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Based on an analysis of the characteristics of chaotic laser radiation, we introduce the notion and notation
of a chaotic laser mode. Within a semiclassical model of single-mode laser generation with modulated injection
of an external coherent field we derive conditions for the onset and maintenance of stable chaotic generation in
the form of parameter intervals of the external field. For these regimes we analyze measurable radiation
characteristics — envelope amplitude and frequency, degree of monochromaticity, coherence time, coherence
length and coherence area, beam divergence and transverse intensity distribution — and show that all of them
exhibit chaotic temporal dynamics. We discuss the capabilities and limitations of Fourier spectral analysis of
broadband chaotic signals and demonstrate that, when combined with fractal analysis of the radiation
spectrum, this approach allows one to determine the interval and evolution of the instantaneous frequency and
intensity and to distinguish chaotic regimes from stochastic and quasiperiodic ones. On this basis we define a
chaotic mode as a globally stable, distinguishable and reproducible type of chaotic oscillation in a nonlinear
dynamical system; the results can be used for the design of laser systems with controlled chaotic generation for
secure optical communications, sensing and metrology.
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1. INTRODUCTION

The study of chaotic laser dynamics is usually divided
into two directions that share the same object — chaotic
laser radiation (optical chaos) — but pursue different
goals. One direction suppresses stochastic and chaotic
regimes to stabilize laser output and improve the quality
of coherent sources [1], whereas the other develops
methods for controlled generation of chaotic radiation
with prescribed characteristics for optics, photonics and
information  technologies [2]. Controlled chaotic
generation in solid-state, semiconductor and gas lasers
has been extensively studied [3-5], with emphasis on
deterministic chaos, which must be distinguished from
stochastic noise, turbulence and regular dynamics [6]. A
key application is chaotic optical communication, where
information i1s encoded in deterministic but aperiodic
broadband signals and recovered at the receiver by a
synchronized chaotic generator [3-5, 7, 8]. Practical use of
such systems requires reproducible generation,
transmission and transformation of chaotic signals with
given parameters and quantitative criteria that separate
chaotic, stochastic and quasiperiodic regimes; a spectral—
fractal-entropic approach to this problem was developed
by Yu.P. Machekhin and co-authors [9-13].

Despite progress in modelling chaotic laser generation
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and determining parameter ranges for chaotic regimes,
there is still no generally accepted notion of a “chaotic
mode” analogous to an electromagnetic mode in classical
laser theory: chaotic regimes are usually described via
parameter sets or attractors, without a compact notation
that links the type of electromagnetic mode to
measurable characteristics of chaos. The aim of this work
is therefore to analyze the characteristics of chaotic laser
radiation and, on this basis, to introduce a universal
definition and notation for chaotic laser modes using a
semiclassical model of single-mode laser generation with
modulated injection of an external coherent field. For
stable chaotic regimes we study the temporal behavior of
measurable radiation characteristics and the radiation
spectrum and, using Fourier and fractal analysis,
formulate criteria that distinguish chaotic regimes from
stochastic and quasiperiodic ones, which allows us to
define a chaotic mode as a globally stable, distinguishable
and reproducible type of chaotic oscillation and to relate
it to the parameters of chaos.

2. CHAOTIC GENERATION

The generation of chaotic radiation in a single-mode
laser can be described by the semiclassical equations [9]:

https://jnep.sumdu.edu.ua

®
© 2025 The Author(s). Journal of Nano- and Electronic Physics published by Sumy State University. This article is
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.

Cite this article as: Yu.S. Kurskoy et al., J. Nano- Electron. Phys. 17 No 6, 06037 (2025) https://doi.org/10.21272/jnep.17(6).06037


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
https://jnep.sumdu.edu.ua/
https://int.sumdu.edu.ua/en
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.21272/jnep.17(6).06037
https://doi.org/10.21272/jnep.17(6).06037
mailto:oleksandr.hnatenko@nure.ua
https://orcid.org/0000-0001-7722-0923

YU.S. KURSKOY, O.S. HNATENKO ET AL.

dE .
dt =—K(E—Ep)_lgP7 (1)
% - 4P +igED, 6)
% — (D, - D)+2ig(PE" - P"E), 3)

where E is the electric-field strength of the generated
radiation, P is the macroscopic dipole moment of the
active medium, D is the population inversion, Ep is the
amplitude of the external (pumping) field, Dy is the total
unsaturated inversion, k is the cavity loss rate, g is the
coupling coefficient, and the remaining parameters are
the transverse and longitudinal relaxation constants of
the dipole moment and the inversion. For a constant
value of the external field component E, Egs. (1)—(3)
admit a stationary solution FEs corresponding to
stationary (continuous-wave) laser generation. When the
pumping is modulated, and condition (4) is satisfied:

K<<y, <y 4)

The system (1)—(3) can be reduced to a single equation for
the field amplitude normalized to the stationary value Es:

= 2
@:—’AmE+ giDE—l E+E,(v), (5)
dt v(1+E?)

where A is the normalized frequency detuning, ® is
the angular frequency of the cavity mode, is the
angular frequency of the external field, and 7 is the
dimensionless time [9].

In the case where the external field is additionally
modulated at a frequency ,, :

E(t)=E,+E, cos(o,7), E,>E, >0, (6)

with E, the constant component and E; the modulation
amplitude, numerical integration of Eq. (5) under
condition (4) yields a sequence of dynamical regimes as
the control parameters are varied: quasi-periodic
oscillations for certain values of {Ep, Em, ®,,} and stable

chaotic generation for others [9]. A further increase in the
modulation amplitude leads to a transition back to a
periodic regime with the modulation period. Thus the
average value and modulation amplitude of the external
field serve as control parameters, defining intervals in
which chaotic generation occurs. In [9] the conditions for
chaotic laser generation were formulated as:

E, <{E, }, o, e{(op}, @)

Analysis of condition (4) and Eq (5) shows that the
laser dynamics are governed mainly by the cavity and by
the parameters and temporal profile of the pumping. In
practice, chaotic generation can be realized by
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modulating cavity losses or resonator motion, by
modulating the inversion, or by injecting a modulated
coherent field into the cavity under condition (7) (Fig. 1).
Numerical integration of Eq. (5) with conditions (4) and
(7) demonstrates the transition from stationary or
periodic to stable chaotic regimes as the modulation
amplitude increases: in the chaotic domain the

normalized intensity I(r):‘E(r)‘2 shows irregular

aperiodic oscillations (Fig. 2(b)), while the trajectory of
E(z) in the ReE-ImE plane forms a strange attractor (Fig.
3) typical of deterministic chaos.
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Fig. 1 — Schematic of chaotic laser generation with

optoelectronic feedback: 1 — laser; 2 — reflecting plates; 3 —
photodetectors; 4 — reflecting prism; 5 — pumping and
modulation system; 6 — control and monitoring unit
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Fig. 2 — Temporal dynamics of the normalized laser intensity
I(x) obtained from numerical integration of Eq. (5): (a) periodic
regime for weak modulation of the external field; (b) chaotic
regime for stronger modulation
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Phase portrait (chaotic regime}
15

Im E{t)

-1.0 T

-15 -1.0 —05 0.0 0.5 1.0 13 20
Re £(7)

Fig. 3 — Phase portrait of the complex field amplitude E(z) in
the ReE-ImE plane for the chaotic regime, obtained by
numerical integration of Eq. (5); the attractor corresponds to
stable chaotic generation

3. CHARACTERISTICS OF RADIATION

The numerical solution of Eq. (5) represents a chaotic
signal of laser radiation, which can be written in the form:

Eq, @) =E, (1) exp[iQ(o)i,t)t], (€©)]

where E, (f)and (w;,t)are the

frequency of the envelope, respectively, and ©,) is the

amplitude and

instantaneous frequency of the i-th component of the
chaotic radiation.

The chaotic signal (8) is characterized by a broad
emission bandwidth. However, for the purposes of
classification, reproducible generation and synchronization
of chaotic generators it is necessary to study not only the
spectral characteristics, but also other parameters of the
radiation. It should be noted that all characteristics of
stationary laser radiation are determined by the spectral
linewidth: the degree of monochromaticity, the coherence
time f., the coherence length [, the coherence area dc and
the beam divergence 9,.. These quantities are related by

the well-known expressions:

=9
5mz@,tcz2i, lcz%’ dch
[ A® A® AO

A
s 9, . 9
where c is the speed of light and AO is the solid angle of
the source forming the coherence area. Because in the
chaotic regime the instantaneous optical frequency
becomes a time-dependent quantity, all these parameters
also acquire a chaotic temporal behaviour.

Chaotic variation of the field amplitude E,(f) and
broadening of the emission line make it possible to represent
the chaotic signal as a superposition of its components with
instantaneous frequencies ®, € Ao in the form:

Eq () = ZEi(’) . (10)

In this case the intensity distribution of the radiation
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can be described as:
2
I(x, y) = |21, (x, y)exp(ing)| , 11)

where f (x, y)is a function describing the spatial

dependence of the amplitudes and the correlation
between the components of the field.

In the particular case of a chaotic Gaussian beam
with diameter dg, the transverse intensity distribution
can be approximated by:

2x% + 52
I(x, y)=1, exp|:—<dzy)
G

:lSp(x,y) , (12)

where I, is the on-axis intensity in the centre of the

beam and Sp(x,y)is the normalized distribution of the
chaotic speckle structure.

Thus, the chaotic radiation regime manifests itself
both in the energy (spectral) characteristics of the signal
and in the spatial distribution of the intensity in the
beam cross-section. In the limiting case of complete
suppression of chaos the distribution (12) reduces to the
Gaussian distribution characteristic of a stationary
single-mode beam.

4. SPECTRAL ANALYSIS

To detect chaotic regimes in laser systems, both
qualitative (temporal traces, phase portraits, spectra) and
quantitative methods are used. Qualitative inspection
alone is often insufficient for reliable classification, so
statistical, fractal and other mathematical tools are
applied. Fig. 4 shows typical intensity spectra for periodic
and chaotic generation regimes.

Spectral analysis makes it possible, first, to determine
the character of the dynamics (regular, stochastic,
quasiperiodic or chaotic) and, second, to obtain integral
characteristics of the frequency interval (total width,
structure of the spectrum, presence of discrete lines and
broadband components). In addition, it reveals the
advantages and limitations of the spectral method for
analysing chaotic signals. Traditionally, the Fourier
transform is used to analyse deterministic signals. For a
deterministic process f(t) the Fourier transform F(w)
exists in the usual sense and is given by [13]:

Flo) = leTer F(etde (13)

For the analysis of nondeterministic random
processes the Wiener—Khinchin theorem is used, which
relates the power spectral density to the Fourier
transform of the autocorrelation function. Let us consider
a stationary random process f(%).
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Fig. 4 — Spectral distribution of the intensity for the same regimes
as in Fig. 2: (a) periodic regime — discrete spectrum with narrow
lines at the modulation frequency and its harmonics; (b) chaotic
regime — significantly broadened quasi-continuous spectrum

In this case the power spectrum F(w) is expressed in
terms of the autocorrelation function R(z) as:

F(o) =2 [ R(edr, R(x) = zim F(o)}”do, (14)

o 1

subject to the limiting condition:
[|Fo)do<A, [|R@ldi<B, (15)

where A and B are constants [14-15]. According to condition
(15), the validity of Eq. (14) is restricted to stationary
processes for which the correlation decays sufficiently
rapidly. In this case the spectrum of the process is a
continuous function of frequency.
Thus, the Fourier spectrum of a purely stochastic process is
visualized as a continuous curve (an example is stationary
noise-like radiation). The question then arises of what the
Fourier spectrum of a deterministic chaotic signal looks like.
In this case the spectrum has neither the form of a discrete
set of sharp lines (as in the periodic regime) nor that of a
smooth continuous curve (as in a purely stochastic process).
Instead, it exhibits a broadband structure with irregular
fine details, which is of great importance for the problem of
controlling chaotic dynamics.

Analysis of the spectral pattern of a chaotic signal
makes it possible to obtain not only the total bandwidth
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and structure of the spectrum, but also to determine the
fractal properties of the frequency interval. In particular,
one can calculate the fractal dimension Dr of the
spectrum using the Hurst exponent H. The latter is
related to the rescaled range r/s by [16,17]:

D,=2-H, (16)

and is determined from the dependence of r/s on the
sample length. The Hurst exponent H is in turn connected
with the fractal dimension Dr of the process by:

r/s=(n/2)H. eW))

The value of H (or Dr) characterizes the dynamics as
regular, random or chaotic. If the fractal dimension of the
process lies within a certain interval, the process is
classified as chaotic [17]. Thus, Fourier analysis provides
spectral characteristics of the signal, whereas the
additional use of fractal analysis of the spectrum via
relations (16) and (17) makes it possible to classify the
dynamics and distinguish chaotic regimes from stochastic
and quasiperiodic ones.

5. CHAOTIC LASER MODES: DEFINITION AND
NOTATION

A laser mode is a type of electromagnetic field that can
be established in a cavity under given generation conditions.
In the stationary regime the field distribution in a mode is
determined by the boundary conditions and the solution of
the wave equation, and can be written as [18]:

E@F,t) = Eyi(F) exp[(~t/ 2,) +iot] , (18)

where r is the radius vector, Eo is a constant, #(r) is a

function describing the spatial distribution of the field, ®
is the mode frequency and 7 is the decay time of the
squared electric-field amplitude.

In linear systems with stabilized generation
conditions the stationary laser mode is uniquely
determined by the cavity geometry and parameters and
is stable and reproducible. Modes of stochastic and
chaotic radiation, in contrast, exhibit local regions
corresponding to intensity maxima and minima, strong
temporal fluctuations and complex spatial structure.
Such regimes can be characterized by chaotic modes [19-
20]. An example of the attractor corresponding to a
chaotic laser mode in the complex field plane is shown in
Fig. 3. Using the representation of chaotic oscillations (8)
and Eq. (18), the field of a chaotic mode can be written as:

E¢,(7,t) = B, (0i(7) exp| (£ 1 27,) + iQw,, )t ] (19)

A chaotic mode can be defined as a globally stable,
distinguishable and reproducible type of chaotic oscillation
characteristic of a nonlinear dynamical system.

Global stability means that, under variations of initial
conditions and external perturbations within certain limits,
the trajectory remains in the basin of attraction and
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preserves its statistical and fractal characteristics.
Distinguishability requires that the mode be separable both
from stationary and purely stochastic regimes and from
other chaotic modes by a set of measurable parameters
(spectral width and structure, coherence properties, fractal
dimension, etc.). Reproducibility means the possibility of
obtaining the same mode repeatedly by returning the
control parameters of the system to the corresponding
intervals, which is crucial for applications such as chaotic
optical communication based on synchronization.

For the classification of chaotic laser modes we

propose an extended notation of transverse
electromagnetic waves of the form:
TEan/XD} (20)

where m, n are the indices of the classical transverse
modes (the numbers of intensity zeros in the corresponding
directions in the beam cross-section), X is the measured
characteristic of the radiation (for example, intensity,
phase, polarization, etc.), and Dris the fractal dimension of
the chaotic dynamics of this characteristic. According to
(20), the designation TEM,,,,; corresponds, for example,

to chaoticization of a Gaussian mode in terms of intensity /
with a fractal dimension Dr=1.3.

The proposed definition and characteristics of chaotic
modes are universal and can be applied not only to laser
systems, but also to other physical, biological and
climatic systems exhibiting chaotic dynamics.

6. CONCLUSIONS

In this work we analysed the characteristics of
chaotic laser radiation and introduced the notion of a
chaotic laser mode.

REFERENCES

1. F.Riehle, Frequency Standards: Basics and Applications
(John Wiley & Sons:2006).

2. M. Zhang, Y. Wang, J. Lightwave Technol. 39, 3711 (2021).

3. R.Zhang, P.Zhou, Y.Yang, Q. Fang, P.Mu, N.Li, Opt.
Express 28, 7197 (2020).

4. L.-J. Qiao, M.F. Jia, Z. Guo, Y.K. Hao, X.-N. Wang, X. Tang,
M.-J. Zhang, Opt. Express 33, 10862 (2025).

5. S. Bittner, S. Guazzotti, Y. Zeng, X. Hu, H. Yilmaz, K. Kim,
S.S. Oh, QJ. Wang, O. Hess, H. Cao, Science 361 No 6408,
1225 (2018).

6. G.H. Schuster, Deterministic Chaos: An Introductio, (Wiley-
VCH, New York:1995).

7. R.D. Laureano, D.A. Mendes, M.A. Ferreira, arXiv preprint
arXiv:2412.20649 (2024).

8. A. Pikovsky, M. Rosenblum, J.Kurths, Synchronization. A
Universal Concept in Nonlinear Sciences (Cambridge
University Press:2001).

9. H. Haken. Laser Light Dynamics_(Light:1986).

10. Yu.P. Machekhin, Yu.S. Kurskoi, A.S. Gnatenko,
Telecommun. Radio Eng. 77 No 18, 1631 (2018).

11. Yu. Kurskoy, O. Hnatenko, D. Sherstyuk, V. Zarytskyi,
G. Chernovolyk, G. Nussupbekova, L. Pogrebniak, P. Kisata,

J. NANO- ELECTRON. PHYS. 17, 06037 (2025)

Using a semiclassical model of single-mode laser
generation with a modulated external coherent field
we identified parameter intervals corresponding to
stable chaotic regimes (Egs. (4), (7)) and illustrated the
transition from stationary or periodic generation to
chaos by numerical integration of Eq. (5) (Figs. 1-3).
For chaotic regimes we examined a set of measurable
radiation characteristics — envelope amplitude and
frequency, degree of monochromaticity, coherence
time, coherence length and coherence area, beam
divergence and transverse intensity distribution — and
showed that, owing to the time dependence of the
instantaneous optical frequency, all these quantities
exhibit chaotic temporal behaviour.

We discussed the capabilities and limitations of
Fourier spectral analysis for detecting chaotic regimes
and showed that the spectrum of a deterministic chaotic
signal is broadband with irregular structure, distinct
from both periodic and purely stochastic cases (Fig. 4). In
combination with fractal analysis based on the Hurst
exponent and the corresponding fractal dimension, this
provides quantitative criteria for distinguishing chaotic
dynamics from stochastic and quasiperiodic regimes.

On this basis we introduced the concept of a chaotic
mode as a globally stable, distinguishable and
reproducible type of chaotic oscillation characteristic of a
nonlinear dynamical system, and proposed an extended
notation for chaotic laser modes that links the underlying
electromagnetic mode with the measured characteristic
and the fractal dimension of its chaotic dynamics. These
results are relevant for the design of laser systems with
controlled chaotic generation and for applications in
secure optical communication, sensing, metrology,
medicine and other [21-22].

J. Klimek, K. Muslimov, Proc. SPIE 13400, 134000U (2024).

12. Yu.S. Kurskoy, O.S. Hnatenko, JJ. Nano- Electron. Phys. 15
No 2, 02008 (2023)

13. P.R. Griffiths, J.A. De Haseth, Fourier Transform Infrared
Spectrometry (John Wiley & Sons: 2007).

14. E. Wolf, Introduction to the Theory of Coherence and
Polarization of Light (Cambridge University Press: 2007).

15. D.W. Ricker. Echo Signal Processing (Kluwer Academic
Publishers: 2003).

16. H.-O. Peitgen, H. Jurgens, D. Saupe, Chaos and Fractals,
2nd (Springer: 2004).

17. Y.P. Machekhin, Y.S. Kurskoy, Meas Tech 57, 609 (2014).

18. O. Svelto, Principles of Lasers, 5th Ed. (Springer: 2010).

19. J. Andreasen, A.A. Asatryan, L.C. Botten, M.A. Byrne,
H.Cao, L.Ge, L.Labonté, P.Sebbah, A.D. Stone,
H.E. Tureci, C. Vanneste, Adv. Opt. Photon.3, 88 (2011).

20. J. Xia, E.Wang, L. Hu, W.Du, B.Yu, K. Xie, J.Zhang,
L. Lu, Z. Hu, Opt. Lett. 49, 4182 (2024).

21. .M. Lukavenko, «J. Nano- Electron. Phys. 12 No 1, 01014 (2002).

22. Yu.S. Kurskoy, O.S. Hnatenko, O.V. Afanasieva, J. Nano-
Electron. Phys. 13 No 4, 04036 (2021).

06037-5


https://books.google.com.ua/books?hl=uk&lr=&id=q9AKk3smIJwC&oi=fnd&pg=PR7&dq=F.+Riehle,+Frequency+Standards:+Basics+and+Applications.+2006,+540+p.&ots=yEAPUOOtSi&sig=XiGnmkFj6oIbQHdwJAUGGNwzYRQ&redir_esc=y#v=onepage&q=F.%20Riehle%2C%20Frequency%20Standards%3A%20Basics%20and%20Applications.%202006%2C%20540%20p.&f=false
https://opg.optica.org/jlt/abstract.cfm?uri=jlt-39-12-3711
https://opg.optica.org/oe/fulltext.cfm?uri=oe-28-5-7197
https://opg.optica.org/oe/fulltext.cfm?uri=oe-28-5-7197
https://opg.optica.org/oe/fulltext.cfm?uri=oe-33-5-10862
https://pubmed.ncbi.nlm.nih.gov/30115744/
https://pubmed.ncbi.nlm.nih.gov/30115744/
https://www.wiley.com/en-us/Deterministic+Chaos%3A+An+Introduction%2C+4th%2C+Revised+and+Enlarged+Edition-p-9783527604807
https://arxiv.org/abs/2412.20649
https://arxiv.org/abs/2412.20649
https://www.scirp.org/reference/referencespapers?referenceid=2077268
https://www.scirp.org/reference/referencespapers?referenceid=2077268
https://the-eye.eu/public/Books/World%20Tracker%20Library/worldtracker.org/media/library/Physics/Lasers/LASER%20LIGHT%20DYNAMICS%20vol%202%20-%20HAKEN.pdf
https://doi.org/10.1615/TelecomRadEng.v77.i18.50
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/13400/134000U/Precision-control-model-for-chaotic-laser-generation-in-optical-communication/10.1117/12.3054872.full
https://jnep.sumdu.edu.ua/en/component/content/full_article/3668
https://jnep.sumdu.edu.ua/en/component/content/full_article/3668
https://onlinelibrary.wiley.com/doi/book/10.1002/047010631X
https://onlinelibrary.wiley.com/doi/book/10.1002/047010631X
https://www.scirp.org/reference/referencespapers?referenceid=458960
https://www.scirp.org/reference/referencespapers?referenceid=458960
https://books.google.com.ua/books?hl=uk&lr=&id=tBIGCAAAQBAJ&oi=fnd&pg=PR11&dq=15.+D.+W.+Ricker.+Echo+Signal+Processing,+Kluwer+Academic+Publishers+(2003).&ots=2HrdaI9NU2&sig=ueSmBPbfILWPJ7jwPysRh-fgQMs&redir_esc=y#v=onepage&q&f=false
https://bobson.ludost.net/copycrime/%5B0387202293%5D%20Chaos%20and%20Fractals.pdf
https://bobson.ludost.net/copycrime/%5B0387202293%5D%20Chaos%20and%20Fractals.pdf
https://link.springer.com/article/10.1007/s11018-014-0506-0#citeas
https://doi.org/10.1007/978-1-4419-1302-9
https://opg.optica.org/aop/abstract.cfm?uri=aop-3-1-88
https://opg.optica.org/ol/abstract.cfm?uri=ol-49-15-4182
https://jnep.sumdu.edu.ua/en/full_article/2952
https://jnep.sumdu.edu.ua/en/full_article/3322
https://jnep.sumdu.edu.ua/en/full_article/3322

YU.S. KURSKOY, O.S. HNATENKO ET AL. JJ. NANO- ELECTRON. PHYS. 17, 06037 (2025)
Xaoruuua j1a3epHa moga

10.C. Kypcoimuit, O.C. I'narenro, O.B. Adanaceera, JI.C. llepctiok
XapKiscokuil HAUIOHANbHUL YHIdepcumem padioesekmporiku, 61166 Xapkis, Yikpaina

Ha mincrasi aHamisy XapakTepUCTHK XA0THYHOTO JIA3ePHOTO0 BUIIPOMIHIOBAHHS 3aIIPOIIOHOBAHO IIOHSTTS Ta
CHCTEMY II0-3HAYEHb XAOTHYHOI JiadepHOl Moaw. Y MesKax HAIMIBKJIACHYHOI MOJEJN OJHOMOJOBOI Jia3epHOL
reHepariii 3 MOJLYJIbOBAHUM BBEJEHHSIM 30BHIIIHLOIO KOT€PEHTHOIO II0JIsI OTPMMAHO YMOBM BUHUKHEHHS Ta
MATPUMKN CTIHKOI XAQOTHYHOI reHeparil y BUIVIAAI 1HTEPBAJIB ITapaMeTpiB 30BHINIHLOTO mmoJisa. J[ys Tarkwmx
PEeKUMIB IIPOAaHAII30BAHO EKCIEPHMEHTAJIBLHO JOCTYIHI XapaKTePUCTHUKN BUIPOMIHIOBAHHS — aMILIITyay Ta
YaCTOTy OTMHAIOYO], CTYIIIHh MOHOXPOMATHYHOCTI, Yac, JOBKUHY I IIJIO-II[y KOT€PEeHTHOCTI, pO36L:KHICTh IPOMEHS
Ta I[IOIIePEeYHUH PO3IOJLJI IHTEHCHBHOCTI — 1 IIOKA3aHO, 0 BCi BOHM BUSBJISIOTH Xa-OTHYHY YacCOBY IWHAMIKY.
PosrasiayTo MoKIUBOCTI 1 00MekeHH Qyp’e-CIeKTPaIbHOrO aHAI3y IMUPOKOCMYTOBUX XA0TUY-HUX CATHAJIB Ta
[IOKA3aHO, IO WOro IIOeJHAHHS 3 ()PaKTAIBHUM AHAJI30M CIEKTPa BUIIPOMIHIOBAHHS /A€ 3MOTYy BH3HAYATH
IHTepBaJX Ta EBOJIOII MUTTEBOI YACTOTM ¥ IHTEHCHMBHOCTI Ta pPO3PI3HATH XAOTWYHI, CTOXACTWYHI M
kBasinepionuyHi pe-’kumu. Ha 11iif 0CHOBI Xa0THYHY MOJY BH3HAUYEHO SIK ITJI00AJIBHO CTIMKHUM, PO3PiSHIOBAHUM 1
BIITBOPIOBAHUM THII XAO0TUYHUX KOJIMBAHB Yy HEJIHIMHIA JUHAMIYHIN CHUCTEMI; OTPHMAaHI pe3yJIbTaTH MOMKYTb
OyTH BHKOpPHCTAHI IIJT Yac po3pobJIeHHs ja3e-pHUX CHUCTEM 13 KEPOBAHOK XAOTHYHOI TeHepalfiern s 3axad
3aXUIIEHOr0 OITUYHOIO 3B’SI3KY, CEHCOPUKY TA METPOJIOTII.

Knrouosi ciosa: Xaoruuna srazepHa rereparrisa, Criekrp BunpominoBanus, [lapamerpu myuka, KoreperTHicTb,
Oyp’e-anaini3, OparranabHa po3mipHicTs, [lopTper BuMmipoBaHHs.
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