high-quality visual information 
about underwater objects and expanding the capabilities of search and rescue operations. 

Keywords: underwater vision, optical television system, active-pulse method, laser illumination, 
III+ generation image intensifier tube. 
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Introduction 

Recently, obtaining information about 
underwater objects has become increasingly 
important not only for their detection and 
localization, but also for their recognition and 
identification using images of these objects. In 
particular, such tasks arise when using special 
equipment installed on an aircraft, such as a 
helicopter, for searching, detecting, and 
identifying submerged objects, as well as for 
conducting search and rescue operations. At the 
same time, the search time for underwater objects 
from a helicopter's flight altitude is significantly 

reduced due to the increased area of the covered 
observation region.  

Attenuation of Radiation 

The problem of using radars for these 
purposes arises from the fact that electromagnetic 
radiation in the entire radio frequency range used 
for terrestrial radio communications is unable to 
propagate in salt seawater, which is a good 
conductor of electric current.  The depth of 
electromagnetic radiation penetration into 
seawater can be calculated using the following 
formula [1]: 
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2 π μ σ
h
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

   
(1) 

where f is the frequency of the electromagnetic 
radiation,  is the magnetic permeability of 
seawater ( = 410–7 H/m), and  is the 
electrical conductivity of seawater (from 1 to 
4 S/m). 

However, there is a range of radio waves 
that can propagate in salt seawater; these are very 
long radio waves in the extremely low frequency 
band (from 3 to 30 Hz) and the super-low 
frequency band (from 30 to 300 Hz). But 
operation with very long radio waves poses 
significant technical difficulties. The most 
difficult task is to create a transmit-receive 
antenna system due to the very large wavelength, 
which, for example, at a frequency of 82 Hz is 
3658 km. Building an efficient antenna system 
with dimensions comparable to such a wave 
geometry is not feasible.  

The use of sonar equipment for searching 
and recognizing underwater objects has 
fundamental drawbacks inherent to sonar 
systems: dependence on hydrological conditions, 
information delay caused by the low speed of 
sound propagation in water, low spatial 
resolution, vulnerability to noise, lower accuracy 
in determining the coordinates of underwater 
objects, as well as design complexity, increased 
weight and size characteristics, and high power 
consumption.  

The potential advantages of optoelectronic 
systems for obtaining images of underwater 
objects through a disturbed air-seawater interface 
from a helicopter for detection and recognition 
purposes include: high spatial resolution, high 
sensitivity, a high signal-to-noise ratio, and high 
accuracy in determining the spatial coordinates 
and range to the detected underwater objects.  

This gives rise to the task of considering the 
use of optical radiation to obtain images of 
underwater objects through a disturbed air-
seawater interface from a helicopter (Fig. 1). 

In this case, the processes of scattering and 
selective absorption of optical radiation in 
seawater have a significant influence on the 
image quality even at relatively short distances 
between the underwater objects and the 
helicopter-mounted observation system.  This 
influence manifests itself in the decreased 
brightness and contrast of the image, its distorted 

spatial structure, the loss of information about the 
object's color, a relatively increased noise 
component of the image, and, finally, in a limited 
visibility range determined mainly by the 
following factors. The first factor is associated 
with multiple scattering, which leads to the 
blurring of the underwater object's image, the 
second factor is due to the fluctuating distribution 
of underwater illumination caused by the random 
nature of optical radiation refraction at the 
disturbed surface.  
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Fig. 1. Formation of images of underwater objects 
through the air-seawater interface from a helicopter 

These fluctuations account for a fluctuation 
component in the signal, which is caused by wave 
motion, and the distortion of the image topology. 
Assuming that these factors are not mutually 
correlated, their influence on the image quality 
can be assessed separately. In addition, it is 
necessary to take into account the helicopter's 
speed and the multiple interactions with surfaces 
that the optical radiation undergoes when passing 
through the air, interacting with the water surface, 
propagating in the water, and then re-passing 
through the same surfaces. These interactions 
become even more complex when the scattering 
and absorbing substances present in the water 
have higher concentrations near the surface. All 
these difficulties together significantly reduce the 
overall return signal and thus limit the use of an 
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optoelectronic underwater vision system in 
shallow areas of the sea surface. 

Taking into account the specific features of 
optical radiation propagation in the sea 
environment, this paper considers the use of high-
resolution optoelectronic television systems to 
provide observation of the underwater space from 
a helicopter by recording the illuminating optical 
radiation reflected from underwater objects and 
forming an image of underwater objects on a 
monitor screen, which is used by the onboard 
operator for recognition of underwater objects 
under certain observation conditions.  

Along the propagation path, the 
illuminating optical radiation undergoes several 
types of interactions with the medium (air and 
seawater) that attenuate its power, including 
scattering and absorption, which can be estimated 
using the Bouguer law [1]: 

     0

0

Φ Φ exp α β ,r r r dr
 

     
 
        (2) 

where  Φ r  and 0Φ  are the current and initial 

optical radiation fluxes, r is the thickness of the 

medium (air and seawater),  α r  is the 

absorption coefficient of the medium (air and 

seawater),  β r  is the backscattering coefficient 

of the medium (air and seawater). 
Absorption of optical radiation is the main 

attenuation mechanism that must be taken into 
account when optical radiation propagates in 
seawater.  The optical radiation is absorbed when 
photons are absorbed by water molecules, 
increasing the electronic energy states of the 
molecules.  Due to absorption, the attenuation of 
the laser radiation in seawater is influenced by a 
number of factors: the pure seawater itself, 
phytoplankton, decomposed plant material, and 
other inorganic particles. 

For pure water, absorption of the optical 
radiation is quite low for wavelengths up to 
 600 nm. As the wavelength of the probing 
optical radiation increases, stronger vibrational 
energy transitions cause a noticeable and 
significant increase in absorption intensity.  The 
spectral characteristic of pure water absorption is 
shown in Fig. 2 [1]. 
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Fig. 2. Spectral characteristic of pure water absorption 

The introduction of salt with concentrations 
typical only of seawater causes a very small 
increase in the absorption coefficient (on the 
order of 0.002 m–1) in the wavelength range from 
400 nm to 680 nm [3]. This is negligibly small 
compared to any other attenuating factor in the 
water medium. Therefore, seawater absorption for 
any given wavelength can be approximated by 
pure water absorption for the same given 
wavelength.  

Phytoplankton and other photosynthesizing 
materials absorb the optical radiation significantly 
more strongly than pure seawater. The main 
absorbing component of photosynthesizing 
materials is chlorophyll, which exists in two 
types: chlorophyll a and chlorophyll b. 
Regardless of the type, chlorophyll has two main 
absorption bands – one in the “red” region of the 
visible spectrum, and the other in the “blue” 
region. Although this indicates that chlorophyll 
will absorb the optical radiation in these parts of 
the spectrum more readily, any wavelength of the 
optical radiation has a probability of being 
absorbed [1]. The level of optical radiation 
absorption by phytoplankton and other 
photosynthesizing materials depends on the 
location and concentration of chlorophyll in the 
water. In shallow areas, phytoplankton and 
photosynthetic materials can occupy the entire 
water column from the surface to the seabed. In 
deeper coastal waters or the open ocean, the 
concentration of photosynthetic materials 
depends on the intensity of ambient sunlight. 

Thus, near the ocean surface, higher 
concentrations of chlorophyll-containing 
materials are observed, which partially extend 
into the water column until sunlight is completely 
absorbed, and, as the depth increases, the level of 
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optical radiation losses will be determined by 
absorption by the water medium.  Therefore, the 
intensity of optical radiation absorption by 
chlorophyll-containing materials varies greatly 
depending on the location of the observation 
system's application. For example, there is no 
high concentration of these materials in the open 
ocean, and the absorption intensity caused by 
them is extremely low. However, in coastal 
waters, the absorption intensity from these 
materials can significantly increase the level of 
optical radiation losses.  

In addition, the intensity of optical radiation 
absorption in seawater is affected by various non-
photosynthesizing materials – such as 
decomposed plant materials known as colored 
dissolved organic matter, and other inorganic 
particles that absorb the optical radiation [1]. 

 The spectral dependence of the optical 
radiation absorption intensity in the open ocean 
due to the aforementioned loss factors in seawater 
is shown in Fig. 3 [2]. 

1 – absorption in pure water; 
2 – absorption by phytoplankton; 
3 – absorption by non-algae suspended matter; 
4 – absorption by coloured dissolved organic matter; 
5 – absorption by seawater components 
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Fig. 3. Spectral dependence of the optical radiation 
absorption intensity in the open ocean 

Optical radiation scattering is also a main 
attenuation mechanism that must be considered 
for the optical radiation propagating in seawater, 
and it takes two forms: elastic and inelastic. 
Elastic scattering does not result in a change in 
the wavelength and is often modeled in two 
different ways: Rayleigh scattering and Mie 
scattering.  The model is chosen depending on the 
size of the scattering particles and the optical 
radiation wavelength. Considering that optical 
radiation absorption is minimal in the spectral 
range from 450 nm to 550 nm, and the diameter 
of water molecules is on the order of 0.3 nm, 

Rayleigh scattering can be considered only for 
interaction with pure seawater. 

 The second elastic interaction of the optical 
radiation with the sea medium is Mie scattering, 
which occurs upon interaction with larger 
particles. The Mie scattering theory considers 
particles of any size suspended in seawater as a 
medium through which the optical radiation 
propagates, and it describes empirical data on the 
angular distribution of the scattered optical 
radiation in seawater quite accurately [1]. The 
angular distribution of the scattered optical 
radiation in various types of seawater is shown in 
Fig. 4 as a volume scattering function, which 
describes the distribution of the scattered 
radiation power from the incident flux among 
individual scattering angles [2].  

1 – turbid harbor water,  = 1.824 m–1; 
2 – coastal seawater,  = 0.939 m–1; 
3 – transparent seawater,  = 0.037 m–1 
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Fig. 4. Distribution of the scattered optical radiation 
power vs. scattering angles 

The curves shown in Fig. 4 and plotted for 
laser radiation with a wavelength of 515 nm show 
the contribution of Mie scattering to the total 
attenuation of the optical radiation during 
propagation through various seawater types: 
turbid harbor water, coastal seawater and clear 
seawater [4]. The scattering values in the curves 
of Fig. 4 at angles of 0 represent the optical 
radiation that was either forward-scattered or not 
scattered at all, while at angles of 180 they show 
the level of optical radiation that was scattered in 
the backward direction.  All other angles describe 
the distribution of the optical radiation scattered 
in any other direction.  Analysis of the curves in 
Fig. 5 shows that most of the incident optical 
radiation continues to propagate in the forward 
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direction (0 degrees), and only a small fraction 
propagates in the backward direction (near 
scattering angles of 180).  These curves are used 
to estimate the fraction of the scattered optical 
radiation in the forward and backward 
propagation of the optical radiation in various 
types of seawater.  

Since the scattering and absorption 
characteristics of the optical radiation in seawater 
depend on the concentration of suspended 
substances in the water, the ocean depth is usually 
divided into three zones: the euphotic, dysphotic, 
and aphotic zones.  The most interesting zone for 
the development of optoelectronic underwater 
vision systems (OUVS) is the euphotic zone – the 
region that absorbs 99% of the incident solar 
radiation at the ocean surface.  Typically, the 
maximum depth for this zone is about 200 m, but 
it can vary depending on the availability of 
sunlight.  The euphotic zone is the region with the 
maximum concentration of phytoplankton and 
other photosynthesizing substances; therefore, the 
attenuation of the optical radiation will be at its 
maximum here, and consequently, this region is 
the most important when designing optoelectronic 
underwater vision systems [1].  

The concentration of phytoplankton and 
other photosynthesizing material decreases 
significantly from the ocean surface to the bottom 
of the euphotic zone, although in some regions of 
the world, a secondary maximum of the 
chlorophyll concentration exists at greater depths 
[2]. In coastal waters, there is a fairly high 
concentration of the dissolved organic matter 
throughout the water column, thus causing 
significant attenuation of the optical radiation. All 
this affects the perceived transparency of 
seawater and, consequently, the ability of the 
optical radiation to propagate through the aquatic 
environment. For example, most of the foreign 
impurities characteristic of coastal waters are 
absent in the open ocean, so the optical radiation 
losses during propagation in the seawater of the 
open ocean will be significantly lower than in 
coastal waters.  A classification of the water 
medium that takes into account specific 
concentrations of chlorophyll and phytoplankton 
in seawater has been performed, which makes it 
possible to better predict how the probing optical 
radiation will be absorbed and scattered in 
seawater [5]. According to this classification, 

seawater from the open ocean to coastal areas 
was divided into groups based on optical 
transmission. The stronger the attenuation of the 
optical radiation, the higher the number assigned 
to it.  The spectral characteristics of seawater 
transmission based on the introduced 
classification are shown in Fig. 5. 
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Fig. 5. Spectral transmission of seawater based on the 
introduced classification 

The generalized spectral characteristic of 
optical radiation attenuation by seawater due to 
absorption and volume scattering is shown in Fig. 
6. Analysis of the obtained characteristic shows
that airborne OUVS should have maximum
sensitivity in the spectral range of maximum
seawater transparency (from 450 nm to 550 nm).
Such systems can be divided into two large
groups: passive and active-pulsed optoelectronic
underwater vision systems.

In passive OUVS, the image is formed 
under natural (sunlight) illumination, although 
usually there is no illuminating solar radiation at 
great depths, or by using powerful searchlight 
illuminators for the continuous illumination of 
underwater targets. 

The luminous flux is known to be 
attenuated significantly more strongly in seawater 
than in the atmosphere.  The attenuation of the 
illuminating optical radiation can be compensated 
for by increasing the power of the optical 
radiation flux. However, this leads to increased 
brightness of the backscattering noise (hereinafter 
referred to as BSN), which reduces the image 
contrast. Experience in the operation of passive 
optoelectronic underwater vision systems shows 
that increasing the maximum range by 15–20% 
requires a tenfold increase in the searchlight light 
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source power [6].  Analysis of the results of 
operating Russian passive OUVS by specialists at 
FSUE SPMBM “Malachite” allows us to 
conclude that the capabilities of searchlight 

illuminators to increase the underwater vision 
range have been practically exhausted. At the 
same time, their greatest advantage is their 
relatively low cost [6]. 
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The use of the active-pulse method for 
forming underwater video images allows for the 
elimination of the “parasitic” effect of BSN 
caused by optical noise, such as scattering by 
seawater and phytoplankton, which is 
superimposed on the useful image of observed 
underwater objects, thereby reducing their 
contrast.  The echo signal profile of an active-
pulse OUVS located above the sea surface on 
board a helicopter is shown in Fig. 7. 

Active-pulse optoelectronic underwater 
vision systems use artificial illumination in the 
spectral range of maximum seawater transparency 
(λ = 450550 nm), which is generated by 
high-efficiency pulsed laser sources operating 
synchronously with a gated photodetector 
optoelectronic television channel sensitive in the 
same spectral range (λ = 450550 nm), also 
operates in a pulsed mode.  
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Fig. 7. Echo signal profile of an active-
pulse OUVS:  1 – BSN of the marine 

environment, 2 – reflected signal from 
the underwater object 

The key elements used to create high-
efficiency laser active-pulse OUVS are a high-
speed photodetector optoelectronic television 
channel, a high-efficiency pulsed laser, and a 
high-speed digital controller.  

The high-speed photodetector optoelectronic 
television channel is based on a photodetector 
module of the FPM-5-1 type with a sensitive 
structure comprising a “III+ generation image 
intensifier tube and a programmable gated digital 
TV camera based on a large-format digital CMOS 
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array”. The module structure uses a specially 
designed photodetector optoelectronic television 
channel featuring a negative-electron-affinity  
(NEA) photocathode with an extended spectral  
response  into the blue-green region of the 
seawater transparency spectrum (Fig. 6), which is 
called a III+ generation image intensifier tube 
with a “blue” photocathode [7].  The developed 
III+ generation image intensifier tubes have a 
number of advantages compared to standard 
generation III+image intensifier tubes, which 
have very low photosensitivity in the spectral 
range of seawater transparency (Fig. 6). 
Furthermore, generation II+, SuperII+, HyperII+ 
tubes have significantly lower photosensitivity in 
the spectral range of seawater transparency 
(Fig. 6), as well as very low photocathode 
resistivity, which does not allow for their gating 
with short pulses (down to a few nanoseconds).  

The appearance of the optoelectronic 
television channel of the active-pulse OUVS 
based on the FPM-5-1 module type and 
developed by Joint Stock Company «RPC 
GEOFIZIKA-NV»  is shown in Fig. 8, and its 
main parameters are given in Table 1. 

Fig. 8. Appearance of the photodetector optoelectronic 
television channel of the active-pulse OUVS based  

on the FPM-5-1 type module 

Table 1 

Parameter name Parameter values 

Angular field, degrees 20 

Spatial resolution across the field, TV lines 450 

Diameter of the generation III+ image intensifier tube photocathode with a 
“blue” photocathode 

18 mm 

Spectral range of photosensitivity, µm 0.40.8 

Integral photosensitivity, µA/lm 2800 

Spectral photosensitivity at λ = 530 nm, mA/W 140 

Type of digital TV camera based on a CMOS array e2v EV76C560 ABT 

TV camera format 1/1.8" 

TV camera resolution, pixels 12821026 

TV camera pixel size, µm 5.35.3 

Frame rate, Hz 60 

Power consumption, W 20 

Weight, kg 1 

Overall dimensions, mm 11080215 

Another key element of the active-pulse 
OUVS is a high-efficiency pulsed laser, whose 
active medium is a Nd:YAG crystal. The laser 
active medium is pumped by diode bars, 
Q-switching is accomplished by an electro-optical
switch, and the oscillation frequency is  
doubled by a KTP-crystal-based element to

achieve a wavelength of 527 nm, which ensures 
radiation in the spectral region of seawater 
transparency (Fig. 6). The appearance of the 
pulsed Nd:YAG laser of the N-R50-532 type, 
developed by the Institute of Physics of the 
National Academy of Sciences of Belarus 
(Republic of Belarus) as part of the active-pulse 
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OUVS, is shown in Fig. 9, and its main 
parameters are given in Table 2. 

Fig. 9. Appearance of the pulsed Nd:YAG laser of the  
N-R50-532 type

To control the pulsed power supply of the 
generation III+ image intensifier tube with the 
“blue” photocathode, the digital CMOS array and 
the pulsed Nd: YAG laser, as well as for the 
primary processing of digital images of detected 
underwater objects, a high-speed digital 
controller is used. The adjustable time-gating 
control turns on the receiving channel of the 
active-pulse OUVS at a specific range, eliminates 
BSN, and provides observation of the underwater 
space through its depth in the absence of solar 
radiation. 

Table 2  

Parameter name Parameter values 

Radiation wavelength, nm 532  5 

Pulse energy, mJ > 50

Fixed pulse repetition rate, Hz 20 

Pulse duration, ns < 10 

Beam diameter, mm < 5 

Beam divergence, mrad < 3 

Power consumption, W 300 

Weight, kg 2 

Dimensions (without cooling system), mm 5060165 

Conclusion 

The implementation of active-pulse 
technology has led to the creation of optoelectronic 
television systems that provide observation of the 
underwater space from a helicopter by recording 
the illuminating optical radiation reflected from 
underwater objects and forming an image of 
objects on a monitor screen, which is used by the 
onboard operator for recognition of underwater 
objects under certain observation conditions. 

The practical significance of the active-
pulse mode consists in achieving a longer 
underwater vision range compared to other 
passive optical and optoelectronic devices, as 
well as high-frequency sector-scanning sonars 
operating under identical conditions.  Changing to 
a qualitatively new level of obtaining visual 
information acquisition will expand the naturally 
limited capabilities of the human eye.  
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In this work we present the results of measurements of electrophysical parameters of 
commercially available single-crystal p-GaSb substrates in the temperature range of 80–300 K. 
We perform comparative analysis of temperature and field dependences of Hall resistivity with 
and without taking into account the degeneracy of the valence band. The limitations of 
applicability of the standard model, which assumes the existence of only one type of holes, for 
describing transport properties of p-GaSb are shown. It is shown that non-monotonic 
temperature dependence of substrates resistivity arises due to monotonic change of carrier 
concentrations and mobilities. Basing on the results of the analysis using model, which takes 
into account contributions of light and heavy holes, we estimated the variation of the chemical 
potential in substrate material with temperature. The obtained results are necessary for further 
design of photosensitive heterostructures, obtained using studied substrates. 
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Introduction 

New approaches in IR photosensorics based 
on antimony-containing semiconductor epitaxial 
AIIIBV heterostructures   have been actively 
developing recently [1, 2]. When short-period 
superlattices are used as absorbing layers, these 
heterostructures cover an extremely wide spectral 
range, including the atmospheric transparency 
windows of 3–5 µm and 8–12 µm, while 
simultaneously providing specific detectivity 
close to the fundamental limit at temperatures of 
80–150 K [3]. Along with the choice of 
heterostructure design, the substrate material used 
for the epitaxial growth of the structure plays a 

key role in achieving high photovoltaic 
characteristics. 

Due to the possibility of precise lattice 
constant matching, monocrystalline GaSb wafers 
of n- or p-type are among the most convenient 
substrates for growing photosensitive 
heterostructures based on superlattices is [2, 4]. 
Regardless of the type of photosensitive element 
architecture, the transport properties of the 
substrate inevitably affect the performance of the 
photosensitive elements, even when the substrates 
are thinned down to thicknesses of 10–20 µm.  
This influence is determined by two main factors: 
the presence of additional resistance connected in 
parallel to the contact layer, and band bending 
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caused by the alignment of the chemical potential 
between the substrate and the photosensitive 
element. To ensure reliable prediction of the 
operating modes of the photosensitive elements, 
these factors must be accounted for correctly at 
the heterostructure design stage.  Consequently, 
the transport properties of substrates used for 
epitaxy must be studied over a wide temperature 
range. 

This paper presents the results of 
electrophysical studies of epi-ready p-GaSb 
substrates manufactured by Pam Xiamen (China). 
These substrates are the primary p-type substrates 
with low doping levels currently available in the 
Russian Federation.  The paper presents the 
results of conductivity and Hall resistance 
measurements in a wide temperature range, which 
allowed for the determination of the 
concentration, mobility, and chemical potential of 
majority carriers vs. temperature. A correct 
assessment of the chemical potential is achieved 
by using a two-band model that considers the 
contributions of light and heavy holes to the 
transport properties, and by comparing it to the 
results of processing within the framework of the 
single-band model, which is much more 
commonly used for the standard characterization 
of semiconductor materials. 

Samples and Measurement Procedure 

Three p-type GaSb samples (T1, P1, and 
P2) cleaved from commercially available two-
inch wafers with a thickness of 0.53 mm have 
been studied in this paper (Pam Xiamen, China).  

For the measurements, contact pads of 
Ti/Au (T1) or Ti/Pd/Au (P1 and P2) were 
deposited on the samples. Samples T1 and P1 
were cleaved from the same wafer, while sample 
P2 was cleaved from another one.  In fact, this 
study considers three samples to demonstrate the 
reproducibility of the electrophysical 
characteristics and associated material 
parameters. To perform the measurements, the 
samples were mounted on a holder, and the 
contact pads on the holder and the sample were 
connected by ultrasonic bonding of an aluminum 
wire.  

The transport and magnetotransport 
properties of these samples were studied on a 
setup based on an electromagnet in the 
temperature range T = 80–300 K and in magnetic 

fields up to B = 0.9 T. The measurements were 
carried out using direct current switched 
according to a four-probe scheme.  A combination 
of a voltage source and a reference resistor was 
used for the measurements; the current in the 
measuring circuit was measured independently. 

Findings and Discussion 

The field and temperature dependences of 
the longitudinal (xx) and Hall (xy) resistances of 
the samples under study were measured as part of 
this study. Fig. 1a–b shows the field dependences 
of the Hall resistance  xy at temperatures of 
300 K and 80 K.  The sign of the obtained curves 
indicates that conductivity is of p-type throughout 
the entire temperature range studied. Some 
difference can be seen between the experimental 
curves, which is obviously related to minor 
fluctuation in the properties of the wafers under 
study. However, as will be shown below, the 
corresponding difference in the transport 
parameter values for different samples turns out 
to be insignificant, thus confirming the good 
reproducibility of the material properties. 

Hall data are often analyzed within the 
framework of a single-band model, where only 
one group of charge carriers is assumed to exist. 
In this case, the ( )xy B  dependence should be 

linear, while the concentration p* and mobility * 
of the charge carriers are derived from the value 
of the linear slope /H xyR d dB   using the 

standard relations: 

* ,H

H

r
p

eR
 (1) 

* ,H

H xx

R

r
 
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where e is the electron charge, and Hr  is the Hall 

factor determined by the dominant charge carrier 
scattering mechanism. In most cases 1Hr   is 

assumed.  Such an analysis of ( )xy B  is often 

carried out in a very narrow field range and is 
used for the characterization of commercially 
available materials (including those by the 
manufacturer of the wafers studied herein). In our 
case, the linear approximation (examples are 
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shown by the orange dashed line in Fig. a–b) was 
performed in the range up to 0.5 T.  As can be 
seen from the figures, the linear function 
describes the experimental data well over the 
entire field range at the room temperature, but a 
clear mismatch can be observed at low 
temperatures in higher fields, thereby indicating 
the inapplicability of the simplest model in this 

case.  The hole concentration and mobility values 
calculated using formulas (1) and (2) are 
presented in Table 1.  Even these results prove 
that a temperature decrease is accompanied by a 
significant decrease in the charge carrier density 
and an increase in their mobility.  The obtained 
values correspond well to the certified values 
stated by the wafer manufacturer.  
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Fig. 1. Field dependences (a, b) of the Hall resistance and (c, d) of the magnetoresistance of the samples under study at 
temperatures of (a, c) 300 K and (b, d) 80 K. In figures (a, b), the orange dashed line shows the linear approximation of 
the data in the range up to 0.5 T, and the red line shows the approximation of the data using the two-band model (7–8). 
In addition to the experimental data, figures (c, d) show the magnetoresistance model curves calculated using formulas 

(7–10) with the parameter values listed in Table 1 

Table 1 

Transport parameters of the samples under study at the temperatures of 300 K and 80 K: resistivity xx, hole 
concentrations and mobilities (p* and *) obtained within the framework of the single-band model (1–2), and parameters 

of light (LH) and heavy (HH) holes calculated using the two-band model (7–8) at Kn = 22.6, K = 0,1 

Sample T, K 
xx,  

mΩсm 
p*, 

1016 cm–3 
*, 

cm2/(Vs) 
pLH, 

1016 cm–3 
LH, 

cm2/(Vs) 
pHH, 

1016 cm–3 
HH, 

cm2/(Vs) 

T1 
300 68.75 15.3 590 1.76 1580 39.8 158

80 125.4 2.46 2030 0.279 5480 6.29 548

P1 
300 68.14 15.8 580 1.81 1550 41.0 155

80 117.0 2.63 2030 0.299 5480 6.76 548

P2 
300 68.15 16.1 570 1.85 1520 41.8 152

80 117.4 2.61 2040 0.297 5500 6.71 550
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The deviation from the linear dependence 
of ( )xy B , in the absence of a magnetic 

component in the system, is usually associated 
with the presence of several groups of charge 
carriers, which is typical for p-type AIIIBV 
semiconductors, due to the existence of light-hole 
(LH) and heavy-hole (HH) bands in their 
structure.  In the general case, each group of 
carriers makes an additive contribution to the 
corresponding conductivity tensor components  
as functions of the magnetic field В: 

  2 2
,
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i i

xx
i i

en
B
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where in  and i  are the concentration and 

mobility of carriers in i-band. In the case of 
p-type GaSb, i = 2, and the parameters of the
heavy-hole band can be determined through the
corresponding proportionality coefficients:
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Then the original components of the conductivity 
tensor can be rewritten in the following form: 
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Accordingly, the experimentally measured 
field dependences of resistances  xx  and xy  can 

be described within the framework of the two-
band model using formulas (7–8) via the 
corresponding inversion of the conductivity 
tensor components, which is written for an 
isotropic material in the following form: 
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It is quite obvious that the actual shape of 
the theoretical curves is determined by the values 
of ,LH  Kn and K, while the value of pLH  is 

simply a scaling factor.  Nevertheless, the 
approximation of a single curve ( )xy B  with a 

function containing four fitting parameters can 
lead to noticeable ambiguities in the results 
obtained, especially in a limited magnetic field 
range.  Therefore, in some cases, it is 
recommended to perform a simultaneous 
approximation of curves ( )xy B  and ( )xx B  with 

a single set of parameters.  The applicability of 
this approach requires the presence of a 
contribution only from the classical 
magnetoresistance (MR) mechanism described by 
formula (9). However, most materials exhibit 
contributions from several MR mechanisms, for 
example, the amplitude of the linear MR 
contribution can exceed that of the classical 
mechanism by orders of magnitude [5].  Thus, the 
recording of data of ( )xx B  can significantly 

increase the error in the results obtained. 
Therefore, a more convenient way to improve the 
accuracy of the Hall data approximation within 
the framework of the two-band model is to 
consider the zero-field resistance, which in the 
case of p-GaSb is written as: 

   
1

0 .
1

xx

LH LH n

B
ep K K

  
 

        (11) 

It is easy to see that when the ratio 
/ ( 0)xy xx B    is used, the dependence on LHp

disappears, which somewhat simplifies the fitting 
procedure without introducing additional errors. 
Therefore, in this paper, curves / ( 0)xy xx B  

were first approximated, and then the parameters 
obtained were used to approximate curves ( )xy B  

and to determine the values of LHp . 
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For AIIIBV semiconductors, both in the case 
of degenerate and non-degenerate statistics, the 
concentrations of free charge carriers in the light-
hole and heavy-hole bands turn out to be 
proportional to each other with 

* * 3/2( / ) ,n HH LHK m m  where *
HHm  and *

LHm  are the 

effective masses of heavy and light holes.  For 
GaSb, the corresponding values vary somewhat in 
the literature [6–9], but this paper uses value 

* *1 / / 8m HH LHm m    [10]. Accordingly, we can 

assume Kn  22.6, without considering band 
nonparabolicity effects of the bands (which is 
justified in the case of low charge carrier 
densities).  Since the temperature dependence of 
effective masses in classical semiconductors is 
rather weak [11], this value of Kn can be assumed 
constant over the temperature range under 
consideration.  In turn, based on the ratio of 
effective masses m , one may expect 

0,125mK    in the case of GaSb under the 

condition of equal relaxation times for the two 
types of holes.  However, since such an 
assumption seems unjustified, the value of K  

was determined from the approximation of the 
low-temperature data (Fig. 1b), as a result of 
which the average value was taken to be 0,1K 
.  The data at room temperature (Fig. 1a) are 
almost linear, for which reason independent 
determination of K  is impossible in this case; 

therefore, value 0,1K   was used over the 

entire temperature range under consideration. It is 
worth noting that the actual ratio K  is 

determined by summing the contributions from 
various scattering mechanisms [12]; for example, 
in the simplest case, scattering by longitudinal 
acoustic phonons implies 5/2 0,0055mK   , 

while scattering by ionized impurity atoms 
implies 1/2 0,354mK   .  Thus, a more detailed 

analysis of the value of K  and its possible 

variation over a wider temperature range can 
provide valuable information about the evolution 
of the contributions of different charge carrier 
scattering channels, which, however, is beyond 
the scope of this paper. 

The described approximation algorithm 
allowed us to achieve good alignment of 
experimental curves with model curves (shown 

by red lines in Fig. 1a–b) over the entire magnetic 
field range. The approximation parameters 
obtained are presented in Table 1.  It can be seen 
that the concentration values *p  and LHp  differ 

by almost an order of magnitude.  In principle, 
value *p , which is often used for the 
characterization of p-type AIIIBV semiconductors, 
is a kind of mathematical abstraction, since the 
ratio * / LHp p  depends on the parameters ,LH  

nK  and K  significantly. Thus, the value *p  can 

only be used as a derived parameter for analyzing 
the effect of small modifications of the material 
(when comparing samples with each other), while 
a more systematic study requires analysis within 
the framework of model (7–10).  

Fig. 1c–d shows the MR curves for the 
samples under study, which were determined in 
the standard way: 

   
 
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100 % .

0
xx xx

xx

B B

B

  
 
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        (12) 

It can be seen from the figure that the 
samples exhibit a positive MR amounting to 
approximately 0.52% at the room temperature 
(Fig. 1c), and about 7% at the liquid nitrogen 
temperature (Fig. 1d).  In principle, the observed 
MR indicates a significant role of the classical 
MR mechanism, and its amplitude increase upon 
cooling is associated with the accompanying 
growth of the charge carrier mobility.  For 
verification purposes, model MR curves with the 
parameter values listed in Table 1 were obtained 
based on formulas (7–10).  The corresponding 
curves are also shown in Fig. 1c–d. It is clearly 
seen that the model curves have a smaller 
amplitude compared to the experimental data at 
both temperatures. Such a discrepancy is 
indicative of additional contributions from other 
MR mechanisms in the samples under 
consideration. 

Then, the temperature dependences of the 
resistance tensor components of the samples 
under study were analyzed.  Fig. 2a shows the 
dependences of ( )xx T  in a zero magnetic field. 

It can be seen that the dependence is non-
monotonic: a metallic character at high 
temperatures changes to a semiconductor one 
below about 170 K.  Further cooling to 80 K 
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causes the resistance to increase by 
approximately a factor of two. This character of 
the ( )xx T  curves suggests the presence of 

competing contributions to the temperature 
variation of the system conductivity.  To visualize 
them, the temperature dependence of the Hall 
effect in a constant magnetic field was measured. 
In this case, two curves were measured at 
different field polarities, after which an 
antisymmetrization procedure was applied to the 
curves (to eliminate the parasitic contribution of 
the longitudinal resistance in the signal associated 
with the asymmetry of the Hall contacts). The 
resulting curves ( )xy T  are shown in Fig. 2b.   

As can be seen from the figure, in contrast to the 
( )xx T  curves, the amplitude of the Hall effect in 

the samples under study exhibits a strictly 
monotonic temperature dependence that indicates 
a decrease in the free charge carrier concentration 
upon cooling, which is characteristic of a non-
degenerate semiconductor. 

Similarly to the analysis of the field 
dependences, the temperature dependences of the 
hole concentrations and mobilities can be 
determined both within the framework of the 
single-band model (1–2) (curves *( )p T  and 

*( )T  were obtained by this method) and within 
the framework of the two-band model (7–10). 
However, a number of complications arise in the 
latter case.  In contrast to the analysis of curves 

( )xy B , in the case of temperature dependences, 

it is impossible to approximate the experimental 
curve without assuming a specific form (model) 
for the temperature dependence of the 
concentrations and mobilities of the charge 
carriers in both bands (which could be described 
by a finite set of parameters).  Technically, 
general models can be applied for known systems 
quite successfully; however, in our case, the 
objective of the analysis is to determine the form 
of the dependences ( )LHp T  and ( )LH T .  

Therefore, the analysis within the framework of 
the two-band model practically reduces to solving 

the system of equations (7, 8, 10) at each point of 
dependence ( )xy T .  For this purpose, by means 

of the values of Kn and K employed in the 
analysis of the field data, the modulus of the 
difference between the experimental values of 

/ ( 0)xy xy B    and the theoretical expression for 

this quantity was minimized for the 
corresponding quantity. The theoretical values 
were obtained by substituting (7–8) into (10) and 
dividing by (11)). This minimization was carried 
out using standard methods in the Python 
environment, in particular, using the “Nelder-
Mead” algorithm from the SciPy library). Thus, 
the curves ( )LH T  were obtained, from which 

(using the known Kn and K) the curve ( )LHp T

was calculated from the data ( , 0)xx T B  , and 

then the curves for the heavy-hole band were 
calculated. It should be noted here that, under the 
assumptions used, the latter are completely 
identical to the curves for light holes (up to a 
constant factor), and therefore are not presented 
here. 

Fig. 2c shows the temperature dependences 
of the hole mobilities calculated within the single-
band and two-band models. It is clearly seen that 
the character of all dependences is strictly 
monotonic and corresponds to a mobility 
decrease upon warming, with no significant 
qualitative difference observed between the 
curves obtained within different models.  It is 
important to note that the latter may be partly due 
to the choice of the magnetic field magnitude 
during measurement of ( )xyp T , since, as noted 

above, in fields up to 0.5 T the dependences of 
( )xyp B  appear to be nearly linear.  Accordingly, 

when measuring ( )xyp T  in higher magnetic fields 

or down to lower temperatures (where the 
nonlinearity of ( )xyp B  begins to manifest in 

lower fields), the differences between the single-
band and two-band models are expected to 
become more noticeable. 
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Fig. 2. Temperature dependences of (a) resistivity and (b) Hall resistance in a fixed magnetic field for the studied 
samples. Temperature dependences of (c) mobilities and (d) hole concentrations calculated within the single-band  
and two-band models.  Temperature dependences of ratios of (e) mobilities and (f) hole concentrations obtained  

within the two models 

The general shape of the temperature 
dependences of the hole mobilities in Fig. 2c is 
typical for non-degenerate semiconductors and is 
usually described by a superposition of scattering 
contributions from phonons and ionized impurity 
atoms [13]. Accordingly, the mobility increase 
upon cooling is attributed to decreasing phonon 
occupation numbers and a reduced fraction of 
ionized impurities (due to the return of electrons 
from the acceptor level to the valence band). 
In general, additional features may be associated 
with different types of screening of the impurity 
potential by charge carriers, the presence of a 
significant contribution from optical phonon 
scattering [14], as well as the existence of 
minority charge carriers and the associated 
electron-hole scattering [15]. 

Fig. 2d shows the curves of ( )LHp T  in 

comparison with the curves of *( )p T  obtained 
within the single-band model. It can be seen from 
Fig. 2d that the character of the concentration 
dependences is also qualitatively similar.  At the 
same time, the deviation from the linear character 
of the curves in the presented coordinates 
suggests that several impurity levels exist in the 

wafers under study (since the concentration of 
intrinsic charge carriers in GaSb in the 
temperature range under consideration does not 
exceed 1012 cm–3). Thus, the non-monotonic 
character of the initial ( )xx T  curves is 

determined by the monotonic changes in the 
concentration and mobilities of the charge 
carriers along with temperature. 

It is important to note that despite the 
similarity of the curves obtained within the 
single-band and two-band models, a more 
detailed analysis of the temperature dependences 
of the ratios * / LH   and * / LHp p  shown in Figs. 

2e–f proves that even in our case, the values vary 
somewhat along with the temperature, i.e the 
curve shapes turn out to be different. This 
difference can be much more noticeable if 
coefficients Kn and K change along with the 
temperature. Therefore, the results obtained 
within the single-band model may, in the general 
case, not only be numerically incorrect but also 
introduce significant distortion into the 
determined change of transport parameters  with 
temperature. This becomes essential for the 
subsequent analysis of such dependences, for 
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example, for estimating energies of impurity 
levels in the system.  

A much more obvious limitation of the 
single-band model is the lack of a simple 
relationship between the obtained values and the 
actual parameters of a multiband semiconductor. 
In particular, to estimate the chemical potential 
(position of the Fermi level F  relative to the 

valence band top V ) in a p-type semiconductor, 

the standard expression is used [16]: 

      ln /Φ ,F V VT kT p T T            (13) 

where p is the free hole concentration, and 
( )V T  is the density of states in the valence 

band, which is calculated (in units of m–3) as 

 
3/2*

21Φ 4.83 10 ,V
e

m
T T

m

 
   

 
           (14) 

where m* is the density-of-states effective mass of 
carriers in the band, and me  which depends on 
the free electron mass. Accordingly, when the 

data *( )p T  obtained within the single-band 

model are used, quantity m* loses its meaning as 
an effective mass and becomes a “gauge” 
constant, i.e., a fitting parameter, and cannot be 
estimated independently without applying the 
two-band model. In turn, there is no such problem 
for the ( )LHp T  curves, since in this case one can 

use the tabulated value of * 0,05LH em m  [7, 8, 

10].  The result of the corresponding calculation 
is shown in Fig. 3, and the inset shows the change 
of the degeneracy factor ( ) / ( )LH LHp T T  along 

with the temperature.  For the samples under 
study, the ratio ( ) / ( )LH LHp T T  does not exceed 

0.12, this confirming the applicability of non-
degenerate statistics for describing the studied 
wafers (classical criterion  0.15 [16]). In its turn, 
the chemical potential (Fig. 3) shifts toward the 
middle of the bandgap upon warming, which is 
typical for an extrinsic semiconductor.  
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Fig. 3. Temperature dependence of the chemical potential 
position measured from the valence band top for the 
samples under study.  The inset shows the change of 

degeneracy factor pLH(T)/LH(T) along with the 
temperature 

Conclusion 

This paper presents a study on the 
magnetotransport properties of commercially 
available p-GaSb wafers.  The temperature 
dependence of the sample resistance was shown 
to be non-monotonic, resulting from the 
monotonic changes in the underlying transport 
parameters.  The Hall effect analysis was 
performed both within the framework of the 
standard single-band model and considering the 
existence of both light-hole and heavy-hole 
bands.  An algorithm for data processing within 
the two-band model has been described. 
The values of the hole concentrations and 
mobilities obtained within the two models turned 
out to be significantly different. Furthermore, 
the proportionality coefficient between the 
corresponding results depends on a number of 
system parameters and cannot be calculated 
independently. From the temperature dependence 
of the charge carrier concentration calculated 
within the two-band model, the change of the 
chemical potential along with temperature has 
been determined.  Since the position of the 
substrate's chemical potential determines the band 
bending for a layer grown on it, the obtained 
values of ( )F T  can be used for further design of 

heterostructures based on epi-ready p-GaSb 
substrates manufactured by Pam Xiamen (China). 
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The areas of confinement of charged microparticles with a diameter of 5–50 microns in a 
linear quadrupole trap with a pulsed alternating rectangular voltage in air at atmospheric 
pressure have been numerically calculated and experimentally confirmed. The influence of the 
voltage amplitude, its frequency, and the asymmetry of rectangular pulses on the position and 
width of the retention areas has been established. It is confirmed that the retention areas 
depend on the particle diameter. It has been found that in a trap with a sinusoidal voltage, it is 
possible to stabilize the trajectories of a particle or make them unstable by using additional 
rectangular pulses of an external alternating electric field by changing its frequency. 
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Introduction 

Linear electrodynamic traps with a 
sinusoidal confining voltage are used for various 
tasks: studying the properties of both individual 
particles and Coulomb structures, and 
determining the particle size and charge based on 
their trajectories in a quadrupole field, etc. [1–4]. 
Structurally, a linear quadrupole trap is close to 
mass spectrometers and mass filters. To improve 
the capabilities of the latter, the application of a 
rectangular (often called digital) waveform of the 
filtering voltage has recently been investigated 
[5–13]. Our studies have shown [14–16] that the 
rectangular voltage waveform has a number of 
advantages for confining micron-sized charged 
particles in quadrupole linear traps in air at 
atmospheric pressure.  For rectangular voltage, 
theoretical studies of the stability regions of 

filters [5–12] and ion traps [13] have been 
performed for vacuum conditions, where the 
particle dynamics depends only on the charge-to-
mass ratio Q/m, i.e., the similarity law is true. 
Since the confinement of micron-sized charged 
particles in a trap in air at atmospheric pressure is 
significantly affected by gravity and viscous 
friction forces, the confinement region 
calculations made for a vacuum are inapplicable. 
Calculations considering gravity and viscous 
friction forces are required for each particle size. 
The aim of this paper is to calculate the 
confinement regions for particles of various sizes 
(5–50 μm) under asymmetric voltage pulses of 
different frequencies, to perform experimental 
studies, and to describe the effect of an external 
electric field and a corona discharge plasma on 
confinement. 
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Experimental Setup and Calculation Model 

The experimental scheme is similar to that 
described in [14–16].  Linear cylindrical 
electrodes of the trap are 4 mm in diameter and 
10 cm in length, and are fixed at the vertices of a 
square with a 2-cm side . A pulsed periodic 
alternating voltage of rectangular waveform with 
a frequency of 50 and 100 Hz and an adjustable 
amplitude V of up to 10 kV is applied to the 
linear electrodes. For asymmetric pulses, the ratio 
of the positive pulse duration to the pulse 
repetition period is defined as the positive pulse 
duty factor Kp. The effect of the corona discharge 
plasma was studied in a quadrupole trap with thin 
electrodes 110 mm in length and diameters of 63, 
120, and 200 μm, spaced 1 cm apart. Dielectric 
polydisperse Al2O3 particles with sizes of 1–
80 μm were used.  Microparticles were charged 
inductively on a metal plate at a constant 
potential of 5–7 kV.  

Since finding the confinement regions for 
such conditions through an analytical 
investigation of the equations is a complex task, a 
numerical method based on calculations of stable 
and unstable particle trajectories was used. The 
physical parameters of the model were chosen in 
accordance with the experiments.  The calculation 
scheme is detailed in [15, 16] and consists of 
solving the Langevin equation considering the 
gravity and the friction force according to the 
Stokes' formula Ff = –6rv, where r is the 
particle radius,  is the air viscosity, and v is the 
particle velocity.  The initial position of the 
particle in the trap is 350 μm below the center of 
the trap potential well, and the initial particle 
velocity is zero.  The calculation was performed 
for particles sized 5, 10, 20, and 50 μm in air at 
the atmospheric pressure for different waveforms 
of the voltage applied to the electrodes 
(sinusoidal and rectangular). 

Findings and Discussion 

Figure 1 shows the confinement regions 
(calculation) in “voltage amplitude – particle 
charge” coordinates for sinusoidal and 
rectangular (meander) voltages at a frequency of 
50 Hz for particles sized 50 and 20 μm.  The 
regions expand as the voltage decreases. The 
electric field forces of the trap at the lower 

boundary are insufficient to compensate for 
gravity, and the particle falls out of the trap. 
At the upper boundary, the electric forces are so 
large that the particles escape from the trap. For 
50-μm particles, the regions for the sinusoidal (1)
and rectangular (2) voltages are similar in size,
but region 2 is shifted toward lower charges,
which agrees with the previously obtained
experimental result [14], where a charged particle
was confined at a lower amplitude of the
rectangular voltage.  Since in the case of the
rectangular potential, the electric field at its peak
value acts for a significantly longer time than in
the case of the sinusoidal one, particles are
confined at a lower voltage amplitude. For the
same reason, particles at the upper boundary
escape from the trap at a lower voltage amplitude,
and as a result, the entire confinement region
shifts to the left and downward.  Confinement
region 3 for particles sized 20 μm is shifted to
even lower charges compared to region 2 for
50-μm particles. As the diameter decreases, the
gravity force and viscous friction decrease, so the
particle is more easily confined at a low charge.
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Fig. 1. Confinement regions of particles for different 
voltage waveforms at the frequency of 50 Hz 

(calculation): 1 (red) – sinusoidal, 50 μm;  
2 (blue) – rectangular (meander, Kp = 50%), 50 μm;  

3 (green) – rectangular, 20 μm 

Figure 2 shows the confinement regions 
(calculation) for 50-μm particles under meander 
voltage at frequencies of 50 Hz (2, blue) and 
100 Hz (1, red). When the frequency was 
increased to 100 Hz, confinement region 1 shifted 
toward higher particle charges so far that regions 
1 and 2 did not overlap. Consequently, particles 
that were confined in the trap at a frequency of 
50 Hz would not be confined when the frequency 
was increased to 100 Hz. This fact was verified 
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experimentally.  At a voltage amplitude of 4 kV 
(meander) and a frequency of 50 Hz, a cloud 
consisting of a large number of particles was 
confined in the trap.  As the frequency was 
increased in 20-Hz steps, the number of particles 
gradually decreased, and at 100 Hz, no particles 
remained in the trap. 
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Fig. 2. Confinement regions for particles with a diameter 
of 50 μm under meander voltage.  1 (red) – frequency of 

100 Hz; 2 (blue) – 50 Hz 

For a sinusoidal confining voltage with a 
5 kV amplitude, a 50 Hz frequency, and a 2.5-kV 
voltage on the charging plate, particles sized from 
2 to 60 μm were confined in the experiment, with 
an average size of 26 μm.  The estimate of the 
physically possible charge for 20-μm particles 
(15,625–195,312 e) completely covers the 
calculated confinement region (12.600–32.800 e). 
For 5-μm particles, the overlap is 87%  
(976–12.207 e vs. 2.600–9.300 e); for 50 μm 
particles, it was about 30% (97.656–1.220.703 e 
vs. 178.100–278.100 e).  Since the original 
mixture initially contained few particles smaller 
than 10 μm or larger than 40 μm - the 
experimentally obtained particle size distribution 
was similar to that of the original mixture.  Thus, 
the experiment confirms the calculations. 

Fig. 3 shows the effect of positive half-
cycle duty factor Kp on the confinement regions 
(calculation) for 20-μm particles at a 50-Hz 
frequency.  Confinement was possible at 
Kp = 50%, 40%, 35% due to the balance of 
forces.  At Kp = 40% , region 2 lies inside region 
1 (Kp = 50%) and was shifted to the right toward 
higher charges; at Kp = 35%, region 3 became 
even narrower and shifted further to the right, 

extending beyond the boundary of region 1. 
Consequently, as the pulse asymmetry increased, 
the range of stable charges narrowed.  For 
particles sized 5 and 50 μm, confinement was 
possible only at Kp = 50% (meander).  Light 
particles (5 μm) were more strongly shifted under 
asymmetric pulses and were attracted to the 
electrodes, while large particles (50 μm) did not 
have time to return during the short half-cycle 
due to inertia. Particles sized 10 μm were 
confined at Kp = 50% и 40%. The experimental 
data on the deposition of trapped particles were in 
qualitative agreement with the calculations. 
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Fig. 3. Confinement regions for microparticles with  
a 20-μm diameter at a 50-Hz frequency for different 
values of positive pulse duty factor Kp:  1 – meander 
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The effect of an external pulsed periodic 
alternating electric field, with the frequency 
varying in the range of 20–170 Hz, on the particle 
trajectories in the trap under a sinusoidal 
confining voltage (5–7 kV, 50 Hz) was studied 
experimentally and numerically.  The external 
electric field was generated by two metal plates 
placed at a distance of 2 cm from the trap 
electrodes, to which a meander-shaped pulsed 
voltage (3–5 kV) was applied.  It was found that 
the external electric field excited two different 
instabilities: particle ejection at a 27 Hz 
frequency and particle loss at 200 Hz, both in 
calculations and experiments.  At 125 Hz, the 
trajectories stabilized, particle oscillations 
decreased and the distance between particles was 
reduced.  The calculation results are in alignment 
with the experiments. Figure 4 shows the 
calculated trajectories: a stable trajectory without 
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an external electric field is shown on the left; the 
instability excited at an external field frequency 
of 27 Hz is shown on the right, where the 
trajectory amplitude increased with each 
oscillation, causing the particle escapes from the 
trap. 

The effect of the plasma on particle 
confinement was studied in a quadrupole trap 
with electrodes having diameters of 63, 120, and 
200 μm, 11 cm in length, and a 1-cm distance 
between the electrodes. The threshold ignition 
voltage was  2.6 kV for the 63 and 120-μm 
electrodes, and 4.0 kV for the 200-μm electrodes. 

With the electrodes of 63 and 120 μm, particles 
sized 2–8 μm were trapped; for the electrodes of 
200 μm, particles sized 40–60 μm were trapped. 
Stable particle confinement was observed at 
corona discharge currents of 15–70 μA.  Figure 5 
shows an image of particles confined in the trap 
with an electrode diameter of 63 μm under 
rectangular voltage pulses (meander) with a 
3.2 kV amplitude, a 50 Hz frequency, and 30 μA 
corona discharge current. The number of trapped 
particles at the meander voltage was much larger 
than at the sinusoidal voltage of the same 
amplitude. 
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Fig. 4. Left: stable trajectory without the external electric field.  Right: trajectory of the particle escaping  
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Fig. 5. Photo of microparticles trapped by the trap 
with corona discharge plasma 

Conclusion 

Experimental and numerical studies have 
shown that the confinement regions depend on 
the particle sizes, and the similarity law for the 
charge-to-mass ratio does not hold. This 

difference allows for selectively influencing 
particles of a specific size.  The waveform of the 
confining voltage has been found to have a 
significant effect on the stability regions. The 
rectangular confining voltage (meander) allows 
for the confinement of particles with a lower 
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charge than the sinusoidal voltage does, due to 
the longer appliction of the electric field at its 
amplitude value. An increase in the frequency of 
the confining voltage shifts and expands the 
confinement regions toward higher voltages and 
charges, which allows for the selective screening 
of particles. As for asymmetric rectangular 
voltage pulses, as the duty factor Kp decreases, 
the confinement region narrows and shifts toward 
higher charges, thus allowing for the selective 
confinement or screening of particles of different 
sizes. An external meander-shaped electric field 
allows for controlling the particle dynamics in a 
trap with a sinusoidal confining voltage: by 
varying the frequency of the external electric 
field, one can cause a loss of particles or the 
excitement of instability, leading to particle 

escape from the trap.  There is a frequency range 
in which the external electric field stabilizes 
unstable particle trajectories in the trap, thus 
reducing the oscillation amplitude and the 
distance between particles. It was experimentally 
found that, in a quadrupole linear trap with a 
corona discharge plasma under a  meander-
shaped rectangular voltage, much more particles 
are confined than under a sinusoidal voltage. This 
occurs only in a narrow range of corona discharge 
currents, while the size of the confined particles 
depends on the diameter of the corona electrodes. 

__________________ 

This paper was supported by the Ministry of Science 
and Higher Education of the Russian Federation 

(State Assignment No. 075-00270-26-00). 

REFERENCES 

1. Mihalcea B. M., Filinov V. S., Syrovatka R. A., and Vasilyak L. M., Phys. Rep. 1016, 1–103 (2023).
2. Rybin V. V., Rudy S. S., and Kokorina O., JVE 32, 156–159 (2020).
3. Rudy S. S., Vasilyev M., Rybin V. V., and Rozhdestvensky Yu. V., Int. J. Mass Spectrom. 479, 116894 (2022).
4. Rybin V. V., Rudyi S. S., and Rozhdestvensky Yu. V., Int. J. Non-Linear Mech. 147, 104227 (2022).
https://doi.org/10.1016/j.ijnonlinemec.2022.104227
5. Reilly P. T. A., Chakravorty S., Bailey C. F., Obe F. O., and Huntley A. P., J. Am. Soc. Mass Spectrom. 32 (10),
2615 (2021).
6. Simke F., Fischer P., Marx G., and Schweikhard L., Int. J. Mass Spectrom. 473, e116779 (2021).
7. Ivanov A. I., Sysoev A. A., and Konenkov N. V., Eur. J. Mass Spectrom. 30 (3–4), 143 (2024).
8. Ivanov A. I., Sysoev A. A., Konenkov A. N., and Konenkov N. V., J. Mass Spectrom. 59 (6), e5030 (2024).
9. Sheretov E. P. and Terentev V. I., Technical Physics 42, 953 (1972) [in Russian].
10. Richards J. A., Huey R. M., and Hiller J., Int. J. Mass Spectrom. 12, 317 (1973).
11. Ding L., Sudakov M., and Kumashiro S., Int. J. Mass Spectrom. 221, 117 (2002).
12. Sudakov M. and Nikolaev E., Eur. J. Mass Spectrom. 8, 191 (2002).
13. Ding Li, Sun Lulu, and Wang Weimin, Mass Spectrometry Reviews 336 (2026). https://doi.org/10.1002/mas.70022
14. Dobroklonskaya M. S., Vasilyak L. M., Vladimirov V. I., and Pecherkin V. Ya., Applied Physics, No. 2, 29–34
(2023) [in Russian].
15. Dobroklonskaya M. S., Vasilyak L. M., Vladimirov V. I., and Pecherkin V. Ya., Applied Physics, No. 3, 93–98
(2024) [in Russian].
16. Dobroklonskaya M. S., Pecherkin V. Ya., Vladimirov V. V., and Vasilyak L. M., Herald of the Joint Institute for
High Temperatures 15, 44–48 (2024) [in Russian].

About authors 

Dobroklonskaya Marina Sergeyevna, Postgraduate Student Joint Institute for High Temperatures of Russian 
Academy of Sciences (Bld. 2, 13 Izhorskaya Ulitsa, 125412, Moscow, Russia). E-mail: m.dobro42@gmail.com SPIN code: 
5232-9283, AuthorID: 1175259  

Vasilyak Leonid Mikhailovich, Candidate of Physical and Mathematical Sciences, Chief Researcher Joint Institute 
for High Temperatures of Russian Academy of Sciences (Bld. 2, 13 Izhorskaya Ulitsa, 125412, Moscow, Russia). E-mail: 
vasilyak@ihed.ras.ru SPIN code: 5623-5167, AuthorID: 19599, ORCID 0000-0001-6982-3038, Scopus ID 7004886755 

Vladimirov Vladimir Ivanovich, Senior Researcher Joint Institute for High Temperatures of Russian Academy of 
Sciences (Bld. 2, 13 Izhorskaya Ulitsa, 125412, Moscow, Russia). E-mail: vld@ihed.ras.ru SPIN code: 4150-6689, AuthorID: 
26958 

Pechorkin Vladimir Yakovlevich, Candidate of Physical and Mathematical Sciences, Senior Researcher Joint 
Institute for High Temperatures of Russian Academy of Sciences (Bld. 2, 13 Izhorskaya Ulitsa, 125412, Moscow, Russia). 
E-mail: vpecherkin@yandex.ru SPIN code: 4910-0417, AuthorID: 1089774, ORCID 0000-0001-7470-5132, Scopus ID
6507468054



Applied Physics, 2026, No. 3 40 

PLASMA PHYSICS AND PLASMA METHODS 

UDC 533.9.07, 66.092-977     PAСS: 52.75.Hn, 82.30.Lp 

EDN: PHOPWC 

Steam-water reforming of methane using a AC plasmatron of megawatt power 

S. G. Rebrov
*
, V. V. Koshlakov, A. N. Golikov, I. A. Fedorov,  

V. A. Golubev, and D. A. Goza

SSC Keldysh Research Centre. 8 Onezhskaya Str., Moscow 125438, Russian Federation 
* E-mail: rebrov_sergey@mail.ru

Received 9.02.2026; revised 26.02.2026; accepted 5.06.2026 

This paper presents the results of a study of steam-water conversion of methane using a three-

phase AC plasmatron of megawatt power operating on methane. The process was carried out 

with the simultaneous supply of methane to the arc channels of the plasmatron and water to 
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stage, followed by steam-water conversion together with water supplied to the plasmatron 
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Introduction 

Methane steam-water reforming is one of 

the methods for producing synthesis gas, which 

serves as an intermediate feedstock in many 

chemical processes. There are several methods 

for its production from natural gas: steam 

catalytic reforming, CO2 reforming, and partial 

oxidation [1–3]. During steam reforming, 

methane reacts with steam under a pressure of 

0.3–2.5 MPa in the presence of a catalyst and 

produces synthesis gas. Reaction (1) is 

endothermic, the energy required to carry out the 

reaction should be obtained from an external 

source. Currently, steam reforming of methane is 

the main industrial method of producing 

hydrogen: 

CH4 + H2O  CO + 3H2 ΔH = 

= +206 kJ/mol. (1) 

During CO2 reforming, methane reacts with 

carbon dioxide to form synthesis gas with an 

increased content of carbon monoxide. This 

method has recently attracted considerable 

interest due to the simultaneous use and reduction 

of emissions of two common and undesirable 

greenhouse gases CH4 and CO2. 

CH4 + СO2  2CO + 2H2 ΔH = 

= +247 kJ/mol. (2) 

As a result of this process, synthesis gas is 

produced with a molar H2/CO ratio close to 1, 

which is optimal for subsequent Fischer–Tropsch 

synthesis. 

https://удк.xyz/widget
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Both reactions (1) and (2) are highly 

endothermic, requiring energy supply.  

Partial oxidation of methane is also an 

attractive alternative method for producing 

synthesis gas [3]. The reaction is exothermic, 

reducing the energy consumption of the 

reforming process. 

CH4 + 1/2O2  CO + 2H2 ΔH = 

= -36 kJ/mol. (3) 

The non-plasma technologies considered 

above have limitations related to the need for 

catalysts, which gradually deactivate during the 

process at high temperatures due to 

agglomeration and carbon deposition. 

Unlike these traditional technologies, 

plasma reforming has a number of important 

advantages, in particular, high quality of the gas 

produced and ease of control of its composition, 

compactness, fast response time, compatibility 

with a wide range of hydrocarbons and 

elimination of problems with catalysts. Moreover, 

plasma technologies are environmentally friendly 

processes because they do not emit greenhouse 

gases. 

Plasma technologies are based on the use of 

non-equilibrium plasma or thermal plasma. 

Corona discharge [4], microwave discharge [5], 

sliding arcs [6], barrier discharge [7], and glow 

discharge [8] are used as non-equilibrium plasma. 

In this case, active particles are formed that 

participate in the chemical mechanism, however, 

a break in the chemical process chain at the 

endothermic stages is extremely likely. Therefore, 

these methods are very  energy-consuming and 

can only be used in conjunction with catalysts. 

In higher-performance devices, thermal 

plasma of carbon dioxide [9, 10] and water vapor 

[11] is used. In this case, the conversion rate and

selectivity are determined by the process

temperature. Significant methanation under the

action of water vapor and carbon dioxide occurs

at high temperatures (above 1,100 C) [12].

At the same time, higher temperatures lead to

increased selectivity towards acetylene. The

economic features of this method are determined

by the service life of the electrode assembly,

productivity and efficiency of using electrical

energy [13].

Experimental conditions and their analysis 

In the present work, the AC plasmatron 

with megawatt power "Zvezda" was used as a 

source of plasma heating of methane and water 

(Fig. 1). The plasmatron design features and the 

description of operation with various gases are 

given in [14–19]. In this work, methane was 

supplied to the arc channels (electrodes), pos. 1 in 

Fig. 1, and water was supplied to the plasmatron 

chamber, pos. 2 in Fig. 1. To enable operation 

with methane and use the plasmatron in plasma-

chemical technologies, the plasmatron design was 

modified to avoid negative effects associated with 

the possible deposition of carbon in the insulator 

area and methane injection points into the arc 

channels [20–22]. Towards the camera, pos. 2 in 

Fig. 1, through the nozzle, pos. 7 in Fig. 1, the 

adapter is attached, pos. 8 in Fig. 1, designed to 

increase the residence time of pyrolysis products. 

Gas is extracted at the end of the mouthpiece for 

chromatographic analysis from the channel, 

pos. 10 in Fig. 1. The gas composition of the 

pyrolysis products was measured using a 

Crystallux 4000M chromatograph, with argon as 

the gas carrier. Pyrolysis products flow through 

the adapter nozzle, pos. 9 in Fig. 1, into the test 

box and burn up in the atmosphere, as shown in 

Fig. 2. The total volume of the chamber and the 

adapter is 2.8 liters, and the total residence time 

of the pyrolysis products is 2.5 ms. 

The described scheme for supplying 

plasma-supporting gas into the arc channels and 

liquid into the chamber was previously used [14] 

for plasma gasification of a coal-water slurry 

(CVS) of the composition 40% H2O, 60% C with 

a plasmatron power of 680 kW, a plasma-

supporting gas flow rate of 97 g/s, and CVS flow 

rate of 70 g/s. 

In the present work, the power of the 

plasma torch varied in the range from 1.32 to 1.61 

MW, and the efficiency measured by heat loss to 

the plasma torch cooling system was η = 85%. 

Table 1 contains the test parameters. In all 

experiments except No. 7, water was supplied to 

the chamber. Specific energy deposition to 

methane and water (Table. 1), was calculated as 

follows: 

Nsp = Nd η / (GCH4 + GH2O), 

where G CH4, G H2O are methane and water flow 

rate; Nd  is the arc power.  



Applied Physics, 2026, No. 3 42 

The pressure in the plasmatron chamber Pch 

varied in the range from 0.21 to 0.25 MPa and 

was determined by both the flow rates of methane 

and water, as well as the diameters of the adapter 

outlet nozzles d n and the plasmatron chamber d c. 

Table 2 contains the results of the 

measurements of the volumetric fractions of 

pyrolysis products and the mass fractions

obtained by calculation. The calculation of mass

fractions was based on the results of volumetric

fractions measurements and on the condition that 

the number of carbon, hydrogen and oxygen 

atoms in a mixture of methane and water with a 

total flow of GCH4 + GH2O is preserved. The 

fraction of water that reacted was determined 

using the volumetric fractions of CO in the 

pyrolysis products. It was assumed that the rest of 

the unreacted water was discharged with a plume. 

The last column of Table 2 shows Н2/СО, the 

ratio of the volumetric fractions of H2 and CO. 

1 
3 

6 

4 
A 

5 

2 

C 

B 

7 

8 

11 

10 

9 

Fig. 1. The plasmatron "Zvezda" scheme: 1 – electrode; 

2 – chamber; 3 – magnetic coils; 4 – CH4 supply to 

electrodes; 5 – H2O supply to the plasmatron chamber;  

6 – electric arc; 7 – chamber outlet nozzle; 8 – adapter;  

9 – nozzle at the adapter outlet; 10, 11 – sampling for 

chromatographic analysis 

Fig. 2. Photo of the plasmatron start-up:  

1 – plasmatron; 2 – adapter; 3 – protective shield; 

4 – combustion of pyrolysis products in the 

atmosphere 

Figure 3 shows the dependence of the 

pyrolysis products volumetric fractions on the 

inlet ratio of GH2O/GCH4 flow rates. As can be 

seen, the hydrogen concentration decreases from 

82% to 74% as the flow rate of the supplied water 

increases. In turn, the CO concentration also 

decreases, but more significantly, from 15.8% to 

10%. There is a significant increase in acetylene 

concentration as water flow rate increases: from 

1% to 8%, the percentage of ethylene and 

unreacted methane also increases. Water was not 

detected in the gaseous pyrolysis products due to 

its condensation in the pipeline connecting the 

sampling device to the chromatograph. The ratio 

of volumetric fractions Н2/CO increases from 5.2 

to 7.3 with increasing water flow into the 

plasmatron chamber (Curve 6 in Fig. 3). 

The water and carbon concentrations were 

guided by the dependences of the mass fraction 

distributions presented in Table 2 and Figure 4, 

which show the flow rates of pyrolysis products 

directly in g/s. At the minimum water supply 
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GH2O/GCH4 = 0.55, the mass fraction of water in 

the pyrolysis gas is minimal and amounts to 

2.6%, the remaining water participated in the 

reaction. At the same time, the methane 

conversion rate is more than 99%. As GH2O/GCH4 

increases, the concentration of water in the 

pyrolysis gas increases to 48% by weight. 

Figure 4 also shows the dependence of the 

equilibrium temperatures in the chamber Te 

(curve 8), obtained by calculation [23] using data 

on specific energy consumption N sp. It can be 

seen that an increase in GH2O/GCH4 at the inlet 

leads to a decrease in Te, while a decrease in the 

content of CO and C is accompanied by an 

increase in the content of acetylene by more than 

4 times.  

Table 1 

Experimental setting 

Experiment 

No. 
G CH4, g/s G H2O, g/s GH2O /GCH4 N d, kW N sp, MJ/kg dc, mm dн, mm P к, MPa 

1 43.28 24 0.555 1.61 20.62 30 32 0.216 

2 44.99 36 0.800 1.52 16.17 30 32 0.235 

3 44.08 36 0.817 1.49 15.97 30 32 0.233 

4 47.2 66 1.398 1.32 10.02 30 32 0.246 

5 46.95 67 1.427 1.35 10.21 30 28 0.241 

6 46.92 67 1.428 1.64 12.39 30 28 0.238 

7 57.54 0 0 1.384 20.67 30 60 0.182 

Table 2 

Composition of pyrolysis products 

Experiment 

No. 
H2 C2H4 C2H2 CH4 CO C H2O Н2/СО

1 
, % 82.18 0.48 1.02 0.49 15.83 0 0 

5.19 
, % 19.07 1.56 3.08 0.91 51.43 21.35 2.61 

2 
, % 77.82 0.45 5.17 1.95 14.62 0 0 

5.32 
, % 14.77 1.2 12.75 2.96 38.84 10.01 19.48 

3 
, % 78.87 0.597 5.23 1.06 14.24 0 0 

5.53 
, % 14.83 1.57 12.78 1.59 37.51 10.87 20.84 

4 
, % 74.68 0.65 8.12 5.78 10.77 0 0 

6.93 
, % 9.17 1.12 12.94 5.68 18.52 6.17 46.39 

5 
, % 74.99 0.91 7.89 6.12 10.07 0 0 

7.44 
, % 8.89 1.51 12.17 5.81 16.72 6.85 48.05 

6 
, % 74.61 0.77 8.12 6.3 10.20 0 0 

7.31 
, % 8.86 1.28 12.54 5.99 16.97 6.46 47.91 

7 
, % 77.61 0.97 12.29 9.13 0 0 0 

– 
, % 17.62 3.08 36.28 16.59 0.000 26.42 0.000 

Using the dependence of Te on GH2O/GCH4 

shown in Fig. 4, calculations of H2O/CO were 

performed in the equilibrium approximation using 

[23] (curve 7 in Fig. 3). As can be seen, the

nature of the curve obtained as a result of

calculations differs significantly from the

experimental one: an increase in GH2O/GCH4 leads

to a decrease in Н2/СО to 3.2, while in the 

experiment there is an increase in  Н2/СО 

(curve 6 in Fig. 3). This is due to the processes 

non-equilibrium in a chamber. This is confirmed 

by the results obtained without supplying water to 

the chamber (line 7 in Tables 1 and 2). In this 

case, the composition was measured directly 

before entry into the adapter through the existing 
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gas sampling channel, item 11 in Fig. 1. As can 

be seen, in this case, the maximum concentration 

occurs for acetylene, which indicates the 

processes non-equilibrium due to the short 

residence time. As a result, when water is 

supplied to the chamber from the nozzle, it 

interacts with both undecomposed methane 

(16.6% by weight) and acetylene (36.3% by 

weight). The interaction of acetylene with water 

has been sufficiently studied at low temperatures 

(the Kucherov reaction). For high temperatures, 

without catalysts, the kinetic process has been 

poorly studied. However, the equilibrium 

calculation shows that, for example, at 

GH2O/GC2H2  1 and a temperature of 1,500 K, the 

pyrolysis products consist of H2, CO, C in a 

molar fractions ratio of 4.4 : 2.5 : 1, in the 

absence of C2H2. This indirectly confirms the 

two-stage nature of methane steam-water 

reforming in the structure under consideration. 

1    H2;  2     C2H4;     3    C2H2;   4     CH4; 

5    CO;  6    H2/COexp;   7 H2/COcalc
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Conclusion 

1. The possibility of autonomous operation

on methane of the AC plasmatron with megawatt 

power, as well as when supplying water to carry 

out steam–water methane reforming, during 

which methane is supplied to the arc channels of 

the plasmatron, and water supply to the 

plasmatron chamber has been demonstrated. Data 

on the influence of the methane-to-water flow 

rate ratio on the concentration of pyrolysis 

products have been obtained. The operating 

modes of the plasmatron varied in the following 

ranges: arc power from 1.32 to 1.61 MW, 

methane flow rate from 43 to 57.5 g/s, water flow 

rate from 0 to 67 g/s. 

2. It was demonstrated that reducing the

water-to-methane flow rate ratio to 

GH2O/GCH4 = 0.55 results in a minimum 

Н2/СО  ratio of 5.2 at a methane pyrolysis

degree exceeding 99%. When increasing

GH2O/GCH4 to  1.42, the ratio of  Н2/СО

increases to 7.3.

3. It has been established that the

investigated processes are significantly 

influenced by non-equilibrium conditions due to 

the short residence time of pyrolysis products, 

and the decomposition process itself proceeds via 

a two-stage scheme: methane pyrolysis in arc 

channels – at the first stage, followed by steam-

water reforming together with water supplied into 

the plasmatron chamber – at the second stage. 
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The influence of crystal diameter on the directed electric discharge in water along  
a thin trace with NaCl salt ions 
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A recent study demonstrated that it is possible to control the trajectory of an electrical 
discharge in water using a thin trail of increased electrical conductivity formed by the 
movement of a sodium chloride (NaCl) crystal in water. An unusual structure of the discharge 
channel was also noted, namely the formation of separate, unconnected plasma regions that 
subsequently merge into a single discharge channel. An explanation for this phenomenon was 
provided based on shadowgraph images depicting the distribution of dissolved salt around the 
crystal and the results of numerical simulations of concentration. These revealed the influence 
of a vortex forming behind the crystal on the distribution of salt, conductivity, and ultimately, 
energy release in the region immediately following the crystal, the maximum of which was 
found to be significantly displaced from the surface. In the present work, the investigation was 
conducted using a crystal of smaller diameter (195 µm vs. 518 µm), and a comparison of the 
results is presented. The reduction in diameter led to a vortex-free flow regime and a more 
monotonic distribution of salt concentration within the trail. This, in turn, altered the 
discharge development, which became sequential – propagating from the electrode to the 
crystal and then continuously further into the trail. Numerical simulations, implemented in a 
new, refined three-dimensional formulation, revealed a pattern of heat release distribution 
distinct from the case of the 518 µm crystal and consistent with the results of the present 
experiment. 

Keywords: guided discharge, breakdown, water, electrolyte, salt, NaCl, crystal, non-uniform 
conductivity field. 
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Introduction 

Controlling the trajectory and dynamics of a 
pulsed electric discharge in condensed media is a 
fundamental scientific and engineering task. This 
problem is most acute in liquids, in particular in 
water, where high heat capacity and the presence 
of ionic conductivity create obstacles to the 
formation of extended discharge channels. 
Classical approaches to solving this problem, 

originating from the work of L. A. Yutkin on the 
electrohydraulic effect [1], include the use of 
exploded wires (metal wire) or the use of laser 
radiation to create an area of reduced density or 
optical breakdown along the discharge path [2, 3]. 
However, both methods have a number of 
features and limitations. The wire method 
requires mechanical reinstallation of the electrode 
after each pulse and leads to contamination of the 
working medium and electrodes with erosion 
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products [1]. Laser control, although contactless, 
involves the use of more complex and expensive 
equipment [4, 5]. Therefore, the search for 
alternative, simpler, and more cost-effective 
methods of creating guiding channels with 
enhanced conductivity in water is currently 
relevant. 

A new approach proposed in [6] is the use 
of a crystal of table salt (NaCl) moving in the 
interelectrode gap. As the crystal dissolves, it 
leaves a trace with a locally increased 
concentration of ions, which determines the 
preferred trajectory for the development of the 
discharge [6]. The paper not only confirmed the 
fundamental possibility of such control, but also 
revealed the unusual nature of the discharge 
process: the formation of two separate, unrelated 
plasma regions – at the electrode and in the wake 
of the crystal, which subsequently combined into 
a single channel. It was hypothesized that this 
phenomenon is related to the hydrodynamic 
regime of crystal flow. When using a crystal with 
a diameter of 518 microns, a trailing-vortex wake 
formed behind it, leading to a nonmonotonic 
distribution of salt concentration (and therefore 
conductivity) and, as a result, to the localization 
of energy release at some distance from the 
crystal surface. The obtained results suggest a 
broader formulation of the question: how do the 
geometric parameters of the initiating element 
(crystal) influence the hydrodynamics of the flow, 
the spatial distribution of conductivity in the 
wake, and ultimately – the dynamics of discharge 
channel formation? 

The purpose of this paper is an 
experimental and numerical study of the effect of 
the diameter of a NaCl crystal on its flow regimes 
and the features of the development of a pulsed 
electric discharge in water. In this paper, the 
results obtained for a crystal with a diameter of 
195 microns are compared with previously 
published data for a crystal with a diameter of 
518 microns [6]. Reducing the diameter made it 
possible to implement a vortex–free flow around 
regime, which led to a more monotonous 
distribution of salt concentration inside the wake 
and a fundamentally different sequential 
breakdown dynamics. A refined three-
dimensional numerical model has been developed 
to interpret experimental data and imaging the 
heat release distribution. 

Experimental setup 

The task in the experimental part of the 
study is set as follows. The study focuses on the 
discharge channel development path in weakly 
conducting water, where regions of high electric 
field intensity (near the pointed electrode) and 
sodium chloride crystal moving in water are 
simultaneously present in close proximity. The 
crystal leaves behind a thin brine wake of 
relatively high conductivity due to partial 
dissolution. 

An experimental setup described in detail in 
[6, 7] was used to study the behavior of the 
discharge channel in the presence of the wake 
behind a falling salt crystal. Here we will give 
only a brief description of it, with an emphasis on 
its main parts and properties. The breakdown was 
carried out in a needle–plane electrode system, 
where "needle" refers to a pointed tungsten 
electrode (a cone 0.1 mm rounded tip radius) to 
which a high-voltage pulse was applied, and 
"plane" refers to a grounded round plate made of 
stainless steel. This configuration of the 
electrodes was chosen in order to ensure the 
maximum electric-field intensity near the high-
voltage electrode, where the salt crystal fell and 
high-speed imaging of the process was 
conducted. The electrodes were placed in a 0.5 
L cell with transparent walls filled with distilled 
water so that the entire surface of the electrodes 
was under water, the axis of the pointed electrode 
was perpendicular to the plane of the grounded 
electrode and parallel to the surface of the water. 
The distance from the pointed electrode top to the 
surface of the grounded one was 8 mm, and to the 
surface of the water – 1 cm. 

To ensure that the crystal falls, a tube with 
an inner surface in the form of a cone is used, so 
that when the crystal falls through it into the 
water, its path is well controlled. By adjusting the 
position of the tube, we achieved the crystal 
transmission in the immediate vicinity of the 
crystal edge. The optical scheme described in 
[6, 7] was used to control the crystal path. Here 
we briefly note that a shadow imaging method 
was used, which allows observing not only the 
crystal and the electrode, but also the thin wake 
with increased salt concentration. The spatial 
resolution of the system was approximately 
3 microns/pixel, and the frames exposure was 
10 microseconds. It should be noted that the 
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ability to control the location of the crystal drop 
made it possible to use a high-speed video camera 
as a trigger for the rest equipment used in the 
experiment: a high-voltage switch, an 
oscilloscope [6, 7]. 

The high-voltage supply to the pointed 
electrode was realized using a high-voltage 
switch of the "half-bridge" type, which, with a 
rise time of 100 ns and a fall time of 100 ns, 
applied voltage to the electrode and removed it, 
respectively. The voltage was applied from a 
high-voltage capacitor through a current shunt 
and a current-limiting resistor, triggered by a 
high-speed video camera signal–i.e., at the 
moment the crystal reached the region near the 
pointed end of the high-voltage electrode. During 
the experiment the following was recorded: 
voltage waveforms on the pointed electrode, the 
current between the electrodes, as well as high-
speed shadow film of frame strips of the 
development of an electric discharge between 
them. The study used salt crystals of two 
diameters: 195 and 518 microns. 

Mathematical modeling methods 

The electrical breakdown modeling of a salt 
crystal moving in water is divided into two 
stages. On the first stage, the flow around the 
crystal from the surface of which the salt 
dissolves is calculated. The crystal size (the ball 
radius) is considered unchanged when flowing 
around. For particle motion in the gravity field, 
the velocity distribution and salt concentration are 
calculated based on the Navier–Stokes equations 
solution, impurity transfer, and ODE (ordinary 
differential equations). The model uses a non-
inertial moving cylindrical coordinate system 
associated with a particle. The viscous friction 
force acting on a particle from a continuous 
medium is calculated by integrating the normal 
component of the stress tensor over the particle 
surface. Due to the axial symmetry of the 
problem, only the force component along the z 
axis differs from zero. On the particle surface, an 
adhesion condition is set as a boundary one. At 
the inflow boundary, the velocity of the liquid is 
equal to the crystal falling velocity. On the region 
outer boundary (the normal velocity and 
tangential stress are zero) a symmetry condition is 
set. At the initial moment of time, the crystal is 

considered stationary. The impurity transfer 
equation is solved in mass fraction variables, and 
the diffusion model is based on Fick's law. The 
solution density is determined based on the mass 
fractions of the mixture. A Dirichlet type 
condition is set on the surface of the sphere, i.e. 
the maximum mass fraction of salt is set based on 
the solubility limit. In addition, the conditions of 
axial symmetry, zero flow, as well as the 
condition for the free flow of passive impurities 
are set. The diameter is a characteristic parameter 
for the size of the computational region, as well 
as the size of the grid cells. In dimensionless 
coordinates, taking into account the axial 
symmetry setting, the ball center is 3 calibers 
away from the lower boundary. The trailing edge 
is located at a distance of 12 calibers from the 
center of the ball. The lateral (vertical) boundary 
of the computational region is located 4 calibers 
from the axis. The region dimensions were 
chosen in such a way that, in the local coordinate 
system of the falling body, the velocity field 
disturbances introduced by it into the flow are 
small at the boundaries. At start time, there is no 
admixture of salt in the solution. The solution 
conductivity is determined based on the obtained 
asymptotic distribution of the salt concentration 
based on experimental data from other authors [8].  

At the second stage, the obtained 
distribution is used for a stationary tasks in a 
three-dimensional formulation based on 
Maxwell's equations and relations for material 
parameters. On the electrode left surface 
(modeling a high-voltage pointed electrode), a 
constant potential is set with an amplitude 
corresponding to the experimental value (V = 8 
kV), the right (grounded) electrode of the same 
shape is grounded (V = 0 C), the remaining 
boundaries are provided with zero charge 
condition. At a distance from the crystal, the 
liquid parameters (permittivity, conductivity) are 
assumed to be equal to the values of distilled 
water. The results of the second modeling stage 
include the distributions of electric potential, 
current, and heat source density. 

Results and discussion. 
Experimental results 

Earlier, the authors showed [7] that the 
development of an electric discharge in the wake 
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of a moving crystal has a feature: in the early 
stages of development, the discharge channel is 
not continuous, but consists of separate sections – 
the first is located between the electrode and the 
crystal, and the second is inside the wake at a 
distance from the crystal of the order of its 
diameter. The explanation of this effect was given 
based on the results of numerical modeling of the 
crystal flow around, taking into account its 
dissolution and the salt concentration distribution, 
which provides increased electrical conductivity 
of individual regions. The formation of a toroidal 
vortex immediately behind the crystal led to the 
formation of a large region with increased 
conductivity and, thus, with a current density 
insufficient for boiling. At the same time, within 
the thin part of the wake behind the crystal, the 
current density becomes higher, and the heat 
generation is sufficient to form a vapor, and 
subsequently a plasma region. 

The crystal size plays an important role in 
terms of the formation of plasma regions and the 
formation of a discharge channel. It affects the 
motion rate, which in turn affects the absolute 
amount of dissolved salt, the increase in the 
diameter of the wake due to diffusion, the 
Reynolds number and the crystal flow around. 
The above factors ultimately determine the 
distribution pattern of electrical conductivity, heat 
generation, and the structure of the discharge 
channel. 

Figure 1 presents the film of frame strips of 
discharge development for crystals with 
diameters of 195 microns (upper row) and 
518 microns (lower row). In both cases, the 
discharge takes place between the electrode 
surface and the crystal surface facing it. Initiation 
takes place almost simultaneously with a 
correction for a larger distance for a crystal with a 
diameter of 195 microns. A distinctive feature in 
the case of a crystal with a diameter of 
518 microns is additional boiling (followed by 
plasma formation) in the wake of the crystal at 
some distance. Starting from frame #3 
(31 microseconds), the channel for a 195 micron 
diameter crystal develops in one direction – from 
the electrode towards the far end of the wake, and 
for a diameter of 518 microns – in three 
directions at once: from the electrode to the 
crystal, from the wake to the crystal, and from the 
wake towards its far end. With further 

development (frame #5, bottom row), a part of 
the channel is clearly visible, which formed later 
than the others and connecting the upper pole of 
the crystal with the rest portion of the wake, the 
diameter of which is several times smaller 
compared to the more distant part of the 
discharge channel.  

Fig. 1. Film of frame strips of the development of an 
electric discharge in water, guided by a trace of a moving 

salt crystal of different diameters: the upper row  
is 195 microns, the lower one is 518 microns.  
Exposure time of 10 microseconds, 64,000 fps 

The detected difference in the nature of the 
discharge development can also be traced on the 
oscillograph record of voltage, current and gap 
resistance (Fig. 2). When comparing the course of 
the oscilograph record (solid lines for 
195 microns, dotted lines for 518 microns), it can 
be seen that the current rise and resistance 
decrease for 195 microns take place 
monotonously and correspond to the development 
pattern of the discharge channel, and the only 
jump is associated with ionization and plasma 
formation in a single channel. For a crystal with a 
diameter of 518 microns, on the contrary, the rise 
and fall of the current between frames #2 and #3 
coincide with the phases of heating and 
vaporization in the far part of the wake, which 
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briefly hinders the flow of current, which then 
increases abruptly after ionization in this region. 
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Fig. 2. The waveforms of voltage (U), current (I), and 
resistance (R) at the discharge gap, corresponding to the 

film of frame strips in Fig. 1, are normalized to their 
values immediately after the voltage is applied. The frame 
numbers are marked at the bottom. Solid lines are for a 

crystal with a diameter of 195 microns, dotted lines are for 
a diameter of 518 microns. 

The observed difference in the behavior of 
the discharge channel is well interpreted by the 
results of the numerical modeling. Figure 3 
presents the distribution of concentration (left) 
and velocity (right) for both crystals. In addition 
to the obvious difference in the characteristic 
dimension of the conductive region with a high 
salt concentration, the difference in its 
distribution in the region between the crystal 
surface and the thin part of the wake is clearly 
visible: due to the larger dimension of the crystal 
with a diameter of 518 microns, a vortex forms 
when it flows around the upper pole, which leads 
to a non-monotonic concentration distribution 
across the wake and an increase in the region 
transverse dimension of increased concentration. 
For a 195 µm crystal, on the contrary, the 
distribution across the wake is monotonic with a 
maximum near the wake axis. This distribution of 
concentration leads to the fact that the distribution 
of heat release along the wake axis has a 
maximum closer to the crystal surface for a 
diameter of 195 microns compared with the case 
for a diameter of 518 microns (Fig. 4, curves 1 
and 2, respectively). At the same time, in the 
range from 0 to about 0.8 mm, the energy release 
for a crystal with a diameter of 195 microns 
significantly exceeds its value for a crystal with a 
diameter of 518 microns (curves 3 and 4, 
respectively), which corresponds to the results of 
optical detection (see Fig. 1). 
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Fig. 3. Modeling results of the crystals flow around with 
diameters of 195 and 518 microns for the concentration of 

dissolved salt (left) and the medium velocity (right) 
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along the wake axis, the distance L is calculated from the 
upper pole of the crystal. Curves 1 (195 microns) and 2 
(518 microns) are normalized to their global maxima 

along the entire length of the wake. Curves 3 (195 
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Findings 

The development of an electric discharge in 
water, guided by a conductive wake from a 
moving NaCl salt crystal, has a number of 
features related to the distribution of the 
concentration of dissolved salt in the wake. 

When a small crystal (195 microns in 
diameter) moves, the breakdown takes place 
sequentially from the high–voltage electrode 
along the surface of the crystal and further into 
the wake – without ruptures of the plasma 
channel, which is explained by the vortex-free 
regime of its flow around. 

When a larger crystal (518 microns in 
diameter) moves, a discharge channel is initiated 



Applied Physics, 2026, No. 3 52

at a high-voltage electrode, moves along the 
surface of the crystal, but then becomes a part of 
the wake far from it, leaving a non-ionized area 
located immediately behind the crystal in its 
bottom part. 

This effect is explained by the difference in 
the distribution of the dissolved salt concentration 
(and, accordingly, the resulting conductivity) in 
the region immediately behind the crystal: the 

flow around of a smaller crystal takes place 
without the formation of a vortex in the bottom 
area and leads to a fairly monotonous distribution 
of conductivity; the flow around of a large crystal 
leads to the appearance of a vortex in the bottom 
area, increasing the size of the area with increased 
and heterogeneous conductivity, which results in 
a lower current density and heat generation, 
insufficient for steam and plasma formation. 
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Introduction 

Ion-plasma (magnetron) sputtering (IPS) 
technologies allow for control over the deposited 
film thickness and composition. A plasma 
medium is employed in these processes to eject 
target material for deposition onto a substrate to 
form a thin film. Complex physicochemical 
phenomena occurring during coating deposition 
require precise control of key process parameters, 
such as pressure, working gas flow rate, substrate 
temperature, and sputtering power. The study of 
these processes enables control over film 
stoichiometry and structure, which, in turn, 
affects their functional characteristics [1].  

The authors of [2] developed a hybrid 
machine learning (ML) approach that combines 
respective classification and regression models to 
address challenges related to producing high-
mobility amorphous In�O�:Sn films deposited 
via RF magnetron sputtering. 

In [3], various characteristics of low-
temperature plasma were reviewed along with 

their complexity, which is driven by diverse gas-
phase compositions, operating pressures, power 
densities, and spatial boundaries. Under these 
conditions, the direct application of machine 
learning methods is not always feasible. To 
overcome these difficulties, progress is required 
in plasma diagnostics and data acquisition 
systems. Processing large amounts of data is one 
of the key tasks to achieve this goal.  

By simulating the transport of argon ions 
bombarding a Ti–Al composite, the authors of [4] 
obtained a series of representative energy 
distribution functions of incident particles. 
Subsequently, a multilayer artificial neural 
network (ANN) was trained and tested on this 
dataset of input and output distributions. 
Following the training phase, an error analysis 
was performed, and the model performance was 
compared for two sets of hyperparameters. The 
trained ANN demonstrates the ability to predict 
sputtered particle distributions for unknown 
incident ion energy distributions of arbitrary 
shape.  
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In [5], an efficient process design system 
was introduced to determine optimal operating 
conditions through a combination of deep 
learning and plasma simulation. To create the 
training model, a dataset was generated using a 
two-dimensional (2D) hybrid plasma equipment 
model code for an inductively coupled argon 
plasma system. The model was trained on the 
generated dataset to investigate the functional 
dependencies between operating conditions and 
subsequent plasma states.  

The refractive indices of SiNₓ films 
deposited on silicon substrates via magnetron 
sputtering were predicted in [6] using an ANN. 
Experimental wavelength and temperature values 
were utilized as inputs for ANN training, with the 
refractive index as the output parameter. The 
simulation and prediction results obtained using 
the model were compared with experimental data. 
The results demonstrate that the ANN approach is 
suitable for the simulation and prediction of the 
refractive index. 

Soft computing techniques, including 
genetic algorithms (GAs) and ANNs, are widely 
utilized in addressing various nonlinear problems, 
owing to the superior performance of these 
models [7, 8]. ANNs enable the extraction of 
complex patterns from data.  

The subject of this study is thin-film 
molecularly deposited oxide cathodes (MOCs) 
used in cyclotron protection devices (CPDs), 
which are deposited via ion-plasma sputtering 
(IPS) of cathode targets prepared from alkaline 
earth metal carbonates. They provide a current 
density of 1–2 A/cm² for 5,000–10,000 hours. 
The thickness of the deposited emission film on 
the micro-cathodes is 1 μm [1, 9].  

The objective of this study is to construct 
and optimize a model to predict the target 
variable, micro-cathode current (Icat), based on a 
set of deposition process parameters.  

Materials and Methods 

The deposition of coatings onto the micro-
cathodes was carried out using an URM3.279.011 
vacuum ion-plasma sputtering system 
manufactured in Russia. The geometric 
dimensions, operating principles, and key 
electrical parameters of the cathode-heater 

assembly (CHA) and the working chamber of this 
system are identical to those described in [10,11]. 
The (Ba, Sr, Ca)CO3 cathode targets for IPS were 
prepared by spraying from powdered AEM 
carbonates of the KTA-1-6-sp grade. The ratio of 
active AEM elements in the target was 47:45:8, 
and the thickness was 130–135 μm. The turbo-
molecular pump provided a pumping speed 
of 500 L/s. The ultimate vacuum level was 
110–6 Pa. After target carbonate decomposition, 
the DC voltage applied between the target and the 
substrate provided the energy required to ionize 
argon atoms and dissociate CO2 gas, resulting in 
a plasma state. Driven by the applied electric 
field, argon ions bombard the target, causing 
material sputtering. As the sputtered atoms and 
molecules move toward the substrate holder, they 
react with the gas and deposit onto the micro-
cathode cores, forming thin films of AEM oxides 
and carbonates. The sputtering process is 
regulated by adjusting the operating parameters 
of the system.  

The dataset was generated by depositing 
coatings onto MOCs and then measuring the 
emission current of the micro-cathodes inside the 
vacuum devices. This dataset was obtained from 
processes conducted under various conditions 
with varying coating deposition parameters. The 
target variable Icat was separated from the 
features. The dataset was split into training (80%) 
and testing (20%) sets. All features were scaled 
using the training set and then the transformation 
was applied to the testing set. The initial dataset 
contained 253 rows and 13 columns. 

The study consisted of the following stages: 
data collection and processing, model 
development and prediction using ANNs, and 
optimization via GAs. Columns with completely 
missing values were removed. The missing data 
was checked and processed. Twelve deposition 
parameters were selected: discharge voltage Udis, 
V; discharge current Idis, mA; target heating 
voltage during sputtering Unm, V; target heating 
current during sputtering Inm, A; reflector voltage 
Uotr, V; reflector current Iotr, A; solenoid current 
Isol, A; sputtering pressure P, Pa; substrate 
temperature Tsub, C; target carbonate 
decomposition time tdec, min; maximum target 
decomposition current Idec, A; and sputtering time 
tsup, min. The GA was adapted to find the optimal 
combination of parameter settings. The objective 
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function of this study was to maximize the 
cathode emission current Icat. The result obtained 
using the GA was verified with the ANN and 
compared against experimental data as well as 
results from other machine learning (ML) 
methods, such as support vector regression 
(SVR), random forest (RF), gradient boosting 
(GB), and XGBoost (extreme gradient boosting) 
[12–14, 15]. The GA is based on the evolutionary 
principle and involves four main stages. These 
include creating a population of solutions, 
evaluating the fitness of each solution, selecting 
individuals, and forming a new population based 
on three genetic operations: reproduction, 
crossover, and mutation [7, 8]. Reproduction 
occurs when each individual is duplicated based 
on its fitness values [16]. The mutation selected 
in this study replaces the cathode current with a 
uniformly distributed random value within the 
specified lower and upper limits of 60–120 μA, 
corresponding to the low-temperature range 
(480–490 C) of the MOC emission 
characteristics [1, 11]. This low-temperature 
region was chosen because it characterizes and 
determines the emission activity and quality of 
the micro-cathode across the entire emission 
curve. The objective function of the study was to 
maximize the emission current of the sputtered 
cathodes in a specific low-temperature range of 
underheating characteristics. The model inputs 
were the sputtering parameters, while the output 
was the micro-cathode current. The neural 
network architecture was defined using the Keras 
library. The baseline model consisted of four 
fully connected layers with LeakyReLU 
activation functions (with a parameter of 0.01) 
and batch normalization layers. L2 regularization 
was applied to control overfitting and improve the 
generalization capability of the model. The input 
layer consisted of 12 neurons. The hidden layers 
had 128, 128, 64, and 32 neurons, respectively. 
The output layer contained a single neuron with a 

linear activation function for the regression task. 
The model was trained for 100 epochs with early 
stopping. The model was compiled with the 
Adam optimizer (learning rate of 0.001), the MSE 
(mean squared error) loss function, and 
evaluation metrics including MAE (mean 
absolute error) and R2. The metrics of the 
baseline model with four hidden layers on the test 
data were as follows: MSE: 431.9; MAE: 15.5; R² 
score: 0.47. The R² score represents the 
percentage of variability in the dependent 
variable that is predictable from the independent 
variables used in the model. The target metric for 
optimization was R² with a maximization 
direction. A total of 30 trials were conducted, 
where each model configuration was trained 
twice to enhance the stability of the evaluation. 

Training the optimized model using the 
selected hyperparameters demonstrated a 
significant performance improvement. The model 
was trained for 250 epochs. The Keras library 
along with the keras_tuner package and the 
RandomSearch algorithm were used. Different 
combinations of hyperparameters were randomly 
selected. The algorithm trained the model on the 
training data for each selected hyperparameter 
combination. Based on the optimized 
hyperparameters, an ANN model was constructed 
with the following architecture and training 
configuration: four hidden layers. The first layer 
had 480 neurons with the 'relu' activation 
function, the second layer had 160 neurons with 
'tanh', the third layer had 96 neurons with the 
'leaky_relu' activation function, and the fourth 
layer had 128 neurons with 'relu'. 

After training the optimized ANN, its 
performance metrics on the testing set changed as 
follows: MSE: 229.68; MAE: 12.17; and R2: 
0.72. The tuning process significantly improved 
the predictive performance of the model. The 
learning curves of the optimized model are 
presented in Fig. 1 (a, b). 
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Fig. 1. Model training history on the training and validation sets: a) loss, b) MAE 

Results and Discussion 

The process data related to target carbonate 
heating and decomposition, coating deposition in 
the IPS system, and emission measurements were 
used in this study. Values recorded at other stages 
this re only indirectly related to the emission 
current, such as vacuum pumping or assembly of 
the sputtered cathodes, were not considered. The 
addition of these stages would have required the 
creation of a much larger dataset, thereby 
significantly increasing the complexity of the 
problem.  

The training history curves (Fig. 1a, b) 
show that both training and validation errors 
decreased over the epochs, demonstrating that the 
model learned successfully. Two key metrics are 
evaluated: loss (Loss) and mean absolute error 
(MAE). For each metric, two lines are displayed: 
the blue line shows the metric values on the 
training set (the data the model learned from), 
while the red line represents the metric values on 
the validation set (data excluded from the training 
process to evaluate the model’s generalization 
capability). The loss curve illustrates the 
evolution of the model error over the training 
epochs. As observes, the validation loss does not 
significantly diverge from the training loss, 
indicating that no overfitting occurrs and the 
model performs well on new data, thus 
maintaining its generalization capability. The 
MAE metric reflects the mean absolute deviation 
of predicted values from the actual values, where 
a lower MAE metric reflects that the model’s 
predictions are closer to the actual values on 
average. Similar to the loss, both MAE lines also 
decrease and then stabilize. The low MAE values 

on the validation set confirm that the model 
delivers accurate predictions. The similarity 
between the training and validation MAE 
indicates the absence of significant overfitting.  

A feature importance analysis was 
conducted based on the averaged absolute 
connection weights of the first layer of the 
optimized model. The feature importance of the 
optimized ANN model was calculated and sorted 
in ascending order. The resulting vertical bar 
chart (Fig. 2a) illustrates the numerical 
importance of each feature. 

According to the analysis results (Fig. 2a), 
the most important features (with the largest 
average absolute weights in the first layer) are the 
deposition parameters: Idec, Udis, Inm, Idis, while the 
least important are Iotr, Unm, P. The parameter Idec 

has the highest importance. Randomly varying 
this parameter significantly degrades the model’s 
prediction quality. The subsequent thermionic 
emission capability and gas ionization for cathode 
target sputtering depend on the correctness of the 
vacuum thermal decomposition of the cathode 
target carbonates prior to the actual coating 
deposition onto the micro-cathode cores. This 
decomposition process, in turn, depends on the 
temperature of the AEM carbonates, the duration 
of this process step, and the residual gas pressure 
in the chamber. During thermal target 
decomposition, critical physicochemical 
processes occur both within its bulk and on its 
surface, forming an oxide layer of the appropriate 
composition from which the sputtering onto the 
micro-cathodes takes place. Udis determines the 
accelerating voltage required for cathode target 
sputtering. Simultaneously, Inm along with Unm 
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determine the heating power essential for the 
heating and the diffusion of active substance 

atoms to the target surface during coating 
deposition.  

а) b) 

Fig. 2. Feature importance chart for the optimized model (a). Emission characteristics of two experimental MOCs 
obtained after thin-film deposition using GA (b) 

As a result of the GA application, a set of 
input features (the best solution) was found that, 
when fed into the optimized ANN, determined 
the predicted value Icat = 90 μA. This value 
corresponds to the center of the target range and 
maximizes the fitness function (Table 1). 

The study also yielded the dependencies of 
the predicted cathode current on the sputtering 
process parameters. The predicted MOC current 
increases with rising accelerating discharge 
voltage, target carbonate decomposition, and 
discharge currents. Conversely, a decrease in the 
working gas pressure from 0.13 to 0.11 Pa results 
in an increase in the predicted Icat. The results 
obtained are consistent with earlier studies 
reported in experimental works [1, 9–11]. 

After conducting the experimental 
sputtering onto the micro-cathodes using process 
parameters close to the GA-optimized values 
from the table, the Icat values were measured for 

two MOCs integrated into vacuum device mock-
ups. The obtained underheating characteristics of 
the micro-cathodes are shown in Fig. 2b. In the 
low-temperature region of the emission curves 
(480–490C), the measured Icat values were 
108 μA (No. 1) and 77 μA (No. 2), which fall 
within the target objective function range. 

Other machine learning models (RF, GB, 
SVR, and XGBoost) were trained and evaluated 
for performanc, with the R2 metric used as the 
evaluation criterion. The comparison results for 
the models were as follows: ANN: 0.72; RF: 
0.61; GB: 0.62; XGBoost: 0.42; and SVR: 0.25. 
The prediction accuracy of the ANN is higher 
than that of the other traditional ML methods. 
While the ANN, GB, and RF models proved to be 
the most suitable for predicting Icat based on the 
current dataset, but the ANN outperformed all 
other models, demonstrating the highest 
predictive capability. 

Table 

Process Parameter Optimization Using GA 

Udis, V 
Idis, 
mА 

Unm, V Inm, А Uotr, V Iotr, А Isol, А P, Pa 
Tsup, 
C 

tdec, 
min 

Idec, А 
tsup, 
min 

Icat, 
μA 

821 226 23 9.5 24 36 0.38 0.12 228 86 9.7 177 90 
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Conclusion 

In conclusion, an ANN model architecture 
was developed and trained to predict the 
subsequent thermionic emission current of micro-
cathodes based on experimental data from the 
vacuum ion-plasma sputtering of emission 
coatings. A method for optimizing the IPS 
process parameters was proposed for the 
fabrication of efficient thin-film emitters. Using a 

genetic algorithm, the best set of sputtering 
parameters was found, ensuring a micro-cathode 
current in the range of 60–120 μA within the low-
temperature region of the emission 
characteristics. The ANN showed acceptable 
prediction accuracy on the test data with an R2

score of 0.72, surpassing traditional regression 
ML models. These simulation results can be used 
for scaling up sputtering processes in industry. 
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Introduction 

Various defects can take place during the 
production of fibrous PCMs, including surface 
damage caused by contact with the guide rollers, 
as well as problems associated with static 
electricity and uneven coating [1, 2]. Other 
important defects include issues related to 
nanoparticle aggregation at the filler–matrix 
interface, caused by differences in the chemical 
nature and surface properties of the fibers and the 
matrix, as well as nonregular distribution of fibers 
within the matrix [3]. They directly affect the 
finite properties of the product. Particle 
aggregation makes it difficult to fully impregnate 

the fiber with the binder, resulting in areas with 
reduced strength [3]. The uneven distribution of 
fibers in the matrix volume creates local stress 
concentrations, thereby causing a decrease in 
strength and toughness, as well as an increased 
tendency to delamination. The consequence of 
these defects is a reduction in operational 
performance under load. Even materials with high 
strength indices, such as carbon fiber-reinforced 
plastics, are critically sensitive to this factor due 
to their low toughness [3, 4]. 

Due to the fact that the structure of the 
PCM is complicated, and the materials 
themselves are multicomponent, it is relevant to 
control the parts made from them, not only at the 
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stage of production and release, but also during 
operation. The presence of defects of various 
origins, sizes, and localization have a significant 
impact on the formation of PCM complex of 
physical and mechanical characteristics [5]. 

Currently, diagnostic methods and the 
search for ways to increase their informative 
value are actively developing. The latter is 
ensured by increasing the sensitivity of the 
relevant elements of the research equipment, 
using confirmed dependencies used for signal 
processing, and algorithms for information 
analysis. 

One of the promising methods for 
diagnosing defects in the form of air inclusions 
(pores, cracks) in polymer composite materials 
(PCM) is optical coherence reflectometry (OCR). 
It should be noted that the long-term experience 
of using this method in relation to biological 
objects is widely used in medicine [6-10]. Due to 
the micrometer resolution and the ability to 
perform cross-sectional imaging in the volume of 
the material, the OCR provides unique data on the 
morphology of internal structures, the distribution 
of reinforcing elements, flaw detection on the 
subsurface level and the quality of adhesive 
compounds [8].  

The main research vector on using OCR for 
PCM is the transition from qualitative imaging to 
quantitative, high-speed analysis and prediction 
of properties, as well as to a non-invasive method 
of CM research. Thus, in [11-16], OCR was used 
to examine an epoxy mixture made of fiberglass, 
which is usually used to manufacture the spars of 
wind turbine blades. Cracks and delamination 
sites were detected through OCR images obtained 
during static testing of a delaminated fiberglass 
composite material. 

The OCR fundamental principle is based on 
Michelson interferometry using a low-coherence 
light source, which is separated from the source 
by a beam splitter into reference and test beams 
[12]. The key parameter for the PCM analysis is 
the scattering capacity. Different components of 
such materials (polymer matrix, glass/carbon 
fibers, interfaces) have different refractive 
indices, which leads to partial backscattering of 
light. By recording the amplitude and time delay 
of this signal, the OCR system builds a one-
dimensional A-scan. Sequential scanning in two 
coordinates allows you to reconstruct a two-

dimensional B-scan image (cross-section) or a 
three-dimensional volume. 

Currently, there is very little literature 
describing the application of this method to a 
wide range of polymer composite materials 
(PCMs), which highlights the relevance of this 
research direction. In this regard, it is relevant to 
determine the capabilities of OCR in relation to 
PCM made by fuse deposition modeling of 
carbon fibers and thermoplastics, which is due to 
the developed morphology of the filler surface 
and the short period of increased viscosity of the 
thermoplastic melt, in particular 
polyesteresterketone (PEEK).  

Materials and methods 

In this paper, we studied samples of a 
monolayer formed on an Anisoprint Composer 
A4 3D printer from a prepreg reinforced with a 
bundle of continuous carbon fibers, impregnated 
with ED-20 epoxy resin and coated with 
polyesteresterketone (PEEK). The samples top 
layer was represented by a PEEK layer. Below it 
was a thin layer of thermosetting polymer (ED-20 
epoxy resin cured with polyethylene polyamine 
(PEPA) hardener), with carbon fibers located in 
the central part. The structural features of the 
composite material used are described in papers 
[17]. 

For the study, two groups of samples with 
dimensions of 30 10 1.2 mm were used – 
control and experimental, subjected to 
electrophysical exposure, in particular, those that 
underwent microwave treatment at a frequency of 
2450 MHz. The samples were processed in a 
microwave electromagnetic field at laboratory 
microwave processing plants manufactured by 
SPE AgroEcoTech LLC (Obninsk, Kaluga 
Region). 

An OSC 1300 SS optical coherence 
tomograph (ThorLabs, USA) with a probe 
wavelength of 1300 nm, a maximum probe depth 
of 3 mm, and a scan track length of 5 mm with an 
image size of 512 by 720 pixels in B-scan mode 
was used for instrumental implementation of the 
low-coherence reflectometry method. 

After obtaining a set of experimental data, 
B-scans and A-scans were analyzed.
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Results and discussion 

The analysis of the obtained B-scan images 
makes it possible to identify the characteristic 
features of the modified control samples (Fig. 1). 
Carbon fiber fibers absorb the probing radiation 
to a large extent. The upper layer of the material 
under study, represented by the polymer, is 
permeable to it, which makes it possible to use 
OCR to control the state of the upper layer of the 
polymer and region at the polymer–matrix 
interface.  

Fig. 1. B-scan of the control sample: 1 – matrix, 2 – fiber 

It has been noted that for control samples, 
there is a clearly expressed region of refractive 
index step at the "polymer-fiber" interface, which 
is visually displayed as a bright horizontal line. In 
the treated samples, the regions with a refractive 
index step are significantly less extensive. 

The analysis of the B-scans revealed a 
similar pattern of bright lines during the transition 
of probing radiation across the "air–polymer" and 
"matrix–filler" interfaces, which determined the 
expediency of searching for objective methods 
for their comparison. 

The binarization of the generated B-scans 
was carried out as a quantitative assessment of 
the results obtained (Fig. 2). 

The maximum pixel intensity of the image 
was considered and a boundary condition was 
introduced. Pixels with a lower intensity were 

assigned a value of zero, while those with a 
higher intensity were assigned a value of one. The 
resulting images have greater contrast, highlight 
areas with the desired response values, and 
display regions with sharp step in the refractive 
index. The system of equations (1) has been 
formed 

   
   

bin

bin

, 1, if , ,

, 0, if , ,

b

b

I i j I i j I

I i j I i j I

 


 
         (1) 

where I(i, j) is the pixel intensity of the original 
B-scan, I bin(i, j) is the binarized value of the
B-scan intensity, and Ib is the binarization
boundary condition.

The boundary condition for binarization is 
determined by a fraction of the maximum 
intensity Imax of the initial B-scan: 

max ,bI K I  (2) 

where K is the binarization coefficient. 
Low values of the boundary conditions – 

K = 30% binarization – preserve information 
about the inhomogeneities formed in the B-scan 
in the polymer layer (Fig. 2), and high values – 
K = 50% binarization – leave only the brightest 
areas of the boundaries and do not allow 
obtaining information about the polymer layer 
(Fig. 2). The intermediate variants, respectively, 
leave part of the heterogeneity in the polymer 
layer. 

The initial and binarized A-scans were also 
evaluated. The evaluation of a single A-scan 
along a vertical line is also carried out in 
accordance with the boundary conditions of 
binarization, which makes it possible to identify 
the boundaries and distribution of signal intensity 
in the polymer volume. 
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а) 

b) 

c) 

Fig. 2. The results of binarization of B-scans (on the left) and their corresponding A-scans (on the right). 
Binarization of 30% (a), 40% (b) and 50% (c) 

To obtain a graphical representation 
enabling quantitative assessment of the results 
from binarized B-scans, A-scans were allocated. 

The most informative is the A-scan 
corresponding to the B-scan, which is binarized 
by 40%. The polymer boundaries and the 
contrasting area of the polymer-fiber boundary 
are clearly shown. The condition for this 
binarization was to decrease the intensity by a 
factor of e relative to the maximum value. The 

average binarization condition value of 
approximately 40% of the maximum intensity 
provides an informative display of the matrix–
fiber boundary (without loss of information 
resulting from max0.5 ,bI I  and without 

unnecessary noise, which persists at a low 
binarization threshold. 

A high value of the response peak at the 
polymer–fiber interface characterizes the 
refractive index step of a substance reaching 
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values close to the refractive index of air. Taking 
into account the manufacturing technology of 
such composite materials and the specifics of the 
surface structure of carbon fibers, it can be 
concluded that part of the contact area between 
the matrix and the filler contains air, which 
partially dissolves in the polymer under 
modifying action on the samples, which is 
consistent with the results of a comparative 
analysis of the physico-mechanical characteristics 
of samples of a similar composition [17, 18]. 

Conclusion 

Binarization of B-scans with a low 
threshold makes it possible to informatively 
display the polymer layer, determine the 
thickness of the polymer layer and estimate its 
distribution over the surface of the studied PCM. 

Binarization of B-scans with a high 
threshold makes it possible to identify areas with 
a refractive index step, and identify defects in the 
polymer and carbon fiber connection.  

An intermediate binarization level preserves 
information about the polymer layer thickness 
and the presence of contrast fragments at the 
"matrix–fiber" interface, enabling a 
comprehensive assessment of these parameters. 

Considering the signal intensity distribution 
with exponential decay, the binarization boundary 
condition is proposed to be set at the intensity 
level reduced by a factor of e (Euler's number) 
from the maximum value. 
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Introduction 

During the past decade, multicolor 
luminescent materials have become a subject of 
growing interest in the fields of light-emitting 
diodes, sensors, solar cells, and artificial 
photosynthesis [1–4]. Organometallic complexes 
based on copper iodide, i.e. Cu(I) complexes, are 
attracting increasing attention from researchers as 
advanced and environmentally friendly materials 
due to their adjustable structural and 
photophysical properties [5, 6]. Cu(I) complexes 
featuring excellent luminescent properties and a 
high quantum yield at room temperature are 
promising for materials science and the 
semiconductor industry [7, 8]. The development 
of new copper-based Cu(I) systems, especially 
heteroleptic complexes, is highly motivated, as 
they represent an attractive alternative to the 
systems utilizing more expensive platinum-group 
metals and rare-earth elements [9, 10]. Current 

advances in semiconductor manufacturing 
technologies make a significant and unique 
contribution to the development of electronic 
devices [11]. Thin films are mainly fabricated 
using solution-processing methods, including 
drop-casting, spin-coating, the doctor-blade 
technique, and spray-coating [12–15].  Systematic 
studies on the use of Cu(I) organometallic 
compounds in the field of semiconductor 
electronics are clearly insufficient; therefore, the 
aim of this work was to study the optical, 
luminescent, as well as resistive properties of 
Cu(I) complexes based on 2-(4-pyridyl)-5-
phenyl-1,3,4-oxadiazole (triphenylphosphine) 
copper iodide. 

Experiment procedure 

The objects of the study were the 
compounds: 2-(4-pyridyl)-5-phenyl-1,3,4-
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oxadiazole (triphenylphosphine) copper iodide 
(see Fig. 1), prepared using a similar procedure 
[16]. A 20-ml volume of methanol and a 20-ml 
volume of chloroform were poured into a 100-ml 
flat-bottomed conical flask.  Then, 0.262 g 
(0.001 mol) of triphenylphosphine and 0.232 g 
(0.001 mol) of oxadiazole were successively 
dissolved while being stirred without heating, 
after which 0.190 g (0.001 mol) of copper(I) 
iodide was added. Then the reaction mixture was 
heated to 60 C and stirred for 15 minutes, after 
which the heating was turned off and the mixture 
was stirred for an additional 40 minutes.  The 
reaction mixture was then filtered through a 

pleated paper filter.  The resulting filtrate was left 
to evaporate slowly for the target product to 
settle; due to the high evaporation rate of the 
solvents, the evaporation vessel was equipped 
with a thin permeable film to slow down the 
evaporation process in order to improve the target 
product quality. Over the next two days, a 
mixture of the target product and unreacted 
reagents accumulated on the vessel walls; the 
target product settled as yellow, rhombic crystals 
that luminesced yellow-orange under ultraviolet 
irradiation.  The structural formula of the 
obtained Cu(I) organometallic compound is 
shown in the inset of Fig. 1. 
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Fig. 1. IR transmission spectra of 2-(4-pyridyl)-5-phenyl-1,3,4-oxadiazole (triphenylphosphine) copper iodide 
and the molecular structure of the obtained compound (inset). 

Thin films were formed from the starting 
powdered materials using a PE 6900 centrifuge 
by layer-by-layer deposition.  Non-aromatic 
chloroform CHCl� was used as a solvent.  The 
mass of the powdered materials was checked 
using Sartogosm CE124-C high-precision 
analytical balances. The concentration of the 
starting materials in the solution was 1 mg/ml. 
After being thoroughly mixed and held for at 
least 48 hours at room temperature, 1 ml of the 
resulting solution was applied using a pipette 
dispenser onto optically transparent dielectric and 
conductive substrates. The centrifugation speed 
was gradually increased to 1500–3000 rpm with 
an increment of 500 rpm. 

IR spectra of the Cu(I) organometallic 
compound under study were recorded with a 
PerkinElmer Spectrum Two FTIR spectrometer 
featuring a Fourier transform range of 8300–
350 cm–1 and a resolution of 0.5 cm–1.  
Luminescence spectra were investigated at room 
temperature with the use of a Fluorolog-FL 3-22 

instrument (HORIBA Jobin-Yvon Inc.). 
To determine the optimal excitation radiation 
maximum, a standard pulsed excitation technique 
was used, which involves repeated irradiation of 
the working layers of organic film structures. 
Luminescence spectra were measured with 
account of the excitation maxima parameters. The 
surface morphology of the thin Cu(I) films was 
evaluated by reflection and transmission 
microscopy using a LOMO MII-4M 
microinterferometer with additional illumination, 
a semiconductor laser, and an extended optical 
path onto CCD matrices ranging from ¼FF to 
½FF with a resolution of 0.5 to 15 MP. 
Thermogravimetric analysis (TGA) was 
performed using a PerkinElmer STA6000 
thermogravimetric analyzer. 

Conductive properties under direct-current 
mode were investigated using a Keysight 
B1500A semiconductor device analyzer. To study 
the current-voltage characteristics (I-V 
characteristics) of the Cu(I) organometallic 
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compounds, the solution was deposited onto thin 
aluminum films, which were obtained by vacuum 
deposition on sitall and had a thickness of 120 nm 
and a sheet resistance of 20 Ω/square [15], 
followed by the formation of an Al-Cu(I)-ITO 
sandwich structure. Measurements were carried 
out in the voltage range from of –1 to 1 V. The 
thin aluminum film forms an ohmic contact with 
Cu(I), since its work function is comparable to 
the work function of Cu(I).  The geometric 
parameters of the conductive substrates were 
1010 mm.  

Results of experiments and discussion 

Primary analysis of the surface of thin 
copper iodide films showed relative homogeneity 
of the obtained thin films (Fig. 2a). The thickness 
of the Cu(I) film was approximately 2 μm. 
Individual agglomerations with a diameter of 
40 μm were also seen to form on the film 
surface. The luminescence quantum yield, namely 
the triplet-level energy values of the 
corresponding materials, was determined based 
on photoluminescence spectra. The relative 
luminescence quantum yield was calculated by 
the following formula (1): 

 
 эт эт
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RS
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S R


 


, (1) 

where S is the area under the luminescence 
spectrum curve, A is the absorbance at the 
excitation wavelength, and R is the reflectance. 
Quinine sulfate, rhodamine B, and sodium 
salicylate were used as references; the 
measurement accuracy was 10%. 

Initially, the excitation spectrum maxima of 
the Cu(I) organometallic compound were 
established. The excitation peak for Cu(I) was 
465 nm (Fig. 2b). The luminescence spectrum 
maximum of Cu(I) was observed in the range 
from 510 to 740 nm (Fig. 2b). The studied 
organometallic compound exhibited yellow-
orange emission with a maximum wavelength of 
625 nm. It should also be emphasized that the 
external quantum efficiency (EQE) of the studied 
compound was as high as 55.84% (inset of Fig. 
2b). As a result, it has been clearly demonstrated 
that the obtained Cu(I) organometallic compound 
can potentially be used as an active re-emitting 
material for semiconductor structures. 
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Fig. 2. Surface micrometry of copper iodide (a) and the excitation and luminescence spectra of Cu(I) (b) 

Bands lying in the range of 1605.3–
1447.2 cm–1 were recorded in the obtained IR 
spectrum. Such bands are characteristic of the 
vibrations of the aromatic ring found in both 2-(4-
pyridyl)-5-phenyl-1,3,4-oxadiazole and 
triphenylphosphine. It is important to note that 
the band at 1542.6 cm–1 exhibits greater intensity 
compared to the preceding bands, which is 
specifically typical for aromatic ring vibrations. 

Also, a slight shift of the peak characteristic of 
the Cu(I)–P bond at 1095.2 cm–1 can be observed 
in the spectrum, which arises from the formation 
of a coordination bond between the copper ion 
and the donor phosphorus atom of 
triphenylphosphine. Due to the technical 
specifications of the instrument, signals with 
wavenumbers below 400 cm–1 cannot be 
recorded; however, characteristic vibrations for 
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Cu(I)–I and Cu(I)–N bonds should potentially be 
found in this region (Fig. 1). 

Сonductive and photovoltaic properties of 
the studied structures were measured using a 
Keysight B1500A semiconductor analyzer with a 
shielding chamber (Faraday cage). An LED 

matrix integrated into the chamber was used as 
an illumination source. The emission spectrum 
of the LED matrix is shown in Figure 3a.  The 
total incident power on the sample was 
approximately 60 mW, and its flux density was 
about 300 W/m2. 
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Fig. 3. a) – emission spectrum of the LED matrix, b) – optical band gap of copper iodide 

To account for the shift of the fundamental 
absorption band, an assumption about band-to-
band absorption with indirect allowed transitions 
with an exponent of 2 was made [17, 18]. 

 m

gah A h E    ,        (2) 

where  is absorption coefficient, A is a constant, 
h is the photon energy, and Eg is the band gap of 
the material. 

The effect of the stoichiometric atomicity of 
Cu(I) molecules on the shift of the fundamental 
absorption edge and the change in the band gap of 

the organometallic semiconductor was evaluated 
as 3.4 eV (Fig. 3b). Mass loss of up to 55% 
accompanied by an endothermic effect was 
detected in the temperature range of 180–200 C 
according to the TGA data (Fig. 4a). This 
corresponds to the removal of a coordinated water 
molecule.  The compound is thermally stable up 
to 350 C. Heating above 350 C leads to slow 
decomposition of the sample.  Thus, it can be 
concluded from the obtained results that the 
compound 2-(4-pyridyl)-5-phenyl-1,3,4-
oxadiazole (triphenylphosphine) copper iodide is 
thermally stable up to 180 C. 
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Fig. 4. Fig. 4. Thermogravimetric analysis of the obtained Cu(I) compound (a); Dark (2) and light (1) current–
voltage characteristics of the ITO–Cu(I)–Al structure (b) 
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Сonductive properties, including 
photoconductivity, were studied by analyzing 
current-voltage characteristics (I-V 
characteristics). Measurements were performed in 
the voltage range from –1 to 1 V. Figure 4b 
shows the dark and light I–V characteristics of 
the ITO–Cu(I)–Al structure (curves 1 and 2), and 
the ITO–Al contact system (curve 3). The general 
shape of the current-voltage dependences is 
nonlinear, asymmetric, and stable within the 
experimental cycle. Exposure of the Al–Cu(I)–
ITO structure to the ultraviolet radiation led to an 
increase in current in the forward direction from 
25 А to 88 А due to the generation of 
photoinduced charge carriers in the copper chain 
“doped” with iodine (inset of Fig.  3b [19]). 

Conclusion 

The paper studies the photovoltaic and 
spectral properties of thin films of the compound 
2-(4-pyridyl)-5-phenyl-1,3,4-oxadiazole 
(triphenylphosphine) copper iodide. The study of 
IR spectra revealed the presence of numerous 

absorption peaks corresponding to this class of 
compounds.  The results of luminescence studies 
clearly demonstrated the potential of Cu(I) for use 
as active re-emitting layers, with the quantum 
efficiency of this material being 55.84%.  The 
excitation maximum of such a complex was 
observed at a wavelength of 465 nm, with 
corresponding re-emission in the range of 510–
740 nm. The estimated optical band gap was 
found to be 3.4 eV. The photovoltaic 
characteristics of the Al–Cu(I)–ITO system, 
compared with the dark I-V characteristics, 
showed an increase in forward currents from с 
25 А to 88 А under UV radiation. The detailed 
photochemical mechanisms responsible for the 
large change in electrical conductivity caused by 
ultraviolet radiation in the polymer appear to be 
very complex and will be the subject of future 
research. 
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Introduction 

The production of optical systems 
(hereinafter referred to as OS) includes the 
control of the final products’ output parameters, 
which include focal length, distortion, and 
resolving power, which are key for characterizing 
OS for operation as part of optoelectronic devices 
[1]. 

The goal of introducing artificial 
intelligence systems into the technoligical process 
of manufacturing lenses for various machine 
vision systems is to expand domestic production 
while reducing product costs. This can  be 
achieved through the development of automated 
systems that enable faster and more accurate 
measurements of optical parameters with minimal 
human intervention. 

Russia’s modern metrological base used in 
the production of OS includes methods for 

controlling parameters; however, it lacks 
automation, which gives rise to several problems: 
a long production cycle, low labor productivity in 
serial production, and subjectivity in 
measurements.  

To carry out automated measurements of 
focal length, distortion, and resolving power 
using AI methods, it was necessary to solve the 
following tasks: 

1. Development of auto-positioning and
auto-focusing algorithms for OS; 

2. Development of a neural network for
recognizing the test object’s control points, which 
is to be used for measuring the focal length and 
distortion of the OS; 

3. Development of a neural network for
recognizing the test object’s groups of lines, 
which is required to determine the resolving 
power of the OS; 
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4. Development of algorithms for analysis
and the calculations required to determine the 
values of focal length, resolving power, and 
distortion of the OS. 

Technical Implementation 

The starting point for the development of a 
control system using artificial intelligence 
methods was a set of measurement techniques 
and the technical implementation of a precision 
measurement setup designed to measure the focal 
length, distortion, and resolving power in two 
spectral ranges:  0.4–2.0 µm and 8–14 µm. 
A general measurement scheme is shown in 
Figure 1. 

4 3 
1 2 

5 
106 7

9
8

Fig. 1. General scheme for measuring the focal length, 
distortion, and resolving power of an OS:  1 – radiation 

source; 2 – integrating sphere (for the spectral range 0.4–
2.0 µm); 3 – test object; 4 – collimator; 5 – lens under test; 

6 – focal-plane array (FPA); 7 – two-axis linear 
translator; 8 – linear translator; 9 – rotary platform;  

10 – PC with software 

The spectral range of the setup is 
determined primarily by the type of radiation 
source and FPA used. Radiation source 1 
comprises a blackbody model for the spectral 
range of 8–14 µm and an illumination unit with 
an incandescent lamp for the spectral range of 
0.4–2.0 µm. During operation in the 0.4–2.0 µm 
spectral range, an integrating sphere 2 may be 
used if necessary to ensure a uniform radiation 
distribution in the test object plane. Alternatively, 
an illumination unit design performing a similar 
function may be used instead of the integrating 
sphere. As photodetector array 6 for recording the 
image in the focal plane of the test object, an 
uncooled microbolometer and a SWIR camera, 
which also operates in the visible range, are used 
alternately as FPA to control lenses in the 
respective spectral ranges. The test objects 3 are a 
set of specially developed resolution targets that 
include groups of lines for determining the 
resolving power and reference points for 
estimating the focal length and distortion. To 

form a parallel beam of rays simulating an object 
at infinity, collimator 4 is used.  To enable 
resolving power measurements, the technical 
implementation of the setup includes an auxiliary 
projection optical system, which is necessary to 
address the pixel pitch vs. line images 
commensurability issue. 

Measurement techniques based on the 
following principles were chosen as objects of 
interest for automation using neural network 
methods: 

– The method for measuring the lens focal
length is based on the classical magnification 
method. The linear magnification of the optical 
system consisting of the collimator lens and the 
lens under test is simultaneously the ratio of the 
object size to its image size and the ratio of their 
focal lengths. Therefore, the lens focal length к.оf 
is determined by one of the following formulas 
(depending on whether the collimator length  is 
known with sufficient accuracy) or by measuring 
the angular dimensions of the test objects using a 
theodolite: 

к.о кол к.о, ,
tgφ

y y
f f f

y

 
                (1) 

where колf   – focal length of the collimator lens, 

mm; y – linear size of the test object, mm; y  – 
linear size of the image of the test object, mm; 
 – angular size of the test object, degrees; 

– The method for measuring the resolving
power of lenses is based on determining the 
maximum resolvable line target through the lens 
under test, which corresponds to the smallest 
resolvable distance between the centers of two 
adjacent bright and dark lines. The desired 
resolving power limit к.оR , lines/mm, is 

determined based on the angular size of the 
element of the maximally resolvable target φ , 
degrees, using the formula: 

к.о
к.о

1
;

tgφ
R

f


 
             (2) 

– The method for measuring lens distortion
is based on measuring the deviation of the image 
point coordinates from the calculated value when 
the lens is rotated using rotary platform 9. This 
deviation corresponds to the shift of the object 
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image position at the edge of the lens field caused 
by the OS distortion. The distortion value υ , %, 
is calculated by the formula 

υ 100 %,
y l

l

 
             (3) 

where и.о tg ωl f    – calculated displacement of 

the test object image, mm, when the lens is 
rotated by angle , deg; y  –  actual displacement 
of the test object image, mm. 

The system is controlled via the interface of 
the developed software, which implements 
communication protocols with stepper motor 
controllers and real-time video stream capture. 

Automatic Positioning and Focusing 

The basic functions of the automated 
system are the ability to automatically focus and 
align the test object’s center with that of the FPA. 
These processes occur during preparation for 
optical parameter measurements on the bench as 
follows: automatic positioning of the test object 
image at the center of the FPA is performed using 
a two-axis linear translator 7 (see Fig. 1), 
followed by automatic focusing using linear 
translator 8. 

System focusing is defined as aligning the 
focal plane of the lens under test with the object 
plane of the auxiliary projection optical system 
and is essential for the correct operation of the 
system and for improving the accuracy of the 
measurements performed.  To automate this 
process, the system employs a sharpness 
estimation method based on the Tenengrad 
criterion [2], which relies on the analysis of 
image brightness gradients. The idea of the 
method is as follows: the sharper the image, the 
stronger the brightness transitions (object edges) 
and, consequently, the higher the gradient values. 
This method is based on the Sobel operator and 
demonstrates high noise immunity in IR frames 
with elevated noise levels [3].  Accordingly, the 
autofocusing algorithm is reduced to scanning the 
range of the linear translator responsible for 
focusing with a predefined step. At each stop, a 
frame is captured and the sharpness value is 
calculated using the Tenengrad method.  The 
highest value is saved in the system, and after 
scanning the entire range, the linear translator is 

set to the position with the maximum gradient 
value. 

System positioning involves two stages: 
axis calibration, which involves calculating the 
number of motor steps required for the linear 
translators to move 1 mm, and shifting along each 
axis to the central point of the image.  Axes are 
calibrated using an alignment table – a set of 
adjustments for fine-tuning the position. The 
system uses a neural network to recognize the test 
object’s center and saves the initial position, then 
the axes are shifted by 1 mm and the recognition 
is repeated to determine the final position; then 
the difference between the two positions is 
calculated, i.e. the distance in pixels traveled by 
the system during a physical shift of the axis by 
1 mm. Several iterations of the shift by a 
maximum of 1 mm are performed to ensure a 
more precise calibration. Once the physical 
distance required to bring the test object’s center 
to the center of the image matrix is determined, 
the system shifts the axes. 

Development of Neural Network Models 

Due to recent progress in the field of neural 
networks, they can be used even with limited 
computing resources [4, 5], which undoubtedly 
offers potential for their multifaceted integration 
into measurement equipment. This opens the way 
to the development of intelligent systems capable 
of performing fast and accurate data analysis 
directly during data acquisition, thus enabling 
prompt decision-making without significant 
delays.  This increases the operational efficiency 
of systems under time and resource constraints, 
while also reducing dependence on external 
computing infrastructure. Such systems can adapt 
to changing environmental conditions and ensure 
a high-level of automation across the entire 
production process.  As a result, their range of 
applications expands - from single measurements 
to series production. 

Existing classical non-neural network 
methods are also based on image analysis 
(including convolution computations), but they 
are not adapted to multi-stage measurements and 
require the development of complex algorithms, 
which is particularly difficult to implement in 
universal setups designed for measuring various 
optical systems that differ, for example, in 
spectral ranges or focal lengths.  
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With the system requirements taken into 
account, various families of neural network 
architectures were analyzed [6–12].  Modern 
single-stage architectures were considered for 
solving the problem of recognizing control points 
and line groups, as they provide the best ratio of 
speed and accuracy during computations run on a 
central processing unit without the use of a 
discrete graphics accelerator. Among them, three 
main directions stand out: classical detectors, 
modern universal models, and ultra-lightweight 
mobile architectures.  Transformer models, being 
the most relevant trend in computer vision, are 
also distinguished. Despite their high accuracy, 
they were not considered for this system due to 
their excessive demands on processor resources. 

Under limited performance conditions, such 
architectures operate significantly slower than 
their convolutional counterparts. Nevertheless, 
for completeness of analysis, transformer models 
have been included in the comparative 
characteristics of architectures provided in 
Table 1. 

The conducted analysis allowed to establish 
that modern single-stage architectures of the 
YOLO family provide the best ratio of 
localization accuracy for small objects, 
computational complexity, and ease of 
integration. In contrast to transformer-based 
models, they exhibit stable real-time performance 
on the target hardware,  which is why they were 
selected for the system implementation.  

Table 1 

Comparative table of single-stage neural network architectures 

Architecture Representatives
Accuracy for small 

objects 

Complexity of 
integrating in the 

system 

Used in real-time 
mode 

Ultra-lightweight PicoDet, NanoDet Medium Medium Yes 

Classical, single-stage SSD, RetinaNet Medium Low Limited

Modern universal  YOLO High Low Yes 

Transformer  RT-DETR High Medium Limited 

For training the neural network models, 
over 8,000 images were captured in the short-
wave  visible-to-IR (0.4–2.0 µm) and long-wave 
(8–14 µm) IR spectral ranges for lenses with 
focal lengths of 10 mm and 35 mm. 

The neural network model was tested 
during measurements of the developed lenses 
with known focal lengths using of specially 
designed resolution targets. The line width of 
these targets corresponds to the magnification 
produced by the "lens under test – collimator 
lens" system, so that the image of the test objects 
is clearly distinguishable and readable. This is 
required not only for obtaining reliable 
measurement results, but also for the stable 
operation of the neural network model. These 
targets can also be used for testing lenses with 
other focal lengths, provided that the image 
quality is maintained. 

The test objects were labeled as follows to 
train the neural network (see Fig. 2): red – labels 
for measuring focal length; blue – the center of 
the line target, used for positioning and for 

measuring distortion; green – groups of lines for 
determining the resolving power limit.  The 
coordinates of the regions of interest are 
calculated by finding their geometric center. 

Fig. 2. Labeling of line targets (on the left – for OS with 
f = 10 mm, on the right – f = 35 mm) 

Each group of lines highlighted in green has 
its own spatial resolution value with a step of 
5 lines/mm, corresponding to the focal length of 
the lens under test, which is set by the operator in 
the software.  The groups on the target in the right 
part of Fig. 2 are arranged in ascending order, 
from top to bottom.  The line groups on the left 
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target are arranged in a “crisscross” pattern: the 
smallest group has the lowest spatial resolution 
and is followed by a group located diametrically 
opposite to the first one, the next group is 
positioned to the left of the second one, and 
finally, the last group is the largest and, 
accordingly, has the highest spatial resolution. 
The results are analyzed and calculated taking 
into account these specific arrangement features 
of the groups on the coordinate axes of the image 
matrix. 

To enhance the robustness of the trained 
neural network models [13], augmentation 
techniques [14] were applied, including 
geometric transformations (rotation, scaling) and 
brightness and contrast adjustments to simulate 
temperature drift. 

Although the neural network models trained 
on these data successfully prove that they are able 
to memorize the patterns of the resolution targets, 
the potential for improving the dataset and 
developing image preprocessing algorithms to 
enhance the accuracy and increase the speed of 
model inference has not been exhausted. In-depth 
modification of image preprocessing algorithms 
requires shall be studied individually and was not 
considered at this stage. 

Evaluation of Model Performance 

The neural network models were trained 
using various YOLO modifications ranging from 
the 8th to the 26th generation, in different 
configurations: from the most compact and fast 
(Nano) to the large-scale (Large) versions. 
Training was performed by varying 
hyperparameters and environmental conditions. 
The best results were achieved with medium-
sized models:  YOLOv8m for the control point 
detection task, and YOLO26m for recognizing 
line groups on the resolution targets. 

The performance quality of the models was 
evaluated using a set of metrics that allows 
evaluating both the correctness of object 
recognition and the accuracy of their placement in 
a frame. To interpret these metrics, it is necessary 
to understand the four possible scenarios of 
neural network performance: 

1. True Positive (TP) – the neural network
correctly detected an object where one exists; 

2. False Positive (FP) –  “false alarm”, the
neural network mistook an empty area or noise 
for an object; 

3. False Negative (FN) – a miss of a target,
where the neural network failed to detect an 
existing object; 

4. True Negative (TN) – the neural network
correctly determined that an empty area contains 
no object (this parameter is usually not 
considered in object detection tasks, because the 
number of empty “areas” in a frame is infinitely 
large). 

Based on these scenarios, the key metrics 
presented in Table 2 are calculated: 

– Precision is the proportion of actual
objects among all those that the neural network 
labeled as detected. High precision means that the 
system produces very few false alarms.  It is 
calculated by the formula: 

TP
P

TP EP



; (4) 

– Recall is the proportion of detected
objects out of the total actual number of objects. 
High recall indicates that the system finds almost 
all objects and minimizes misses. It is calculated 
by the formula: 

TP
R

TP FN



; (5) 

To evaluate the localization quality, the IoU 
(Intersection over Union) metric is used, which is 
the ratio of the intersection area of the predicted 
and reference frames to their union area (0 = no 
overlap, 1 = perfect match).  

The central performance indicator is mAP 
(mean Average Precision), which combines the 
precision and recall metrics.  Depending on the 
strictness of localization requirements (frame 
overlap), two modifications are distinguished: 

 mAP@0.5: calculated under the 
condition that an object is considered detected 
(TP) if the overlap area of the predicted and 
reference frames is at least 50%.  This metric 
characterizes the overall ability of the model to 
recognize objects; 

 mAP@0.5:0.95: represents the average 
value at different IoU thresholds (from 50% to 
95% with 5% increments).  This metric is stricter 
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and more critical in terms of the fitting quality of 
the bounding box boundaries and allows 
evaluating the model's robustness to geometric 
inaccuracies and the precision of object 
coordinate determination. 

Thus, the YOLOv8m model demonstrated 
high detection quality for control points 
(mAP@0.5 = 0.975), providing high precision 
and recall values. This means that in 97.5% of 
cases, the system correctly finds, classifies, and 
determines the location of the control point in the 

image, allowing only a minimal percentage of 
errors in the form of misses or false positives. 
At the same time, the mAP@0.5:0.95 metric was 
lower, which means lower localization accuracy 
under strict IoU thresholds. It should be noted 
that system performance could be further 
improved by developing and integrating 
additional algorithms for control point analysis 
and center finding, but the investigation of this 
possibility remains beyond the scope of this 
paper. 

Table 2 
Results of training neural networks models 

Task Model Precision  Recall  mAP@0.5 mAP@0.5:0.95

Recognition of test object’s 
control points  

YOLOv8m 0.956 0.955 0.975 0.598 

Recognition of test object’s 
target lines 

YOLO26m 0.813 0.932 0.874 0.737 

The YOLO26m model demonstrated lower 
classification precision when recognizing line 
groups (mAP@0.5 = 0.874), but it provided 
better localization stability, as confirmed by a 
higher mAP@0.5:0.95 value.  In other words, the 
model correctly detects and classifies line groups 
in 87.4% of cases. 

Thus, the combined use of these models 
effectively addresses the comprehensive task of 
optical system parameter control.  Despite 
differences in error characteristics, the achieved 
precision for each subtask provides a sufficient 
basis for the correct operation of the entire 
system, ensuring the necessary balance between 
key point detection and the stability of line group 
recognition. 

Conclusion 

The developed automated system for 
controlling lens parameters, which is based on 
two neural network models (YOLOv8 m – for 
measuring focal length and distortion; YOLO26 
m – for measuring resolving power), allows 
controlling optical systems across various spectral 
ranges (0.4–2.0 and 8–14 µm). 

The advantages of this system include 
speed, precision, and independence from the 
human factor, making its application particularly 

relevant in the mass production of optical 
systems.  The system has demonstrated a 
reduction in labor efforts during measurements: 
checking all lens parameters (focal length, 
distortion, and resolving power) with this 
intelligent system takes less than 15 minutes, 
whereas manual measurement by a human 
operator can require over 60 minutes. 

The first neural network model, based on 
YOLOv8m, detects control points almost 
perfectly: they are recognized absolutely correctly 
in 97.5% of cases.  This is a high figure, which 
indicates that errors in point detection are nearly 
eliminated. 

When recognizing the test object’s lines, the 
second model, based on YOLO26m, shows a 
slightly lower accuracy of 87.4%. This means that 
when the system encounters a group of lines, it 
correctly identifies it and accurately isolates it in 
87.4% of cases.  At the same time, the final 
measurement error does not exceed the values 
established by the measurement procedure. 

The system was tuned and tested on a 
computer without a discrete graphics accelerator. 
All neural network computations were performed 
using the central processing unit.  Despite this, 
the system enables fast measurements with the 
required precision, thus confirming the correct 
selection of models and approaches. 
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aeruginosa, all tested samples showed bactericidal activity, expressed in almost complete 
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Introduction 

Currently, carbon and new carbon-based 
composite materials are of great practical and 
scientific interest in all branches of human 
activity.  For a long time, only two allotropic 
modifications of carbon – graphite and diamond – 
were actively studied.  At present, the polytypes 
of diamond and graphite have been thoroughly 
investigated and described [1–3]. If we consider 
diamond (a three-dimensional carbon polymer) as 
the limiting case of the paraffin series, and 
graphite (a planar polymer) as the limiting case of 
the aromatic series, then it is logical to assume 
that the next form will be the limiting case of the 
unsaturated series, which can be represented as a 
linear polymer whose molecules are built from 
polyyne or cumulene chains [4]. The possibility 

of the existence of linear carbon polymers with 
sp-hybridization was considered as early as 1885 
by Baeyer.  He attempted to synthesize a chain 
carbon – polyyne. Attempts to obtain one-
dimensional polyyne chains from tetraacetylene 
were unsuccessful due to the instability of 
tetraacetylene [5]. As a result of long-term 
research, Baeyer postulated the impossibility of 
obtaining linear chain carbon. This work ceased 
for a long time.  However, in 1960, the A. N. 
Nesmeyanov Institute of Organoelement 
Compounds of the Russian Academy of Sciences 
(INEOS), discovered the third crystalline 
allotropic form of carbon and named it carbyne 
[6].   Subsequently, various methods for 
obtaining carbyne were developed [5, 7, 8, 9]. 
The next step was the modification of surface 
properties by creating thin carbon films or layered 
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film structures on them, with thicknesses ranging 
from microns to fractions of a micron.  The 
orientation of carbon molecular chains can be 
controlled while the structures are growing [10–
12]. Such film structures serve as the basis for 
building the elemental base of modern micro- and 
nanoelectronics. Thin films can also perform 
functional tasks such as surface hardening or 
changing wettability and the friction coefficient. 
When deposited onto a solid surface, carbon 
atoms can form various allotropic modifications 
differing in hybridization type: sp3 and sp2, 
which correspond to the stable modifications of 
diamond and graphite, sp1 and sp0, which are 
these are metastable modifications of linear chain 
carbon (LCC) and face-centered (FC) carbon. 
Upon condensation on the surface, the chains 
cross-link to form a graphite-like condensate. 
Under certain condensation conditions of carbon 
vapor on the surface, films of two-dimensionally 
ordered linear chain carbon (2DO LCC), which 
consist of linear carbon chains oriented normal to 
the surface and forming ordered ensembles can be 
formed [10–12]. 2DO LCC films are ordered 
ensembles of quantum wires spaced 0.40.5 nm 
apart, and therefore weakly interacting with each 
other and possessing unique electrophysical 
properties. Integration of additional atoms into 
carbon chains or the cross-linking of polymer 
chains of linear carbon allows modifying both 
their physical properties and biological activity. 

Biomedical studies of implants coated with 
linear chain carbon have shown the absence of 
protein denaturation on their surfaces and an 
extremely low blood coagulation potential.  The 
application of 2DO LCC coatings on the surface 
imparts exceptional thromboresistance and 
improves the biocompatibility of medical 
implants and devices, reducing the risk of 
thrombosis, implant rejection, and inflammation 
[13].  According to prior studies, carbyne in the 
form of nanopowders exhibits biocidal activity 
against microorganisms of various species, in 
particular against representatives of human 
automicroflora and opportunistic pathogenic 
microorganisms [14]. 

The aim of this paper is to obtain 
experimental data on the effect of coatings made 
from various modifications of 2DO LCC on the 
viability of airborne microorganisms at 
atmospheric pressure, 100% humidity, and room 
temperature.  

Experimental Section 

For the purpose of the research, sixteen 
samples of 12Х18Н10Т stainless steel, each 
measuring 50251 mm, were produced. On the 
surface of 12 samples, a layer of two-
dimensionally ordered linear chain carbon (2DЩ 
LCC) approximately 200 nm thick was 
synthesized by ion-beam deposition [10]. On the 
surface of 4 samples, the layer was deposited in 
the presence of hydrogen in the residual 
atmosphere (2DO LCC + H); on 4 samples, the 
layer was deposited in the presence of nitrogen 
(2DO LCC + N); on 4 samples, the layer was 
doped with lithium atoms in an inert atmosphere 
(2DO LCC + Li); and 4 samples were used as 
controls without coating. The biocidal properties 
of the fabricated samples were tested using 
representatives of bacterial and fungal flora.  The 
bacterial test cultures used were representatives 
of Gram-negative flora – bacteria of the species 
Pseudomonas aeruginosa and spore-forming 
Gram-positive bacilli of the species Bacillus 
pumilus. As micromycete cultures, the following 
fungal species from the All-Russian Collection of 
Microorganisms (VKM) were used:  
Aspergillus niger van Tieghem – VКМ F – 1119;  
Aspergillus terreus Thom VКМ F-1025; 
Aspergillus oryzae (Ahlburg) Cohn VКМ F – 55; 
Chaetomium globosum Kunze VКМ F – 109; 
Paecilomyces varioti Bainier VКМ F – 378; 
Penicillium funiculosum Thom VКМ F – 1115; 
Penicillium chrysogenum Thom VКМ F – 245; 
Penicillium cyclopium Westling VКМ F – 265; 
Trichoderma viride Pers. ex Fr. VКМ F – 426. 
On two samples from each group, microdroplets 
of the prepared bacterial suspension with a 
bacterial count ranging from 1106 to 4106 CFU 
were applied.  On two samples from each group, 
droplets of a fungal spore suspension were 
applied. The suspension was prepared by mixing 
equal parts of the suspensions of each fungal 
species.  After that, all samples with the applied 
suspension were placed in a closed sealed volume 
at  atmospheric air pressure, room temperature, 
and 100% humidity. A stainless steel chamber 
with an inner radius of 60 mm and a height of 140 
mm was used to create the sealed volume (Fig. 1). 
The test samples were placed inside the chamber 
on an aluminum rack-type holder. To achieve the 
required humidity of the gas environment, a 
recess with a volume of 2 cm³ was made in the 
upper part of the holder and filled with distilled 
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water (Fig. 1). The test duration was 14 days for 
bacterial cultures and 28 days for fungal cultures. 

After the bacterial tests were finished, the 
samples were subjected to microbiological 
analysis to identify differences in the quantitative 
level of viable microorganisms on the test and 
control samples. The analyses were carried out by 
standard methods [15]. The results of the 
antimicrobial property tests for samples with 
different coating types are presented in Table 1. 

As shown in Table 1, on unprotected 
stainless steel samples, approximately 4102 
CFU/sample of Pseudomonas aeruginosa were 
found, while on the protected samples, only 
single cells (0 to 9) were detected, corresponding 

to 97.75% to 100% protection efficiency. 
Comparative tests of protected and unprotected 
steel samples show that spore-forming 
microorganisms of the species Bacillus pumilus 
remain viable, but their quantitative level was not 
found to increase above that on the control 
samples in any case. 

After the mycological tests were finished, 
the material samples were inspected in diffuse 
light at 10× magnification using a Stemi 2000 
stereomicroscope.  Fungal resistance was 
evaluated by the intensity of fungal growth on the 
samples using a 6-point scale as per GOST 9.048-75 
[16], as shown in Table 2. Table 3 shows the 
sample surface inspection results in points. 

Fig. 1. Chamber with the holder 
installed Top view 

Table 1 

Test results of antimicrobial properties of the coatings against Gram-negative microorganisms 
Pseudomonas aeruginosa and Bacillus pumilus 

Sample and coating type 
Pseudomonas aeruginosa, 

CFU/sample 
Bacillus pumilus, 

CFU/sample 

Stainless steel (control) 4.0102 6.0104 

Stainless steel + 2DO LCC + H 0–9 3.6104 

Stainless steel + 2DO LCC + N 0–8 3.0104 

Stainless steel + 2DO LCC + Li 0 4.5104 

Table 2 
Fungal growth evaluation 

Point Point description

0 No fungal growth is visible under a microscope. 

1 
Germinated spores and a slightly developed mycelium in the form of unbranched hyphae are visible under a 
microscope. 

2 A mycelium in the form of branched hyphae and sporulation structures are visible under a microscope. 

3 Fungal growth is barely visible to the naked eye, but is clearly visible under a microscope. 

4 Fungal growth is clearly visible to the naked eye, with the fungi covering less than 25% of the tested surface. 

5 Fungal growth is clearly visible to the naked eye, with the fungi covering more than 25% of the tested surface. 
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Table 3 

Evaluation of fungal growth on sample surfaces after exposure 

Material 
Fungal growth 
score (points) 

Evaluation results 

Stainless steel (control) 2 
The gas environment contains chemical compounds 
used by fungi for slight growth. 

Stainless steel + 2DO LCC + H 2–3 
The gas environment and the coating contain chemical 
compounds used by fungi for greater growth than in the 
control. 

Stainless steel + 2DO LCC + N 2–3 
The gas environment and the coating contain chemical 
compounds used by fungi for greater growth than in the 
control. 

Stainless steel + 2DO LCC + Li 0 
The material surface has a coating that prevents fungal 
growth. 

As can be seen from the presented data, the 
air environment contains compounds that 
micromycetes are able to use for their anabolism. 
This is confirmed by the growth of micromycetes 
on the control samples. On the test coatings, 
fungal growth in the form of branched hyphae 
and weak sporulation was observed (Fig. 2).  The 
exception was the stainless steel samples with the 
2DЩ LCC + Li coating, on which no fungal 
growth was detected (Fig. 3). After culturing the 
washings from these samples, no viable 
micromycete CFU were found.  Thus, according 
to the results of the microbiological tests 
conducted, only the coating deposited on the 
stainless steel substrate and consisting of 2DO 
LCC doped with lithium atoms exhibited 
antifungal properties.  

Fig. 2. Surface of the sample with the deposited  
2DO LCC + N layer after testing.  Fungal growth is 

observed.  Magnification – 10 

Fig. 3. Surface of the sample with the deposited  
2DO LCC + Li layer after testing. No fungal growth is 

observed. Magnification – 10 

Conclusion 

All tested 2DO LCC nanocoatings 
exhibited bactericidal activity against vegetative 
forms of Gram-negative microorganisms 
Pseudomonas aeruginosa, which was expressed 
in the almost complete suppression of their 
viability. Against spore-forming Gram-positive 
bacteria of the species Bacillus pumilus, the 
coatings exhibited bacteriostatic activity that 
prevents these microorganisms from reproducing 
and increasing in number on the protected 
samples.  According to the results of the 
microbiological tests against fungi, one type of 
coating, 2DO LCC + Li, exhibited antifungal 
properties, with a complete absence of fungal 
growth and no viable micromycete CFU 
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observed.  For the remaining samples, slight 
fungal growth was observed compared to the 
control samples.  

2DO LCC nanocoatings are promising for 
preventing fungal growth and suppressing 
bacterial viability. The differences in the 
biological properties of the protective 
nanocoatings of two-dimensionally ordered linear 
chain carbon require further investigation of their 

surface properties and the mechanisms of 
microbial growth suppression. 
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Introduction 

Ring lasers have found wide application as 
high-precision angular rate sensors in modern 
navigation and control systems [1].  Their 
operating principle is based on the Sagnac effect, 
which results in a frequency difference f 
between counter-propagating waves that is 
proportional to the rotation rate of the device : 
f = K, where K is the scale factor of the ring 
laser [2, 3].  Excluding the active medium, this 
factor is determined by the resonator geometry: 
the optical path length L, the area S enclosed by 
the contour, and the generation wavelength .  
A key condition for the stable and accurate 
operation of a ring laser is maintaining the 
resonator length (perimeter) with an accuracy of a 
few nanometers [3, 4]. During operation, external 
impacts (temperature, vibrational accelerations) 
can cause mechanical deformations of the 
resonator, leading to its detuning  – a change in 

the effective perimeter L [5, 6]. This 
phenomenon causes a shift of the generation 
frequency from the center of the gain line of the 
active medium, which impairs key laser 
parameters, resulting in a decrease in radiation 
intensity, an increase in the lock-in threshold, and 
the instability of the scale factor. 

To compensate for thermal deformations, 
the ring laser is equipped with a perimeter control 
system (PCS) that actuates movable piezomirrors 
[6, 7].  However, rapid oscillations of the 
piezomirrors caused by vibration may not be 
compensated by the system in time [8]. In this 
case, perimeter detuning  causes the laser to exit 
the optimal generation mode. Moreover, changes 
in the optical path of the resonator caused by 
mirror movement can induce an error signal 
interpreted as rotation [4]. 

The problem of dynamic impacts becomes 
particularly relevant when ring lasers are used 
under conditions of increased mechanical loads, 
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for example, in the geophysical equipment or 
control systems for moving objects [1, 9]. As 
shown in prior studies [10, 11], the ring laser 
design has its own resonant frequencies (up to 
2000 Hz), at which vibration accelerations on the 
resonator housing can reach tens of g. The 
element most sensitive to overloads is the 
movable piezomirror, whose displacement 
directly affects the resonator perimeter. Thus, a 
quantitative assessment of the stability of the ring 
laser perimeter against vibrations is an important 
task that determines the reliability and application 
range of these high-precision devices. 

The aim of this paper is to experimentally 
study of the ring laser perimeter's sensitivity to 
external dynamic impacts and to determine the 
physical mechanisms behind the vibration 
influence on its output characteristics. 

Theoretical part 

The operation of the ring laser as an angular 
rate sensor is based on maintaining a stable 
single-mode generation regime at the center of 
the gain line of the active medium.  As noted in 
the introduction, external dynamic impacts cause 
perimeter detuning , which leads to a change in 
the resonator’s optical length L and a shift in the 
natural frequency of the longitudinal mode, as 
determined by the expression [2, 12]: 

 
ν ,

1a

c
q

L l n


 
               (1) 

where q is an integer (mode order); c is the speed 
of light; l, na are the length and refractive index of 
the active medium, respectively. 

The dependences of generation intensity I 
on the resonator length L have been well studied 
[5, 2].  When the perimeter changes by ΔL, the 
intensity I will change, and it is convenient to 
choose the perimeter change (detuning) ξ as the 
argument of the intensity function, which is 
defined as ξ = ΔL = L – L0, where L0 is the 
resonator length corresponding to the maximum 
intensity (I = I0). The relationship between the 
perimeter detuning ξ and the generated radiation 
intensity I is key to understanding the stability of 
device operation.   Near L0, the dependence I(ξ) is 
approximated by a parabola [5, 11]: 
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where a is a constant coefficient; ξf is the 
boundary of the stable single-mode regime 
region.  As detuning continues to increase, a 
transition to the mode competition zone occurs. 
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followed by a transition to the irregular regime 
described by the random function SQR(ξ) [11]. 
Thus, the threshold detuning value ξf  is a critical 
parameter that defines the boundaries of the ring 
laser operating mode. 

Under vibrational impact conditions, the 
overload Pg arising at the structure’s resonant 
frequencies  fВ causes a force applied to the 
piezomirror, leading to its displacement and 
perimeter modulation.  This process can be 
described by the dependence:  

     B Bsin 2 ,g gt P f f t               (4) 

where ξg is the sensitivity of the perimeter 
detuning to the projection of vibrational 
acceleration onto the normal to the piezomirror 
surface. The overload coefficient Pg, which 
depends on the impact frequency fВ can be 
expressed in a linear approximation through the 
natural frequencies of the resonant modes fВi with 
excitation amplitudes aPi and quality factors QPi 
[8]: 
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        (5) 

Thus, the theoretical model establishes a 
direct relationship between the external 
vibrational impact described by the frequency fВ, 
the overload Pg, and the resulting perimeter 
detuning ξ, which directly determines the 
radiation intensity Iξ and, consequently, the 
stability of the ring laser output characteristics. 
Experimental verification of these dependences 
allows for a quantitative assessment of the laser 
stability threshold. 
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Experimental Study and Results 

The object of study was a helium-neon ring 
laser with a four-mirror resonator, a perimeter of 
28 cm, and a lasing wavelength of λ = 633 nm 
[9].  The schematic of the experimental setup 
scheme is shown in Fig. 1.  The laser resonator 
consists of two movable (3) and two fixed mirrors 
(4). Thermal deformations of the ring laser 
housing were controlled and compensated by a 
perimeter control system acting on the 
piezocorrectors (5) of the movable mirrors via a 
control voltage UPC. Information on the resonator 
state was recorded by two intensity monitoring 

photodiodes (1), whose signals IМ1, IМ2 carried 
data on the intensity of the counter-propagating 
waves. The measurement of the difference 
frequency f of signals Usin and Ucos, proportional 
to the angular velocity , was performed using an 
information photodiode (2).  The laser housing 
(6) was mounted on a mechanical dither (7) fixed
by screws to a movable plate (8) of a vibration
shaker to ensure the rigid transmission of
mechanical impacts in the specified direction (9).
Accelerometers were mounted on the housing (6)
to record the overloads Pg along three axes of
external impacts.

1
 Digital 

detector 

IM1 

IM2 

UPC 

4 

6 

3 

5 

2

8 

9
7 

4 

3 

5 

Uctrl 

Usin, Ucos

External 
generator

Perimeter 
control system 

Fig. 1. Experimental setup schematic: 1– intensity monitoring photodiodes; 2 – information photodiode; 3 – movable 
mirrors; 4 – fixed mirrors; 5 – piezocorrectors; 6 – ring laser housing; 7 –mechanical dither; 8 – vibration shaker plate; 

9 – external dynamic impact direction 

The first stage of the experiment studied the 
dependence of the output signal Ω on the 
controlled perimeter detuning ξ created by 
applying a voltage Uctrl to the piezocorrector, with 
the PCS disabled.  The signal Ω was found to 
remain stable in the range of ξ from 0 to 222 nm 
and to correspond to the projection of the Earth's 
diurnal rotation rate (12.45 deg/h). When the 
threshold of 222 nm was exceeded, a sharp, 
fivefold increase in the readings was observed, 
indicating that the ring laser had exited the 
operating single-mode regime.  Additionally, the 

intensity modulation IМ under a sinusoidal 
detuning at a frequency of 2 kHz was 
investigated. The amplitude of the signal 
modulation was recorded to grow linearly with ξ 
increasing up to 222 nm, after which 
characteristic nonlinear distortions appeared in 
the signal.  The second stage was devoted to the 
impact of an external harmonic vibration in the 
frequency range fВ from 20 to 2000 Hz at an 
acceleration amplitude P = 4g.  The ring laser 
with the mechanical dither was mounted on a 
dynamic shaker. After a preliminary warm-up of 
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the laser, the PCS was switched to manual mode 
(the voltage across the piezocorrectors was fixed) 
to exclude its influence on the modulation of 
signal IМ and to enable the recording of the 
detuning ξ caused exclusively by external 
vibration. A significant increase in the 
modulation amplitude of the intensity signal IМ 
was observed only in narrow frequency bands 
(675–690 Hz, 720–750 Hz, 1010–1045 Hz) that 
correspond to the regions of mechanical 

resonances of the ring laser structure.  Figure 2 
shows a fragment of the signal IМ at a vibration 
frequency fВ of 920–1120 Hz. 

The accelerometer readings recorded along 
three axes (in the direction of impact, the ring 
laser sensitivity axis, and the movable 
piezomirror axis) confirmed the occurrence in 
these spectral frequency ranges of significant 
overloads Pg directed primarily along the axis 
normal to the movable piezomirror surface (Fig. 3). 

Fig. 2. Modulation of the intensity signal under an external dynamic impact 

Fig. 3. Overloads along the ring laser axes:  
(1) – along the impact axis (driving action),
(2) –  along the ring laser sensitivity axis,
(3) – along the ring laser piezomirror axis

A comparison of the modulation pattern of 
the optical signal IМ under vibration with the 
calibration dependence obtained at the first stage 

of the experiment allowed establishing a 
quantitative relationship between the overload Pg 
along the mirror axis and the induced perimeter 
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detuning ξ. An approximation of the experimental 
data (Fig. 4) yielded the following dependence: 

ξ(P) = 0.057P2 + 0.789P.        (6) 

Fig. 4. Dependence of the ring laser perimeter detuning 
on the overload along the movable mirror axis 

It follows from this dependence that the 
critical detuning value    222 nm is reached at 
an overload P  56g. A linear approximation in 
the operating range determines the sensitivity of 
the perimeter of the investigated ring laser to 
dynamic impacts as equal to 3.75 nm/g. 

Discussion of the Results 

The obtained experimental data allow 
concluding that the investigated ring laser 
exhibits high dynamic stability and establishing a 
quantitative correlation between mechanical 
impacts and changes in its optical parameters. 
The critical threshold established for the 
perimeter detuning, which is equal to 222 nm, 
corresponds to the theoretical boundary of the 
stable single-mode lasing regime.  Exceeding this 
value leads to a transition to the zone of 
longitudinal mode competition, which fully 
explains the fivefold increase observed in the 
output signal error of the device.  This result 
confirms the basic principle that the stability of 
the ring laser scale factor is determined by 
maintaining the condition  < f.  

The revealed selectivity of the laser output 
signal response to vibration, which is expressed 
as a significant modulation of the radiation 
intensity only in narrow frequency ranges, 
indicates the resonant nature of the impact. This 
agrees with the data on the intrinsic resonances of 
the ring laser structure existing within the 

frequency range up to 2000 Hz.  The prevailing 
overload specifically along the axis normal to the 
surface of the movable piezomirror 
experimentally proves that this element is the 
main channel for transmitting dynamic 
perturbations to the optical path of the resonator. 

The quadratic nature of dependence (7) 
likely reflects the nonlinearity of the elastic 
properties of the piezomirror mount to the laser 
housing at large deflection amplitudes. The 
calculated perimeter sensitivity of 3.75 nm/g and 
the determined stable operation threshold of 56g 
are key quantitative characteristics for assessing 
the applicability of the device.  These values 
indicate that at overloads below 56g, the PCS is 
potentially capable of compensating for the 
resulting detuning, as it remains within its 
operating range and does not exceed the critical 
value f.  

A comparison with known studies [8, 10] 
confirms the general mechanism of vibration 
influence through the excitation of structural 
resonances. At the same time, the obtained 
specific numerical characteristics (3.75 nm/g, 
56g) for a laser with a perimeter of 28 cm 
contribute new insights into the operational 
limitations of such devices as part of inertial 
measurement systems and expand the 
understanding of their applicability under 
moderate vibrational loads. 

Conclusion 

An experimental study of the influence of 
external dynamic impacts on the stability of the 
ring laser perimeter has been conducted in this 
paper. Quantitative estimates of the device 
stability have been derived from the analysis of 
the relationship between vibrational overloads, 
perimeter detuning, and the output characteristics 
of the device. 

The results confirm the theoretical model, 
according to which the stability of the single-
mode lasing regime critically depends on the 
perimeter detuning value. The experimentally 
established detuning threshold of 222 nm 
corresponds to the boundary of the stable single-
mode lasing zone. Exceeding this threshold 
results in a transition to the mode competition 
regime and a significant increase in the 
measurement error. 
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A direct relationship has been established 
between the overload acting along the axis of the 
movable piezomirror and the induced perimeter 
detuning. It has been found that the critical 
detuning is reached at an overload of 56g, which 
sets a clear operational limit for devices of this 
type. The calculated sensitivity of the perimeter 
to dynamic impacts is 3.75 nm/g. 

The obtained results are of practical 
significance for the development and application 

of ring laser gyroscopes under vibrational loading 
conditions. They show that as long as overloads 
remain below the specified threshold, the 
perimeter control system can ensure the normal 
operation mode of the device, thereby expanding 
its potential applicability.  This study contributes 
to the understanding of vibration influence 
mechanisms on the accuracy of inertial 
measurement systems and provides specific 
quantitative criteria for assessing their stability. 
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Introduction 

The enzyme L-asparaginase (L-ASNase) 
belongs to hydrolases and catalyzes the 
conversion of L-asparagine to L-aspartate [1].  L-
ASNase (type II) has found application in the 
therapy of oncological diseases – in particular, 
acute lymphoblastic leukemia [2].  This enzyme 
is also used in the food industry to prevent or 
reduce the formation of acrylamide in food 
products during thermal processing [3].  The 

latter has attracted great interest to investigating 
the effects of elevated temperatures on the 
physicochemical properties of L-ASNase [3, 4]. 

Currently, the thermal stability of bacterial 
type II L-asparaginases is widely studied by 
spectroscopic methods [4, 5], which do not allow 
obtaining a signal from single molecules of the 
enzyme under study [6].  The study of the 
physicochemical properties of single enzyme 
molecules, in turn, allows a deeper insight into 
the kinetics and mechanism of enzymatic 
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catalysis [6]. This is done by using molecular 
detectors: the atomic force microscope and solid-
state nanopore-based electrical detectors (SSN-
ED). SSN-EDs allow recording the catalytic 
activity of single enzyme macromolecules [7], 
which is essential for studying the kinetics and 
mechanism of enzymatic catalysis [6, 8]. It 
should be noted that the key element of an SSN-
ED is an inorganic membrane, which is often 
fabricated on the basis of silicon compounds [9] 
with a solid-state nanopore [7].  The adsorption 
of the enzyme under study onto the surface of this 
membrane and the enzyme behavior on this 
surface can fundamentally affect the results of 
studying its functioning with the use of an SSN-
ED. Thus, an essential task is to investigate the 
adsorption of enzymes onto inorganic silicon-
containing surfaces. Atomic force microscopy 
(AFM) allows the visualization of single enzyme 
macromolecules [10, 11] and the registration of 
the slightest changes in their adsorption 
properties. Mica, a silicon compound whose 
surface chemical properties are similar to those of 
the membrane material of the SSN-ED - silicon 
nitride Si3N4, is often used as a substrate in AFM 
[12, 13]. 

The aim of this study is to investigate the 
adsorption of type II L-ASNase onto mica under 
conditions of thermal exposure on the enzyme.  

Materials and Methods 

Experimental design. Temperature-related 
changes in the adsorption properties of the 
enzyme were studied by AFM within the 
temperature range from 25 to 60 C. 

Reagents and enzyme. The enzyme L-
asparaginase from E. carotovora was obtained 
and purified at the Laboratory of Medical 
Biotechnology of the Institute of Biomedical 
Chemistry (IBMC) in accordance with previously 
published protocols [14]. The lyophilized enzyme 
powder was dissolved in 2 mmol/l Dulbecco's 
phosphate-buffered saline (PBS-D) and diluted to 
reach the required concentration for the 
experiment.  PBS-D (pH 7.4; 2 mmol/l 
phosphate, 30 mmol/l NaCl) was prepared from a 
salt mixture purchased from Pierce (USA). All 
solutions used in the experiments were prepared 
using deionized ultrapure water (18.2 MΩcm) 
obtained with a Simplicity UV system (Millipore, 
France). 

Atomic force microscopy.  Samples of the 
enzyme solution were first heated in a 
microcentrifuge tube to the required temperature, 
and then the enzyme was adsorbed from this 
solution onto mica substrates for AFM as follows.  

First, a 0.1 µmol/l solution of L-ASNase in 
2 mmol/l PBS-D (pH 7.4) was placed in a 
thermostatted shaker Thermomixer Comfort 
(Eppendorf, Germany) and sequentially heated to 
the required temperatures (25 С, 30 С, 45 С, 
55 С and 60 С). At each of these temperatures, 
two 1 ml samples of the solution were taken, and 
heating was continued up to 60 C. The enzyme 
from the samples treated as described above was 
then adsorbed by direct adsorption [15] onto 
freshly cleaved mica AFM substrates.  Each 1 ml 
sample of the enzyme solution was pipetted into a 
1.7 ml Eppendorf tube, and a rectangular 
muscovite mica plate (SPI, USA) sized 715 mm 
was immersed into the solution.  The tube was 
continuously shaken at 600 rpm at room 
temperature (25 C) for 10 min. After that, the 
AFM substrate was removed from the enzyme 
solution, placed in another tube with 1 ml of 
water, and shaken again at 600 rpm at room 
temperature (25 C) for 10 min to remove buffer 
salts from its surface. All AFM measurements 
were performed using an NTEGRA PRIMA 
instrument (NT-MDT, Zelenograd, Russia) in the 
intermittent-contact mode in air under controlled 
conditions (temperature 25 C, air humidity 
55%). At least 25 scans sized 2 µm  2 µm with a 
resolution of 256256 points were obtained for 
each substrate. 

AFM data analysis (including the 
calculation of height distributions of the AFM 
images of enzyme molecules (h) and the number 
of enzyme molecules normalized to an AFM 
substrate area 400 µm², denoted as N400) was 
performed as described previously [16]. 

Results and Discussion 

Figure 1 shows typical AFM images of 
L-ASNase adsorbed onto mica from solutions
incubated at temperatures of 25 С, 30 С, 45 С
and 55 С, as well as typical distribution curves
(h) obtained for enzyme samples treated at
25 С, 30 С, 45 С or 55 С. At 60 C, no
enzyme adsorption was observed.
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According to the presented AFM images, in 
the temperature range from 25 to 45 C, the 
enzyme adsorbed onto mica in the form of 
individual globules, whereas heating the enzyme 

solution to 55 C resulted in its adsorption in the 
form of filamentous structures. The latter fact 
indicates significant denaturation of the enzyme 
at 55 C. 

Fig. 1. Typical AFM images and height distribution curves (h) of L-ASNase adsorbed onto mica from solutions 
incubated at 25 С, 30 С, 45 С or 55 С. Ellipses mark the images of denatured enzyme structures.  AFM image size: 

2 µm  2 µm.  Experimental conditions: enzyme solution concentration 0.1 µmol/l, pH 7.4 

The blue curve in Fig. 1 shows that the 
maximum of the height distribution (h) for the 
L-ASNase sample adsorbed onto mica at 25 C
corresponds to a height value of hmax = 2.4 nm.
Previous studies of another enzyme – horseradish
peroxidase (HRP), whose molecular weight
(44 kDa [17]) is comparable to that of L-ASNase
(which is 36 kDa [18]) showed that the maximum
height of AFM images of the monomeric form of
HRP on mica is 1.0 to 1.2 nm [10, 11]; while the
height of AFM images of higher-order aggregates
of HRP on mica is 2.4 nm [11].  Based on these
considerations, we conclude that after being
treated at 25 C, L-ASNase adsorbs onto mica in
the form of aggregates with AFM image heights
of about 2.4 nm.

Upon incubation of L-ASNase at higher 
temperatures (from 30 to 45 C), hmax values can 
be observed to decrease to 1.6 and 1.4 nm (Fig. 1, 
orange and green curves). This fact indicates the 
disaggregation of L-ASNase with an increase in 
the relative content of the monomeric form of the 
enzyme as compared to the total number of 
particles adsorbed onto mica. 

AFM images of individual L-ASNase 
molecules are quite distinguishable at all 
investigated temperatures up to 45 C, but at a 

higher temperature (55 C), compact objects are 
practically not observed (Fig. 1). The absence of 
compact objects in the AFM images obtained in 
the experiments involving the enzyme incubated 
at 55 C indicates that the enzyme molecules 
undergo significant structural changes at this 
elevated temperature.  These changes lead to the 
formation of filamentous structures on mica 
(Fig. 1), while adsorption of the enzyme in its 
“normal” form is not observed.  During 
experiments conducted at 55 C, only filamentous 
structures of the denatured enzyme are visualized. 
The height of the AFM images of these structures 
ranges from 0.5 to 0.8 nm. A further increase in 
temperature to 60 C leads to the complete 
disappearance of enzyme adsorption on mica: 
after enzyme treatment at such a high 
temperature, neither compact objects nor 
filamentous structures are observed. It should be 
noted that the count of enzyme particles N400 
adsorbed onto mica at temperatures of 25, 30, 45, 
and 55 C was 1003, 540, 1605, and 
159 particles/400 µm², respectively. 

Thus, the study of the thermal denaturation 
of L-ASNase by AFM showed that the enzyme 
adsorbs on mica in an aggregated form at 25 C. 
An increase in temperature to 30 C led to a 
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twofold decrease in the number N400 of enzyme 
particles adsorbed on mica.  The latter fact 
indicates temperature-induced changes in the 
conformation of enzyme globules, which resulted 
in reduced enzyme adsorption.  Based on N400 

values and (h) curves (Fig. 1), it can be 
concluded that an elevated temperature promotes 
the disaggregation of the enzyme and the 
adsorption of a greater number of enzyme 
particles in the monomeric form.  These 
phenomena are likely associated with the 
processes of thermal denaturation of the enzyme. 
A further increase in temperature to 45 C 
promotes enzyme adsorption, which indicates that 
denaturation processes continue and lead to 
changes in the conformation of enzyme globules. 
This latter fact contributes to stronger binding of 
the enzyme to the mica surface. It should be 

emphasized once again that the maximum 
adsorption of L-ASNase on mica is observed at 
45 C. However, a further increase in temperature 
to 55 C leads to a sharp decrease in enzyme 
adsorption, which is accompanied by the 
development of filamentous structures of the 
denatured enzyme.  At 60 C, the enzyme 
completely loses its adsorption capacity, as 
neither compact objects nor filamentous 
structures are observed on mica. 

Our results are critically important for the 
development of solid-state nanopore-based 
electrical detectors (SSN-ED).  The pilot 
experiments involving L-ASNase on an SSN-ED 
(whose organization was described previously 
[7]) derived the dependence of the ionic current 
(I) flowing through the nanopore vs. time (t) at
25 C (Fig. 2).
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Fig. 2. Typical dependence I(t) derived using an 
SSN-ED with an L-ASNase macromolecule 

embedded in the solid-state nanopore, and an image 
of a 6 nm nanopore formed in an inorganic 

membrane, obtained by transmission electron 
microscopy (inset) 

Before the enzyme was added, a base level 
of I was recorded in 1 mmol/l of PBS-D (pH 7.6). 
After 0.1 µmol/l was added to L-ASNase into the 
cis chamber of the SSN-ED measurement cell, 
the absolute value of I decreased, indicating 
partial blocking of the nanopore by the enzyme 
molecule.  The subsequent addition of 10 µmol/l 
L-asparagine solution, in turn, led to a significant
increase in I, indicating the unblocking of the
nanopore.  In blank experiments performed using
a pure buffer instead of the enzyme solution, no
significant changes in I were observed.  Given the
substantial changes in the adsorption properties of
L-ASNase under thermal exposure conditions, a
detailed investigation of the kinetics of
functioning of this enzyme’s single molecules
using an SSN-ED requires further studies.

Conclusion 

The AFM method was applied to 
investigate the dependence of the L-ASNase 
adsorption properties on the thermal exposure of 
the enzyme solution.  The height of the AFM 
images of L-ASNase adsorbed on mica was 
found to decrease from 2.4 nm at 25 C to 1.6 and 
1.4 nm in the temperature range from 35 to 45 C. 
At the same time, the count of enzyme particles 
adsorbed on mica increases significantly, with the 
maximum reached at 45 C. This fact indicates 
that changes in the enzyme globule structure 
caused by thermal denaturation in this 
temperature range promote its adsorption onto 
mica. A further increase of temperature to 55 C 
leads to a sharp decrease in the adsorption 
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capacity of the enzyme, which is accompanied by 
the formation of filamentous structures on the 
mica surface.  At 60 C, the enzyme completely 
loses its ability to adsorb on mica. The obtained 
results are essential for the development of 
electrical molecular detectors based on solid-state 
nanopores required for an in-depth study and 
understanding of the mechanism and kinetics of 
enzymatic catalysis, and may also be useful in the 
development of anti -cancer drugs. 
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