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QUASI-PERIODIC OSCILLATIONS AROUND COMPACT OBJECTS WITHIN
THE SEN SPACETIME

We investigate kilohertz (kHz) quasi-periodic oscillations (QPOs) observed in eight neutron-
star low-mass X-ray binaries within the framework of the relativistic precession model (RPM).
Fundamental (epicyclic) frequencies of test particles on circular orbits are computed in the static
Sen spacetime. By fitting the Keplerian and epicyclic frequencies to the observed lower and upper
QPO frequency pairs, (f1, fy), we infer the masses and electric charges of the compact objects
and compare the results with those obtained in the Schwarzschild spacetime using the Akaike
and Bayesian information criteria (A/C/BIC). We find that the Schwarzschild geometry provides
physically consistent fits for four sources, while for GX 5-1 and GX 340+0 the Sen spacetime
becomes effectively indistinguishable from Schwarzschild, indicating that no electric charge is
required. Although the Sen metric yields statistically improved fits for the remaining four sources,
the inferred large masses as well as large electric charges are incompatible with neutron-star
physics. We therefore conclude that the static Sen spacetime does not provide a physically viable
description of kHz QPOs in neutron-star systems.

Keywords: accretion discs, QPOs, black holes, neutron star, X-ray binaries, relativistic
precession model.
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CeH KeHiCTiK-yaKbITbIHAaFbl LIAaFblH HbiCaHAAp alHaNacbiHAAFbI
KBa3mnepuoAaTbiK Tepbenictep

Bbyn makanaga penaTMBUCTIK NpeLeccua moaeni weHbepiHae ceriz HEMTPOH XKyAabli3bl 6ap
TOMEH MacCafibl PEHTTEHIK KOC KYAAbI3AbIK Kyhenepae 6alikansaH Kunoreputik (KIw)
KBasuMnepuoAaTbiK Tepbenictepai (KMT) 3epTrenreH. eHrenek opbutanapmeH KosfanaTbiH CbIHaK,
HenleKTepiHiH Heri3ri (3NUUUKAAIK) KMiNikTepi cTaTMKanbiK CeH KeHiCTik-yaKkbITbiHAa ecentens,.
Kennepnik KaHe anUUMKALIK XWinikTepai 6aKkplnaydaH anblHFAH TOMEHTI XaHe »Kofapfbl KMT
MUINIK KynTapbiMeH (f7, fy) CoMKecTeHAipy apKbiabl WafblH HbICAHAAPABIH, Maccanapbl MeH
3NEKTP 3apsaaTapblH - aHbiKTanabl. COHbIMEH KaTap AKalKe XaHe balec aknapatTbiK
Kputepuiinepin (AIC/BIC) kKonaaHa oTbipbin LUBapLULLNAbAL KEHICTIK-yaKbITbIHAaFbl HOTUMKENEPMEH
canbicTbipblnabl. LBapuWnaba, FEOMETPUACH TOPT AEPEKKO3 VIUiH U3MKaNbIK TypFblaaH
ynnecimai HaTuxe KepceTTi. An GX 5-1 »aHe GX 340+0 ywiH CeH meTpuKachl LBapulumnba,
FEOMETPUACBIMEH KYbIK 601aTbiHbl aHbIKTaNAbl, AFHM OYA WafblH HblCAHAAP YLWIiH 31eKTp
3apAdblH eHri3yaiH KaxeT emecTirii bingipeai. KanfaH TepT Aepekkes yuiH CeH MeTpuKacsl
CTAaTUCTUKANbIK TYPFbIAH *KaKCbIpaK CaMKecTik bepreHimeH, anbiHFaH YIKEH Maccasap MeH Y/KeH
3NEKTP 3apaaTapbl HEMTPOH KyNAbI3AaPbIHbIH, GU3MKackiHa cakec keamenai. Ocblnaiiia, 6i3
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CTaTWKanblK CeH METpUKACbl HEMTPOH *KyaAabl3 Ryhenepinaeri KMy KMNT-4i dmsmKanblk TypFblaaH
AYPbIC cMNaTTal aiManapsl AereH KOpbITbIHAbIFA KENEMI3.

TyW/iH ce3pep: akKpeumAblK AMCKiNep, KBa3mMnepunoAaTbik Tepbenictep, Kapa Kypabimaap,
HEWTPOH *KYAAbl34apbl, PEHTTEHAIK KOC KYNAbI3AbIK XKynenep, penaTuBUCTIK NpeLeccua moaeni.

T. KoHbicbaes™?, E. Kypmaros™?", Y. Hypnan6ex?, . Paburynosa'?,

M. Aoun?, B. Bekmypart?, I. TyseH?, A. YpasanunHal??
1HaL||V|OHa/'|bHaF| HAHOTEXHO/10rnM4yecKanA na6opaTopMﬂ OTKPbITOro Tnna, AﬂMaTbI, KasaxcTtaH
2Ka3axCKui HaLMOHabHbIV YHUBEPCUTET UMeHM anb-Papabu, AnmaTtsl, KasaxcTaH
SUHCTUTYT A0epHOM dU3KKK, AnMaTbl, KasaxcTaH
*e-mail: kurmanov.yergali@kaznu.kz

KBasnnepuogmnyeckme ocUMNNALMM BOKPYT KOMNAKTHLIX O6bEKTOB
B NpocTpaHcTBe-BpemeHn CeHa

B naHHoM paboTe mccnesoBaHbl Kuaoreplosble (KM) KBasunepnoamyeckme ocLMANALMN
(KNO), Habntoaaemble B BOCbMW PEHTFEHOBCKUX ABOMHbIX CUCTEMAX C HEMTPOHHbIMM 3BE3AaMM
HWU3KOM MacChl, B pamKax MOAenn PenaTUBUCTCKOM npeueccun. OCHOBHbIE (3MMUMKAMYECKMeE)
YacTOTbl TECTOBbLIX YaCTUL, Ha KPYroBbiX OpOUTaxX BbIYMCAAOTCA B CTAaTMYECKOM MPOCTPAHCTBE—
BpemeHu CeHa. MyTEM MOArOHKM KEMAEPOBCKMX U 3MNUUMKAMYECKMX YACTOT K Habatogaembim
napam HW3KMX ¥ BbicoKMx YacToT KMO (f, fy) Mbl onpefensiem macchbl U 31EKTPUYECKME 3apaapl
KOMMaKTHbIX OOBEKTOB M CPaBHMBAEM PE3y/bTaTbl C NOJYYEHHbIMW B MPOCTPAHCTBE—BPEMEHN
Weapuwnabaa ¢ MCNONb30BAHMEM MHPOPMALMOHHBIX KpuTepues Akanke u baieca (AIC/BIC).
Mbl HaxoAmm, 4To reomeTpuma LLBapuwmabaa A3ET GU3MYECKM COTrNAacOBaHHbIE annpoKCMMALLMM
ONA 4YeTbIpEX MCTOYHMKOB, Toraa Kak gna GX 5-1 n GX 340+0 npocTtpaHcTBo—Bpema CeHa
CTAHOBMWTCA NMPAKTUYECKU HEOTAMYMMbIM OT LLIBapuLLIMALA0BCKOTO, YTO YKa3blBAaET Ha OTCYTCTBME
HeobXoAMMOCTM  BBOAMTb INEKTPUYECKMM 3apsagd. XoTa MeTpuka CeHa obecneymBaeT
CTAaTUCTMYECKM DOoslee TOYHbIe MOAFOHKM ANA OCTaBLIMXCA YETbIPEX UCTOYHMKOB, MOJYYEHHbIE
6onblne maccbl U BonblUMe INEKTPUYECKME 3apsbl HECOBMECTUMbI C GU3MKOM HENTPOHHbIX
38é34. CnefoBaTelbHO, Mbl 3aK/OYaeM, YTO cTaTMyeckad MeTpuka CeHa He [aéT dM3MYeCcKM

peanncTuyHoro onmncaHma Ky KMO B cuctemax ¢ HEUTPOHHbIMM 3BE34aMMU.
Knioyesble €/0Ba: aKKpeuMOHHble AWCKW, KBasunepuoauyeckme OCUMANALMK, YEPHble
Oblpbl, HENTPOHHblE 3BE3Mbl, PEHTTEHOBCKME [BOMHbIE CUCTEMbI, MOAENb PENATUBUCTCKOM

npeueccuu.
Introduction

Rotating neutron stars, commonly observed as
pulsars, can exist either as isolated objects or as
members of binary systems. In binaries, accretion
from a companion star can significantly increase both
the mass and the spin of the neutron star, as angular
momentum is transferred through the accretion flow.
As a result, pulsars in LMXBs can reach spin
frequencies of several hundred hertz, with the fastest
known pulsar rotating at 716 Hz [1]. These rapidly
rotating neutron stars provide natural laboratories for
studying gravity and dense-matter physics in the
strong-field regime.

Quasi-periodic oscillations (QPOs) appear as
narrow peaks in the Fourier power spectra of X-ray
light curves and were first identified in cataclysmic
variables [2]. They have since been widely observed
in neutron-star and black-hole LMXBs [3,4], as well

as in ultraluminous X-ray sources and active galactic
nuclei (e.g. [5-8]). In many systems, the measured
QPO frequencies indicate that the oscillations
originate in the innermost regions of the accretion
flow, close to the compact object, making QPOs
sensitive probes of strong-gravity effects [9].
However, their diagnostic potential remains limited
by the absence of a universally accepted physical
model of their origin.

In neutron-star LMXBs, QPOs are commonly
classified into low- and high-frequency types. Low-
frequency QPOs typically span the range from about
0.1 to 60 Hz and, in Z sources, are traditionally
divided into horizontal, normal and flaring-branch
oscillations [10-12]. Although Atoll sources do not
follow the same colour—colour diagram tracks [13],
they exhibit analogous low-frequency QPO features
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[14]. By contrast, High-frequency QPOs lie in the
300-1000 Hz range and are therefore known as
kilohertz (kHz) QPOs [3]. These often appear as a
pair of peaks, referred to as the upper and lower kHz
QPOs, whose frequencies typically increase with X-
ray flux. Several neutron-star LMXBs display such
twin kHz QPOs, which are believed to be generated
in the innermost regions of the accretion disk [9]. In
this work, we focus on these systems and use their
QPO properties to test gravity models in the strong-
field regime.

We deliberately adopt the static Sen spacetime in
order to isolate the physical effect of the string-
inspired electric charge on the QPO phenomenology
[15]. Although the rotating Sen solution contains both
spin and charge, the simultaneous presence of these
two parameters introduces a strong degeneracy in
QPO modeling [16]. By setting the spin to zero, we
show that the Sen charge alone can reproduce the

Sen spacetime

The geometry of the Sen spacetime is given by
the metric of the form [21]:

1 2b
2 _ 2 2 2 2
ds® = —N(r)dt +—N(T)dr +r (1+ r)d@

2b
+ 7?2 (1 + T) sin? 6 d¢?,

N(r) = [1 - w] (1 + Zr—b)_l,

€y

2 ~
here b = S—M, where ( denotes the electric charge of

the compact object (in what follows, we set Q = g),
M represents its gravitational mass. The radius of the
event horizon is obtained from the condition N(r) =
0, which yields
m = 2(M — b). (2)
The t and ¢ components of test particle's 4-
velocity may be expressed

ut:M’ ¢=_M_ 3)
Ite — 9tt9ee Ite — Gtt9ee

Employing the normalization condition of the

four-velocity, u#u, = —1, one obtains the following:

grrf'z + 99992 == eff(ri 9) E) L)) (4)

observed QPO frequencies and mimic the
phenomenology of a rotating Kerr black hole. This
strategy allows us to directly assess whether QPO
observations can discriminate between classical
rotation and string-theoretic corrections to gravity.

This work examines the circular and epicyclic
motion of test particles around a compact object and
evaluates the fundamental frequencies predicted by
several metric models. We also analyze the QPOs
observed in eight neutron-star sources: Cir X-1, GX
5-1, GX 17+2, GX 340+0, Sco X-1, 4U1608-52,
4U1728-34, and 4U0614+091 [17-20]. Our primary
goal is to investigate the Sen metric, charged solution
arising in the low-energy limit of heterotic string
theory. Throughout this paper we adopt the (-, +, +,
+) signature and use geometric units (G = c = 1),
providing astrophysically relevant expressions also in
physical units.

dr s g _de
TR 0=u"= TR the parameter A

is the affine parameter along the geodesic,
corresponding to the proper time for a massive test
particle. The effective potential V,rr can then be
written as

Wherer = u" =

E’gpp + 2ELgrp + L2 e

9tp = IttIow

From these relations, one can obtain the
Keplerian angular velocity of massive test particles-
equal to the azimuthal orbital frequency-as well as the
corresponding general expressions for the specific
energy and the orbital angular momentum per unit
mass for particles moving on circular trajectories.

0 =

_argt(p + \/(argnp)z - (argtt)(argqxp)

¢ 0r9p¢
(6)
—Gee + Grol
E=_ gt T Gepiie ’ %)
\/_gtt - th(pﬂtp - gqo(pﬂé
L= Gip + Joplle G

\/‘91&1& — 20tp{p — g<p<p‘0<§)

where “+” indicates co-rotating(prograde) orbits and
“~” denotes counter-rotating (retrograde) orbits.
Because the metric is static (g;, = 0), all expressions
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for 2, E, and L take their simplified forms obtained
by setting g;, =0 in the general axisymmetric
formulas.

The frequencies of epicyclic motion
The radial and vertical frequencies can be

calculated by the following harmonic oscillator
equations [22]

d?sr d?s6
T H R =0, — -+ 0386 =0, (9)
here
02 1 aZVeff, (10)
" 29, (ut)? or?
1 2%V,
0% = 221 (11)

 2g09(wb)? 962

Using the Sen metric line element given in Eq.
(1), together with the general expressions for the
conserved energy and angular momentum in Egs. (6)-
(8), the specific energy E, the specific angular
momentum L, and the temporal component of the
four-velocity u' for massive particles on circular
equatorial orbits can be written in explicit form as

o QHaMo—2M) [P+ BMr a2
-~ JoZ+amr vE
= 2V2Mry/Q? + 4Mr (13)

TF ,

Data analysis and results

To estimate the model parameters, we apply a
nonlinear least-squares fitting procedure
implemented through the NonlinearModelFit routine
of the Wolfram Language (Mathematica). This
method, based on a Levenberg—Marquardt—type
algorithm, is well suited for nonlinear dependencies
between observables and model parameters. Similar
fitting techniques have been widely used in
astrophysical studies, including pulsar spectral
modelling [24], broadband Faraday-rotation analyses
of AGN [25], radio-background calibration [26], and
cosmological parameter estimation [27]. The routine
returns the best-fitting parameter values along with
statistical ~ uncertainties and  goodness-of-fit

(@ + 4Mr)(Q% + 8M1)
_ = _

The corresponding Keplerian and vertical
epicyclic frequencies are identical in the non-rotating
Sen spacetime and are given by

t

(14)

. 128M*
2y =05 =53 2002 .
(Q? + 4Mr)?(Q? + 8Mr)

(15)

The radial epicyclic frequency, governing the
stability of circular motion against radial
perturbations, takes the form

NZ[Q*(F + 16M?r?) + 64M3r%(r — 6M)]

n? )
4Mr(Q? + 4Mr)?

(16)
where the auxiliary function F is defined as
F=Q*-96M3r + 12Q*Mr

— 8M?%(Q? — 4r?), 17)

and the Keplerian, radial epicyclic, and vertical
oscillation frequencies are defined as

0 0
. fo =5

=—, 18
" 2m 2m (18)
Within the relativistic precession model (RPM), the
lower QPO frequency f; is identified with the
periastron—precession frequency [23]

fo=fu—fo (19)
while the upper QPO frequency f;; corresponds to the
Keplerian frequency, fy = f,.

diagnostics, enabling a reliable assessment of the
physical plausibility of the model.

To constrain the parameters of the Sen
spacetime, we perform a simultaneous nonlinear
least-squares fit of the model-predicted upper and
lower kHz QPO frequencies to the observed data. For
each observation k we compare the measured pair
(fu.obs,k» fLobs,xk) With the corresponding theoretical
predictions fy; (13, @) and f; (13, ©) derived from the
orbital and radial epicyclic frequencies of the Sen
metric. The best-fitting parameter set (0 = M, Q) is
obtained by minimising the y? function in Eq. (20)
using a nonlinear least-squares routine based on the
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Mathematica function NonlinearModelFit. The
procedure yields the optimal values of the spacetime
parameters together with their formal uncertainties
and the reduced chi-square, which we use to assess
the quality of the fit and the viability of the QPO
model.

Ve = fu]
= Oy .k

oy k denote the statistical uncertainties of the upper
and lower kHz QPO frequencies at the k -th
observation.

To further assess the quality of the fits and to
compare different QPO models, we compute two
commonly used statistical criteria: the Akaike
Information Criterion (4/C) and the Bayesian
Information Criterion (BIC). Both criteria penalize

The BIC introduces a stronger penalty for model
complexity and is given by

BIC = x*>+ilnN, (22)

where N is the total number of observational data
points used in the fitting (i.e., the number of QPO
frequencies included in the analysis).

Lower values of A/C and BIC indicate a more
favourable model. These criteria enable us to evaluate
whether the improvement in y? justifies the
introduction of additional parameters and therefore
provide an objective basis for comparing alternative
QPO models in the Sen spacetime.

When comparing different models, the strength
of the evidence against a given model - or,
equivalently, in favour of the reference model - can
be evaluated through the B/C and the A/C difference.
In particular,

models with a larger number of free parameters and e AAIC and ABIC € [0,3] indicates weak
therefore provide a quantitative tool for model evidence,
selection. e AAIC and ABIC € [3,6] indicates mild
The AIC is defined as evidence,
e AAIC and ABIC > 6 indicates strong evidence.
AIC = x? + 2i, (21)

where y? is the minimum chi-square value obtained
from the fit and i is the number of free model
parameters.

Accordingly, the preferred model is the one with
the lowest 4IC(BIC) value, although each case must
be examined individually. By definition, the
reference model has AAIC(BIC) = 0.

Table 1 — Best-fit parameters for the Schwarzschild and the Sen spacetimes.

Source Metric M(MO) Q AlIC BIC AAIC ABIC

Cir X1 Schwarzschild 2.04 — 103 102 0 0
Sen 5.22 21.57 105 104 2 2
GX 5-1 Schwarzschild 2.16 — 213 211 0 0
Sen 2.16 -1310° 216 213 3 3
GX 17+2 Schwarzschild 2.31 — 126 125 0 0
Sen 2.71 5.45 129 127 3 3
GX 340+0 Schwarzschild 2.10 - 124 123 0 0
Sen 2.10 3.1110° 126 125 2 2

Sco X1 Schwarzschild 1.96 — 476 472 209 215
Sen 7.09 29.14 267 257 0 0

4U1608-52  Schwarzschild 1.96 — 143 141 27 27
Sen 6.76 27.67 116 114 0 0

4U1728-34  Schwarzschild 1.71 — 86 86 10 10
Sen 6.64 27.46 76 76 0 0

4U0614+091 Schwarzschild 1.90 — 252 250 48 50
Sen 8.23 34.28 204 200 0 0
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Figure 1 — Plots of f; vs fy frequencies of the QPO data sets considered in this work
(dark cyan data with error bars).

Discussion

In this work we have applied the relativistic
precession model in the non—rotating Sen spacetime
and compared its predictions with those of the
Schwarzschild metric for the same set of kHz QPO
data from eight LMXB sources. The bestfit
parameters summarized in Table 1 allow us to discuss
both the statistical performance of the Sen model and
the physical plausibility of the inferred masses and

charges. Using the best-fit parameters listed in Table
1, the quality of the resulting frequency relations is
illustrated in Fig. 1, where the observed (f;, fyy)data
for all eight sources are compared with the
predictions of the Schwarzschild and Sen spacetimes.

For the sources Cir X-1, GX 5-1, GX~17+2 and
GX 340+0 the Schwarzschild metric provides the
lowest AIC and BIC values, while the Sen spacetime
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yields only a marginal deterioration of the fit quality
(with AAIC,ABIC < 3). In two cases, GX~5-1 and
GX~340+0, the best—fit charge is extremely small
and compatible with zero within the numerical
accuracy of our analysis, so that the Sen solution
effectively reduces to the Schwarzschild one. For
Cir~X-1 and GX~17+2 the Sen model prefers higher
masses and non—vanishing charge, but the
improvement with respect to the neutral case is not
statistically significant according to standard
information—criterion thresholds. These results
indicate that, for these four systems, the available
QPO data do not require the presence of a non—zero
electric charge: Schwarzschild geometry already
reproduces the observed frequency pairs at a level
comparable to the charged Sen spacetime.

A markedly different behavior is found for
Sco~X-1,  4U~1608--52,  4U~1728--34  and
4U~0614+091. For these sources the fits in the Sen
metric lead to substantially lower A/C and BIC values
than in the Schwarzschild case, with AAIC and ABIC
well above 6. In the usual interpretation of these
criteria, such differences correspond to strong
evidence in favour of the Sen spacetime.
Nevertheless, the resulting fit requires masses in the
range M = 6 — 8M(; together with substantial charge
values Q. If the compact objects in these systems are
indeed neutron stars, as suggested by independent
observational arguments (burst properties, spectral
states, and, in some cases, spin measurements), such
large masses are difficult to reconcile with standard
equations of state and with the commonly accepted
upper limit for neutron star masses of about 3.2M,
(see, e.g.,[28]). In this sense, the Sen fits for Sco X-1,
4U 1608-52, 4U 1728-34 and 4U 0614+091 are
statistically very good, but they tend to push the
system parameters into a regime that is more typical
of stellar—mass black holes than of neutron stars.

This tension between statistical preference and
physical consistency is also apparent when our
findings are confronted with previous analyses based
on different space times. In the Hartle—Thorne study
of the same QPO sample [29], it was shown that
including spin and quadrupole moments can slightly
improve the description of some sources, but only a
subset of the best—fit configurations remains
compatible with realistic neutron star parameters
once priors on the dimensionless spin j are imposed.
For instance, restricting j to the range expected for
slowly rotating neutron stars leads to acceptable
solutions mainly for a few sources, while allowing
very large j often produces unphysical masses. In that
analysis the Schwarzschild metric already provides
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robust and stable mass estimates for most systems,
whereas the extension to Hartle-Thorne geometries
mainly highlights the degeneracy between spin and
quadrupole parameters and the limited constraining
power of current QPO data. Our analysis in the Sen
spacetime reveals an analogous pattern: the
introduction of an additional parameter (the charge)
can significantly lower the 4/C/BIC values for some
sources, but the corresponding masses and charges
are often too extreme to be comfortably identified
with a canonical neutron star.

It is also instructive to compare our findings with
the original formulation of the relativistic precession
model for Sco X-1 and 4U 1608-52 [23]. In that work,
the observed pairs of kHz QPOs were successfully
interpreted as the azimuthal and periastron precession
frequencies of test particles orbiting close to the
innermost stable circular orbit in a Schwarzschild (or
slowly rotating) spacetime, yielding neutron star
masses of the order of ~ 2M, and demonstrating that
the QPOs probe the strong-field regime of general
relativity. In contrast, when the same sources are
reanalyzed in the Sen spacetime, we obtain a
significantly better statistical fit at the price of
inferring masses exceeding 6M. This suggests that
if Sco X-1 and 4U 1608-52 indeed host neutron stars,
either the simple identification of the kHz QPOs with
geodesic frequencies must be revised, or the Sen
metric is not the appropriate effective description of
their exterior gravitational field.

Overall, our study points to a twofold
conclusion. On the one hand, the QPO data for several
LMXBs can be reproduced extremely well in the Sen
spacetime, and information criteria clearly favour this
geometry over the Schwarzschild one for four
sources. On the other hand, the corresponding best—
fit parameters are often difficult to reconcile with the
neutron star interpretation, in agreement with
previous indications that current QPO data alone are
insufficient to uniquely determine both the space—
time metric and the stellar parameters [19, 23, 28,
291}. Future work should therefore include (i) a joint
treatment of rotation and charge in the full Kerr-Sen
spacetime, (ii) the incorporation of independent mass
and radius constraints from spectroscopy and pulse
profile modelling, and (iii) possible extensions of the
RPM that account for non—geodesic effects in thick
or magnetized accretion flows. Only by combining
these ingredients will it be possible to assess whether
QPOs can provide robust constraints on the
parameters of Sen black holes or whether the charged
dilatonic extension of general relativity remains
disfavoured in realistic neutron star systems.
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Conclusions

In this work, we have investigated the
applicability of the relativistic precession model to
the non-rotating Sen spacetime and tested its ability
to reproduce the observed kHz QPOs from eight
neutron-star LMXBs. By fitting the theoretical
expressions for the Keplerian, radial epicyclic and
vertical frequencies to the measured pairs f;, f;, we
inferred the corresponding masses and electric
charges of the compact objects and compared the
statistical performance of the Sen metric with that of
the Schwarzschild geometry.

Our analysis leads to several key conclusions.
First, for four sources (Sco X-1, 4U 1608-52, 4U
1728-34 and 4U 0614+091), the Sen spacetime
provides a substantially better statistical description
of the QPO data, yielding markedly lower AIC/BIC
values than Schwarzschild. However, corresponding
best-fit masses, M =~ 6 — 8M,, together with large
charge values, are incompatible with a neutron-star
interpretation. Thus, although the Sen geometry
succeeds statistically, it fails to provide physically
acceptable stellar parameters for these systems.
Second, for the remaining four sources (Cir X-1, GX
5-1, GX 1742 and GX 340+0), the improvement
produced by the Sen metric is negligible or absent. In
two of these systems (GX 5-1 and GX 340+0), the
best-fit charge is essentially zero, indicating that the
Sen solution naturally reduces to the Schwarzschild
limit. For Cir X-1 and GX 17+2 the Sen model
introduces non-zero charge and larger masses, but
without a statistically significant gain. Therefore, for
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these sources the Schwarzschild geometry remains
fully adequate.

Taken together, these results show that although
the Sen spacetime provides additional flexibility in
adjusting the QPO frequency relation, this flexibility
generally drives the inferred stellar parameters
beyond the allowed range for neutron stars. When the
Sen model fits extremely well, it does so at the
expense of physical plausibility. This trend is
consistent with previous studies based on other
deformed or extended metrics, which similarly find
that geodesic QPO models can formally fit the data
but do not yield a wuniversal and physically
meaningful description across all LMXBs.

Overall, our findings indicate that the non-
rotating Sen spacetime does not constitute a viable
alternative to the Schwarzschild geometry for
modelling kHz QPOs in neutron-star systems. Future
work should extend the present analysis to the full
Kerr-Sen metric, incorporate independent mass-
radius constraints, and explore non-geodesic
contributions to QPO  frequencies.  Such
developments will be essential for assessing whether
charged dilatonic spacetimes can offer a consistent
interpretation of high-frequency variability in
accreting compact objects.
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ONbIT NPUMEHEHMA UHOPAKPACHOW KAMEPbI NPU MCCNEAOBAHUN
ACTPOHOMMWYECKMX OBbEKTOB

Ha ocHOBaHMM aHaAM3a CHUMKOB KomeTbl C/2023 A3 Tsuchinshan-ATLAS, nony4eHHbIX KaK B
BMAMMOM CBETe, Tak M B BAMMKHEeN nHdpakpacHol obnactu (a4vHa BoaHbl 6onee 850 HM) ¢
nomouipto Kamep CANON EOS 2000D u CANON EQOS 1000DI (MHbpakpacHoi), uccneayercs
BAMAHWE CMNEKTPAZIbHOMO AManasoHa HabatoAeHMA Ha KOHTpAcT un3obpaxkeHui. Kputepunem
KayecTBa M300paKeHMss 0ObEKTa MNPWUHATA €ero KOHTPACTHOCTb. PacyéT KoadduumeHTOB
KOHTPACTHOCTM CHMMKOB  BbIMOJHEH C MOMOLLbO  CTAHAAPTHOW nporpammbl  Imagel,
npMmeHaemon ana ob6paboTkM 1 aHaAM3a M30OPAKEHNIN B PA3SIUYHBIX HAYYHbIX MPUAOKEHUSAX.
Mcnonb3oBaHO HECKO/IbKO MOAXOA0B K ONpedeNeHM0 KOHTPACTHOCTM M306paKeHUM KOMeTb!.
CpaBHeHMe MOJIyYEHHbIX Pe3y/bTaTOB He OOHapPYKMAO 3aMETHbLIX MPEMMYLLECTB CbEMKM B
YKa3aHHbIX Bblle y4acTKax crnekTpa. Bmecte ¢ Tem aHanu3 nsobpaxeHuit cepebpucTbix 061aKoB,
MOJIYYEHHbIX B PaMKax TOM Ke METOAMKMN BbIABUA 3HAYMTEIbHOE NMPEUMYLLECTBO NPUMEHEHMSA
MHOPAKPACHOM CbEMKM, PE3KO MOBbLIWAOLWEN KOHTPACT CHMMKOB. [leTaNbHbll aHaAn3 yC0BUiA
CbEMKM MO3BOANA NPEANONOKUTL, YTO CHUMKEHWNE SDPEKTUBHOCTU NPUMEHEHMA MHDPAKPACHOM
CbEMKM 0DOYC/NIOBNEHO MepexoJoM OT YC/AOBMA paccesHMsas cBeTa [JHEeBHbIM Hebom K
CyMepeyHoMy, a 3aTemM M K HoudyHoMmy. [lpednaraetcA 0BOCHOBaHME 3aJayn AanbHenllero
M3yyeHus cnocoboB nosbilleHUA 3PGEKTUBHOCTU CbEMKM MpM nepexode OT BUAUMOTO
AmManasoHa cnekTpa K 6ankHel nHbpakpacHon obnactu cnekTpa.

Knioyesble cnoBa: KOMeTbl, LMPPOBbIE Kamepbl, ONTUYecKMe OUALTPLI, MoaydYeHue
nsobpaxeHunit, WHbOpPaAKpPacHbIM AManas3oH, uccaefoBaHne UM306parkeHWn, KoadduuMeHT
KOHTPACTHOCTM, BAnsHMEe doHa Heba.
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*e-mail: buseinov@gmail.com

AcCTpoHOMMANLIK 06BbEKTINepAi 3epTTeyaiH MHOPaKbI3bIA KaMepaHbI
nanMaanaHy Taxipmbeci

CANON EQOS 2000D »aHe CANON EQOS 1000DI (MHdpaKbI3bla) KamepanapbiHbiH, KEMErimeH
KOPIHETIH »apblKTa Aa, *KaKblH MHbPaAKbI3bIN aldiMaKTa Aa (TONKbIH y3biHAbIFbI 850 HM-AeH acTam)
anbiHFaH C/2023 A3 Tsuchinshan-ATLAS KomeTacbiHbIH CypeTTepiH Tanaay HerisiHae, 6akblinay
AMana3oHbIHAAFbl KECKiHHIH, acepi Hakblnay AmanasoHbiHAa KepceTinreH. O6beKTiHiH KeckiH
canacblHblH, ~ KPUTEPWUMI  OHbIH  KOHTpacTbl 6Honbin  Tabbinaabl. CypeTrepdiH, KOHTpacT
KO3OPULMEHTTEPIH ecenTey apTypAi FblbIMK KOoNAaHbanapaa KeckiHaepai eHaey XaHe Tanaay
YWiH KON4aHblNaTblH CTaHAapTTbl Image) 6Gafmapnamacbl apKblabl OpblHAANAbl. KomeTa
KeCKiHAEpiHiH KOHTPACTbiH aHbIKTay YWiH OipHewe Tacinaep KoOAAaHbIAAbI. AnbiHFaH
HaTMXKenepai CanbiCTbipy *KOFapblAa aTanfaH CNEKTPAIK alMaKTapda TyCipyAdiH anTap/ablKTan
aAPTbIKWbINbIFbIH aHbIKTafaH *KOK. COHbIMEH KaTap CO/ 94iCTeMeHi KoAAaHy apKblibl anblHFAH
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TYHI BynTTapapbiH, cypeTTepiH Tangay MHOpakbi3bll GoToCcypeTTepai KondaHyaa anTap/bikTan
apTbIKWbILIKTBI  aHbIKTaZdbl, Oyn  KecKiHAepAiH KOHTPACTblH KypT apTTbipadbl. Tycipy
KaFdanMnapblH enken-tenkenni Tangay MHOPaKbI3bla TYCipy TUIMAINIMIHIH, TeMeHAeYi KyHAi3ri
aCMaHMEH XapbIKTbIH, Wallblpay *af4alaapblHaH bIMbIPT acnaHfa, COAaH KeMiH TyHri acnaHfa
oTyimeH balnaHbicTbl Aen 6onkayra MyMKiHAIK 6epai. CnekTpaiH KepiHeTiH Amana3oHbiHaH
CNEKTPAIH *aKblH MHPPAKbI3bIA aliMaFbiHa KoLy KesiHae Tycipy TUIMAiNiriH apTTbipy a4icTepiH
OfaH api 3epTTeyaiH Herizgemeci yCbiHblAaabl.

TyliH ce3mep: KomeTanap, CaHAblK Kamepanap, ONTWUKanblk cy3rinep, bOelHeney,
MHOPaKbI3bIN AMANA30H, KECKIHAI 3epTTey, KOHTPACT KaTblIHAChI, acnaH GOHbIHbIH, aCepi.

A.A. Solodovnik!, B.M. Useinov?, T.B. Kassenov?,
P.L. Zhuravlev?, N.P. Solodovnik?
!Manash Kozybayev North Kazakhstan University, Petropavl, Kazakhstan
2Nazarbaev Intellectual school, Petropavl, Kazakhstan
*e-mail: buseinov@gmail.com

Experience of using an infrared camera in the study of astronomical objects

Based on the analysis of images of comet C/2023 A3 Tsuchinshan-ATLAS, obtained in both
visible light and near-infrared range (wavelength over 850 nm) using CANON EOS 2000D and
CANON EOS 1000DI (infrared) cameras, the influence of the observation spectral range on image
contrast is studied. The image quality criterion is its contrast. Contrast coefficient calculations
were performed using the standard ImageJ program used for image processing and analysis in
various scientific applications. Several approaches to determining comet image contrast were
used. Comparison of the obtained results did not reveal significant advantages of shooting in the
mentioned spectral ranges. However, the analysis of noctilucent cloud images obtained using the
same methodology revealed a significant advantage of infrared imaging, which sharply increases
image contrast. A detailed analysis of shooting conditions suggested that the reduced
effectiveness of infrared imaging is due to the transition from light scattering conditions of the
daytime sky to twilight, and then to night conditions. A rationale is proposed for further studying
methods of improving imaging efficiency when transitioning from the visible spectrum range to
the near-infrared spectrum range.

Keywords: comets, digital cameras, optical filters, image acquisition, infrared range, image
research, contrast coefficient, sky background influence.

BBenenne

B Hacrosiee BpeMs M3y4YEHHME MaJlbIX Tell
Conueuynoit CuctemMbl XapaKTepHO HEOOBIYAITHO
BBICOKOW aKTMBHOCTHIO. B HOMHHALIMIO MaibIX Tel
TPaAUIIMOHHO BKIIFOYArOT CITYTHUKH IUIAHET,
acTeponibl U KOMETEI. HpO6J'[eMaTI/IT-IHO BBIACIINTH
CpeaMu 3THX OOBEKTOB CaMble IMPHOPUTETHBIE, HO
MOKHO CKa3aThb ONpeNesN€HHO, 4YTO HHTEpec K
HU3YUCHHUIO KOMET TIIPOAMKTOBAH KaK HayYHBIMU
cooOpaxeHUsIMH QyHIAMEHTAILHOTO XapaKTepa, Tak
W BIIOJHE NPaKTHUYECKUMHU 3aMbiciamu. B camom
Jielie KOMETBI C OJIHOM CTOpPOHBI JIAIOT LEHHEHIITYTO
uHpopMaluio 00 3moxe (GOPMUPOBAHHUS ILIAHET B
Hallell cucreMe M = XUMHYECKHX Mpoleccax,
OTIpEeUBILNX OMONOTHYECKYIO 9BOJIOLHIO
Mmartepu. Takxke C Jpyrod CTOPOHBI KOMETHI
paccMaTpuBaIOTC C  TMO3MLUH  MEPCHEKTHBHI
ACTPOMH)KEHEPHON JEATENbHOCTH LMBHIM3ALMNA B

OyayuieM, Kak HEHCCAKAEMBIH HCTOYHHK JIETY4HX
BEIIECTB U, TI1aBHOE, BOJHI [1-6].

HHTEpecHO OTMETUTH U TO OOCTOSATENBCTBO, YTO
BeChbMa OOIIUPHBIA OIBIT WCCIEJOBAHKS KOMET,
yOeInI aCTPOHOMOB B OTPOMHOM Pa3HO00pa3suu MX
THUIIOB, YTO NPOSIBIISIETCS, IPEXKIE BCETO, B XapaKTepe
MX B3aMMOJEHCTBHUS € MOTOKOM m3nydyeHus ConHia,
COJIHEUHBIM BETPOM, MEXIUIAaHETHOM cpenoil. Ilpum
3TOM H (DU3BUKO-XMMUYECKHE CBOHCTBa KOMET, H
XapakTep MX OBOJIOUMM YacTO MNPEHNOJHOCST
croprpu3bl. B 1enoM MOXHO cKazaTh, YTO JBYX
OJIMHAKOBBIX KOMET He ObiBaeT. [loaToMy m3ydeHue
KaXI0i BHOBb IMOSBISIOMICHCS KOMETHI HMeEeT
HEMPEXOSIIYI0 HAyYHYIO LICHHOCTS [5, 7 -9].

D10 TeM Ooiee aKTyalbHO, KOTZIa pedb HUAET O
APKUX KOMETaX, MepeMENIaloIuXcsl BO BHYTPEHHHUE
oOmacTi IIaHeTHOH cucteMbl U3 obOnaka QOopra.
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HNMeHHO TakuM OOBEKTOM CTajia HEAaBHsS KOMETa
C/2023 A3 Tsuchinshan-ATLAS, kortopas cBoeit
OTHOCUTENIBHO BBICOKOW  SIPKOCTBIO  TIPUBIICKIIA
BHUMaHUE Ha0JIOIaTeNIeH BCEro MUpa.

OTMETHM HEKOTOpBIC OOITHE XapaKTEPUCTHKH
KOMEThI, KOTOpblE, B CBOIO OdYepellb, MOTYT
onpenensaTh € (U3MKO-XMMHUYECKHUE CBOWCTBA.
Komera UMeeT cimabo TUIEPOOTHYECKYTO

Metons! MOJIy4EeHUS u300pakeHni
kometrsl C/2023 A3 Tsuchinshan-ATLAS B
oocepBatopuu CKY

[Nonyyenune BaxxHO# HHPOPMALTUK O crielU(UKe
ONTHYECKUX XapaKTePUCTHK KOMETEI, a,
ClIeIOBATEbHO, 0 (PUBUKO-XMMHUYECKOM COCTOSIHUM
BelIecTBa €€ KOMBI M XBOCTa, TI0 HAllleMy MHEHHUIO,
BO3MOKHO Ha OCHOBE CpaBHEHHS €€ M300pakeHuil,
MOJYYSHHBIX B BUAWUMOI O0JAacTH CIEKTpa M B

OmmwkHell uHOpakpacHoii oOmactu. W ecnm
NOJNydeHHE CHUMKOB KOMET B  ONTHYECKOM
AMana3oHe — JaBHO  OCBOCHHAs  NPaKTHKa

acTpo(M3UKH, TO CHUMKH KOMET B MH(ppPaKpacHOM
MoKa 4YTO peaku. TakuM 00pa3oM IOCTaHOBKa
HabOmronennit kometsl B MK nuamasone 3aBenomo
o0J1a1aeT Hay4YHOH HOBU3HOM.

JlJis perucTpaii ONTUYECKUX H300pakeHUi
KOMEThI PUMEHSUIACH XOPOLIO 3apEKOMEH I0BaBLIAs
ce0sT B MOHHTOPWHTE CEpeOpPHCTHIX OO0JIAKOB U
MeTteopHbIX siBiaeHnid kamepa CANON EOS 2000D
[10]. B mpakTuke acTpOHOMHYECKHX HAOIIOJCHHN
OYeHb  [OJIE3eH  KaK  I[IUPOKMH  JHara3oH
HACTpaWBaeMOW YyBCTBUTEIBHOCTH Kamephl (JI0
12800 exuHuIr), TaK U €€ CIOCOOHOCTH OTPadATHIBATH
skcnozunuu ot 0.0005 go 300 cexyna. Mmeronuecs
B 00cepBaToOpuM KaMmepbl OCHAIIEHBl HabOpoOM
00BEKTHUBOB c Pa3uYHBIMA (OKyCHBIMH
PaccTOSHUSIMH, KOTOpPbIE MOIOMPAIOTCS B COOTBET-
CTBHH CO CTICHU(HUKOHN peraeMbIx 3a/1a4.

B orimune ot onTHYecKoro JuanazoHa chEMKa
B OnmwkHel uH(pakpacHOH 001acTH OOJIBIIMHCTBA
ACTPOHOMHUYECKUX OOBEKTOB OOBIYHBIMH KaMepamu
MPaKTUYeCKH HEBO3MOXKHA. Takoe OrpaHH4cHHUe
MMeeT KOHCTPYKTHUBHBIN Xapakrep. Jleso B TOM, 4To
caMH TPUEMHHUKH (CEHCOpPBI) LUPPOBBIX Kamep
OOBIYHO WMEIOT YyBCTBUTENIBHOCTh K M3JIYUYEHHUIO C
JUTMHOM BOJHBI BIUTOTH 10 1200 HM mpu Makcumyme
oxono 800 M (puc. la). Ho npousBogurenu kamep,
Kak TMpaBWJIO, IOMEUIAl0T TMepea  CEHCOPOM
CHeNHabHBINA (QUIBTP, MTOYTH MOJIHOCTHIO 00pe3aro-
[N U3ITydeHHE ¢ TMHOW BOJHEI Oosee 720-740 uM
(puc. 1b). D10 MO3BONAET AOCTUTATH MAKCUMAIBHOM
PE3KOCTU CHUMKOB B ONTHYECKOM AMaIla30HE UIMH
BoJiH. [Ipu 3TOM onTHKa 0OBEKTHBA HE IPENIATCTBYET
chémke B UK muanazone (puc.lc) [11].
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(3kcuentpucuret 1.000093) opOUTY ¢ HaKIIOHCHUEM
139.1°, paccrosaue B mepurennu coctasuio 0.391
aCTPOHOMHUYECKON emuHUIel. TakuM oOpa3oM, OHa,
Mo-BUANMOMY, MpHUOBbUTa K HaM U3 obmaka Oopra,
“Mesl B COCTaBe CBOETO sijipa OOINBIION 3amac JIbI0B
neTyunx BemecTB. [lociegnee 0OCTOATENHCTBO HE
MOTJIO HE OTpa3uTbcd Ha CHEKTPAIBHBIX |
(oToMeTpruIecKuX 0COOEHHOCTSIX KOMETHI [5].
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Pucynoxk 1 — B 000cHOBaHUE MOBBIICHUS
YYBCTBHUTENBHOCTH NHU(POBBIX KaMep B OMIMKHEH
nH(ppakpacHOU obracTu

Takum 00pa3oM, OKa3bIBAETCS BO3MOXKHBIM
PE3KO MOBBICUTH YYBCTBHUTEIBHOCTH CEHCOpa Kamep
CANON « u3ny4eHuio B OJmKHeM HH(PaKpacHOM
Jauana3oHe MMyTEM yIaJECHUS TaKoro
OrpaHUYUTEIHLHOTO ¢wmipTpa. [Ipu 3TOM
NPEAoIarajoch, YTO YYBCTBUTEIBHOCTH KaMep B
paccMaTpuBaeMoi 00JacTH CIEKTpa, BO3MOXKHO,
YBEIUYUTHCS, 10 MEHBILIEH Mepe, Ha MopsAAoK. Takas
pabora Obla mpoBeAEHA B CIHEHHMATM3UPOBAHHOMN
Mmactepckoit (MockBa, P®) B utone 2024 ronma c
kamepoii CANON EOS 1000 D. IlpoBenénnsie
TECTOBBIE CHMMKH OOBEKTOB MpPH JTHEBHOM
OCBEIICHWHU, Ha ()OHE CyMEpeYHOTO CEerMeHTa, a
TakkKe HOYHOro Heba W 3BE3] TIOKa3alH, 4TO
YyBCTBHTEJILHOCT 3TOW KaMmMepsl B  ONIKHEH
MH(pakpacHOH 00JacTH Ha camMoM JeJie BO3pocia
NpakTHYeCKd Ha TpU TOpsIKa. OTO OTKPBUIO
COBEpPIIIEHHO HOBBIE BO3MOXXHOCTH B IPOBEICHUU
UCCIIeIOBaHUH psiia HEOECHBIX OOBEKTOB U SIBJICHUH.

s monydenust u3o0paxxeHuit B mHGpakpacHoi
o0jacTH CHeKTpa B CBOIO oOd4epelb He0OXOIUMO
YCTaHOBUTh nepen 00BEKTHBOM KaMephbl
cootBercTBytomMid ¢Gunbtp. Ha 3toT pa3 dunetp
o0pe3aroniii U3Iy4deHre B ONTHYECKOM Iuarna3oHe
JUTAH BouH. 171st paboThI ¢ HHpaKpacHO KaMepoH B
Ob6cepBaropun UMeeTcs HAOOP U3 TPEX CTaHIAPTHBIX
undpakpacusix GuwibTpoB: RG 780, RG 830 u RG
850 [12]. B mapkupoBke (UIBTPOB 4YHCIA
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YKa3bpIBaIOT YCIOBHOE HAa4ajO COOTBETCTBYIOIINX
MOJIOC TIPOTyCKaHusA. BH mosroc mpomyckaHus Bcex
YKa3aHHbIX (QUIBTPOB W OOMWMIA BHA KaMmepsl
MpeacTaBIeHbl Ha PUCYHKE 2.

N3obpaxenns KomeTsl OBUIM TIOMY4YEHBI B
O6cepBaTtopuu yHEBepcuTteTa 15 oxTsaops 2024 roga
B MHTEpBaje BCEMHUPHOro BpemeHH oT 134 29m 1o
139 41m. O6nacTh HeOa, IIe pacroyiarajiach KOMeTa,
BH3YaJIbHO BBITIIAENa Oe300mauHoi. [lpu chémke B
ontrueckoM nuamazone kamepodr CANON EOS
2000D wucnonp3oBagach YyBCTBUTENBHOCTH 6400
SIUHUI], a SKCIIO3UIMH BapbHUPOBaINCh OT 1 mo 2
cekyan. [lpm momyuenmn wH(]pakpacHBIX H300pa-

Transimitance(T%)
g

200 300 400 500 600

kenuit  kamepoir  CANON  EOS  1000DI
HCTIONTB30BANICA pacronararommmics nepen
oobekTBoM mreTp RG  850. Kamepa Orpima
HAaCTpOCHAa Ha YYBCTBUTEIHHOCTH 1600 enuHUII.
[Tpumensics sxcro3uryn B 30 cexyH/I.

CpaBHEHHE TIONYYCHHBIX H300pOKCHHHA U
PEKUMOB CHEMKH CBHUIETEIBCTBYET O TOM, 4TO
YyBCTBUTEIILHOCTh MH(pPaAKPaACHOM KaMephbl
OKazajach JIMIIb B pa3bl HI)KE YyBCTBUTEIBHOCTH
CTaHIAPTHON ONTHYECKONW KaMmephbl. DTO ITO3BOJISAET
YTBEP)KIaTh, YTO C MOMOILBIO TaKOW MH(PaKpacHO
KaMepbl JEUCTBUTEIBHO MOXHO pEIIaTh IIUPOKUH
KpYyT HAYYHBIX 33ad.

700 800 9200 1000 1100 1200

Wavelength(nm)

— HWB780 (RG780)
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Pucynok 2 — Ilonocel nponyckaHus IpUMEHSIEMbIX HHPPaKpacHBIX (PHIBTPOB

Pe3ybTaTthl M 00Ccy:KI€HUE
AHaJau3 n300paxeHuii

OnHoii u3 po0eM B MOJTyYECHUN N300pakeHUH
KOMET  SIBJISIETCSl  JIOCTH)KEHHE  MaKCHUMaJbHOM
JieTan3alui KapTHHBI, YTO B CBOIO O4epe/b TpeOyeT
TTOBBIIIICHHS] YPOBHS KOHTpacTa CHUMKOB. Bripodem,
dTa TmpolOiieMa SBIAETCS OOImeld Npu W3YYeHHUH
npakTuiecku Beex Auddy3HbIX 0OBEKTOB Ha HeOe
[13, 14]. Ham 3Ta mpobnema, B 4aCTHOCTH, 3HAKOMA
M0 TIPAaKTUKE PETUCTPAIUN H300paXKEHUH IoJel
cepebpucteix obOmakoB. llpm »TOM mepexon K
MPaKTUKE TOJyYeHHUs] CHUMKOB TaKHX OOBEKTOB B
OommkHel nHpakpacHo# 00acTy mpecienoBal Leib
TOBBIIIIEHUS KOHTpAcTa M300paKeHWH OOIadHOCTH
Ha ¢oHe 3apeBoro cermeHra. M, kak TmoOKazan
9KCHEPUMEHT, 3Ta 1eJib ObljIa YCIEIHO JOCTUTHYTa
[11]. Ha pucyHke 3 B KauecTBe mpuMepa MpUBEICHO
CpaBHEHHE W300paXeHUH TONd TPOnochepHBIX
MEPUCTBIX OOJIAKOB B  YCIIOBHAX CYMEpeK B
ONTHYECKOM Juana3oHe (cieBa) u B OmmxHert MK
obiactu (cmpaBa). bosiee BbICOKas aeTain3alius
WH(PAKPACHBIX HM300paXeHWH OYEBHIHA JaXke Ha
Oeruplid B3rJs1A. Pazymeercs, mpu ChEMKE KOMETHI
3aJaya MOBBIICHHUSI KOHTPAcTa N300paXKeHUS TaKkxKe
aKTyaJbHa.

OnHaxko, 3apaHee BOBCE HE OUEBUIHO, YTO U IIPH
(doTorpadupoBaHUM KOMET MOXKET OBITh JTOCTHTHYT

pe3yibTaT aHAJOTHMYHBIA TOMY, KOTOPBIH OBLI
Moiy4eH mnpu cbEéMKe obnaunoctu. [Ipumeps
cHuMKOB KoMeThl C/2023 A3 Tsuchinshan-ATLAS B
BUJIUMON 00IacTu crektpa (A) W B JUIMHAX BOIH
ceoimie 850 HM TMpUBEACHHBIE Ha puUCYHKEe 4
yOeXIaIoT B TOM, 4TO JEJ0 C KOHTPACTOM CHHUMKOB
00CTOHT HE MPOCTO, yKe TP 00IIeM ux 0030pe.

Ha nepBerit B3rms neranvzanus n300pakeHnit
B 000uX ciy4asx TMpakTHYeCKH oawHakoBa. Ho
CHUMOK B UH(paKpaCHBIX JIydaX BBISBUI HAJTHUYKE HA
HeOe moMeX B BUJIE JIETKUX NEPUCTHIX 00sakoB. OHU
COBEpIUIEHHO He ObUIM BHUIHBI TJIA30M BO BpeMs
CHhEMKH, HEPA3TUINMbl OHU M HA CHUMKE B BHIIMOM
csere. [Ipr TOM CII0’KHO OTBETUTH HA BOIIPOC O TOM,
KOTJIa MOSIBUJIUCH MEPUCTHIE 00JIaka U HE YXYALIHIHN
T OHU WHQpPaKpacHble H300paKEHHS, KOTOpPHIC
OBLTM TIOJTy4eHBI HECKOJIBKO TI03/IHEE CHHMKOB B
BUAMMOM CBETE.

Kak uW3BECTHO WHTCHCUBHOCTh W3ITY4CHUS
KOMETHBIX (QOpM (KOMBI H XBOCT2) OIPEIENSIETCS
CyMMOM HECKOJIBKMX KOMIIOHEHT: COJIHEYHOI'O
M3JTy4EHUs, PACCESTHHOT'O Ha a9PO30JIsIX M MOJIEKYJIaX
U 3MHUCCHUHU OT PA3IMUYHBIX PAJUKAIOB U HEKOTOPBIX
Monekyl1. Kak mpaBuio mepBas KOMIIOHEHTa
npeo0iagaer, HO 0 Mepe MPHUONMKEHUSI KOMETHI K
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CoJiHIly MHTEHCHUBHOCTh 3MHUCCHOHHOH COCTAaBIISIO-
el ux crekTpa OsIcTpo Bo3pacrtaer [5, 9]. OnmHako,
B OmmwkHEeH wHpakpacHOW 00JacTH CIeKTpa
CYIIECTBEHHBIN BKIIAJ] YMHCCUOHHONH KOMIIOHCHTHI
W3JIYYCHUS MPH HU3YYCHUH OOJBIIMHCTBA KOMET HE
orMeveH. TakuM o00pa3oM, HET TEOPETUYCCKUX

MMPEATNOCHIIOK, MMO3BOJIAIOIIUX 000CHOBATh

MPEUMYIIIECTBO OJJHOTO U3 IBYX YKa3aHHBIX METOJIOB
MONMYYCHUs CHHUMKOB KOMeT. Pemenue creayer
UCKaTh B MPAKTHUKE SKCIICPUMEHTa, B YaCTHOCTH,
Jepe3 cpaBHEHHE KOIPQPHUITMECHTOB KOHTPACTHOCTH
CHHMKOB.

Pucynok 3 — M3o0paxenue TponocdepHoit 061auHOCTH (MIEPUCTHIX 00IaKOB) B BUANMON 00J1acTu (cieBa) u
B OmmxHert UK obnactu anmuH BOJTH (cripaBa)

Pucynok 4 — CHUMKHM KOMETHI: CJIeBa B BUJMMOM CBeTe, cripaBa B OmkHer MK obnactu criektpa

AHanmu3  W300pakeHWH  TPOBOAWJICS  TPHU
noMom mnporpammbel Image] — kpoccmargop-
MEHHOH,  OOIIEJOCTYITHOH  MporpamMmbl  JUIs

00paboTKH 1 aHATM3a W300pakKeHnH, pa3padoTaHHOM
Ha f3bIKe MporpaMMupoBanHus Java. M3HadambHO
co3laHHasg Uil MHKPOCKOIHMH, Iporpamma co
BpEMEHEM MPEeBpPAaTWIIaCh B MOLIHBIM HMHCTPYMEHT,
HCIIOJIB3yEMBIN B Pa3HBIX 00J1acTsax HaykH [15].

[IporpamMa MoXxeT 4uTaTh U 00pabaTHIBATh
mmpokuil criektp QopmaTtoB uzodpaxenuit: TIFF,
JPEG, GIF, PNG, DICOM wu npyrue, oHa uMeeT
HECKOJNIbKO ~ HMHCTPYMEHTOB  JJs  aHajm3a U
YIIyUIIeHUS KOHTPacTHOCTH n300paxeHn.
['mcrorpamma:  Bu3yanmusupyeT  paclpeneieHne
WHTEHCUBHOCTH  THKCENeH HW300paKeHus, 4YTO
MO3BOJIIET OLEHUTh €ro OoOmMHA KOHTPACT H
JTUHAMUYECKUH J1aIa3oH.

PerynupoBka sIpKkoCTH ¥ KOHTPacTHOCTH:
[O3BOJIIET HHTEPAKTHBHO W3MEHATH SIPKOCTh MU
KOHTPAcTHOCTb  M300paxkeHusi, HabOmromas  3a
HU3MEHEHUSIMU B pealbHOM BpeMeHH. BripaBHUBaHHE
THCTOTPaMMbI: HM3MEHAA paclpeleseHue SPKOCTH
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MUKCEJIEH KapTUHBI K PABHOMEPHOMY, YJIy4dINaAeT

BUJAMMOCTh JIeTaJleid B  00NacTax ¢  MaibIM
KOHTpacToM. DuibTpbl:  (QWIBTP  MOBBILECHUS
peskoctd WM (QUIBTP  HEpe3KOH  MackKw,

UCIIOJIB3YIOTCS JJIsl YCUJIEHUs KpaeB M Jeralei,
yIJIyqIIas JIOKJIbHBIN KOHTPACT.
Ha pucynke 5 Ha ¢one canmka komets! B UK-

JUana3oHe  IPEACTaBIE€H  CKPUHIIOT  paboTsI
MIPOrpPaMMBI.

3mece K€  BHM3Y  COpaBa  IIpHUBEJEHA
TUCTOTpaMMa pacnpeneneHus SIPKOCTH B

BBIZICJICHHOM y4YacTKe CHHMKa pasmepom 150x150
nukcene. BBepxy cmpaBa TokazaHa —TaOiudna
3HAUCHHN MHWHUMAaJIBHBIX u MaKCHUMAJIBHBIX
MoKasaTeyiell SIPKOCTH JUIS BCEX aHAIU3MPYEMbIX
CHUMKOB. B Tabmure 1 npuBeeHbl XapaKTEpPUCTUKN

yCIOBUH  ChEMKM W Pacu€THbIE  3HAYCHUS
CpeIHEeKBaapPaTUIECKNX  OTKJIOHEHUH  SAPKOCTH,
KOTOpBIE XapaKTepHU3yIoT KOHTPaCTHOCTh

n3o0paxenuii. Yem GoJibllic BETMYHHA OTKIOHCHUS,
TEM BBIIIIC KOHTPACT CHUMKA. J[Be BEpXHHUE CTPOKH
COOTBETCTBYIOT HH(PPAKPACHBIM U300PaKEHUSIM.
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MIPECTABICHUS PE3yIbTaTOB 00PAOOTKH CHUMKOB

Ta6auna 1 — O6mas nadopmanys 06 H300paKEeHHUIX U pe3yJIbTaTax ux 00padoTKH

IKcno3unus Cpennee
H3o0paxenue (cex) ISO JAuapparma  KBaApPaTHUHOE
OTKJIOHEHHEe
IMG 01031 30 1600 /4 8.663
IMG 01041 30 1600 /4 5.546
IMG_1150 lc 6400 /5.6 7.643
IMG 1152 lc 6400 /5.6 7.687
IMG 1153 lc 6400 /5.6 8.124
IMG_1154 2¢ 6400 /5.6 7.568
IMG 1155 2¢ 6400 /5.6 7.891
B oejioM JJid OLCHKU KOHTPACTHOCTH BCEX FI/ICTOFpaMMa IIOKa3bIBACT pacupeaciacHue

n300paKeHUH MCIIOB30BAIHCH JIBa METOJIA.

1. Pacuér cpenHekBaJpaTHUYHBIX OTKIOHEHUI
spkoctu (CKO, Standard Deviation):

Kax u3BecTHO, uem Ootbiie pa3opoc (Baprarmsi)
3HAYCHHH SPKOCTU IHUKCEJIeH Ha N300pakeHUH, TeM
Boimie  KoHTpact [16, 17]. CKO 3TO
MaTeMaTH4YeCKas Mepa pa3opoca 3HaYCHHI SIPKOCTH,
KOTOpasi ~ pacCUMThIBaeTCA MO  CTaHAAPTHOU
MpoLeIype MaTeMaTUYecKOM CTaTUCTUKHU. Takoi
MeTox [naér olliee MpeAcTaBIeHHE O KOHTpAcTe
KapTuHBl. HO OH He y4YWTBIBae€T MPOCTPAHCTBEHHOE
pacmnpezneneHue SPKOCTH, KOHTPACTHBIE JIETalH
MOTYT OBITH ManbiMH Ha (oHe oOumeld HU3KOH
KOHTPACTHOCTH U300pakeHus. B yacTHoCTH, TaHHEBIE
TaOmuIel | yKa3pIBalOT Ha Majoe pazindue
KOHTPAacTOB HM300paKeHUH KOMETHI, MMOJYYCHHBIX B
BHAMMOM pauama3oHe u B OmmkHeir MK oOmactu
CIIEeKTpa.

2. AHanu3 rucTorpaMm H300paskeHHM:

Y4acTOThl BCTPEYAEMOCTH MUKCEJIEH C ONpeIeIEHHON
SAPKOCTBIO. UeM mmpe TucTorpaMMa W 4eM OOoJIbIle
MMMKOB Ha HEH, TeM BBIIE KOHTpAacT. B maHHOM
cimydae crpoutcss rpaduk, rTrme mno ocu X
OTKJIaABIBAIOTCS 3HAUCHUS sipkocTh (0T 0 10 255 most
8-0uTHOTO N300paKEeHNUs), a 10 OCH Y — KOJIUYECTBO
MUKCENed C JaHHOM SAPKOCTBIO. OTOT METOJ
MO3BOJIIET OICHUTh HE TONBKO OOMIMH KOHTpacT
M300pakeHUs, HO U PacIpelie]ieHHe TOHOB Ha HEM.
CaMoe BaKHOE 3HAYCHHE WMEIOT  3HAYCHUS
MHHUMAaJIbHONW U MaKCUMaJIbHOW SAPKOCTH MUKCEIEH.
3Hass HMX MOXHO paccuuTaTh KOIQPHUIIMEHTHI
KOHTPaCTHOCTH n300pakeHus MOJIB3YSICh
HECKOJIbKFMH TTOJIXOJaMH:

A) Tlom mokambHBIM KOHTPACTOM ITOHUMACTCS
COOTHOIIICHHE IPKOCTH CBETJIBIX U TEMHBIX CMEIKHBIX
yacTe wuccieayemoro uszoopaxenus [16, 17].
[IpuMeHHUTENHHO K ITUKCEISM SIPKOCTHBIX TIEPEX0/I0B,
€ro OLICHUBAIOT 110 (hopmyJIe:
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KL — Dmax - Dmin ' (1)
G-1

31eCh Diax U Diin MAKCUMAJIBHBIA 1 MUHUMAJILHBIH
MOKa3aTeNd SPKOCTH OJM3KAX TIO TIOJOXKEHHUIO
nukcenei, a G — MakCUMaJIbHO BO3MOXHOE YHCIIO
rpafauuii SpKOCTH AJIS UCIIOJIb3yEMOU Pa3psAHOCTH.
Hampumep, npu 8 OUTHBIX MHKCEIIX OHO COCTaBUT
256.

b) OOmuii koHTpacT 1O BCEeMYy IIOJIO
M300paKeHUsI MOXKET OBITh OIIEHEH CIETyIOIINM
oOpa3oM:

20p

K, = , 2

TJie op — CTAaHJaPTHOE OTKJIOHEHHUE SPKOCTHU IO BCEM
MTAKCEJISIM KapTHHEI [16, 17].

B) Kontpact MuxenbcoHa XapaKTepuU3yeT Te
M300paKCHUs, HA KOTOPBIX KOJUYECTBO TEMHBIX U
CBETIIBIX 00J1aCTeH MPUOTM3UTEIFHO OTHMHAKOBO

Dinax = Dmin
KM = ) (3)
Dmax + Dmin
rne Ky — xoHTpact MuxenbcoHa, Dmax —

MaKCHUMaJlbHAas SPKOCTh TOUKH 00JIACTH BBIYUCIICHUS
KOHTpacTa, Dmin — MUHHMajbHas SPKOCTh TOYKH
oOnacTy BEIYMCIICHUS KOHTpacTta [16, 17].

[lomydeHHbIe pe3ysbTaThl MPEICTABICHBI B
TabmmIe 2.

Tab6auua 2 — K pacuety k03 PHUIHeHTOB KOHTPACTHOCTH H300PAKEHHIA

N300pa:keHue Min Max Kv Ks Km

IMG 0103.JPG1 74 184 0.43 0.0680 0.43
IMG 0104.JPG 1 47 169 0.48 0.0435 0.54
IMG_1150.JPG 85 210 0.49 0.0600 0.43
IMG_1152.JPG 67 241 0.68 0.0603 0.57
IMG_1153.JPG 70 235 0.65 0.0637 0.54
IMG_1154.JPG 118 252 0.52 0.0594 0.36
IMG _1155.JPG 73 233 0.63 0.0619 0.52

3aKkiIouyeHue

Kak criemyer u3 JaHHBIX aHalM3a THCTOTPaMM
n300paKeHnH, HeNlb3d C  ONpenesIEHHOCTHIO
BBIJICJITh TPEUMYIIECTB KOHTPACTHOCTH CHHUMKOB
koMmeThl B UK-n1anazone mo cpaBHEHUIO ¢ BUIUMBIM
IUAlla30HOM  JJISl  PacCMaTpUBaEMbIX  YCIOBHM
HaOmoneHus. OTOT (akT TpeOyeT OCMBICIECHHUS.
Jleno B TOM, 9TO MPH ChEMKaX 00BEKTOB HA THEBHOM
i cymepedHoM Hebe koHTpacT UK m3o0paxkeHuit
00JIaYHbIX MOJIeH Bceraa ObUT 3aMETHO BBIIIE, YeM Y
ONTHYECKUX H300paKeHUH. DTO  OOBACHSIECTCS
MoJiaBjcHUEeM BIIMsAHUS (oHAa Heba mpu pabore B
ommxnaeir UK obnactu cnekxrtpa. Takoii addekr
OposIBISTICS W TIpU OOLIEM BH3YyaJIbHOM 0030pe
CHHMKOB, ¥ TIpH pacu€rax K03 UIHEHTOB
KoHTpacTHocTH [11].

Crnenyer ydecTb, YTO B MOMEHT IOJyYEHHS
nH(pakpacHeIXx u300pakeHuit BpicoTa ConHna
OTHOCHUTEIHHO TOPU30HTOM cocTaBisiia - 11°54', ato
COOTBETCTBOBAJIO OKOHYAHHMIO HABUTALMOHHBIX H
Hadaly acTpPOHOMHYECKHX CcyMepek. [Ipu 3Towm,
KOMeTa pacrojiarajach JOBOJBHO JajieKo OT

Bkian aBTopoB

CyMEpEYHOro cerMeHtra Heba. B 3Toil cBSI3u MbI
MoJIaracM, 4TO CHW)KEHHE KOHTPACTa M300pakeHUit
MPOTSHKEHHOTO O0BEKTa Ha MPAKTUYECKH HOYHOM
HeOe npu pabore B OmmxHem WK nuamazone
OOBSICHACTCS PE3KUM CHIKCHHEM BIUsSHHSA (DoHa
paccesHHOTO COJTHEYHOTO M3TTYUCHHUS Ha TOH CTaIuU
nepexosia OT CBETJIOT0 K TEMHOMY BPEMEHH CYTOK
[18-21].

B oroit cBs3u mpuoOpeTaeT AaKTYabHOCTb
3aja4ya IKCIEPUMEHTAIEHOTO WCCIIeIOBaHUS
BIHMSHUS  yCIOBUH  aTMOC(HEpHOTO  paccesHHs
COJIHEYHOTO OCBEIICHHS Ha BEIMYMHY KOHTpAcTa
n300paXKeHnH MPOTSHKEHHBIX OOBEKTOB B ONMKHEH
uHpakpacHoi obmactu crekrpa. IlocraHoBKe u
PEUICHUIO JTOW 3aJa4yd IUIAHUPYETCS TOCBSTUTH
CIeayIoUyIo paboTy.

Iloka ke MOXHO KOHCTaTUPOBATh, 4YTO
MpUMEHEHHE ChEMKH B OJIMXKHEH WH(ppaKpacHOU
oOmacti ©e3yCcIOBHO IEPCIEKTUBHBI B YCIOBHUSX
TPAKIAHCKAX WJIM HABUTAIIMOHHBIX CYMEpEK, WU
JTHEBHOTO HeOa.

A.A. CononoBuuk: Pa3paboTka KOHIICTIIIUK M METOJOJOTHH UCCIICIOBAHKS, HAYYHOC PYKOBOJCTBO, MOJTYYCHUE
9KCHEPUMCHTAIBHBIX JAaHHBIX, HMHTEPIpETalus pe3yJbTaToB OOpaOOTKM [JaHHBIX, HANHCaHWE — IIpOBEpKa H
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penakrupoBanue. b.M. Y cenHOB: MeTORONIOTHSA, BN AN, KypPUPOBaHUE TaHHBIX, HCCIIEIOBAaHNE, AaHAIN3 PE3yIbTaTOB
9KCIEpUMEHTa, MpOBepKa M peJakTHpoBaHUe, aaMuHHcTpupoBaHue mnpoekTta. T.B. KacenoB: Merongomnorus,
KypUpOBaHHE JIaHHBIX, 0Opa0dOTKa pe3yJbTaTOB HKCIIEpUMEHTa, mpoBepka u penakruposanue. ILJI. JKypasuaés:
MarepualibHOe o0ecrieueHne SKCIepUMEHTa, MoTy4eHue skcrepuMeHTadbHbIX JaHHbIX. H.II. Co/I010BHHK: MOTy4eHHe
9KCIIEPUMEHTAIIBHBIX JTaHHBIX, aIMHHUCTPUPOBAHUE MIPOCKTA, Banuaalys, GopMabHbIH aHaN3.
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INTERRELATION OF FUSION CROSS-SECTION, REACTION RATE, AND NEUTRON
PRODUCTION IN A D-D REACTION IN A PLASMA FOCUS DEVICE

This study presents an analysis of D-D thermonuclear fusion processes occurring in a plasma
focus device by examining the interrelation between fusion cross-section, reaction rate, nuclear
reaction time, and neutron production. The goal of the study is to clarify the mechanisms of
neutron production from the viewpoint of nuclear reaction kinetics governed by Coulomb barrier
penetration and quantum tunneling effects. The fusion cross-section and reaction rate were
calculated for deuteron energies in the range of 1-200 keV and compared with nuclear data
libraries EXFOR and ENDF. Neutrons produced as a result of the D-D fusion reaction were
detected using a silver activation foil detector. The corresponding effective deuterium ion energy
region of 25-100 keV for D-D fusion reaction, cross-section 103-102 barn, and a nuclear reaction
time of 20-80 ns were obtained. These results are consistent with experimentally observed
neutron pulse durations produced during the pinch phase. In this regime, the rate of nuclear
fusion reactions in deuterium increases by approximately one order of magnitude compared to
Maxwellian plasma, while the requirements for the magnetic confinement parameters of such
plasma are significantly reduced.

Keywords: D-D reaction, reaction time, Gamow factor, neutron production, fusion plasma,
reaction rate.
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Mnasmanbik POKyC KOHABIPFbICbIHAAFLI D-D peakumAcbiHAaFbl CUHTE34eNy KMMAChI,
peaKuma Xbl4aMOblfbl MEH HEUTPOHAAP reHepaunAckl apacbiHAarbl e3apa 6aiinaHbic

Byn KymbicTa nnasmasnblk GOKYC KOHAbIPFbICbIHAA Ky3ere acaTblH D—D Tepmoaaposbik
CUHTE3 MpOoLLeCTepi CUMHTE3 KMMAChl, PeakUMaA KblAAaMablFbl, A0P0bIK PEAKUMA YaKbITbl XaHe
HEMTPOH reHepaumACkl apacbiHAAfbl ©3apa BalnaHbIC HerisiHAe TanaaHab!. 3epTTeyaiH MakcaTbl
- KynloHAbIK TOCKAybl4aH 6Ty KaHe KBAHTTbIK TYHHE/IbAey aCep/iepiMeH aHbIKTaNaTblH AAPOSbIK,
PeaKUMA KUHETUKACHI TYPFbICbiIHAH HEUTPOHAAPAbIH, TY3iny MeXxaHW3MAEepiH alKbiHaay 60Abin
Tabbinagbl. D-D cWHTE3 peaKUuMACbIHbIH, KMMacbl MeH peakuusa KblAdamAablfbl AeNATPOH
SHeprmAacbiHbIH, 1-200 k3B apanbifbiHaa ecentenin, EXFOR kaHe ENDF agponbik aepektep
KOpAapbIMeH canbiCTbipbingpl. D-D cMHTE3 peakumachl HaTUKeciHAe nanaa 6onFaH HeUTpPoHAAP
KyMic dosibrasibl akTMBALMA/bIK [OETEKTOP KemerimeH Tipkengi. 3epTtey HaTtuxeciHae D-D
CUHTE3AeNy peakumachl YWiH TUIMAI AeATepUin MOHAAPbIHbIH 3HepPrua amarbl 25-80 KaB ekeHAjri
aHblIKTanapl. CuHTe3 Kmacsl 103-107 6apH apanbifbiHaa 601aabl, an AAPONbIK PEaKLMA YaKbITbl
20-80 HCc MaHAepiH Kabblngan, cbifblly ¢asacbiHAa 3KCNEPUMEHTTIK TipKeAreH HeWTPOH
UMNYNbCTEPIHIH,  Y3aKTbIFbIMEH COMKeC KeneTiHi KepceTinai. byn Kafganaa WMMNyAbCTi
TEepPMOAAPOAbIK  MAa3MacbiHAAfbl  CUHTE3  PEaKUMACBIHBbIH,  KblAdamablfbl  MaKcBennaik
NNa3mMamMeH CanbICTbipFfaHaa apTadbl XaHe Maa3MaHbl MarHUTTIK yCTan Typy napameTpaepiHe
KOWbINATbIH Ta/lanTap alTap/ibIKTai TOMEHAENTIHI aHbIKTanabl.

TyliH ce3aep: D-D peaKumackl, peakuma yakbiTbl, FamMoB GaKTOPbI, HEUTPOH reHepaumAcsI,
TEpPMOAAPObIK NAa3Ma, PeaKLMA KbINLAMIbIFbI.
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Interrelation of fusion cross-section, reaction rate, and neutron production in a D-D reaction...
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B3anmocBA3b ceyeHms CMHTE3a, CKOPOCTU peaKLMu U reHepaunm HelTpoHos B D-D
peaKkuum B N1asModOKYCHOM YCTPOUCTBE

B naHHOW paboTe npencTaBneH aHaAM3 TepPMOSAEepHbIx npoueccoB D-D  cuHTe3a,
NpoTeKaLWMX B Naa3ma GOKYCHOM YCTPOMCTBE, Ha OCHOBE MCCAeA0BaHMNA B3aUMOCBA3N MEXKIY
CeYeHMEM CMHTEe3a, CKOPOCTbIO peakumu, BPEMEHEM MPOTEKaHWA AOEPHOM peakuun u
reHepaumen HeMTPoHOB. Llenbto nccnenoBaHua ABAAETCA BbIACHEHNE MeXaHM3MOB 06pa3oBaHuMA
HENTPOHOB C TOYKM 3PEHUA KMHETUKM AAEPHbIX pPeakumii, onpeaeniemon NPOHMKHOBEHWEM
yepes KynoHoBCcKuiM bapbep 1 addeKTaMm KBaHTOBOrO TYHHENNMPOBaHMA. CeyeHune 1 cKopocTb D-
D peakuun cuHTE3a OblIM paccyMTaHbl B AManas3oHe 3sHepruit aenTtpoHoB 1-200 k3B u
COMNOCTaB/EHbI C AAEPHbIMU BUbAnoTekamm aaHHbIx EXFOR 1 ENDF. HelnTpoHbl, obpasytolumecs
B pe3ynbrate D-D peakuum cuHTE3a, PErmcTpuMpoBanmMcCb C MCMO/b3oBaHMEM cepebpAHOoro
aKTMBALMOHHOIO  GONIbIOBOro  AeTeKTopa. YCTaHOBAEHO, 4YTO 3ddeKTMBHAA  MOHHas
3HepreTnyeckasa obnactb ana D-D cuHTesa coctasnseT 25-80 k3B npu sHaueHmax ceyerma 1073-
102 6apH, a Bpema A4EpHON peakumuy HaxoauTca B AmanasoHe 20-80 HC, 4TO cornacyercsa C
3KCNepuMMeHTabHO HabAtoAaEMON ANUTENIbHOCTBIO HEWTPOHHbLIX WMMMYAbCOB B NMUHY dase.
loKa3aHo, YTO B JAaHHOM C/ly4ae CKOPOCTb TEPMOAAEPHbIX Peakuuin B AeNTepPUeBON Niasme
BO3PaCTaeT Mo CpaBHEHMIO ¢ MaKCBENNI0BCKOM Maa3moin, npu aTom TpeboBaHMA K NapameTpam

MarHUTHOrO yep*aHMA CyLECTBEHHO CHUMKAIOTCA.
Kniouesble cnosa: D-D peakums, Bpems peakumu, dakTop Famosa, reHepauma HeMTPOHOB,

TepMosaepHas naasma, CKOPoCTb peaKLmm.
Introduction

Nuclear fusion reactions occur when light nuclei
approximation each other sufficiently closely under
the action of nuclear forces. This process requires
overcoming the electrostatic Coulomb barrier that
produces mutual repulsion between positively
charged nuclei. During fusion, the mass defect is
converted into released energy, making fusion a
powerful source of thermonuclear energy [1, 2]. For
a typical nuclear radius of Rox~5-10" m, the
Coulomb barrier energy can be estimated as
Ev=0.28 Z,Z> MeV. However, due to the quantum
tunneling effect, fusion reactions may occur even at
particle energies lower than the barrier height [3]. For
hydrogen isotopes, the Coulomb barrier is
approximately 0.28 MeV. To overcome this barrier,
plasma particles must be accelerated to sufficiently
high velocities, providing the kinetic energy required
for close nuclear approach [4]. In plasma focus (PF)
reactors, the discharge chamber is filled with
deuterium or tritium gas [5-7]. When charged by a
high-voltage pulse, deuterium ions can be accelerated
up to velocities of 107-10% m/s. Collisions between
such high-energy ions increase the fusion reaction
cross-section, leading to energy release through light-
nuclei fusion processes, primarily the D-D and D-T
fusion reactions:
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D + T - n(14,1 MeV) + He*(3,5 MeV), (1)
D + He* - p(14,68 MeV) + He*(3,67 MeV), (2)
D + D - p(3,02 MeV) + T(1,01 MeV), (3)
D + D - n(2,45 MeV) + He3(0,817 MeV). (4)

The fusion reaction cross-section is defined by
the number of reactions occurring per unit time due to
the flux of incident particles interacting with target
nuclei and represents one of the fundamental
parameters characterizing fusion reactivity and
reaction rate. Now days important to study neutron
production in pulsed plasma phenomena for improve
the performance of D-D fusion reactions in plasma
focus devices. Understanding the relationship
between the dynamical behavior of particles and
neutron production from D-D fusion reactions
enables optimization of reactor parameters and
enhanced neutron yield [8-10].

Detection of D-D fusion reaction products and
practical applications represents one of the important
problem of modern experimental nuclear physics,
nuclear engineering and thermonuclear research.
Plasma focus device is experimental thermonuclear
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reactor which is capable of neutron production in the
range of 10°-10'2 neutrons per pulse, when filled
deuterium or deuterium-trittum gas mixture in
chambers [11-13]. Therefore, to study and
optimization of basic parameters of efficiency D-D
fusion reaction and increase neutron production, still
remain critical objectives in such experimental fusion
systems.

It is necessary to analysis to influence of
energetically parameters PF device, such as discharge
current, gas pressure, and charging voltage to
evaluation of the fusion cross-section, reaction time
and reaction rate in D-D fusion reactions. These
parameters significantly affect of collision particles in

Research methodology

The nuclear reaction rate represents the number
of nuclear reactions that occur in a unit volume of
fusion plasma per unit time. For the D-D fusion
reaction, the reaction rate can be written in the
following form:

1
R(E) = 5o (E)O(E), 5)

where n, is the deuterium ion concentration, o(E) is
the energy-dependent fusion cross-section and 9(E)
represents the ion velocity. In the low-energy region
(0-200 keV), the fusion cross-section was
approximated using the Gamow factor. According to
the 0-Dimensional Phenomenological Fusion Rate
Model Based on Gamow Reactivity, the Gamow
cross-section ¢ represents the effective interaction
area of the reaction and characterizes the probability
of interaction between a pair of particles per unit
volume during a thermonuclear fusion process. For
D-D thermonuclear reactions, the Gamow fusion
cross-section can be written as follows:

S(E) <E6>1/2
E “P\"E)

where E is the kinetic energy of interacting particles
in the center-of-mass in the range (0:200) keV for D-
D reaction. E¢ is Gamow parameter. For the D-D
fusion reaction the astrophysical S-factor, given by
the following formula

o(E) =

(barn) (6)

S(E)=a, +E (a2 +E(as + E(ay + Eas))) .(7)

The constant parameters for the fusion cross-section:
E¢=31.3970 kaB'2, a1 =5.3701-10%, c,=3.3027-107,
a=1.2706-10"", a4 =2.9327-10, as=-2.5151-10".

thermonuclear plasma and efficiency of nuclear
reactions and neutron production [14, 15]. In dense
plasma focus device, the thermonuclear plasma
compression (pinch) phase occurs an extremely short
time interval, typically on the order of several tens of
nanoseconds. Therefore, as a first approximation, the
application of a zero-dimensional (0D) phenome-
nological model is justified for describing the fusion
process.

The purpose of this study is to determine the
optimal values of the key parameters influencing the
D-D fusion reaction rate and neutron production in a
plasma focus reactor in order to improve overall
fusion efficiency.

In a plasma focus device, the gas pressure related
to the nuclear reaction rate through the ion density.
Since the working gas becomes ionized during the
discharge process, the ion density during the
compression phase can be approximately n;~n = p
expressed as:

(8)

where Boltzmann constant £ = 1.38-102 joule /mole.
T is temperature in K. Therefore, taking into account
the variation of the working gas pressure in the
chamber, the nuclear reaction rate (1) equation can be
expressed by the following relation:
R ~ p?(00). €)]
An increase in the working gas pressure in the
chamber leads to a higher density of deuterium ions
in the plasma, thereby increasing the number of
particles participating in nuclear reactions. According
to the ideal gas law, the deuterium ion density is
directly proportional to pressure. Therefore, the D-D
fusion reaction rate increases approximately
following the scaling law R ~ n3 =~ p?. However,
excessively high pressure leads to reduce the ions
acceleration energy in the fusion plasma, which in
turn decreases the effective fusion cross-section.
Considering the expression presented above, an
increase in gas pressure leads to an increase in fusion
plasma density, while the ion temperature decreases
under fixed discharge energy conditions. This
reduction in temperature lowers the Gamow
tunneling probability. According to the Zero-
Dimensional Gamow-Based Scaling Model [16, 17]
the fusion reaction rate can therefore be expressed in
the following form:
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1
R(p) = pexp (—aP3); (10)
where a is the pressure-adapted parameter of the
Gamow exponential factor.

Eg

Eery’
where E.yis effective energy particles and exp(—op
represents the reduction of nuclear tunneling
probability with increasing pressure. The balance
between these competing effects indicates that the
neutron yield Y(p) ~ R(p) reaches a maximum at an
optimal gas pressure.

To register neutron particles produced because
of the D-D fusion reaction, a silver activation foil
detector (diameter 13.6 cm, cylindrical length 20 cm;
detection efficiency ~1.4-10) was used. In order to

a =

(11)

1/3)

Results and discussion

Evaluation of neutron production and fusion
reaction rate necessary precise determination of the
deuteron energy-dependent total cross-section of the
D-D fusion reaction. In this work, the dependence of
the total D-D reaction cross-section on E ion energy
was calculated within the energy range of 1-200 keV
according to Eq.(2). The averaged cross-section of the
D-D fusion reaction is shown in Figure 1.

0,030

0,025+

0,020 4

E
£ 0,015 .
©
0,010+
0,005+
L] +  theory
0,000 ® Ref(1)
« Ref(2)
T T T T T T T T
0 25 50 75 100 125 150 175 200

E (keV)

Figure 1 — Total cross-section of the D-D reaction.
The calculated values (line) are compared with
nuclear EXFOR (Refl) and ENDF (Ref2) databases

The reaction cross sections used in the
calculation of the fusion reaction rate were adopted
from the EXFOR database [18], and the
recommended evaluated data were taken from the
ENDEF/B-VIIL.0 nuclear data library [19]. In the
E=25-80 keV range, theoretical and experimental
results agree well. In the E=100-150 keV interval,
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slow down fast neutrons generated during the fusion
process, the Geiger counter was surrounded by a
paraffin moderator. The activated silver foil detector
consisted of natural silver '’Ag 51.35 % and '“Ag
48.65 % containing the isotopes. The primary nuclear
reactions between neutrons and natural silver occur
through neutron capture processes.

Agt®7(n,y)Agto8(Tys = 142.9 5)
- Cd'°8 + 8~(97.2%), (12)

Ag'®?°(n,y)Ag''°(Tys = 24.6 5)
- Cd1° + £7(99.7%). (13)

The detector calibration was performed using a
standard Americium—241/Beryllium neutron source
with a neutron yield of 1.5:107 neutrons/s.

slight differences are observed, which can be
attributed to the energy dependence of the
astrophysical S-factor and experimental uncertainties
inherent in the various measurements.

For plasma focus device calculated o parameter
in the range E.;=20-80 keV, and equal a = 14-15. The
obtained constant value o ~ 14-15 is consistent with
nuclear fusion theory and previously reported D-D
reactivity studies. Since the parameter a is directly
related to the Gamow tunneling factor, its invariance
indicates that neutron production in plasma focus
devices is governed primarily by nuclear-scale
Coulomb barrier penetration rather than macroscopic
discharge parameters. Similar effective energy ranges
reported by Bosch and Hale (£.;y=30-100 keV o = 12-
18)[16, 20] and Nevins and Swain (£.;=30-100 keV,
0.~ 12-18) [18, 21] confirm that D-D fusion reactions
occur within a narrow Gamow window, leading to an
approximately constant tunneling parameter.

The fusion cross-section of the D-D reaction
remains extremely small at low ion energies due to
the presence of the Coulomb barrier, which
significantly limits the probability of nuclear
interaction. With increasing ion energy, the tunneling
probability through the Coulomb barrier rises rapidly,
leading to a pronounced growth in neutron yield that
is predominantly governed by nuclear -effects,
particularly the increase of the fusion reaction cross-
section. In this work, the application of
experimentally measured nuclear data from the
EXFOR database together with evaluated datasets
from the ENDF library enhances the accuracy and
reliability of fusion reaction rate calculations,
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ensuring a physically consistent interpretation of
neutron generation and nuclear processes occurring in
plasma focus devices.

In the fusion plasma, the reaction rate depends
on the number densities of deuterium (n; and 7,), the
reaction cross section (o), and the relative velocity (v)
because ions have distribution of velocities. In Figure
2 shown the D-D reaction rate over ion energy range
0-200 keV for 2-4 Torr deuterium gas pressure.

5x10"
3.5x10 2 Torr

3 Torr

-
3,0x10™ 4 4 Torr

Reaction rate (cm’s)

2,5x10" 4
2,0x10" 4
1,5x10'"7 4
1,0x10" 4
5,0x10"

00l
T T T T

; : - -
0 25 50 75 100 125 150 175 200
E(keV)

Figure 2 — Reaction rate of the D-D fusion process
as a function of deuteron energy at different filling
gas pressure

As shown in the figure, the D-D fusion reaction
rate increases monotonically with increasing deuteron
energy for all considered gas pressures. This behavior
is explained by the exponential dependence of the
fusion cross-section on the quantum tunneling
probability through the Coulomb barrier. An increase
in gas pressure from 2 to 4 Torr leads to a higher
deuterium ion density in the plasma, resulting in a
significant enhancement of the reaction rate over the
entire investigated energy range. From the viewpoint
of nuclear kinetics, this behavior is consistent with the
scaling relation R ~n3 ~ p? indicating that an
increase in particle concentration raises the frequency
of nuclear collisions. Furthermore, in the low-energy
region (£ < 30 keV), the reaction rate changes slowly
due to the low tunneling probability, whereas in the
50-200 keV range a rapid increase in reaction
intensity is observed. This indicates the formation of
an effective energy window for fusion, demonstrating
that neutron generation in plasma focus devices is
governed by coupled energy-density conditions
within the thermonuclear plasma.

Neutron production is one of the most important
indicators of D-D fusion reactions in plasma focus
device. Figure 3 shows the neutron emission as
function of charging voltage and gas pressure.

1,5%10°

14 KV
A —e— 16 kV
1,2x10° A - 18 kY
’ AN
2 9,0x10" \
S, A
c
g ,
2 6,0x10'4
=4
3,0x10"
0,0 r
0 8 10

Pressure (torr)

Figure 3 — The dependence of neutron production at
different gas pressure on D-D fusion reaction

As shown in Figure 3, the formation of a
maximum in neutron yield as a function of gas
pressure is associated with the exponential energy
dependence of the D-D fusion cross-section. This
dependence is governed by Gamow-type quantum
tunneling through the Coulomb barrier and, together
with the quadratic density scaling of plasma particles
predicted by nuclear reaction theory, determines the
neutron production behavior.

Neutron production in plasma focus devices
results from the relation between macroscopic
electrical discharge processes and microscopic
nuclear interactions. During the discharge, a high-
amplitude pulsed current I is formed, and due self-
generated magnetic field compresses the fusion
plasma to high density and temperature conditions
[22-24]. At this stage, strong electromagnetic fields
and fusion plasma instabilities influence accelerate
deuterons. The increase of ion energy enhances the
probability of quantum tunneling through the
Coulomb barrier, leading to an increase in the
effective cross-section of the D-D fusion reaction.

The neutron generation time during D-D fusion
reaction expressed as following:

(14)

Thus, an increasing the R reaction rate leads to a
reduction of neutron production time. This indicating
that, the D-D reaction in fusion plasma more
intensively occurs within a short time interval. This
result shows that neutron production increases
simultaneously with rising fusion plasma density and
ion energy. The experimental research work [25-27]
indicated that T, neutron production time corresponds
to fusion plasma compression Az, time interval (z,~
At,) during D-D fusion reactions. In plasma focus
devices, the neutron production time is determined
from the temporal width of the neutron pulse recorded
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by a fast neutron detector. The full width at half
maximum (FWHM) of the neutron signal
characterizes the effective duration of nuclear fusion
reactions occurring during the pinch phase and is
directly related to the fusion reaction rate in the
plasma.

Figure 4 shows experimentally results variation
of the average nuclear reaction time in the fusion
plasma column, as a function of deuterium gas
pressure in the discharge chamber and charging
voltage.

60

50

40

30

t(ns)

20

10

0

p (Torr)

Figure 4 — Variation of the nuclear reaction time in
the fusion plasma column

As shown in the Figure 5, the dependence of
nuclear reaction duration on gas pressure is defined
by variations in deuterium ion density and energy
exchange processes within the fusion plasma. An
increasing gas pressure, plasma density rises, and the
enhanced collision frequency promotes stronger
thermal energy redistribution, thereby extending the
lifetime of the effective fusion region. Moreover,
under higher pressure conditions, the dynamics of the
current sheath become slower, and the increased
stability of the pinch phase contributes to a longer
duration of nuclear reactions. Thus, the pressure-
dependent variation of reaction time reflects the
coupled interaction between fusion plasma
hydrodynamics and the nuclear kinetics of the D-D
fusion process.

When fusion plasma compression with magnetic
field, the radius of fusion plasma column decreases to
7, =0.5-0.8 cm. It is leading to an increase deuterium
ion density ng and nuclear collisions per unit time,
thereby  intensifying the  fusion  process.
Consequently, the fusion reaction rate R and neutron
production begins to rise. The variation of fusion
reaction rate dependence of fusion time and neutron
yield are shown in Figure 5.

The quantitative results presented in figure-5
clearly demonstrate that both the nuclear reaction rate
and neutron yield are directly dependent on the
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reaction duration. For example, in the 18 kV
operating regime, at a reaction time of t=15 ns, the
reaction rate reaches approximately 2.5-10% cm3s™! -
2.8:10%° cm™s!, with a corresponding neutron yield
of about 4107 n/discharge - 5-107 n/discharge. When
the reaction time increases from 40 ns to 45 ns, the
reaction rate decreases to approximately from
0.8:10%° cms™ to 0.6-10%° cm™s™!, while the neutron
yield correspondingly decrease nearly 1.5-107
n/discharge - 1-107 n/discharge. These results indicate
that during the short-lived pinch phase, the plasma
density and ion energy reach their maximum values,
significantly increasing the probability of nuclear
collisions and ensuring intense neutron generation.
Thus, the reduction of reaction time enhances fusion
efficiency and confirms that neutron production in
plasma focus devices occurs predominantly in a
highly reactive, short-duration nuclear burn regime.

3,0
18 kV
16 kV

254 1 14KV

2,04

Reaction rate (cm™s) x10"

0,54 . -

15 20 25 30 35 40 45 50
t (ns)

14 kV
, @ Milanese et al. 2023 (approx)
54 < 16 kV
i 7~ Kubes et al. 2017 (approx)
18 kV

Neutron yield( x10)

Figure 5 — Correlation between fusion reaction rate
(a) and neutron production (b) as a function of
nuclear reaction time in plasma focus discharges

Experimental and literature data [15, 18, 25]
further show that the Nanofocus device operates at
low pressure and short pinch duration, producing
neutron yields on the order of ~10° neutrons pulse,
which is consistent with the predicted t, region
obtained in the present experimental and modeling
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results. In addition, the work of Kubes et al. [28§]
reports neutron yields of approximately (0.8-5.3)-107
neutrons/ pulse for the PF-200 device. This
comparison demonstrates that, as predicted by the
analytical model, neutron yield increases with
decreasing pinch duration. The observed trend shows
qualitative agreement with experimental results
obtained in both the Nanofocus system (Milanese et

Conclusion

In this work, the nuclear-physical characteristics
of D-D thermonuclear fusion in a plasma focus device
were analyzed by correlating the fusion cross-section,
reaction rate, nuclear reaction time, and neutron
emission parameters using both numerical evaluation
and experimental observations. The calculated fusion
cross-section in the deuteron energy range of 1-200
keV reaches values of o(E)~103-10% barn and
compared with evaluated nuclear data libraries
EXFOR and ENDEF. Also, determined the fusion
reaction rate increases quadratically with density and
reaches values on the order of R~10'%-10'7 cm3s! in
the effective energy region 25-100 keV. The obtained
results demonstrate that the increase of ion energy
significantly enhances the fusion probability through
Coulomb barrier tunneling, thereby intensifying

Author Contributions

al.,) [29] and the PF-200 device (Kubes et al.,) [28].
In summary the experimentally observed
pressure maximum and voltage scaling are governed
by the energy dependence of the D-D fusion cross-
section through Gamow tunneling. The variation of
reaction time provides the effective nuclear
interaction time during which fusion reactions occur.

neutron production in the compressed fusion plasma
column.

The main scientific outcome of this study is the
establishment of a consistent relationship between
fusion reaction rate, neutron production time, and
neutron yield within a unified nuclear kinetics
framework. It is shown that an increase in reaction
rate corresponds to a reduction of the effective
nuclear reaction time, leading to the formation of
intense nanosecond neutron pulses experimentally
observed in plasma focus systems. These findings of
the work provide a nuclear-physics based
interpretation of neutron production optimization and
improving predictive models for thermonuclear
fusion systems, neutron sources which application for
advanced nuclear science and applied fusion
technologies.
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QUANTUM-NOISE-INDUCED LIMITS ON INFORMATION DENSITY IN CONFINED
SOLID-STATE SYSTEMS

The continuous miniaturization of solid-state systems has driven electronic materials into
regimes where quantum noise and environmental coupling play a decisive role in determining
physical performance. In this work, we develop an open quantum framework to investigate
fundamental limits on information density in confined solid-state systems. By explicitly
incorporating system environment interactions at the Hamiltonian level and describing the
resulting non-unitary dynamics within the Lindblad formalism, we derive an intrinsic upper bound
on the number of operationally distinguishable quantum states. Our analysis reveals that
information density scaling is jointly constrained by geometric confinement and noise-induced
coherence loss, leading to an apparent exponential growth only within an intermediate size
regime. As system dimensions approach the nanoscale, increasing quantum noise enforces a
crossover to sub-exponential, noise-limited behavior, signaling the breakdown of purely
geometric scaling arguments. The results demonstrate that the observed scaling behavior arises
as an emergent consequence of open quantum dynamics rather than technological optimization.
Owing to its general formulation, the proposed framework is broadly applicable to a wide class of
solid-state systems, providing a unified physical perspective on information-density limits
imposed by quantum noise.

Keywords: open quantum systems, quantum noise and decoherence, information density
scaling, nanoscale confinement, fundamental physical limits.

MoHTacup CanmaH Tandyp*, Moxammea Mecmann Agam Canex
®dusnka kadbeapacsl, Foinbim dakynbTeTi, On-baxa yHMBepcuteTi, On-baxa, Caya Apabusa naTwanbifbl
*e-mail: mtaifour@bu.edu.sa

LLlekTeyni KaTTbl AeHeNi )Kynenepaeri aknaparT TbiFbl3blFbiHa KBaHTTbIK, LLYbIN
TYAbIPaTbiH LEKTEYNEP

KaTTbl AeHeni )ymenepaiH y3a4iKci3 KillipenTinyi anekTpoHAbIK MaTtepuanaapibl onapabiH
dU3MKanbIK cMnaTTamanapbiH aHbIKTayAa KBAHTTbIK WY MeH KopluaraH opTameH bGaitnaHbic
Wewywi pen aTkapaTblH peXumaepre »KeTKi3gi.byn Makanaga wWeKTeyai KatTel AeHeni
Kyhenepgeri aknapaT Tbifbl34blfblHA KOWMbINATBIH HErisri wekTeynepai 3epTTey YWiH awblk
KBAHTTbIK KypblibiIMAbl 33ipfey HaTUXKenepi yCbiHbINFaH. [aMWNLTOH AeHreriHaeri yie-
KOpllafaH opTa ©3apa 9peKeTTecynepiH HakTbl eckepy aHe JinHabnasn dopmanuamiHaeri
BipAiKCi3 AMHAMUKaHbl CMNATTay apKblabl ONepauMAnbiK TYPFblAAH aXKblpaTblNaTbiH KBAHTTbIK,
KyWnep caHblHbIH, ilWKi KOfapfbl Weri anblHagbl. byn Tangay aknapaT Tblfbi3AbIFbIHbIH,
MacwTabTanybl reOMETPUANBIK, LEKTEYMEH A€, WyblN TYAblPaTblH KOTePEHTTINIKTIH, *KoFanybIMeH
[le WeKTenreHiH kepcetefi, byn Tek apanblk enWeM AManasoHbIHAA alKblH 3KCNOHEHLMANLb!
ecyre akenepi. HKyre enwemaepi HaHoeWEMIe KaKplHAAFaH CalblH, KBAHTTLIK, WYAbIH, apTybl
WyMeH LWeKTenreH cy6aKCNnoHeHUManabl MIHE3-KY/IbIKKa ayblcyfa oKeneadi, 6yn Tasa
reoMeTpUsA/IbIK MaclTabTay aprymeHTTepiHiH, Oy3blaybiH KepceTedi. HaTuxenep 6GalKanfaH
MacliTabTayAblH, TEXHONOTMMANBIK OHTaMAaHAbIPYAaH Tepi aWblK KBAHTTbIK AMHAaMUKaAaH
TYbIHOAWTBIHbIH KepceTedi. Kannbl TyKblpbiIMAamacbiHa 0anaaHbICTbl YCbIHbIAFAH Kypbl/biM
KBAHTTbIK LUYMEH EHTi3inreH aKnapaT Tblfbl3AblfbIHbIH, LeKkTeyaepiHe OGipblHFal GU3MKaNbIK
KO3KapacTbl KAMTAaMaChI3 eTETiH KaTTbl AeHEeNi XKynenepaiH KeH KnacbiHa KeHiHeH KoaaaHblnaapl.
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TyMiH ce3pep: aWwblK KBaHTTbIK KyMenep, KBaHTTbIK LY *KaHe AEKOrepeHTTiNiK, aknapaT
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OFpaHMHEHMH NNOTHOCTU MHd)OpMaLIMM B OrpaHU4YeHHbIX TBEPAOTE/NbHbIX CUCTEMAX,
Bbi3BaHHbI€ KBAHTOBbLIM LLIYMOM

HenpepbiBHaA MMHMATIOPMU3ALIMA TBEPAOTEbHBIX CUCTEM MPUBEA K TOMY, UTO S/1EKTPOHHbIE
MaTepuasibl OKasaauCb B PeMMax, e KBaHTOBbLIM LWYM M B3aMMOAENCTBME C OKpyXatoLleit
cpeon UrpatoT peLlatoLLyo Posb B onpeaeneHnn Grusnyecknx xapakTepuctunk. B gaHHol pabote
npvBeaeHbl pesy/bTaTbl MO Pa3paboTKe OTKPbLITOM KBAHTOBOM CTPYKTYypbl ANA WCCAeA0BaHUA
byHAAMEHTaNbHbIX OFPaHUYEHUI MAOTHOCTM MHGOPMALMM B OFPaHUYEHHbIX TBEPAOTEbHbIX
cuctemax. fIBHO y4MTbiBasi B3aMMOJEMCTBMA CUCTEMbI C OKPYMalollen cpefiolt Ha YpoBHe
raMUbTOHMAHa M OMWCHIBan Pe3y/bTUPYIOLLYI0 HEYHUTAPHYIO AMHAMUKY B pamKax GopmManmama
NvHpbnapa, BbiBeAEHa BHYTPEHHAS BEPXHAA TrpaHMLA 4YMCaa ONepaumoHHO  Pas3MUYMMBbIX
KBAaHTOBbIX COCTOAHMI. [laHHbI aHanM3 MoKasbiBaeT, 4YTO MacluTabupoBaHME NAOTHOCTU
MHOOPMaLMN  OrPaHMYEeHO OAHOBPEMEHHO TeOMETPUYECKMM OrpaHuyYeHrem u noTepei
KOrepeHTHOCTW, BbI3BAHHOM LYMOM, YTO MPUBOAUT K KaXKyLLEMYCA SKCMOHEHLMaAbHOMY POCTY
TO/IbKO B MPOMEKYTOYHOM AMana3oHe pasmepos. [1o mepe NpuUbAnKeHUA pasMmepoB CUCTEMBI K
HaHOpa3mepy, yBendYeHne KBaHTOBOrO LyMa NPUBOAMT K Nepexody K cyb3aKcnoHeHLUManbHOMY
NOBEAEHMIO, OrPaHUMYEHHOMY  LWWYMOM, 4YTO CBUAETENbCTBYET O HapylWeHWMm YUCTO
reoMeTpUYECKUX aprymeHTOB MacluTabmpoBaHua. Pe3ynbTaTbl NOKa3biBaOT, YTO Hab togaemoe
MaclWTabupoBaHMe BO3HMKAET KaKk CeACTBME OTKPbLITOM KBAHTOBOM AMHAMMKM, a He
TEXHONOMMYECKON OoNTUMM3aLUmMK. bnarogapa csoeir obuieit GopMynnpoBKe, NpeasoKeHHas
CTPYKTYpa LIMPOKO MPUMEHMMA K LIMPOKOMY Knaccy TBepAOoTe/bHbIX cucTem, obecnevymsasn
enHY0 GU3MYECKYI0 NepCneKkTUBY Ha OrpaHMYeHus NAOTHOCTU MHGOPMaLIMK, HaKknaablBaemble

KBaHTOBbIM LLYMOM.

Kniouesble cnosa: OTKPbITblE KBAHTOBble CUCTEMDI, KBAHTOBbIM wym m aekorepeHuua,
N\aCLLITa6V|pOBaHMe NNOTHOCTH I/IHd)OpN\aLI,MVI, HaHOpPa3mMepHOe orpaHn4eHne, d)\/H,ﬂ,aMeHTa/'leble

dU3nYeckme orpaHnYeHms.
Introduction

Motivation

The continuous miniaturization of solid-state
systems has progressively driven electronic materials
into regimes where quantum effects dominate their
physical behavior. At sufficiently small length scales
confined carriers can no longer be treated as isolated
entities but instead form inherently open quantum
systems subject to unavoidable interactions with their
surrounding environment, as a consequence quantum
noise and decoherence emerge as central features
rather than secondary perturbations fundamentally
altering the dynamics of confined states [1-4].

In this nanoscale regime, the conventional
closed-system approximation—widely employed in
bulk and mesoscopic descriptions breaks down due to
enhanced coupling between the system and surface
states, phonons and vacuum fluctuations [5-8]. These
interactions induce finite coherence times and non-

unitary dynamics that directly constrain the stability
and distinguishability of quantum states. Importantly,
quantum noise is no longer a small correction that can
be neglected or absorbed into phenomenological
parameters but instead constitutes a structural
component of the physical description of scaled solid-
state systems [9-12].

Physical Gap

Despite extensive research on information
processing and state density in condensed-matter
systems most existing studies approach information
densification from an engineering or thermodynamic
perspective, such approaches typically emphasize
material optimization thermal management or device
level scaling considerations often treating noise as an
extrinsic factor that can be mitigated through
improved fabrication or design strategies [13-16].
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While these methods have proven effective at
intermediate scales they implicitly assume that
decoherence can be reduced arbitrarily through
technological refinement.

However, a fully consistent physical framework
that explicitly links quantum noise to the maximum
achievable information density remains largely
absent, in particular there is a lack of analytical
treatments that derive intrinsic bounds on information
density directly from the open quantum nature of
confined systems rather than from empirical trends or
classical arguments [17-20]. This gap obscures the
distinction between technological limitations and
fundamental physical constraints leaving unresolved
questions regarding the ultimate limits imposed by
quantum dynamics and environmental coupling.

Objective and Contribution

The objective of the present work is to establish
a fundamental physical bound on information density
in confined solid-state systems by explicitly

Physical Model

System Definition

We consider a quantum electronic system
confined along a characteristic spatial direction of
length L while remaining extended (or effectively
homogeneous) in the transverse directions.
Depending on the physical realization the
confinement may be strictly one-dimensional or
generalized to d -dimensional reduced geometries.
The finite size L sets the dominant quantization scale
and determines the spacing of the accessible energy
levels.

The electronic subsystem is not treated as
isolated. Instead, it is coupled to an external
environment that may originate from surface degrees
of freedom lattice vibrations (phonons) or vacuum-
induced fluctuations. Such couplings become
increasingly relevant as the system size is reduced
owing to the enhanced surface-to-volume ratio and
the unavoidable interaction between the confined
carriers and their surroundings. Consequently, the
system must be described as an open quantum system
rather than by an idealized closed Hamiltonian model.

Effective Hamiltonian
The total Hamiltonian of the composite system
is written as

H= Hsys + Heny + Hint,

€y
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incorporating quantum noise within an open quantum
framework; by modeling the system environment
interaction at the Hamiltonian level and analyzing the
resulting non-unitary dynamics we derive an
analytical scaling law that captures the interplay
between geometric confinement and decoherence.

The main contributions of this study are
threefold. First, we formulate a general open quantum
model that treats quantum noise as an intrinsic
consequence of confinement rather than an external
disturbance. Second, we derive a size-dependent
scaling law for the maximal information densit,
revealing an upper bound governed by coherence
constraints. Third, we provide a physical
interpretation of the apparent exponential growth
observed at intermediate length scales as a
transitional regime which inevitably breaks down as
noise-dominated behavior emerges at the nanoscale.
These results offer a unified physical perspective on
information-density scaling across a broad class of
solid-state systems [21-26].

where Hgy denotes the Hamiltonian of the confined

electronic degrees of freedom H,,, describes the
environmental modes and Hj,; accounts for the
interaction between the two subsystems.

The system Hamiltonian Hgys incorporates the
effects of quantum confinement and is responsible for
the discrete energy spectrum associated with the finite
length L. The interaction term H;,; mediates energy
exchange and phase randomization between the
system and its environment thereby inducing
decoherence and dissipation. Importantly, this
coupling is not assumed to be a weak perturbation that
can be neglected at small scales but rather an intrinsic
contribution whose impact grows as the characteristic
size L is reduced.

Open Quantum Dynamics

To capture the non-unitary dynamics arising
from environmental coupling the time evolution of
the reduced density matrix p of the electronic
subsystem is described within the Lindblad
formalism. The dynamics obey the master equation

o
d_ft’=_%[H,p]+ZLk[p], @

where the first term represents the coherent evolution
generated by the total Hamiltonian while the Lindblad
superoperators L, [p] encode the irreversible effects
of environmental interactions. Each dissipative
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channel is characterized by a noise rate yj (L) which
depends explicitly on the system size. This size
dependence reflects the physical origin of
decoherence processes such as surface scattering or
phonon-assisted relaxation whose strength typically
increases as the confinement length L decreases. As a
result, the coherence time of the electronic states
becomes intrinsically limited by geometry and
dimensionality.

Physical Meaning of Quantum Noise

In the present formulation, quantum noise is not
treated as an external disturbance that could in
principle be eliminated through improved isolation or
engineering optimization. Instead, it is regarded as a
structural physical constraint arising from the
unavoidable coupling between confined quantum
states and their environment.

This perspective implies that decoherence is not
merely a technical limitation but a fundamental
feature of scaled quantum systems, as the system size
approaches the nanoscale noise-induced effects

Information Density and Quantum Noise

Information Measure

To quantify the amount of information that can
be physically encoded within a confined quantum
system we introduce the concept of information
density. At the most fundamental level this quantity
is determined by the number of effectively
distinguishable quantum states accessible within a
finite volume V.

In an open quantum system not all states of the
full Hilbert space remain operationally meaningful
due to decoherence and environmental coupling. We
therefore define an effective number of states Nefe
corresponding to the subset of quantum states that can
be reliably distinguished within their coherence time.
The information density is then expressed as

Nege

9 ~
|4

€)

which provides a physically motivated measure of
information capacity constrained by both geometry
and quantum dynamics. Alternatively, this definition
may be interpreted in terms of an entropy-constrained
Hilbert space where environmental noise restricts the
effective dimensionality of the state space available
for information storage.

impose intrinsic bounds on the stability and
distinguishability of quantum states thereby
constraining the maximum amount of information
that can be physically encoded within a finite volume.

Phonon bath

Decoherence / Noise
(L) 7 (L)

Surface
Quantum Confined }

Tk (L‘)\‘
Electronic System

< >

i |

z=1[0,L1]
Decoherence /Noise

Rate: 7, (L)

Vacuum

Figure 1. Schematic of a quantum-confined
electronic system of length L coupled to its
environment, where surface states phonons and
vacuum fluctuations induce size-dependent quantum
noise characterized by rates y, (L).

Noise-Induced Constraint

The presence of quantum noise imposes a
fundamental temporal limitation on the stability of
quantum states. In particular, environmental coupling
gives rise to a finite coherence time 7.,, which is
controlled by the noise rates introduced in Section 2.
For size-dependent decoherence processes this
timescale scales as

Tcoh ™~ y_l(L)r 4)
where y(L) denotes the characteristic quantum noise
rate associated with the system environment
interaction.

The ability to reliably distinguish quantum states
further requires that their energy separation AE
exceeds the uncertainty imposed by decoherence, this
condition can be expressed through the quantum
distinguishability criterion

AE T.on = R, (5)
which ensures that quantum states remain resolvable
within their finite lifetime. Equation (5) highlights the
direct role of quantum noise in limiting the
operational resolution of the energy spectrum.
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Quantum-noise—induced limits on information density in confined solid-state systems

Upper Bound on Information Density

Combining the geometric confinement imposed
by the system size with the noise-induced coherence
constraint an intrinsic upper bound on the information
density naturally emerges. In a d-dimensional
confined system of characteristic length L the
maximal achievable information density takes the
scaling form

:]max(L) ~ L_d f()/(L)), (6)
where the prefactor L™¢ reflects the geometric scaling
of available quantum states while the function f(y)
encapsulates the reduction of effective state space due
to decoherence.

Crucially, the function f is a monotonically
decreasing function of the noise strength indicating
that increasing quantum noise progressively
suppresses  the  number of  operationally
distinguishable states. As a result, information
density is bounded not only by spatial confinement

Scaling Law and Emergent Behavior

Asymptotic Scaling

In an intermediate size regime where quantum
confinement remains effective while decoherence is
not yet dominant, the upper bound on information
density exhibits an apparent exponential growth with
decreasing system size. In this regime, the scaling of
the maximal information density can be expressed
asymptotically as

L

9 (L) o 20085, )
where L denotes a characteristic reference length and
a is a dimensionless scaling exponent determined by
the effective noise strength. Although formally
exponential this behavior is intrinsically bounded and
emerges only within a finite interval of system sizes
reflecting a balance between geometric confinement
and residual coherence.

Breakdown Regime

As the system size approaches the nanoscale the
effective noise rates y(L) increase rapidly due to
enhanced system—environment coupling. This growth
leads to a progressive reduction of the coherence time
and consequently to a suppression of the effective
number of distinguishable quantum states. As a result,
the exponential scaling observed at intermediate sizes
breaks down giving way to a sub-exponential growth
regime in which further size reduction no longer
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but also by intrinsic quantum noise that cannot be
eliminated through purely geometric or technological
optimization.

IITIZIX(L) p

Weak noise
—— Moderate noise
L d\ —— Strong noise
/\
L L

Figure 2. Schematic scaling of the maximum
information density Iy, (L) with system size L for
different quantum noise strengths, showing noise-
induced suppression of the ideal geometric scaling.

yields proportional gains in information density. This
crossover marks a fundamental transition from
confinement-dominated scaling to noise-limited
behavior.

Emergent Interpretation

This emergent scaling reproduces the
historically observed exponential growth of
information density, often referred to as Moore-like
behavior, while predicting its inevitable slowdown at
the nanoscale.

Intermediate
regime

Nanoscale
Crossover FeBImE
region
log (LO/L)

Figure 3. Schematic crossover from apparent
exponential scaling of 7,5 at intermediate sizes to
noise-limited, sub-exponential behavior at the
nanoscale.
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Physical Discussion

Why Scaling Must Slow Down

The slowdown of information-density scaling at
reduced system sizes follows directly from the
unavoidable growth of quantum noise. As
confinement strengthens, the surface-to-volume ratio
increases enhancing the coupling between the
electronic subsystem and environmental degrees of
freedom. Since dominant decoherence channels such
as surface scattering phonon assisted relaxation and
vacuum-induced fluctuations scale with surface
contributions rather than bulk volume the effective
noise rate increases as the characteristic length
decreases. This behavior implies that coherence
degradation is not a secondary effect but a
geometrically enforced consequence of
miniaturization leading to an intrinsic suppression of
the number of operationally distinguishable quantum
states.

Engineering Versus Physical Limits

It is essential to distinguish between limits that
arise from technological constraints and those
imposed by fundamental physical principles.
Engineering improvements may reduce extrinsic
noise sources or optimize material quality thereby

Conclusions

In this work, we have established a fundamental
physical bound on information density in confined
solid-state systems by explicitly accounting for
quantum noise arising from intrinsic system—
environment coupling, by formulating the problem
within an open quantum framework, we demonstrated
that decoherence imposes an unavoidable constraint
on the number of operationally distinguishable
quantum states thereby limiting the achievable
information density beyond purely geometric
considerations, the analysis revealed that the apparent
exponential scaling observed at intermediate system

Author Contributions:

shifting the onset of noise dominated behavior to
smaller length scales. However, the quantum noise
considered here originates from intrinsic system
environment coupling and cannot be eliminated
through design optimization alone, as a result the
breakdown of exponential scaling reflects a genuine
physical bound rather than a temporary technological
bottleneck marking a transition from engineering-
limited performance to physics-limited behavior.

Role of Surfaces

At the nanoscale surfaces play a central role in
governing quantum noise rather than acting merely as
passive boundary conditions. Surface states structural
imperfections and symmetry breaking at interfaces
introduce additional decoherence channels that
directly affect the coherence time and effective
dimensionality of the accessible Hilbert space.
Consequently, surfaces emerge as primary generators
of quantum noise reinforcing the view that noise
induced limits are inherently linked to geometry and
dimensionality, this interpretation highlights the
fundamental role of surfaces in shaping the scaling
behavior of information density in confined quantum
systems.

sizes represents only a transitional regime which
inevitably breaks down as noise dominated behavior
emerges at the nanoscale. Importantly, the derived
scaling laws and crossover behavior are not tied to a
specific material platform but reflect general physical
principles applicable across a broad class of solid-
state systems. These findings clarify the distinction
between engineering improvements and fundamental
physical limits providing a unified framework for
understanding  information-density  scaling in
quantum-confined materials.
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BNIVUAHUE ONUTENBHOCTU CUHTE3A HA MOP®O/TONNIO U CTPYKTYPY YINNEPOAHbIX
HAHOCTEHOK HA MOBEPXHOCTW YI/TIEPOAHOM BYMAIU

B paboTe uccnenosaHa 3BoOLMA MOPPOSOTMM U CTPYKTYPHOMO COCTOAHMA Yr1epPOaHbIX
HaHocTeHOK (YHC), BblpalleHHbIX Ha yrnepoaHon bymare MeToa0M EMKOCTHO-CBA3AHHOTO
NN1Ia3MEHHO-YCUIEHHOTO  XMMMWYEeCKOro ocaxAeHua wu3 rasosoi dasbl (CCP-PECVD), B
3aBMCUMMOCTM OT AAUTENbHOCTM cuHTe3a (30-120 MWH) Npu OUKCUPOBAHHBLIX MapameTpax
npouecca. Mopdosorma MOKPbITUA  M3yYeHa MEeTOAAMW  CKaHMPYIOWEN 31eKTPOHHOM
MUKpockonunn (COM) M aToMHO-CcMA0BOM MUKpockonuu (ACM), a CTPYKTYpHble W3MEHeHUA
oueHeHbl MeToaoM PamaHoBCKOM cnekTpockonuu (A =473 Hm). NoKasaHo, YTo Ha paHHen cTagum
(30 muH) YHC dopmunpyroTcs 0CTPOBKOBLIM 00pa3om Ha AedeKTax NoA/0MKKW, a NpU yYBEANYEHNN
BpemeHun A0 60-90 MWH NPOUCXOANT MHTEHCUBHbLI BEPTUKANbHBIA POCT U YNJIOTHEHNE MacCUBa.
Mo paHHbIM ACM HabntogaeTca pocT cpeaHen U cpeaHeKkBaapaTUYHOM wepoxosaTtocTu (Ra: ¢
13.91 00 26.91 HM; Rns: € 18.19 10 34.26 HM npu 60-120 MMH), TOra Kak MMKOBasA LWepOX0oBaTOCTb
R, Bo3spacTaeT 40 90 muH (c 124.3 go 159.3 Hm) 1 ganee Hacbiwaetca (161.1 Hm npu 120 muH),
YTO YKa3blBaeT Ha Nepexo, OT NPeMMYLLECTBEHHO BEPTUKANbHOIO POCTa K PEXMMY YMIOTHEHWA
M BTOPUYHOWM HyKNeauuu. PamaHOBCKME AaHHble NOATBEPXKAAOT yBenmyeHne nedekTHOCTU U
Pa3ynopasoYeHma sp2-ceTKM C POCTOM BPEMEHU CUHTE3a: oTHoLeHue |p/lg BospacTtaeT o1 0.61 10
1.84, wupura G-nuKa ysesmumnsaetca ot 24.8 1o 40.9 cm?, a cteneHb rpaduUTU3aLMM CHUMKAETCA
c 40.2 no 27.2 %. YcTaHOBNEHO, YTO 0KOA0 90 MMH AOCTMraeTcs ONTMMaNbHbIM KOMMPOMMCC
MeX Ay pa3BUTUEM BEPTUKANbHON MOPPONOrUM U COXPAHEHUEM CTPYKTYPHOM YNOPSAA04EHHOCTH
yrnepoaHon ¢asbl, Toraa Kak 120 MuH obecneymBaeT MakCMManbHY AePeKTHOCTb 1 Pa3BUTOCTb
MOBEPXHOCTU, MEPCNEKTUBHbIE A1A MPUAOMKEHUN, TPEOYIOULMX BbICOKOW MAOTHOCTM aKTUBHbIX
LEeHTPOB.

Kniouesble c/ioBa: yrnepoAHble HaHOCTeHbI, yraepoaHas 6ymara, CCP-PECVD, asontouma
mopdonormm, CIM, ACM.
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"KonaaHb6anbl FbiNbIMAAP KaHe aKknapaTTbiK TEXHOAOMMANAP UHCTUTYTLI, AMaTbl, KasakcTtaH
2K a3aKcTaH-bpuTaH TexHUKanbIk yHusepcuTeTi, AimaTtsl, KasakcTaH
*e-mail: zhumadilovbe@gmail.com

KemipTek Kara3sbiHblH 6eTiHAeri KemipTek HaHOKabblpFanapbiHbIH, MOPHONOTUACHI MEH
KYPbl/IbIMbIHA CMHTE3 Y3aKTbIfblHbIH, 3Cepi

Byn KYMbICTa CbIbIMAbINbIKNEH GalnaHbICKaH MAasMameH KYLIEeMTINreH XumMuAnblk Oy
dazacbiHaH TyHablpy (CCP-PECVD) apicimeH KemipTeK Kafa3blHAa@ ecipinreH KemipTek
HaHoKabbipranapbiHbiH, (KHK) mopdonormackl MeH KypbiabIMIbIK, KYWiHiH CMHTE3 y3aKTblfblHa
(30-120 muH) Toyenni 3BONKOUMACH, MPOLECC MNapamMeTpaepi TypakTbl 6onfaH Kafgahga,
3epTrendi. KantamaHblH MOPhONOTUACHI CKaHepeyLLi 3NeKTPOHAbIK MUKpockonma (CIM) KaHe
aTOMBIK-KYLWTIK MUKpockonua (AKM) aaicTepimeH 3epTTengi, an KypbiibiMAblK e3repictep
pamMaHAblK cnekTpockonua (A = 473 HM) apkblibl H6afanaHabl. EpTe keseHae (30 muH) KHK
KeMipTeK Kafa3blHblH, aKayaapbl alMMarblHAA@ apandblK HyKneauusa MexaHusami BoWbiHWwa
Ka/nblinTacaTbiHbl KepceTingi. TyHAblpy yakbiTbl 60-90 MMH-Ka apTKaHAa HaHOKAObIpFanapablH,
KapKblHAb!I TiK BafblTTanfaH ecyi »aHe MacCUBTIH TbiFbiddanybl Hankanaasl. AKM aepekTepi
6oMbIHILIA OpTalla KaHe opTalla KBaapaTTblK Keaip-byabip/AblKTbiH, ecyi aHbikTangbl (Ra: 13.91-
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BAunsHWe AAUTeNbHOCTM CUHTE3a Ha MOPGOIOTMIO U CTPYKTYPY YrAePOAHbIX HAHOCTEHOK ...

neH 26.91 HM-re aeniH; Rms: 18.19-maH 34.26 Hm-re aeliH, 60-120 MUH), an NUKTIK Kegip-
6y abIpbIK R, 90 MUH-Ka aeliH ecin (124.3-TeH 159.3 Hm-re AeliH), KeriH KaHblfyFra keTegi (120
MUH KesiHae 161.1 Hm). Byn Kybbiabic BackiM TypAe TiK ecy PeXMMIHEH Tbifbi3Aany KaHe
EKIHWINIK HYKneauna pexumiHe aybicyabl KepceTedi. PamaHAbIK CNEKTPOCKONMA HaTuxKenepi
CMHTE3 yaKbITbl apTKaH CailbiH SP2-KOMIPTEK TOPbIHbIH, PETCI3AeHYi MEH aKay/biabiK OeHreMiHiH,
yAfaloblH  pactaiabl: Ip/lc KaTbiHackl 0.61-geH 1.84-ke aeiiH ecedi, G-NUriHiH, »KapTblnait
BuikTiriHaeri eHi 24.8-aeH 40.9 cm-Ke feniH apTaasl, an rpadutTeHy gspexkeci 40.2 %-aaH 27.2
%-fa nenidH TomeHaenai. LlamameH 90 MUH CUHTES yaKbITbl TiK MOPdOOrMAHbIH, 6apbiHLLA AaMYbl
MeH KeMipTeK dasacbiHblH, Ca/bICTbIPMasbl KOFapbl KYPbIIbIMAbLIK PEeTTeNyiHiH, OHTan bl
YMNeciMiH KamTamacbl3 eTeTiHi aHbIKTanapl, an 120 MMH MakcMManabl akaynbliablK NeH AamblFaH
6eT Ty3in, HenceHAi opTanblKTapAblH, *KOFapbl ThiFbl3AbIFbIH Tafan eTeTiH KongaHb6anap yuiH
nepcnekTMBabl 60/bIN Tabblnagpl.

TyliH cespep: KemipTeK HaHOKabbipFanapbl, KemipTek Karasbl, CCP-PECVD, mopdonorua
sgotoumacel, COM, AKM.
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Effect of synthesis duration on the morphology and structure of carbon nanowalls on
the surface of carbon paper

This work investigates the evolution of the morphology and structural state of carbon
nanowalls (CNWs) grown on carbon paper by capacitively coupled plasma-enhanced chemical
vapor deposition (CCP-PECVD) as a function of synthesis duration (30-120 min) under fixed
process parameters. The surface morphology of the coatings was examined by scanning electron
microscopy (SEM) and atomic force microscopy (AFM), while structural changes were evaluated
by Raman spectroscopy (A = 473 nm). It is shown that at the early stage (30 min) CNWs form via
island-like nucleation on defects of the carbon paper substrate, whereas increasing the
deposition time to 60-90 min leads to intensive vertical growth and densification of the CNW
array. AFM analysis reveals an increase in average and root-mean-square roughness (Ra: from
13.91 to 26.91 nm; Rms: from 18.19 to 34.26 nm for 60-120 min), while the peak-to-valley
roughness R, increases up to 90 min (from 124.3 to 159.3 nm) and then reaches saturation (161.1
nm at 120 min). This behavior indicates a transition from predominantly vertical growth to a
regime dominated by densification and secondary nucleation. Raman spectroscopy confirms a
progressive increase in defect density and disorder of the sp? carbon network with increasing
synthesis time: the Ip/ls ratio rises from 0.61 to 1.84, the G-band full width at half maximum
increases from 24.8 to 40.9 cm™, and the degree of graphitization decreases from 40.2 to 27.2 %.
It is established that a synthesis duration of approximately 90 min provides an optimal balance
between the development of vertical morphology and the preservation of structural ordering of
the carbon phase, whereas 120 min results in maximum defect density and surface development,
which is promising for applications requiring a high density of active sites.

Keywords: carbon nanowalls, carbon paper, CCP-PECVD, morphology evolution, SEM, AFM.

BBenenune

VYrnepoausle  HanocteHkn (YHC)  Obutn

xumudeckne cBorictBa YHC yxke mocTatodHo

OTKPBITBI HECKOJIBKO JECATWICTUA Ha3ag U B
HAaCTOsIIee BpeMsl pacCMaTpUBAIOTCS KakK IMEPCIEK-
TUBHBIM KJacC YIJIEPOIAHBIX HAHOCTPYKTYp JUIA
CO3/IaHUs PA3TMYHBIX (PYHKIMOHAIBHBIX yCTPOUCTB.
Hecmotps Ha TO uTo MHOTHE QU3WYECKUE U
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XOpOILIO U3YUYEHBI, HUHTEPEC K JAHHBIM MaTepuajgam
coXpaHsieTcss ~ Oyiarojapss  TOSBJIICHHUIO  HOBBIX
obnactell IpUMEHEHHSI ¥ BO3MOKHOCTH LIEJIeHAIPaB-
JIEHHOTO YHIpaBIeHHsSI MX CTPYKTypoill u mopdoio-
rueii [1-3]. YHC npeacraBnsioT co00i BEPTUKAIBLHO
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OpPHEHTHpPOBaHHBIE TpadeHornon00HbIe HAHOIUCTHL,
XapaKTEPU3YIOIIHECS pa3BUTON yAEIbHON
[IOBEPXHOCTBIO, BBICOKOHW IUIOTHOCTBIO KpAaeBBIX
IJTIOCKOCTEN M XOPOLIEH XUMUYECKOU U TEPMUYECKOMN
CTaOMIIEHOCTBIO [4,5]. braromaps CBOUM
CTPYKTYpHBIM  ocoOeHHocTsiM YHC  Haxomst
NpUMEHEHHE B LIMPOKOM CIIEKTpe OO0JacTeH,
BKJIOUasl 3JIEKTPOABl U1 CYNEPKOHAEHCATOPOB,
ruApodoOHBIE W 3aAIWTHBIC  IIOBEPXHOCTHEIE
MOKPBITHS], TIOJIEBBIE SMUTTEPBI, CEHCOPHBIE CHCTEMBI
u pasnuunble uHTepdelicHpie ciou [6-9]. Bricokas
yAenbHAs IUIOIIAAb IIOBEPXHOCTH U OTKPBITast
apxutektypa YHC  obecreumBaroT  XOpPONIYIO
OOCTYIMHOCTb aKTUBHBIX YYACTKOB U JACJIAI0OT JaHHBIC
HAHOCTPYKTYPBI yIOOHOH MOJEITBHON CHCTEMOM IS
(yHIaMEHTaJIbHBIX HCCIEIOBAHUH, HANPABICHHBIX
Ha yCTAHOBJICHHWE B3aMMOCBS3U MEXIY YCIOBHUAMU
CUHTE3a, Mopdororueit  u CTPYKTYpPHBIMU
XapaKTepUCTUKaMU YTIIEPOJHBIX MaTepuaios [10].
CpoiictBa YHC B 3HauuTeNbHOU CTENEHU
OTIPE/IETIAIOTCS He TOJBKO MapaMeTpaMu pocTa, HO U
OPUPOJON MOJJIOKKH, Ha KOTOPOU OCYIIECTBISETCS

170'¢ (hopmupoBaHue. Yrnepoanas Oymara
npeacTaBiIsieT CcOoOOH  MPOBOASIIUA  MOPUCTHIN
Marepuan,  COCTOAMH M3  NEPEIIETEHHBIX

YIJIEPOIHBIX BOJIOKOH, M LIMPOKO HCIHOJB3YETCS B
Pa3TMYHBIX AJIEKTPOXUMHUYECKUX U IHEPTEeTHUECKUX
cucremax. [lo cpaBHEHMIO C TTIAAKUMH U JKECTKUMHU
NOAJIOKKAMH,  TaKUMHU  KaK  KpPeMHUH  wWiu
CTEKJIOYTJIepOJl, yriepojgHas Oymara oOnamaer
Pa3BUTOH TPEXMEPHOU apXUTEKTYPOH M CIIOKHOH
MOBEPXHOCTHOU Tonosorueit [11,12].

BwmecTte ¢ TeM cUHTE3 yIIEepOIHBIX HAHOCTEHOK
Ha yrJIepoAgHod Oymare compsik€H C  psSaoM
Tpy#HOCTEH. BoJIOKHHMCTass M BBICOKOIIOpUCTAs
CTpyKTypa  yriepomHOW  OymMaru  OKa3bIBaeT
CYILIECTBEHHOE BIIUSIHUE Ha MPOLIECCHI
3apozsiieoOpa3oBanus U gansHenero pocta YHC,
ompenensisi  UX  MJIOTHOCTb, BEPTUKAJIbHYIO
OpPUEHTALIMIO, TOJIINHY WU CTENEHb OJHOPOIHOCTH.
OmHrM W3 KIIIOYEBBIX IapaMeTpoOB  CHHTE3a,

3chepnMeHTaanaﬂ 4acTtb

Cunte3 YHC Ha yriepoaHoii 6ymare

YHC Obumd modydeHel Ha MpeaBapUTEIbHO
OYMILEHHOW yriepogHoit ©Oymare meromom CCP-
PECVD B COOTBETCTBHU C METOIUKOH, MOAPOOHO
OIMCAaHHBIM B Hallel npensiayuen padore [15].

[Ipoiecc  cuHTE3a  OCYWIECTBISLICS — IpH
temmeparype mnomioxku 650 °C u pabouem
nasnenuu nopsiaka 102 Topp. B kauecTBe HCXOOHOM
ra3oBOM CMECH HCIIOJIb30BAJIMCh METaH, BOAOPOJ H
apron ¢ pacxomamu 15, 10 m 15 cm’/mun
COOTBETCTBEHHO. PanuoyacTOTHBIA  IIJIa3MEHHBII
paspsax  (13.56 MIm) c¢ wmommuocteio 35 Br

HaNpsAMYIO BIUSIOMINX Ha 3BOIIONUI0 MOPHOIOTHH 1
ctpyktypel YHC, sBisercss AIUTENHFHOCTH POCTA.
HenocraToyHoe BpeMst CHHTE3a MOXKET IPUBOJUTH K
(OpMHPOBAaHNIO Pa3pPEKEHHBIX W  HEMOJIHOCTHIO
PasBUTBIX HAHOCTEHOK, TOIJa KaK Ype3MEpHO
JUINTENBHBIN POCT CIOCOOCTBYET YTOJIIEHHUIO CIIOf,
arioMepali  HaHOCTPYKTYp M HU3MEHEHUIO
IeQeKTHOM CTPYKTyphl Marepuana. Hecmorps Ha
BR)XHOCTh [JAHHOTO IapaMeTpa, CHUCTEMaTHYECKHE
UCCIICIOBAHUS, IOCBAIIEHHBIE H30JIUPOBAHHOMY
BIIMSHUIO JUIUTEIBHOCTH cuHTe3a Ha pocT YHC Ha
yraepoaHoil Oymare, B JMTEpaType NpPeICTaBIICHEI
orpanmdeHHo [13,14].

B nmanHo#t pabore YHC Obimu BBIpaiieHsl
HEIMOCPEJICTBEHHO Ha TIOBEPXHOCTU YTJIEPOJHOU
Oymaru B  YCHOBHAX  EMKOCTHO-CBSI3aHHOTO
TUIa3MEHHO-YCUJIEHHOTO XHMHYECKOTO OCaXACHHUS
u3 razoBoit gaszsl (CCP-PECVD). Bpewmst ocaxnenus
BapbUPOBAIOCH B nuamnazoHe ot 30 go 120 muH npu
(UKCHPOBaHHBIX OCTAJIBHBIX MapaMeTpax mpolecca,
YTO TIO3BOJIMJIO  LEJIEHANPaBICHHO MPOCIEANTH
BJIMSHUE JIUTEIBHOCTH CHHTE3a Ha (JOpMHpPOBAHUE
ctpykTypsl YHC. JI7151 KOMIUIEKCHOrO UCCIIEI0BAaHUS
MOpPQOJOTHYECKO W CTPYKTYPHOW  3BOJIIOLUH
MOJMYYEHHBIX  YTJICPOJHBIX  HAHOCTEHOK  OBLIH
HCIIOJIb30BAaHbl METObl CKAHUPYIOLIECH 3JIEKTPOHHON
Mukpockonuu (COM), aTOMHO-CHIIOBOM MHKPOCKO-
nuu (ACM) u PamanoBckoii criektpockonun. COM u
ACM obecrieuniii JIeTalbHBIA aHAIN3 W3MEHEHUHI

Mopdonorun MaccuBa YHC, wux mioTHOCTH,
XapaKTePHbIX pa3MepoB u napaMeTpoB
IIEPOXOBAaTOCTH  TOBEPXHOCTH,  TOrga  Kak

PamaHoBCKasi cieKTpOCKonus Oblla MPUMEHEHa IS
OIIGHKW CTereHW Tpaduru3anmu, AePEeKTHOCTH U
3BOJIIOLINY SP>-YTIIEPOAHOM CTPYKTYPHI.

OcHOBHOI1 LEeJIbI0 padoTsI SIBJISIETCS
YCTaHOBJICHHE 3aKOHOMEPHOCTE MOP(OIOrHIeCcKOi
U cTpykTypHoii sBoronn YHC, chopmupoBaHHBIX
Ha yTJIepOAHON OyMare, B 3aBUCUMOCTH OT BPEMEHH
CHHTE3a, a Takke O0OCYKICHHE BO3MOMKHBIX
MeXaHU3MOB uX pocta B ycnoBusix CCP-PECVD.

obecrieurBayl  aKTHBAIMIO Ta30BOW  ¢a3el |
WHULMKAPOBAI POCT YIiIepoAHbIX HaHOCTEHOK. [lepen
OCaXIECHUEM HOIJIOXKKA MOJBEpraiach

MpeBapuTeIsHON 00pabOTKe B aproHOBOH TIJIa3Me B
TeueHue 10 MuH, YTO CIOCOOCTBOBAJO OUYHCTKE
MOBEPXHOCTH U YJIyUIICHHUIO aAre3ur (POPMHUPYEMBIX
HaHOCTpyKTyp. [locie 3aBepiieHust Tporiecca
00pas3Ibl OXJIAXIATUCH 10 KOMHATHOH TeMIiepaTypbl
B aTMocdepe HMHEPTHOrO ra3a, YTO II03BOJIMIIO
CHU3UTH TepMHUYECKHUE HaIpsHKCHUS B
cthopmupoBannom ciioe YHC.
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Metoamnl Hccjae10BaHuA

Mopdomorus MTOJTyYeHHBIX 00pasmnoB
HCCIIEIOBANIACh € HCIOJNB30BAaHUEM JIBYXIYYEBOTO
CKaHHPYIOLIETO  AJIEKTPOHHOTO  MHKpPOCKOMa ¢
(dokxycupoBaHHbIM HOHHBIM my4ykoM (FIB/SEM,
Helios 5CX, Thermo Fisher Scientific). Tonmorpadus
MOBEPXHOCTH M  KOJHMYSCTBCHHBIC  IapaMeTphl
IIEPOXOBATOCTH OIPECISIUCH METOJAOM aTOMHO-
cunoBoir Mukpockormmu (ACM, Solver Spectrum,

Pe3yabTaThl u 00Cy:KIEHHE

N3yuenue Mopdonorun IIOBEPXHOCTHU
yIJIEpOJHOM OyMarum mocie IUIa3MOXUMHYECKOrO
OCaXKICHUS YHC MO3BOJIUIIO YCTAaHOBUTh

3aKOHOMEpPHOCTH HX pPOCTa B 3aBHCHUMOCTH OT
BpeMeHHoro (akropa. Ha pucynke 1 npencrasieHs
COM wuzobpaxenuss YHC, cuHTe3npoBaHHBIX Ha
MOBEPXHOCTH YIJIEPOAHOM Oymaru mpu pasindHOM
BpeMeHH ocaxxaeHHud. Ha HauambHOM 3Tare cHHTe3a
(30 w™wH, puc. la) wnHaOmrOmaeTcs YacCTHYHOE
MOKPBITUE  YIJIEPOAHOM OymMaru MEepBHYHBIMU
3apozasimamu. Ha atoii ctanuu YHC nokanu3oBaHbl
MPEUMYIIECTBEHHO Ha jAedeKkraXx M HEepOBHOCTAX
MOJUIOKKH, 4YTO XapakTepHO MJIsi OCTPOBKOBOTO
MmexaHusma pocta [16,17]. Ilpu yBenuueHuu
BpeMeHu ocaxaeHus g0 60 wmuH (puc. 10)
MOBEPXHOCThH YIJIEPOIHON OyMaru craHoBUTCA OoJiee
PaBHOMEPHO IOKPHITOH MAacCHBOM HaHOCTEHOK.
HabmomaeTcst pocT X IUIOTHOCTH M yMEHbILIEHHE
MEXCTEHOUYHOTO PAaCCTOSHHSI, YTO CBHJIETEbCTBYET
00 AaKTHBHOM BEPTHUKAJIBHOM pOCTE IEPBUYHBIX
YHC. CrpyKkTypbl  COXpaHSIOT  BBIPAKEHHYIO
BEPTUKAIBHYIO OPUEHTAIIUIO, POPMHUPYS THITUIHYIO
NaOUPHUHTHYIO CTPYKTYpY, Xapakrepuytoo it YHC
[18,19]. JanbHeilliee yBenTuueHHEe BPEMEHU CUHTE3a
0 90 mmH (puc. 1B) NPUBOIUT K 3aMETHOMY
VIUIOTHEHHIO TOKpbITHA. HaHocTeHkn (GopMHUPYIOT
Oosiee TJIOTHYIO M OIHOPOIHYIO CETh, MPH 3TOM
pasnuuus  TO  BBICOTE  MEXAY  OTIAECIbHBIMH
CTPYKTypamMH CTaHOBATCS MEHEE BBIPAKEHHBIMHU.
OnHOBpEMEHHO B MacCuBe MOSIBISIIOTCS —OoJjee
MEJIKHME W TOHKHE JIEMEHTHI, YTO MOYKET yYKa3bIBaTh
Ha HAYaJo0 BTOPHYHOTO pocTta — (HOpMHpOBaHUE
HOBBIX HAaHOCTEHOK Ha  IOBEPXHOCTH  YyXKe
chopmupoBanHoro cios [20, 21]. Ilpu BpemeHu
ocaxnenus 120 wmuH (puc. 1Ir) ™Mopdonorus
MOKPBITUSI IPAKTUUECKU CTaOMIU3UpyeTcsi. Maccus
YHC xapaktepu3yercss BBICOKOM IUIOTHOCTBIO U
PaBHOMEPHBIM DPACIpPEAEICHUEM IO IOBEPXHOCTHU
no/UI0KKU. OJHAKO CYILIECTBEHHOIO YBEIUYEHUS
BBICOTHI HamOoyiee BBICTYHAIOUIUMX CTPYKTYp HE
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NT-MDT) B NONYKOHTaKTHOM  pPEXHME C
MpuMeHeHneM KpeMHneBbIX 30HA0B NSGO1 (pamuyc
octpusi ~10 HM, pe3oHaHcHas 4actoTa ~170 l'm).
CTpykTypHOE  COCTOSIHME H  KoJjeOaTelbHbIe
xapakrepuctukd YHC, ucciaenoBaanucy ¢ TOMOIIBIO
PamanoBckoii crniekTpockonuu  (Solver Spectrum,
NT-MDT) ¢ anuHo# BonHbl Bo30YykaAeHUS 473 HM.

HaOJromaeTcss, 4YTO IMO3BOJISIET  IMPEANONOXKHUTD
3aMeJUIeHHe BEpPTHKAIBHOTO pOCTa IEPBUYHBIX
HaHOCTEHOK ¥ JOMHHUPOBaHHME  IIPOLECCOB
BTOPUYHOT'O POCTA.

JInst  neTtalbHOM  KOJMYECTBEHHOM  OIICHKH
penbedha moBepxHOCTH ObUTM TonmydeHsl ACM
n3o0pakeHus (puc. 2) W PacCUUTaHBI MapamMeTphl
mepoxoBatoctu  (tabnm.  1). Ilpu  yBenmudeHuu
BpeMeHH ocaxkneHus ¢ 60 no 120 muH HabmOgaeTcs
poct cpemnerr (R.) m cpemnexkBampatudHON (Rums)
IIepOXOBAaTOCTH  MOBEPXHOCTH. 3HaueHue R,
yBemuuuBaetcs ¢ 13.91 10 26.91 am, a Ryps ¢ 18.19 o
34.26 HM, qT0 CBUJIETEIBCTBYET 0
MOCJIEJ0BATEIFHOM YCIIO)KHEHUH MUKpopeibeda H
pocre 3¢ (HEeKTUBHOM MOBEPXHOCTH MOKPHITHS. B TO
JKe BpeMsl MapamMeTp NUKOBOM ILIEpOXOBAaTOCTH R,
JEMOHCTPHUPYET NPUHLIMIIHNAIBLHO HHOE IOBEICHHME.
JuHamMuka  W3MEHEHHs  TapaMeTrpa  MHKOBOM
IEPOXOBATOCTH R, HOCUT HENMHEWHBIA Xapakrep.
Mexay 60 u 90 MUH ero 3Hau€HHE BO3PACTAET C
124.3 no 159.3 um (npumepno Ha 28 %), oTpaxkas
MPOOJIKAIOIIUICS BEPTUKAIBHBIM POCT Haubosee
BBICOKMX HaHOCTEHOK. OnHaKo mnpu AanbHeimem
YBEJIMUEHUH BpPEMEHU ocaxkieHus 10 120 MuH poct
R, mpaktmueckn mpekpamaercs (161.1 M),
HECMOTps Ha 3aMeTHOe yBenuueHue R, v Rus. Taxoe
pacxoxJeHWe B  IapaMETpOB  IIEPOXOBATOCTH
YKa3plBa€T Ha  HW3MEHEHHWE JOMHUHHUPYIOIIETO
Mexanm3ma pocta YHC mocne 90 MuH cuHTE3a.
Hacpimienne R, cBuzperenscTByeT o craOwinzanuu
MaKCHMaJIbHON BBICOTHI peibeda MOBEPXHOCTH,
TOrJa Kak npojioipkaroniuiica pocT R, 1 Rys cBsi3an ¢
YBEIMUEHUEM  IUIOTHOCTM  HAHOCTEHOK,  HX
yTONIeHHEM ©  (OpPMHUPOBAHHUEM  BTOPUYHBIX
CTPYKTYp B MEXKCTEHOYHOM NPOCTpaHCTBe [22].
Jannasie COM HaOII0IEHUI XOPOIIIO COTJIACYIOTCS C
3THM BBIBOJIOM, IEMOHCTPHPYS YIUIOTHEHHE MacCHBa
U TOSIBICHME  BTOPUYHBIX  CTPYKTYp  0e3
CYLIECTBEHHOTO YBEJIMYEHHUs BBICOTHI HauOojee
BBICTYNAIOIINX HAHOCTEHOK.
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Pucynok 1 — COM-n3o6paxkenns YHC Ha moBepXHOCTH yTiaepoaHOil OyMaru npH pa3indHOM BpeMEHH
ocaxnenus: a) 30 mun; 6) 60 muH; B) 90 MmuH; T) 120 MuH

177 nm | 6 255 nm
160
140 200
120
100 150
80
60 100
40
50
90'Mun
0 0

Pucynok 2 — ACM-u300paxeHus yriaepoJHbIX HAHOCTEHOK Ha IMOBEPXHOCTH YIIIEPOAHON Oymare mpu
pa3nuyHOM BpeMeHu ocaxkaeHus: a) 60 mun; 6) 90 mun; B) 120 Mun

Ta6auna 1 — BiusiHue BpeMeHH 0CaX/ICHUsI Ha apaMeTPhI IIEPOXOBATOCTH MIOBEPXHOCTH

Bpems Cpennss IInkoBas CpenHexkBagpaTH4H
ocakaeHust IEepPOX0BaTOCTh,  IIEPOXOBATOCTb,  asi IEPOXOBATOCT,
R., HM R, oM R, HM
60 MmuH 13.91 124.3 18.19
90 mun 17.71 159.3 24.06
120 muH 2691 161.1 34.26

B coBokymHOCTM TONydeHHBIE Pe3yNbTaThl YKA3bIBAIOT HA HAIMYUE ONTHMAIBHOTO BPEMEHHOTO
vHTepBaia cuHTe3a (0K0iIo 90 MHH), IpH KOTOPOM JOCTHUTACTCS MAKCHMAaJIbHOE Pa3BUTHE BEPTUKAITLHOMN
Mopdonorun YHC, Torja kak ganpHelIIee yBeIMueHHe BpeMEHH 0CaXICHHS IPUBOIUT TIIABHBIM 00pa3oM K
YIUIOTHCHHIO U CTPYKTYPHOMY YCIIO)KHEHUIO TIOKPBITHSI.
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PucyHnok 3 — a) PamaHoBckue CriekTpsl, 0) COOTHOIICHHUE HHTEHCUBHOCTEH Ip/lg 1 B) cTeneHb
rpadurnzanuu YHC B 3aBUCHMOCTH OT BpEMEHH POCTa Ha yIIICPOIHON Oymare

CTpyKTypHBIC HW3MEHCHHUS YTJICPOJHOHN (ha3bl
pu yBCJINYCHUN BPEMCEHU CHUHTE3a JOIMOJIHUTECIBHO
MOATBEPKIAFOTCS CIIEKTPOCKOTINEH
KOMOMHAIIMOHHOTO paccesHus (puc. 3 u tabdm. 2). Bo
BCEX 00pa3lax MPUCYTCTBYIOT XapaKTEPHBIE MOJIOCHI
D (~1361-1365 cm'), G (~1583-1591 cm),
D' (~1617-1621 cm™), 2D (~2725-2736 cM-1) u D+G
(~2958-2960 emh), THITMYHBIE ISt
rpadeHOnoA00HOTO YIiiepoaa ¢ Pa3BUTON CUCTEMOM
neeKTOB W KpaeBBIX COCTOSIHHH, YTO SIBISETCS
OXHJAEeMBIM JUIS BEPTUKAJIBHO OPHEHTHUPOBAHHBIX

YHC [23,24]. C pocToM BpEMEHH OCAKICHUS
HaOIoqaeTCs CHUCTEMAaTHYECKOE YBEIUYCHHE
neekTHocTH, O 4YéM  CBUACTENBCTBYET POCT

otnomenus In/lg ot 0.61 (30 mun), 1.23-1.28 (60-90
MuH) 110 1.84 (120 mun) (puc. 36). D10 yKa3slBaeT Ha
YBEJIMYEHUE IUIOTHOCTH JE(PEKTOB M KPaeBBbIX
YYaCTKOB SP>-CETKH 110 Mepe Pa3BUTHS M YIUIOTHEHUSI
maccua YHC [25]. AHamoruuHyi TEHACHITUIO
nemMoHcTpupyer otHomeHue Ip/lg (Tabn. 2), uto
MOATBEPXKIAET POCT BKJIaga Ae(EKTOB, CBA3AHHBIX C
JIOKaJbHBIMH HapYIICHUSMHU U TPAHUIIAMH JOMEHOB.
B coBokymHocTn yBenmuenue Ip/lg u Ip/lg xopormno

coriacyercss ¢ COM u A®M-naHHBIMU: TIO Mepe
YBEIUYEHHUs] BPEMEHH CHHTE3a PACTET IUIOTHOCTD
CTEHOK, YBEIMYUBAETCS YMCIIO CTHIKOB, W3THOOB U
MEXKIOMEHHbIX TIpaHul, a npu 90-120 wmunH
YCHIIMBAETCS BKJIA]] BTOPHYHOTO POCTa, IPUBO IS
K JONOJHUTEIBHBIM JE(QEKTHBIM IICHTPaM.

Oco00 TMoOKa3aTeNbHON SABISETCS TUHAMHKA
mpuHsbl onockl G: FWHM G Bospacraet ot 24.8
em! (30 mumm) mo 30.1-32.7 cm! (60-90 mun) n
nocturaer 40.9 cm!' (120 mun). Ywmwmpenue G-
MOJIOCKl  OTpakaeT  YBENHMYEHHE CTPYKTYPHOH
HEOJJHOPOTHOCTH u CHIDKEHHE CTETICHU
YHOPSIIOYEHHUST  SP>-JIOMEHOB. OnHOBpEMEHHO
creneHb rpaputnzauun ymenoaercs ¢ 40.2 % (30
MuH) 10 29.6-31.1 % (60-90 mun) u go 27.2 % (120
MHUH), YTO MOJTBEPKIAET POCT pazyNnopsA0uCHUs
YIIEPOAHON CEeTKH TP JUIUTEIHHOM OCAXKICHUH.
Caur nonoxeHus G-nmuka B 00JacTh OOJIBIINX
BONMHOBBIX umcen (¢ 1583, mo 1591 cm!) rtaxke
corjacyercss C  HAaKOIUIEeHHWEM  JeQeKTOB U
BO3MOXXHEIM POCTOM BHYTPEHHUX HAINPSHKEHUH B
rpad)eHONOA0OHBIX CTEHKAX.

Ta6auna 2 — [Tapamerpsl PamanoBcKuX NUKOB 1 cTeneHb rpadputnzanun YHC

30 muH 60 Mmun 90 MuH 120 mun
IMonoxenue mika G (cm™) 1583 1585 1585 1591
IMonoxenue muka D (cm™) 1362 1361 1362 1365
[Monoxenue muka D' (cm™) 1617 1618 1618 1621
IMonoxenue muka 2D (cm™) 2736 2732 2728 2725
IMonoxenue nuka D + G (cm™) 2959 2958 2958 2960
FWHM G (cm™) 24.8 30.1 32.7 40.9
FWHM D (cm™) 51.5 46.8 46.5 48.3
FWHM D’ (cm™) 26.9 23.4 24.3 23.3
In/lg 0.61 1.23 1.28 1.84
I/l 0.35 0.5 0.59 0.85
L/lc 0.37 0.33 0.45 0.38
Crenens rpadurnzanuu (G, %) 40.2 29.6 31.1 27.2
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Taxum 00pa3oM, KOMIUIEKCHBIH aHAIN3 JaHHBIX
CoM, ACM u PamaHOBCKON CHEKTPOCKONHHU
CBUAETEIBCTBYET O MmoaTanmHod 3Boirormn YHC B
nporecce cuaTe3a. Ha HavansHOM cTamuu pocta (30
MHUH) TPOHCXOAUT (QOPMUPOBAHHE TEPBUYHBIX
LEHTPOB HYyKJIEAllMM H OTHOCHTENBbHO Oolee
YHOPSIOYEHHBIX Sp>-10MeHOB. B maTepBane 60-90
MUH peaqu3yeTcsi HMHTCHCUBHBIH BEpTHKAJILHBIN
pPOCT, TPHUBOASIIMA K 0Opa3oBaHMIO IUIOTHOTO
maccmBa YHC ¢ MakcHMallbHO — BBIPOKCHHOMH
BEPTUKAIBHOH MOPGOIIOTHEH, YTO OTpa)kacTcs B
yBEJIMYEHUH TMapamerpa R, u pe3koMm pocrte
orHomeHust Ip/lg. Ilpm nmanpHeliem yBenmu4eHUN
BpeMeHH cuHTe3a A0 120 wmuH Habmomaercs
cTaOuiu3alysi MaKCHUMaJbHOW BBICOTHI pelibedha
MOBEPXHOCTH (HacklleHHe R,) 1 mepexon K pexumy

3akiIouyenue

YHC Obu  ycHemHo CHHTE3WPOBaHBI Ha
MOBEPXHOCTH yriieponHoi Oymaru merogom CCP-
PECVD n1npu  BapbUpOBaHUU  JJIUTEIBHOCTH
ocaxaeHnd ot 30 mo 120 muH. DTO MO3BOIWIO
MPOCIIEAUTh BPEMEHHYIO 3BOJIIOLUI0 MOP(HOJIOTHH H
CTPYKTYpPBl TOKPBITHSI W BBIIBUTH XapaKTepHBIE
craguu popmupoBanus maccua Y HC.

Ha pannmeit cragum pocra (30 wmwuH)
HaOJroaeTcss HadalbHAas HYKJICAWs W YaCTHYHOE
MTOKPBITHE TOJUIOKKH C OCTPOBKOBBIM XapaKTEpOM
pocra. Ilpu 60 w™MuH Qopmupyercs Ooiee
paBHOMepHBIE MaccuB  YHC ¢ BbIpakeHHOUH
BEPTUKAJIIBHON  OpHMEHTaUMed W  yMEHBLICHUEM
MEXCTEHOYHOro paccrosHus. Ilpu yBenwdeHnn
BpeMeHH cuHTe3a 10 90 WMUH TIPOUCXOIUT
YIUIOTHEHHE TOKPBITHS U BBIPAaBHUBAHHE CTPYKTYP
IO BBICOTE C MIPU3HAKaMH Ha4yajla BTOPUYHOTO POCTA.
HanbHeilee ocaxxnenue A0 120 MUH HE IPUBOIUT K
CYIIIECTBEHHOMY YBEJIMYEHHUIO BBICOTHI Hamboiee
BBICTYNAIOIIMX HAHOCTEHOK, YTO YKa3blBaeT Ha
crabunu3anuio MopQOJOTUM € JOMHUHHPOBAHHE
MPOIIECCOB YIUIOTHEHUS M BTOPUYHON HYKJICAITHH.
Hannapie ACM CBHAETENBCTBYIOT O POCTE CpEAHEH 1
CPEIHEKBAPAaTUYHOMN MIEPOXOBATOCTH MOBEPXHOCTU
MpH YBEIWYEHUH BPEMEHH OCAXKACHHUSA, OTpakas
yBenuueHue 3pPEKTUBHON TUIOMIA/IN TTOBEPXHOCTH.

PaMaHOBCKast cHekTpockomMs IOKas3ajaa pocT
Ne(QEeKTHOCTH M CHIDKEHHE CTENECHH YIOPSAOUYEHHS

VIUIOTHEHHSI CTPYKTYpPHl M BTOPUYHOTO pOCTa,
COIIPOBOKAAIOUIMICS MaKCUMAIIbHBIM YBEIHMYCHUEM
Ne(EKTHOCTH M Pa3yNnopsSIOYeHUs SP’-yIIIepOIHOM
CeTKH, 4TO moaTeepkaaercs poctoM Ip/lg mo 1.84 u
CYLIECTBEHHbIM yBelMueHneM mupuHbl muka G. C
MPaKTUYECKOW TOUYKH 3PEHHUS, BpEMEHHONW MHTEpPBa
okomo 90 MHH MOXET paccMaTpUBaThCA Kak
ONTUMAJILHBI  KOMIIPOMHCC MEXAY pPa3BHTHEM
BEPTUKAIBHOM  MOP(OIOTMH M  COXpaHCHUEM
OTHOCHUTEJILHO BBICOKOI CTPYKTYpHOU
YHOPSA0YEHHOCTH yTIIepoIHON (asbl, Toraa kak 120
MHUH o0eclieunBaeT MAaKCHUMAaJIbHYI0 IUIOTHOCTb
neeKTHBIX IIGHTPOB W Hawboiiee pPa3BUTYIO
MMOBEPXHOCTh, YTO MOXET OBITh IIOJIG3HO IS
NPUIOKEHUH, TOe BaKHAa BBICOKAs peaKlIHOHHAs
AKTUBHOCTDL U pa3BUTasA NOBCPXHOCTD.

Sp>-yTJEpPOOHOM CETKH C YBEIUYECHHEM BPEMEHHU
CHHTE3a, YTO BBIpaXKaeTcs B pocte otHomeHus In/lg,
YBEIMUEHNY IIHAPHUHBI TNKa G U CHIKEHUU CTEIIEHH
rpa¢puTH3anud. B COBOKYyMHOCTHM IONyY€HHBIE
pe3ynbTaThl MO3BOJSIOT paccMaTpuBaTh  BpeMs
OocaXAeHHs OKOJIO 90 MHUH KaK ONTUMAJIbHBIA PEXKHUM,

o0ecreunBaro NN MaKCHUMaJIbHOE pa3BHTHE
BEPTUKAIBHOW MOpPQOJIOrMM NpPU  COXpPAHEHUH
OTHOCUTENFHO  OoJiee  BBICOKOH  CTPYKTYPHOM

YIOPSAOOYEHHOCTH, TOTAa Kak Oosiee UINTeNbHbIH
CHHTE3 MNPHUBOAMT K (HOPMUPOBAHHIO Je(EKTHO-

0orarelx, YIUIOTHEHHBIX CTPYKTYp C pa3BUTOM
MTOBEPXHOCTBIO.
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SPECTRAL CHARACTERISTICS OF ARGON AND ARGON-METHANE PLASMA OBTAINED IN
AN RF-DBD REACTOR AT LOW PRESSURE

This paper investigates the properties and spectral characteristics of low-temperature argon
plasma and argon-methane mixture plasma formed in a high-frequency dielectric barrier
discharge (RF-DBD) at various powers and pressures. The experiments were conducted at an
argon flow rate of 100 sccm for argon plasma and at a ratio of Ar:CH4 = 95:5 for argon-methane
plasma in the power range from 2 to 12 W and pressures of 0.5 and 1.0 Torr. It is shown that with
an increase in the supplied power, the discharge area expands and the intensity of spectral lines
increases, which is due to an increase in plasma density and the degree of ionisation. When the
pressure increases, there is a decrease in the overall intensity of radiation due to a reduction in
the free path length of electrons and an increase in collision losses. The introduction of methane
leads to a decrease in the intensity of the spectral lines of molecular nitrogen and hydroxyl
radicals (OH) compared to argon plasma, which indicates a redistribution of electron energy in
favour of the excitation of argon atoms and active methane particles. The results obtained
contribute to a deeper understanding of the physicochemical processes in Ar—CH, plasma and
open up prospects for the application of RF-DBD discharges in plasma chemistry and materials
science.

Keywords: dielectric barrier discharge, RF-DBD reactor, optical spectroscopy, argon plasma,
argon-methane plasma, plasma chemistry.

[.E. Eny6aes'?, X.E. OHaitbepreHos™?, A.Y. YTerenos'?, P.E. ymagnnos®?
'KonaaHbanbl FbiAbIMAAP SHE aKNapaTTblK TEXHONOTMANAP UHCTUTYThI, AimaTsl, KasakcTaH
2on-Mapabu aTbiHaarbl Kasak yiTTbik yHUBepcuTeTi, AimaTbl, KasakcTtaH
*e-mail: rakimzhan@gmail.com

TemeH Kbicbimabl RF-DBD peaKTopbiHAA aNblHFAaH aproH aHe aproH-mMmeTaH
NAa3MacblHbIH, CNEKTPJIK cMnaTTamanapsl

By KyMbIC apTypAi KyaTTap MeH KbICbiMAApAa *KOfFapbl MKUINIKTI AMINEKTPAIK Bapbepnik
paspaabiHaa (RF-DBD) Ty3inreH TemeH TemnepaTypasbl aproH Nia3macbliHbiH *KaHe aproH-meTaH
KOCMACbIHbIH, €peKLUEeiKTEPI MEH CMEKTPIK CMNATTamaapbiH 3epTTesi. IKCNepUMeHTTEP aproH
nnasmacbl ywid 100 sccm aproH afbiHbIHAA KaHe 2-aeH 12 BT-Ka AeMiHri KyaT AManasoHbiHaa
*aHe 0,5 »oaHe 1,0 Topp KbICbIMbIHAA aproH-MeTaH naasmachl ywiH Ar:CH4 = 95:5 KaTbiHacbiHAA
XYprisingi. bepinreH KyaTTbiH *KOfapblaiaybIMeH pa3psag, alMarblHbIH, KEHEII »KaHe CMNeKTPiK
CbI3bIKTAPAblH, WHTEHCMBTINIMIHIH, KOFapblnaybl Oaikanagpl, Oyn naasma TbiFbl3AblFbl MeH
MOHAAHY  [9PEXKecCiHiH,  ’KofapblnayblHa  6alnaHbiCTbl.  KbICbIMHBIH,  *KOfapblaaybIMeH
3NEKTPOHAAPAbIH, E€PKiH KYPY Y3bIHAbIFbIHbIH, KbICKAPybl KaHE COKTbIFbICY LbIFbIHAAPbIHbIH,
YKOFapblaaybl CanfdapbiHaH CayaeNeHyAiH, *Kaanbl KapKblHAbIAbIFbIHBIH TemeHaeyi 6ankanagpl.
MeTaHAbl eHri3zy aproH MnaasmacbiMeH CafbICTblpFaHAa MOJEKYNanblK a30T MNeH rMAPOKCKUA
paauKkanaapbiHbiH (OH) cnekTpAiK Cbi3bIKTapblHbIH, MHTEHCUBTIAITIHIH, TOMeHAeyiHe akeneai, byn
aproH aTomaapbl MeH MeTaHHbIH benceHai benlwekTepiH KO3ablpy NangacbiHa 3NeKTPOHAAPAbIH
3HEepPruAcbiHbIH, KalTa 6eniHyiH KepceTeni. Hatwxkenep Ar—CHs nnasmacbiHAafbl PuU3MKa-
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XUMUANBIK Npouectepai TepeHipeK TyCiHyre biKknaa eTedi »aHe naa3masiblK XMMWUA XKaHe
martepuantaHy macenenepiHae RF-DBD paspaaTapbiH KON4aHY NepcrnekTuBanapbliH awaibl.
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CnekKTpanbHble XapaKTEPUCTUKN aproHOBOM U aproH-MeTaHOBOM MJ1a3mbl, noayyveHHon B RF-DBD
peakTope NPy HU3KOM AaBNEHUU

B naHHOM paboTe wuccnenoBaHbl OCODEHHOCTM M CMEeKTPasbHbIE  XapaKTEPUCTUKM
HM3KOTEMMEPATYPHOM Maa3Mbl aproHa WM aproH-MeTaHOBOW cmecu, CHOPMMPOBAHHON B
BbICOKOYACTOTHOM AM3NeKTPUYeckom bapbepHom paspage (RF-DBD) npu pasanyHbIX MOLLHOCTAX
N NaBneHUAX. DKCNEPUMEHTbI MPOBOAMANCE NPKU pacxode aproHa 100 sccm ana aproHoBow
nnasmbl M Npu cooTHoweHun Ar:CHp = 95:5 ana aproH-meTaHOBOM NAasmbl B AManasoHe
mMoltHocten oT 2 no 12 BT n pasnenuax 0,5 n 1,0 Topp. MMoKa3aHo, 4TO C yBEAUYEHMEM
NoABOAMMOM MOLIHOCTM MPOUCXOAUT paclimpeHmne obnactn paspaga U POCT MHTEHCUMBHOCTMU
CNEKTPafbHbIX JIMHUA, 4YTO OOYC/NOBAEHO YBEAMYEHMEM TMAOTHOCTM MAa3Mbl U CTEMEHU
MOHM3aUMK. [pKU MOBbLILEHUM [OaBAEHMS HabAOAAEeTCA CHUMKEeHMEe obUlel WMHTEHCUMBHOCTMU
N3Ny4eHna BCAEACTBME COKpaLLEeHUa AAMHbI cBoboaHoro npobera 3/1eKTPOHOB M BO3pacTaHuA
CTONIKHOBUTE/IbHbLIX MOTepb. BBeaeHMe MmeTaHa NPUMBOAMUT K YMEHbLUEHUIO WMHTEHCMBHOCTM
CNEKTPabHbIX TMHUIA MONEKYNAPHOMO a30Ta U TMAPOKCUAbHBIX paanKkanos (OH) no cpaBHEHMIO ¢
aproHOBOM NJIa3MOM, 4YTO CBMAETENLCTBYET O NepepacnpeaeneHUn SHEPrnm 31eKTPOHOB B
No/ib3y BO3OYKAEHMA aTOMOB aproHa M akKTUBHbIX YacTul, meTaHa. MosydeHHble pesyabTaThbl
cnocobcTBytoT bonee rnyboKomy NoOHUMMaHWUIO GU3UKO-XMMUYECKMX NPOLLECCOB B Naazme Ar—CHg
M OTKPbIBAOT NEPCNEKTMBLI 414 NpuMeHeHna RF-DBD pa3paaos B 3a4a4ax NaasMeHHOM XMMUK U

mMaTepuanoBeaeHus.

KnioueBble €noBa: AM3NEeKTPUYECKUA BapbepHbld pas3psaa, RF-DBD peakTop, onTuuyeckas
CMeKTPOCKOMMA, aproHoBaA njiadma, aproH-meTtaHoBaA njia3ma, rnjaa3meHHaa xXmumns.

Introduction

The global transition to alternative energy
sources is driven by the negative impact of fossil
fuels, which result in greenhouse gas emissions.
Traditional energy sources are limited and
significantly contribute to CO, release and global
warming. In recent years, various decarbonisation
technologies have been investigated, aiming at zero
or low carbon emissions. There are many potential
solutions to the decarbonisation challenge, among
which hydrogen stands out as a carbon-free fuel for
fuel cells and internal combustion engines. Hydrogen
is recognised as a promising substitute for
conventional energy sources due to its unique
properties. It is also an excellent energy carrier with
negligible emissions and can be obtained from a
variety of resources. As the most abundant and
lightest element on Earth, hydrogen can be produced
and utilized without harming the environment,
producing only water as a by-product [1-4]. One of

the rapidly developing methods for minimising
carbon emissions is non-thermal plasma catalysis.
Plasma catalysis involves integrating a catalyst with
plasma to achieve specific products at the required
rate and efficiency. Plasma is a partially ionised gas
consisting of neutral species (molecules, radicals,
excited species), ions, photons, and electrons. [5,9].
Compared to thermal methods, non-thermal plasma
(NTP) can be generated by exposing a neutral gas
(e.g., argon) to an external electric field. Its non-
equilibrium nature ensures that the bulk gas remains
at room or low temperatures, while the temperature of
high-energy electrons inside the plasma is an order of
magnitude higher. Reactive plasma particles such as
electrons, ions, excited molecular states, radicals and
photons initiate processes that are thermodynamically
impossible at low temperatures and atmospheric
pressure but occur on the nanosecond timescale in
plasma. Thus, plasma technologies represent a
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promising solution to the problems associated with
variability and unpredictability in the production and
distribution of electricity. In addition, the use of
catalysts enables precise control over process
selectivity, allowing reactions to be directed along the
desired paths and hydrogen to be efficiently obtained
under plasma conditions. [5-10].

As previously mentioned, the interest in
applying plasma technologies for hydrogen
production has increased significantly in recent years.
Various types of plasma have been employed in
experimental studies. The most commonly used types
include dielectric barrier discharges (DBD),
microwave (MW), and gliding arc (GA) discharges,
although other types have also been used, such as

Experimental setup

A schematic diagram of the experimental setup
for studying the spectral characteristics of low-
temperature argon plasma and argon-methane
mixture is shown in Fig. 1. The setup consists of a
horizontally positioned quartz tube, 300 mm in length
with an inner diameter of 16 mm. The discharge was
generated between a 250 mm long stainless-steel rod
(4 mm in outer diameter) and a grounded copper-tape
electrode wrapped around the centre of the quartz
tube, as shown in Fig. 1. The working chamber was
evacuated using a fore-vacuum pump to a pressure of
0,5 - 102 Torr. The working gases (argon and
methane) were fed into the system using mass flow
controllers at a rate of 95 sccm for argon (or 100 sccm
for pure argon) and 5 sccm for methane. The pressure
in the system was monitored using an Edwards ADC
Enhanced MKII pressure controller. Optical emission
from the positive column region of the plasma was
measured using an Optosky ATP 2000 spectrometer
in the wavelength range of 200—-1100 nm [13,14].

The experiments were conducted at various
pressures (0.5 and 1.0 Torr) and discharge powers
ranging from 2 to 12 W. During the measurements,
the setup operated in continuous flow mode. The

Results and discussion

Argon plasma

The spectral characteristics of argon plasma at a
flow rate of 100 sccm and a pressure of 0,5 Torr were
recorded in the power range from 2 to 12 W (Fig. 2).
As can be seen in Figure 2, with an increase in
discharge power, a gradual expansion of the plasma
glow area and an increase in optical emission
intensity are observed. At a minimum power of 2 W,
a weak, localized plasma glow is observed, which
corresponds to the plasma ignition threshold power.
With a further increase in power from 2 to 10 W, the
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radio frequency, corona, glow, spark, and nanosecond
pulse discharges [8]. DBD is a typical example of
«non-thermal plasmay, in which the gas remains at a
temperature close to ambient conditions, while
electrons are heated to 2-3 eV (=20,000-30,000 K)
under the action of a strong electric field. In contrast,
MW and GA discharges fall into the category of
warm plasmas, where the gas temperature can exceed
1000 K, and the electron energy usually reaches
several eV [8,11].

This paper presents an experimental study on the
spectral characteristics of argon and argon—methane
plasmas generated in a vacuum reactor employing a
high-frequency dielectric barrier discharge (RF-
DBD).

volume fraction of methane (CHa4) in the gas mixture
was approximately 5%.

Matching
network

o RF Generator
13,56 MHz

Figure 1 — Schematic diagram of the experimental
gas conversion setup: 1 — gas discharge quartz tube,
2 — fore-vacuum pump, 3 — gas mass flow
controllers, 4 — high-frequency electrode, 5 —
grounding electrode, 6 — detector, 7 — optical
emission spectrometer, 8 — laptop, 9 — pressure
sensor

plasma becomes brighter and evenly distributed along
the quartz tube. This is due to an increase in electron
density and collision frequency, which leads to more
efficient excitation of argon atoms and, accordingly,
to an increase in radiation intensity. At a power of 12
W, the quartz tube is almost completely filled with
plasma. No further increase in power above 12 W was
carried out, since under such conditions, parasitic
(static) current may appear, which can negatively
affect the correct operation of the pressure sensor
installed near the discharge zone.
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Figure 2 — Photo of RF-DBD argon plasma discharge at various powers (2—12 W) with an argon flow rate of
100 sccm and a pressure of 0,5 Torr.

Figures 3 (a) and (b) show the emission spectra
of argon plasma at a pressure of 0,5 Torr and powers
of 5 W and 10 W, respectively. At a constant argon
flow rate of 100 sccm and a pressure of 0,5 Torr, it
can be seen that the intensity of the Ar I lines
increases with an increase in power from 5 to 10 W.
This is due to an increase in the ionization level and
electron energy, which leads to an increase in the rate
of electron-neutral impact excitation. As a result of
collisions, electrons transfer part of their energy to
argon atoms, causing their excitation and subsequent
radiation when they transition to the ground state
[15].

Photo of the RF-DBD argon plasma discharge
obtained at different powers from 2 W to 12 W with
an argon flow rate of 100 sccm at a pressure of 1,0
Torr are shown in Figure 4. As the power increases,
the luminescence area expands, and the discharge
gradually covers most of the quartz tube. In the 10—
12 W power range, the plasma occupies almost the
entire length of the tube, however, in contrast to the
previous experiment conducted at a pressure of 0,5
Torr, here at 12 W the discharge does not spread to
the other end of the quartz tube. This difference is due
to the influence of pressure. An increase in pressure
leads to a decrease in the free path length of electrons,
and as a result, ionisation becomes more localised.
Electrons lose energy due to frequent inelastic
collisions with argon atoms, and part of the supplied
energy is dissipated without effectively increasing the
plasma density. As a result, at a pressure of 1,0 Torr,
compression (shortening) of the plasma zone is
observed.

Figures 5 (a) and (b) present the emission spectra
of argon plasma recorded at a pressure of 1,0 Torr and
powers of 5 W and 10 W, respectively.

At a pressure of 1,0 Torr, a similar trend is
observed: with an increase in discharge power from 5
to 10 W, the intensity of the Ar I spectral lines
increases, which is associated with an increase in
electron energy and the intensification of electron-
impact excitation and ionisation processes.
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Figure 4 — Photo of RF-DBD discharge of argon plasma at various powers (2—12 W) with an argon flow rate
of 100 sccm and a pressure of 1,0 Torr.

Compared to the experiment at a pressure of 0,5
Torr, there is a noticeable decrease in the overall
intensity of the argon spectral lines.

This indicates a decrease in the degree of
excitation and ionisation of argon atoms at elevated
pressure, despite the same power input.

Based on these results, the following conclusion
can be drawn: an increase in the power of the radio-
frequency discharge during the generation of argon
plasma leads to an increase in electron density and, as
a result, to an intensification of the processes of
excitation and ionisation of atoms. This is reflected in
the increase in the intensity of the spectral emission
lines of argon in the range of 695-850 nm. In
addition, the spectra show lines corresponding to
hydroxyl radicals (OH) with a wavelength of around
310 nm, as well as molecular nitrogen radiation in the
313400 nm range [12], which indicates the
interaction of plasma with residual air gases. Thus,
the results of spectral analysis confirm that the power
of the RF discharge is a key parameter determining
the energy characteristics and composition of argon
plasma.

Plasma of argon—-methane mixture

The Ar—CHa gas mixture plasma was obtained
by introducing a chemically active gas, methane, into
the argon flow. The ratio of components was 95% Ar
(95 sccm) and 5% CHa (5 sccm). Figure 6 shows
photo of the RF-DBD discharge at power levels
ranging from 2 to 12 W at a constant pressure of 0,5
Torr. The emission spectra of the Ar—CHa plasma at
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power levels of 5 W (a) and 10 W (b) are shown in
Figure 7.
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Figure 6 — Photo of RF-DBD discharge of argon-methane plasma at various powers (from 2 to 12 W) with
argon flow rates of 95 sccm and methane flow rates of 5 sccm, at a pressure 0,5 Torr.

With an increase in the power supplied, a gradual
expansion of the luminescence area along the quartz
tube is observed, indicating an increase in the plasma
volume. The addition of methane to the gas mixture
leads to an increase in collision energy losses of
electrons due to the dissociation and excitation of CHa
molecules.

The spectral characteristics show that when the
power is increased from 5 to 10 W, the intensity of
the argon lines increases, indicating an increase in
electron density and ionisation.

Compared to pure argon plasma, the intensity of
molecular nitrogen and hydroxyl radical (OH) lines is
significantly lower at both 5 W and 10 W. This is due
to the fact that a significant part of the electron energy
is spent on the excitation and dissociation of methane,
rather than on the excitation of impurity molecules in
the air.

Images of RF-DBD discharge of argon-methane
plasma at powers ranging from 2 W to 12 W and a
pressure of 1,0 Torr are presented in Figure 8, and
spectral characteristics at powers of 5 W and 10 W
are shown in Figure 9. As the supplied power
increases, the discharge glow area expands.
Compared to the mode at a pressure of 0,5 Torr, the
luminescence intensity at 1,0 Torr is significantly
lower, which is due to a reduction in the free path
length of electrons and an increase in energy losses
due to inelastic collisions with gas atoms and
molecules at higher pressures.
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Figure 7 — Emission spectra of argon-methane
plasma (Ar—CHa) with argon flow rates of 95 sccm
and methane flow rates of 5 sccm, pressure of 0,5
Torr, and power levels of 5 W (a) and 10 W (b).
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Figure 8 — Photo of RF-DBD discharge of argon-methane plasma at various powers (from 2 to 12 W) with
argon flow rates of 95 sccm and methane flow rates of 5 sccm, at a pressure of 0,5 Torr.

T T T T T
20000 -| - g
%
. 15000 - Tl 1
5 El
R
2
2 10000 .
o
2 s
o
-2
5000 -| zlfeo .
sy - ‘ ]|
LT 23| <
Uz I ‘
0 t = T 1 T T -
200 300 400 500 600 700 800 900
Wavelength (nm)
a)
40000 : T T T T
35000 - 2% 1

30000 4 g

S 25000 - -

(a.

£ 20000 E

Intensi

15000 A 3 i

— OH
1
A

10000 -

A = |l | '
5000 - | 1= % | -

A Ml

0 . ; s -
200 300 400 500 600 700 800 900
Wavelength (nm)

0)

Figure 9 — Emission spectra of argon-methane
plasma (Ar—CHa) with argon flow rates of 95 sccm
and methane flow rates of 5 sccm, pressure of 1,0
Torr, and power levels of 5 W (a) and 10 W (b).

Conclusion

This paper investigates the spectral
characteristics of argon and argon-methane plasma
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obtained in a radio-frequency dielectric barrier
discharge (RF-DBD) and determines the optimal
discharge parameters.

During the experiments, the pressure varied
between 0,5 and 1,0 Torr, and the power supplied
ranged from 2 to 12 W. It was established that the
minimum threshold power required to maintain the
gas discharge plasma is approximately 2 W. With an
increase in power, a gradual expansion of the
luminescence area and an increase in radiation
intensity along the quartz tube are observed. The
amplification of atomic argon (Ar I) spectral lines is
associated with an increase in electron density,
ionisation level, and frequency of electron-impact
processes. Spectral data in the 200-900 nm range
identified Ar I lines, as well as emission bands of
hydroxyl radicals (OH) and molecular nitrogen (N2),
indicating the partial presence of air in the reactor and
evidence of insufficient gas system tightness. When
methane is introduced into the gas mixture (Ar:CHa =
95:5), a decrease in the intensity of argon lines is
observed, which may be associated with the
redistribution of electron energy to the processes of
excitation and dissociation of methane molecules, as
well as with the formation of dust particles in the
plasma. The results obtained contribute to a deeper
understanding of the physicochemical processes in
argon-methane plasma and open up prospects for the
further application of RF-DBD discharges in methane
plasma conversion tasks.
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MMAPOTEPMA/IbHbBIN CUHTE3 M CBOMCTBA HAHOCTPYKTYP ZnCo,04

B naHHoM paboTe NPOCTbIM r’MAPOTEPMANbHbIM METOAOM CUHTE3MPOBAHbI TP TMMA CTPYKTYP
KobanbTnta UMHKa ZnCo,04 Ha HWKENEBOW MeHe: HAHOCTEP)KHM, HAHOHWTU W MAACTUHbI.
NccnepoBaHbl MopdONOTMA U CTPYKTYPHbIE XapaKTEPUCTUKM CUHTE3MPOBAHHbLIX 06pPa3LOB.
BblpalleHHble CTPYKTYPbl MOTYT BbITb MCMO/b30BaHbI B KA4ECTBE OCHOBbI A1A HechepMeHTHbIX
3NEKTPOXMMUYECKMX BMOCEHCOPOB. MEeTOA0M CKaHMUPYIOLLEN 3N1EKTPOHHON MUKpOocKonnn (SEM)
6b11 NpoBeAEH AeTaNbHbIM aHaN3 CePUM U3 LeCTM 06Pa3LLOB, CUHTE3UPOBAHHbIX MPW PA3IMYHbIX
cooTHoweHuax Zn:Co (1:1, 1:10 n 10:1). Pe3ynbTaTbl MUCCAEAO0BaHUA 3/1€MEHTHOINO COCTaBa
HaHOCTPYKTYP ZnC0204, CMHTE3MPOBAHHbLIX TMAPOTEPMAIbHBIM METOAOM HAa HWKeNeBOM MeHe,
MOKa3a/u, YTO COCTaB MOJyYEHHbIX MaTePUaN0OB KOPPEANPYET C COCTaBOM UCXOAHOrO POCTOBOO
pacTBOpa, NOATBEPHKAAA KOHTPOAMPYEMOCTb Mpouecca AernpoBaHma. OTCyTCTBUE KaKMX-1MB0
npumecei CBMAETENLCTBYET O BbICOKOM UYMCTOTE CMHTE3MPOBAHHbLIX 06pasLoB. [osydYeHHble
[aHHble NOATBEPKAAIOT BO3MOXKHOCTb TOYHOTO YNpPaBAeHUs CTeEXMOMETpUEN KobanbTUTa LMHKA.
MoKasaHo, 4To MopdOoaorMa BblpallleHHbIX 00Pa3LOB 3aBUCUT OT CTEXMOMETPUM NMPEKYPCOPOB,
obecneumBas ynpaBAseMblA POCT HAHOCTPYKTYPUPOBAHHbLIX MaTepuanoB. [OKasaHo, 4To
TMAOPOTEPMANbHbLIA METO CMHTe3a HaHOCTPYKTyp ZnCo,O4 NO3BONAET MOyYaTb MaTepuansl C
WWPOKMM AMANa3oHOM CTEXMOMETPUM OT KobanbT- A0 UMHKCOAEPKALLMX $a3, YTO OTKPbIBAET
BO3MOMKHOCTM A/19 TOHKOM HAacTPOMKM 3PEKTUBHBIX, QYHKLMOHANbHBIX CBOMCTB ZNC0,04.

Kniouesble cnoBa: HaHOCTPYKTypbl, ZnCo,0., rmapoTepmanbHbii meTod, mopdosorus,
CTPYKTYpPHbIe CBOWCTBA.
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MMapoTepmMUANbIK CUHTES aHe ZNCo204 HaHOKYPbIbIMAAPbLIHbIH, KacueTTepi

Byn 3epTreyae KapananbiM rMAPOTEPMUANBIK dAiCNeH HUKenb Kebik HeriziHae ZnCo,04
MbIPbIW KOBANBTUTIHIH, YL TYPAI KYPbIAbIMbI CUHTE3AENAI: HAaHOTaAKLIANAP, HAHOXINTEP KaHe
nnacTuHanap. CuHTesmenreH ynrinepaid, MopponorMacel MeH KypblibiMAbIK CMNaTTaManapbl
3epTTendi. OcipinreH Kypbiabimaap GepmeHTCi3 31EeKTPOXUMUANLIK, BUMOoCeHCopnapablH, Herisi
PeTiHAe KoNAaHblAybl MyMKiH. CKaHUPAeyLi 3NeKTPOHAbIK MUKpockonusa (SEM) aaici apKblabl
Zn:Co kKatbiHacTapbl apTypai (1:1, 1:10 kaHe 10:1) anTbl YAriHIH, cepuAcbiHA enKken-Terkenni
Tangay Kyprisingi. TmapoTepMusibiK a4aicneH HuUkenb KebiriHae cuHTesaenreH ZnCo,04
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HAHOKYPbIbIMAAPbIHbIH, 3N1EMEHTTIK KYPaMblH 3epTTey HaTUKeNepi aNblHFaH MmaTepunangapabliH
Kypambl OacTankbl ecy epiTiHAICIHIH KypambiMeH KoppenauuanaHaTtbiHbiH KepceTedi, 6yn
Nlervpney npoueciHiH, BakblnaHaTbiHbIH pacTandbl. KocnanapabiH 60/maybl CUHTE3AenreH
yArinepAaiH »Kofapbl TaszanbifblH Adnenaenai. AnbiHFaH AepekTep MbIpblll  KOOaNbTUTIHIH,
CTeXMOMeTpUACLIH Aan backapyra bonatbiHbiH KepceTeai. CoHaan-ak yarinepaid Mopbonornscel
NpeKypcopiapaplH, CTEXMOMETPUACBIHA  Tayenai €KeHi  aHblKTanbin, HAHOKYPbIbIMAbI
matepuangapasiH,  6ackapblna  eceTiHiH - ganengenai.  ZnCo,O4  HAHOKYPbINbIMAAPbIH
rMAOPOTEPMUANBIK CUHTE3AEY d4ici KobanbTKypamapl dalanapaaH MblpbllKypamasl dasanapra
LENiHTi KeH CTEXMOMETPUASBIK AMana3oHaa MmaTepuanaap anyra MyMKiHAiK 6epeai, 6yn ZnCo,04-
TiH TMiMAT GYHKUMOHANAbIK KacMeTTepiH Aan banTayfa oA alagbl.

TyiH cespmep: HaHOKypbiabimaap, ZnCo,04, rMAPOTEPMUANBIK —3MiC,
KYPbIAbIMAbIK KacneTTepi.

mopdosiorus,
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D.T. Tastaibek®3, S.Y. Sarvadii*, Zh.U. Paltusheva®, M.B. Aitzhanov?
Institute of Applied Science & Information Technology, Almaty, Kazakhstan
2National Nanotechnology Laboratory of Open Type (NNLOT), Al-Farabi Kazakh National university,
Almaty, Kazakhstan
3Satbayev University, Almaty, Kazakhstan
4Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, Moscow, Russia
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Hydrothermal synthesis and characterization of ZnCo,04 nanostructures

In this work, three types of zinc cobaltite ZnCo,0, structures, namely, nanorods, nanowires,
and plates, were synthesized on nickel foam using a simple hydrothermal method. The
morphology and structural characteristics of the synthesized samples were studied. The grown
structures can be used as a basis for enzyme-free electrochemical biosensors. A detailed analysis
of a series of six samples synthesized at different Zn:Co ratios (1:1, 1:10, and 10:1) was performed
using scanning electron microscopy. The results of the study of the elemental composition of
ZnCo,04 nanostructures synthesized by the hydrothermal method on nickel foam showed that
the composition of the obtained materials correlates with the composition of the initial growth
solution, confirming the controllability of the doping process. The absence of any impurities
indicates a high purity of the synthesized samples. The data obtained confirm the possibility of
precise control of the stoichiometry of zinc cobaltite. It is shown that the morphology of the
grown samples depends on the stoichiometry of the precursors, providing controlled growth of
nanostructured materials. It is shown that the hydrothermal method for the synthesis of ZnCo,04
nanostructures allows obtaining materials with a wide range of stoichiometry from cobalt- to zinc-
containing phases, which opens up opportunities for fine-tuning the effective, functional
properties of ZnCo,0,.

Keywords: nanostructures, ZnCo,04, hydrothermal route, morphology, structural properties.

BBenenue

OxcuIBl TIEPEXOAHBIX METAJUIOB TPUBJICKAIOT
00JIbIIOE BHUMAaHHWE HCCIeIOBaTeNeH Oarogaps
CBOUM YHHUKAJIbHBIM (U3UKO-XUMUYECKUM
CBOMCTBaM, TAKMM KaK BBICOKAS DJIEKTPOXUMHUYECKAs
aKTUBHOCThb, CTAOMIILHOCTH, 4YTO IIO3BOJISIET UX
AKTHBHO WCIIOJH30BaTh B COBPEMEHHBIX JIICKTPOH-
HbIX  ycTpoiictBax [1-4]. OcoOwlii  wWHTEpEC
npencraBisier kobambTuT 1UHKA ZnCo:0s4 u
KOMIIO3UTBI Ha €ro OCHOBE, COYETallue B cebe
BIEKTPOXUMUYECKYIO aKTHUBHOCTb, XOPOIIIYIO
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CTaOUIBHOCTh M BBICOKYIO 3JEKTPOHHYIO TIPOBO-
JIUMOCTh TI0 CPaBHEHHUIO C MOHOKOMIIOHCHTHBIMH
okcumamMu. brmaromapss 3THM  XapaKTEpHCTHKAM
ZnCo20O4 aKkTUBHO HUCCIENyeTCsT B  KauyecTBe
MEePCIEKTUBHOTO  MaTepuaja s CO3JaHus
CYNEPKOHJICHCATOPOB, Ta30BBIX U DAICKTPOXUMHU-
YECKUX CEHCOPOB, JIMTUH-HOHHBIX aKKyMYJISTOPOB,
KaTaJau3aTOPOB U AIEKTPOXUMHUICCKHX OMOCECHCOPOB
[5-12].



MapoTepManbHbIA CUHTE3 M CBOMCTBA HAHOCTPYKTYP ZNnC0,04

Cpenun MHO>XECTBa METOJOB CHHTE3a
HaHOCTPYKTYp ocoboe MECTO 3aHUMaeT
THAPOTEPMAIbHBIA  METOA BBHAY OTHOCHTEIBHOM
MIPOCTOTHI, HHEProd(P(GEKTUBHOCTH ¥  BOCIIPOMU3-
BOJUMOCTH, BO3MOKHOCTH HaIpaBJIECHHOTO
KOHTPOJIA 3a POCTOM HAaHOCTPYKTYp [13, 14],
MO3BOJISIONIUHN MONTYYaTh OKCUAHBIC HAHOCTPYKTYPHI
C  BBICOKOM  CTENEHBIO  KPUCTAUIMYHOCTH U
OJTHOPOJHOCTH.

B oTnuuue oT BRICOKOTEMIIEPATYPHBIX METOOB,
TaKUX Kak Ta3o(asHblii METON, METOX Ja3epHOH
abmsIum, ANEKTPOTEPMHUYUECKUI u Ip.,
TUAPOTEPMAJIbHBIN CHUHTE3 OCYIIECTBISETCS MpHU
OTHOCHUTEIbHO HU3KKMX TemnepaTypax (100-200 °C),

9TO  JeNaeT ero Ooiee  SKOHOMHYHBIM U
JKOJOTHYeCKH  Oe3omacHeIM.  Kpome  ToOTO,
THAPOTEPMATBHBI  METOJ  CHHTE3a  IO3BOJSET
3¢ HEKTHBHO (hopmupoBaTh HaHOCTPYKTYPBI
HETIOCPEACTBEHHO Ha TMPOBOISMIMX IOAJ0XKKAX,
obecnieunBast XOPOLIYIO aJre3nio u
TEXHOJIOTUUECKUI KOHTakT [15-17]. VYmpapusas

napameTpamMd TUAPOTEPMAIBHOIO CHHTE3a, MOXHO
(hopMHupoOBaTE MaTepHalbl ¢ BBICOKOW YHCTOTOH M
KOHTPOJIUPYEMOM CTEXHOMETPHEH, 4YTO KpaiiHe
BAXHO JJI1 DJEKTPOXMMHUYECKUX MPUIIOKEHHM.
OnmHUM U3 KIIOYEBBIX (PAKTOPOB, OIMPEHCISIOIINX
XapaKTePUCTUKU TAKUX MAaTepUaloB, SBISETCA WX
Mopoorus u CTpyKTypHBIe cBolicTBa [18, 19].

CTOoUT OTMETHTB, 4TO OCOOYIO POJIb IPH CUHTE3E
HaHOCTPYKTYp ZnCo0204 urpaeT BHIOOp IMOIIIOKKH.
Huxkenesas neHa, ucronis30BaHHas B JaHHOH padore,
SIBIISIETCS. OTHUM U3 HanOoJiee pacpoCTpaHEHHBIX U
YA0OHBIX OCHOBAaHWH IUIS BBIPAIIMBAHMUS OKCHIHBIX
cTpykTyp [20, 21]. Ona o6magaeT BBICOKOM
3JIEKTPOTPOBOJHOCTHIO, MEXAaHUYECKON MPOYHOCTHIO
U Pa3BUTOM TPEXMEPHOU MMOPHUCTON CTPYKTYpPOH,
o0ecrieunBaroLIen OoJbLIyIO YAEIbHYIO
MOBEPXHOCTh, a TaKkke dS((HEKTUBHBIN TepeHoc
HOCHUTEJIeH 3apsa.

HecmoTps Ha 3HauuTENBHOE  KOJIMYECTBO
WICCIIETOBAHNH, MTOCBSIIEHHBIX CHHTE3y M U3YYEHHUIO

ceorictB  ZnCo204  [22-26], ocraercs  psin
HEPCUICHHBIX BOIIPOCOB. B YaCTHOCTH,
HEJIOCTATOYHO ~ CHCTEMATU3MPOBAHBI  JIAHHBIE O

BJIMSHUM COOTHOIIEHUS IMPEKypPCOPOB IIMHKA U
KoOasbTa Ha MOP(OIIOTHIO U CTPYKTYpPHBIE CBOWCTBA

MeTtoanl

Crpykrypsl ZnCo,O4 ObuIM BBIpalieHbl Ha
HUKEIEBOW TME€HE TUAPOTEPMAIBHBIM  METOJOM.
Ilepen cuHTE30M HHUKENeBasg I€Ha MPOXOJUIIA
HECKOJIBKO CTaauid OYuCTKH. HukeneBywo ImeHy
cHadaia oOpaOateiBamu 3% pacTBOPOM COJSTHON
KHCIIOTBI B YJBTPa3BYKOBOM BaHHE B TedeHue 20

obpasmoB. B OompmumHCTBE pabOT OCHOBHOE
BHUMAHHE yAENSAETCS TMOJYYEHUIO OTIEIBHBIX
Mopdoioruii 0e3 AeTaJIbHOIO aHaln3a MEXaHH3MOB
(GhOpMHpPOBAaHUS CTPYKTYp B 3aBHCHMOCTH  OT
CTEXHUOMETPUU. MEXIy TeM UMEHHO COOTHOIICHUE
Zn:Co ompenenser IUHAMUKY U KHHETUKY
MIPOIIECCOB HYKJICAINH, KPUCTAIUIN3AIINN B POCTa, a,
CIeIOBAaTEeILHO, W KOHCYHBIE XapaKTECPHCTHKHU
Marepuana.

Bonee Toro, B nuteparype CpaBHUTEIBHO Majo
WCCIICNOBAaHUMA, B KOTOPBIX COIOCTABIISIINCH OBl
pe3yabTaThl 3JIEKTPOHHO-MUKPOCKOITUYECKOTO
aHajau3a, DYHEProJUCIECPCUOHHON CIIEKTPOCKOIUH,
PEHTICHOCTPYKTYPHOTO aHalli3a M pPaMaHOBCKOMH
CIEKTPOCKONHNH B KOHTeKcTe Mopdonoruu ZnCoz20a.
KoHTponb 37€MEHTHOr0 coCTaBa HaHOMAaTEPHAJIOB
UTpaeT KIIYEBYIO POJIb B MPOSBICHUH WX (QU3HKO-
XUMHUYECKUX CBOMCTB. B ciydyae MNMHEIbHBIX

okcumoB, Takux kak ZnCo:0., B3auMoIeiiCcTBHE
Zn:Co HampsMyl0 BIMSET Ha  XHUMHYECKYIO
CTPYKTYDY, IIPOBOJAUMOCTb, KaTaJUTUYECKYIO

aKTUBHOCTPH U DJIEKTPOXUMHUECKYIO EMKOCTH [4, 6-8,
11, 15, 24, 25]. Meron 53HEpProaucCIepCHOHHON
PEHTIE€HOBCKOU CIIEKTPOCKOIIUU (EDS),
COBMELICHHBIM CO CKaHUPYIOLIEH 3JIEKTPOHHOMN
Mukpockonieli (SEM), mo3BoisIeT  OIepaTHBHO
OILICHUBATh 3JIEMEHTHBIM COCTaB CHUHTE3UPYEMBIX
CTPYKTYp H JIOCTOBEPHO COIOCTaBJISTH pealibHbIH
CoCTaB 3aJaHHOMY Tipu cuHTe3e. lIpencraBieHHoe
WCCIICIOBAHNE HAIPABICHO Ha BOCIOIHEHHE 3THX
MpOoOeIoB.

B nmanHO#l pabote wmccienyerca BIHMSHUE
MOJISIPHOTO COOTHOILCHMS HUTPATOB IMHKA H
KobanpTa, a TaKkKe HMX OOIIEH MOBEPXHOCTH Ha
Mopdosoruto ZnCo204, 0OCAKICHHOTO Ha HUKEICBOU
nere. Ocoboe BHUMaHKE yJICIICHO BIUSHUIO COCTaBa
POCTOBOrO pacTBOpa Ha MOp(HOoJIOTHi0 00pa3IoB, UX
($a3oByl0 YHCTOTY, CTPYKTYpHBIE IapaMeTpbl H
3JIEMEHTHBIN cocTaB. llpeacTaBieHHbIE PE3yNbTATHI
MO3BOJISIOT MOJYYHTh BCECTOPOHHEE MPE/ICTABICHUE
O B3aUMOCBA3M MECXKAY YCIOBHAMH CHHTE3a U
CBOWMCTBaMHM IIOJy4aeMBbIX MaTepuayioB. [lokazaHo,
4T0  U3MEHEHHE CTEXMOMETPUU  [PEKYPCOpPOB
MPUBOJUT K KapAUHAIBHOMY H3MEHEHHUIO CTPYKTYPBI
YacTHIl, B YACTHOCTH OT HaHOYACTHUL], HAHOHUTEH K
HaHOJICHTAM.

MHUHYT. 3areM ee¢ HECKOJIbKO pa3 MPOMBIBAIN
JIACTUTUPOBAHHOM BOJIOH, nocjue 4ero
oOpabateiBasii B aneToHe B TeueHue 10 MuHYT, B
sTaHoine B TeueHue 10 MHHYT, TPOMBIBAIA
JMACTHUTMPOBAHHON BOIOH 1 BRICyTTHBaH Iipu 80 °C
B cymmibHOM mkady. Jlas  mpuroToBiieHUs
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OCHOBHOT'O pacTBOpa pocTa ObUTM HCIOIb30BAHBI
mutpar 1wHKa Zn(NO3):-6H,O (Sigma Aldrich,
CIIA), wurpar kobampra (II) 6 - BOTHBIHM
Co(NOs3)2-6H,0 (Sigma Aldrich, CIIIA) u Mo4eBUHY
CH4N>O (Sigma Aldrich, CIIIA) mpu pa3mudHBIX
MOJIIPHBIX KOHIIEHTPAIHIX. Monsipable
COOTHOILICHUSI HUTPaTa [IMHKA U HUTpaTa KoOanbTa B
BOJAHOM pacTBope cocrtaBmanu 1:1, 1:10, 10:1.
Konnentpammst MoueBHMHBI  BapbHpOBajach B
3aBHCHMOCTH OT COOTHOIIEHHS IWHKAa K KOOAIbTy.
I'unporepmanbHbIll CHHTE3 TPOBOIWIN B aBTOKJIABE:
pacTBOp Ui pocTa IEpPeHOCHIM B aBTOKIAB C
BEPTUKAJILHO  PACIHOJIOKEHHOW  MOJIOKKOM U3
HHUKEJIEBOH MeHbI. ABTOKIIAB TCPMETUYIHO 3aKpbIBAJIN
U TIOMEIIaNH B My(QeNbHYIO Me4b, MPeABAPUTEIBHO
Harpetyto 10 140°C. B nporiecce cuHTe3a aBTOKJIAB
BBICP)KHBAJIU B My(EJILHOU MEYH MPU TEMIICpaType
140°C B teuenue 4 yacoB. Ilo ncreyenun BpemMeHU
CHMHTE3a AaBTOKIAB OXJaXKIald 10 KOMHATHOU
TeMmIepaTypbl. 3aTeM MOJIOKKY U3 HUKEJIEBOU MEHbI
¢ 00paszioM oOpadaThIBau B YILTPa3BYKOBO BaHHE,

Pe3y.]'[l>TaTbI H 06cym11elme

HccnenoBanne Mopdoaoruu BCEX
CHUHTE3UPOBAHHBIX ~ O0pa3slloOB  C  MOMOMIBIO
AJIEKTPOHHOTO CKaHupyromero mukpockona (JEOL,
JSM-6490 LA) moka3ao, 4To IpU 3KBHUMOJISIPHOM
COOTHOIIICHUH KOMIIOHEHTOB  pacTBOpa  pacTyT
TOHKHE HAaHOCTEPXHH TOJIIMHOW B HECKOJBKO
JICCATKOB HAHOMETPOB W JUIMHOW B HECKOJIBKO
MukpomeTpoB (puc. 1 a, b).

[lpu yBenu4eHUM CcoAEpKaHUSI PEAareHTOB OT
40:40 MM (#1) mo 60:60 MM (#2) wnaOmromaercs
YBEIIMYCHUE CTEMEHH YIUIOTHEHUS CTPYKTYpP U HX
00BEMHOCTH, YTO CBUJICTEIHCTBYET O PABHOMEPHOM
pocte Tpu Ooyiee BBICOKMX KOHIIEHTPAIMAX TPU
COXpaHeHWH OallaHca KaTHOHOB. 3aMeueHO, YTO TpH
npeoOiajaHiy MOJISIPHONW KOHIEHTPALMM HUTpaTa
KoOanbTa HAJ HHUTPATOM IIMHKA B PacTBOpe
oOpasyrorcs HaHoBojiokHa ZnCo;0s4 (puc. 1 ¢, d).
[Ipu MonsapHOM mpeobiataHuy B pacTBOpE HUTpaTa
IIMHKA HaJ HUTpATOM KoOaabTa (HOPMHUPYIOTCS
CTPYKTYpBI B BHJIE JIEHT W IactuH (puc. 1 e, f).
Takast Mopdonoruss MoxeT ObITH 0O0yCIIOBIICHA
MPOJOJDKUTENIBHBIM BIIMSTHUEM Zn>* Ha KUHETHKY
pocTa KPHCTAIUIOB, CHOCOOCTBYSI aHH30TPOITHOMY
YATUHEHUIO BIOJIb OTIpeIeNIEHHBIX
KpHUCTAIIIOrpapUuecKuX rpaHeH.

O/1C-ananu3 Tpex tuno 00pa3ioB ZnCo20s4,
BBIPAIIEHHBIX THIPOTEPMAIBHBIM METOJOM  Ha
HUKEJIEBOW MEHE NpPU Pa3IHYHBIX COOTHOIICHUSX
MPEKypCOpPOB IIMHKA M Kobanbra (#2, #4 and #6),
MIPEACTABIICH Ha pUCYHKE 2. Bee crekTphrl 06magaroT
YETKUMH NMHKaMH, COOTBETCTBYIOIIMMH LUHKY (Zn),
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HECKOJIBKO Pa3 MPOMBIBAIN AMCTHUIMPOBAHHOM
BOJION JUTS yaaneHus MaTepuana,
cthopmupoBaBmIerocss B 00beMe, U BBICYIIHBAIA Ha
Bo3nyxe npu Temneparype 80 °C.

XUMUYecKHe peaklud, MPOUCXOMANINE TIPU
TUApOTEPMATEHOM cHuHTe3e 00pasnoB Ni-ZnCo,Os,
MO’KHO OITKCATh CIEAYIOINUMH YpaBHEHUAMU [27]:

6CO(NH2)2—>C3H6N6+6NH3+3COz
NH;+H,O—NHs+OH™
Zn**+2Co**+60H —ZnCox(OH)s
2ZHC02(OH)6+02—>2211C0204+6H20.

B nanHOli paboTe paccMOTpeHa cepus U3
IIECTU TUIIOB 00pa3ioB: #1 - NZn40MM - NCo40MM,
100MM moueBuHBIL, #2 - NZn60MM - NCo60MM, 150
MM wmoueBuHBI, #3 - NZn40MM - NCo400MM,
100MM moueBuHBI, #4 - NZn60MM - NCo600MM,
moueBuHa 150MM, #5 - NZn400MM - NCo40MM,
moueBnHa 100MM, #6 - NZn600MM - NCo60MM,
MoueBrHa 150MM.

kobanpTy (Co) m kuciopomy (O). OTCYTCTBYIOT
JIOTIOJTHUTENBHBIX TMUKOB YKa3bIBaeT HAa BBICOKYIO
YHCTOTY CHHTE3WPOBAHHBIX 00pa3IOB.

Ha pucynke 2a (oOpazem #2) HaOmomaroTcs
naTeHcuBHble TuKK Zn Ka (~1.0 k3B 1 ~8.6 k3B), Co
Ka (~7.0 x3B) 1 O Ka (~0.5 x3B). KonuuectBeHnbIit
aHaJN3 MOKa3bIBAE€T aTOMHOE COOTHOIIeHHe Zn:Co ~
1:1.05, 9Tro o4eHp OJIM3KO K 33J]aHHOMY B PacTBOpe
(1:1), 9TO CBHIETENHCTBYET O BBICOKOW TOYHOCTH
CTEeXHOMETPUH TpU COAIAaHCHPOBAHHOM KOHTpOJIE
npekypcopoB. OtHomeHne O K CyMMe METalIOB
omsko k 4:3, 4ro cornacyercsi ¢ GopMmynon
ZnCo204. Obpazenr #4 (Zn:Co = 1:10 B pacTtBope)
XapaKTepU3yeTcsl 3HAYUTENbHO 00Jiee HHTEHCHUBHBIM
MTUKOM KOOanbTa 0 CPaBHEHHUIO C IMHKOM (PUCYHOK
2b). KonwdecTBeHHBIH aHAMM3 JaeT AaTOMHOE
cootHomenne Zn:Co = 1:9.8, uyro xopomo
COOTBETCTBYET MCXOJHOMY cooTHomeHuo 1:10.
HesHnauntensHOE OTKIIOHEHHE MOXKET OBITH CBSI3aHO C

KUHETUKOMN HyKJICAI[UU 51 pa3InyHOU
pPacTBOPUMOCTBIO THApPOKcUIoB Zn** u Co** B
HISNIOYHOW  cpefie, OO0pa3ylolecss THIPOIU30M
MOYEBHHBEL. TeM HE MeHee, COXpaHSETCS BbICOKas
BOCIIPOM3BOJUMOCTb ~ COOTHOLIEHMSI  Jaxe IpHu
3HAYUTENLHOM W30bITKe KoOanbra. OTKIOHEHUS

COCTaBIISIIOT MeHee 5%, 4To obecrieurBaeT XOpOIIyo
BOCITPOU3BOJUMOCTDb u KOHTPOJIMPYEMOCTD
THIPOTEpMAaILHOTO Ipotecca. B cektpe oOpasna #6
(Zn:Co = 10:1 B pacTBOpe) AOMHHHPYET UK ITHHKA,
WHTEHCHBHOCTH TTHKAa KOOAThTa CHIDKAETCS (PUCYHOK
2¢). AtomHoe cootHomenue Zn:Co B JaHHOM ciTydyae
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cocTaBWiio npuOmm3uTenbHo 9.7:1, 4TO TaKKe
ONMU3KO K COOTHOIICHHIO OCHOBHBIX KOMIIOHCHTOB
pactBopa (10:1). Bo Bcex Tpex cHmekTpax
OTCYTCTBYIOT  BBIP@XCHHBIC  IHKH  YIJICPOAA,
HECMOTPS Ha UCTOJB30BaHHE MOYCBUHBI B KAYECTBE
peareHTa. OTO CBA3aHO C TEPMUYCCKUM Pa3JIOKEeHUE

MOYEBHHBI, POUCXOMSIIEM MPH THAPOTEPMATbHOM
cuHrese, ¢ obpaszoBanuem CO: um NHs, kotopsle
yHAIAIOTCS W3 cUCTeMbl.  HesHaunTenbHOE
HPUCYTCTBHUE HUKEIS 00YCIOBIECHO HCHIONb30BAHUEM
HHKEJIEBOW TIEHBI B KAYECTBE IOJUIOMKEK.

Pucynok 1 — SEM o6pasnoB ZnCo204: a —#1,b—#2,c —#3,d —#4, e — #5, f — #6
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PentrenoctpykrypHsiii  aHanu3z (XRD) Obin
mpoBefeH ans o0pa3noB ZnCo20s, BBIpaIeHHBIX
THJPOTEPMAJbHBIM METOJOM Ha TMOJUIOKKE U3
HUKEJICBOW TIEHBl C  Pa3IUYHBIM  MOJIAPHBIM
cooTHomeHneM mpekypcopoB Zn(NOs):-6H.O wu
Co(NOs):'6H0 na mudpakromerpe PANalitical
X'pert MPD PRO. [lns ananu3a Obut cOOpaHbI
MaTepHaibl, oOpasyromuecs B 00beMe POCTOBOTO
pacTBopa MpH CHHTE3¢ PACCMOTPEHHBIX 00pasIloB,
4TOOBl M30ekaTh Ha JAU(PAKIMOHHBIX CIEKTpax
npeobnaganus pediekcoB oT Hukens. Ha pucynke 3
MIpEACTAaBICHB nudpakTorpaMMbl  oOpasmoB #4

W Map Sum Spectrum
o
Qo 32, 01
In 01
Co 2, 01
C 1 01
Ni . 01

wered by Tru-Q®

(NZn60MM — NCo600MM, 150 MM mMoveBHHBI) U #6
(NZn600MM — NCo60MM, 150 MM moueBHHBI). Y
obonx 00pa3noB HAOMIOAAIOTCS HWHTCHCHUBHBIC
pedIeKCchl, COOTBETCTBYIOLIME KPHCTATUIMYECKOI
¢aze mmmaenH ZnCo204, XOPOIIO COTITACYIOMINECS C
TaOMMIHBIMA maHHbIME (kKapta JCPDS Ne 00-023-
1390). OcHOBHBIE MHKH PETUCTPUPYIOTCS TpU 20 ~
31.22°,36.8°, 38.49°,44.74°, 59.28°, 65.2° n 68.53°,
9TO COOTBETCTBYET IIockocTsM (220), (311), (222),
(400), (511), (440) and (531) cooTBercTBEHHO.

[ Map Sum Spectrum

Wi% o
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Powered by Tru-Q@
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Pucynok 2 — EDS cniektpsr: (a) oOpaszer #2, (b) oOpazen #4 u (c) obpaser #6

Otn MTUKA XapaKTepPU3YIOTCS y3KOH
MOJYNIMPUHOM, YTO YKa3bIBaeT Ha BHICOKYIO CTETICHb
KPUCTAIUTMYHOCTH MOJTYYEHHBIX HAHOCTPYKTYP.

[Muku audpaxumu npu yrinax 33.28,36.19, 41.44
n  46.69 yka3pIBalOT Ha MPHCYTCTBHE (ha3bl
Zns5(CO3)2(OH)s - runpormakut (kapta JCPDS 00-
019-1458) B KauecTBe MOOOYHOTO HPOIYKTa
THIPOTEPMAIBHOTO CHHTE3a B o0pasuax.
CpaBHHUTENBHBIA aHATN3 00pa3LoB #4 U #6 BBIABHI,
YTO TIPM BBICOKOM COJIEpKaHUH IMHKA (0Opaser #6)
WHTEHCUBHOCTh MHKOB ZnCo020s4 BbIIIE, 4Ye€M B
oOpasiie ¢ BBICOKHMM COJIcpyKaHHeM cobayibta (#4).
DTO MOXET VyKa3plBaTh Ha 0ojiee Pa3BUTYIO
KPUCTAUTMYECKYIO CTPYKTYpY WM OOJBIINHA 00BeM
chopMHUpOBaBIIeHCsS  IUNUHENbHOW  (a3bl  mpH
n30BITKE [IMHKA B POCTOBOM pacTBope. B obpasiie #4
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HaOronaeTcs HEOOJBIIOE YHIMPEHUWE IHKOB, 4YTO
MOJKET CBHUAETEIBCTBOBATH O MEHBIIEM pa3Mepe
KPUCTAJUINTOB ~ WM  OONbIIEHl  KOHIEHTpaIHuu
JIe(EeKTOB B KPUCTAIITMUECKON peIlIeTKe.

Jnst meTanpHOTO WCCIENOBAaHUSA CTPYKTYPHI W
($a3oBoro cocraBa CHHTE3MPOBaHHBIX 00pa3IoOB

ZnCo20s., BBIPAILICHHBIX TUAPOTEPMAaTHHBIM
METOAOM Ha IOJIOXKKE M3 HHMKEJIEBOW II€HBI, OBLI
MIPOBENICH aHanum3 METOZ0M paMaHOBCKOH

CrnieKTpockonuy. B kauecTBe mpuMepa Ha pucyHke 4
MpeNCcTaBieH crekTp obOpasua #2 (NZn60MM —
NCo60MM, 150MM MOUEBHHEI).

B cmektpe  4eTko  MACHTHOUIHMPYIOTCS
XapakTepHble MUKW MnuHeNbHOH (a3l ZnCo20s,

D

coracyromuecs € JIATCpaTypHbIMA JaHHBIMU: [, g’
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TETPAdAPUUYCCKUX U  OKTAAPUYECKUX IMO3ULIUAX
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Pucynok 4 — Pamanosckuii ciextp ZnCo,O4

oOpasma #2
OCHOBHOIl MHTEHCHBHBIM NUK mpu ~694 cm!
cooTBeTcTBYeT Mozae konebanus of Zn-O-Co
CUMMETPUYHOTO pacTsHKeHust Aig B

TETPAdAPUUYECKUX TMO3ULHUAX, KOTOPOE SIBISETCS
NUArHOCTHYECKUM it ImmuHelned tuma AB2Oa.
Hammame >THX Mopn moatBepkaacT (hOpMHpPOBAHHE
Xopomo  KpuctamnzoBaHHOH — ¢azel  ZnCo20..
He3snauntensHoe yliMpeHUE MUKOB B CIEKTPE MOKET

OBITh CBSI3aHO C HAHOKPUCTAJUIMYECKOW TPUPOJION
MaTepHaia i HATH9ueM CTPYKTYPHBIX JIe(EKTOB, UTO
COTJIACYETCS ¢ YCIIOBHSIMU THIPOTEPMATIBHOTO POCTA.
Kpome TOro, OTCYTCTBUE NOMOJHUTEIBHBIX ITHKOB,
XapaKTepHBIX Js OKcuaoB KobambTa (Co304) mim
okcuma nuHKa (ZnQO), CBUACTEIBLCTBYET O BBICOKOI
¢a3oBoii uncrore oOpasua.

PaMaHOBCKasi CHEKTPOCKONHUS TOATBEPAMIIA
oOpa3oBanre 0AHO(A3HOW MIIHHETFHOU CTPYKTYPHI
ZnCo204 B oOpaste #2. Beicokass ”HTEHCUBHOCTD U
OTUYETJINBOCTh IUKOB YKa3bIBAIOT Ha XOPOIIYIO

KPUCTAIUTMYHOCTh ~ MaTepuaia, a  OTCyTCTBHE
MpUMECHBIX (a3  corjmacyercsi ¢  JaHHBIMHA
PEHTTCHOCTPYKTYpHOrO  aHanmu3a. llomydeHHBIC

pe3yNbTaThl JEMOHCTPUPYIOT, YTO MPEI0KEHHBIN
THAPOTEPMAIbHBIM METOZ CHUHTE3a O0OecrednBacT
(bopMHpOBaHNE YHCTOH M XOPOIIO YIMOPSIOUYCHHOM
¢a3br ZnCo0204 Ha MOIIOKKE U3 HUKEICBOH TICHBI.

3akiIoueHue

[TpocThIM 1 SKOHOMUYHBIM THIPOTEPMATHHBIM
METOJOM CHHTE3UpOBaHa cepus oOpa3noB ZnCoxO4
pa3IYHOM Mopdosoruu: HAHOCTEPIKHH,
HAHOBOJIOKHA M IUIACTHHBI C HCIOJb30BaHUEM B
KauecTBE MOAJI0KKHU HUKeNeBoU neHbl. MccnenoBano
BJIUSHUE KOHIIEHTPALMH KOMIIOHEHTOB POCTOBOIO
pactBopa Ha MOpQOJOTHIO, CTPYKTypHBIE |
ANIEKTPOXUMHUYECKAE CBOICTBA CHHTE3MPOBAHHBIX
oOpa3ioB.  Pe3ynmbTaThl  pPEHTTE€HOCTPYKTYPHOTO
aHaJM3a TOKa3ad HAJUYUe B  HCCICIYyEeMbIX
obpa3siax pedaexcoB, XapaKTepHBIX I KyOHn4ecKon
cTpykTypbl mmuHenu ZnCoO4 (a = 8.0946A; nomep
kaptel JCPDS  00-023-1390). CootHouienue
MPEKYypCOPOB IIMHKA H KoOaJbTa B POCTOBOM
pacTBOpe OKasbIBaeT CYMIECTBEHHOE BIIMSHUE Ha
CTENeHh KPUCTALIMYHOCTH W OTHOCHTEIHHYIO
WHTCHCUBHOCTH TU(PAKIIMOHHBIX MUKOB. OTMEUEHO,
yTO W30BITOK IMHKa (0Opaser] #6) cmocoOcTByeT

(hopMHPOBaHUIO Oonee YIOPAIOYECHHON
KPUCTAIUTMYECKOH CTPYKTYphI, TOTJa KaK H30BITOK
KobanpTa (obpazen #4) MIPUBOIUT K

HE3HAUUTEIBHOMY VXYAIICHUIO KPUCTAITIUYHOCTH.
Pesynerater 3/]C-ananu3a Tpex 06pasnoB ZnCo20s4,
CHHTE3UPOBAHHBIX C HCIIOJB30BAHNEM Pa3ITUIHBIX
MOJISIpHBIX coeauHeHud Zn:Co, moOKa3amu, 4TO
AJIEMEHTHBIA COCTaB TMOJIYYEHHBIX HAHOCTPYKTYpP C
BBICOKOH  TOYHOCTBIO  COOTBETCTBYET  COCTaBY
MCXOJIHOTO POCTOBOTO pacTBopa. Bo Becex oOpasmax
OTCYTCTBYIOT IIPUMECHBIE aTOMBI, BKJIIOYAsl YTIAEPOL
M HHKE]Ib, YTO YKa3biBaeT Ha 3(PPEKTUBHOCTD
OYMCTKHU U OTCYTCTBUE ITpUMeceil. Bricokas uncroTa
U KOHTPOJIMPYEMOCTb COCTaBa JE€JAl0T JaHHBINA
METOJ CHHTE3a MEePCIEKTUBHBIM ISl IPUMEHEHUS B
paspabotke 3IEKTPOTHBIX MaTepHajoB,
KaTaJn3aTopoB U ceHcopoB. Takum obOpazom, D/IC-
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aHaIU3 MOATBEPIWI, YTO THAPOTEPMATIBHBIM CUHTE3  HAIMpPaBICHHOTO KOHTPOJUPYEMOT'0 pocta
Ha HUKEJEBOW TEeHE MO3BOJSET MONy4YaTh YHCThIe, HaHOCTPYKTYp  ZnCo:0s  moxm  KOHKPETHBIC
CTEXHOMETPHYECKU KOHTPOJIUPYEMBIE  TIPIIIOKEHHUS B HAHOCEHCOPUKE U KaTalln3e.
HaHOCTPYKTYPBI ZnCo0204 c 3a/IaHHBIMU
COOTHOIICHUSIMHA KOMIIOHEHTOB. @DuHaHCHPOBaHUE

[IpoBeneHHOe wuCcleAOBaHUE IOKa3alo, YTO
Mopdonorus HaHOCTPYKTYp ZnCo204, CUHTE3UPO- Jannoe HCCIIEOBAaHNE OBLIO

BaHHBIX THAPOTEPMAIILHBIM METOJOM Ha HUKEJICBOW  Mpo(HUHAHCUpOBAaHO MUHHCTEPCTBOM HAYKH U
MeHe, CHJIbHO 3aBHCUT OT MOJISIPHOTO COOTHOIICHUsSI  BbICIIero oOpa3zoBanus PecryOnukn Kaszaxcraw,
Zn:Co wm o0mei CcTpyKTypbl TpekypcopoB. rpaHT Ne AP26103537.

[TomydeHHbIC JTaHHBIC OTKPHIBAIOT BO3MOXKHOCTH JJISI
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INVESTIGATION OF THE EFFECT OF SHORT-PULSED ION IRRADIATION ON THE STABILITY
OF CARBON NANOWALLS

Carbon nanowalls (CNWs) are promising carbon-based nanomaterials for radiation-resistant
electronic and optoelectronic applications due to their unique three-dimensional graphene-like
architecture and outstanding physicochemical properties. In this work, the effect of short-pulsed
high-current ion irradiation on the stability of carbon nanowalls was systematically investigated.
CNWs were synthesized on quartz substrates by inductively coupled plasma—enhanced chemical
vapor deposition and subsequently irradiated using the high-current pulsed ion accelerator
INURA at current densities of 4, 7, and 10 A/cm?. The radiation-induced changes in morphology,
structure, optical transparency, and electrical properties were analyzed using atomic force
microscopy, Raman spectroscopy, UV-Vis spectrophotometry, and four-point probe
measurements. Atomic force microscopy revealed only moderate surface rearrangement and
slight variations in roughness, while the characteristic vertically oriented nanowall morphology
was preserved even at the highest irradiation density. Raman analysis confirmed the retention of
the graphene-like sp? carbon structure, with minimal changes in the Ip/Is ratio, indicating limited
defect formation. Optical measurements showed moderate variations in transmittance
correlated with surface restructuring, without spectral degradation. Electrical characterization
demonstrated a stable or slightly reduced sheet resistance after irradiation, suggesting improved
interwall electrical contact and structural stabilization. Overall, the results demonstrate the high
resistance of carbon nanowalls to short-pulsed ion irradiation and confirm their suitability as
functional materials for radiation-resistant electronic, optoelectronic, and sensor devices.

Keywords: carbon nanowalls, ion irradiation, radiation resistance, short-pulsed ion beam,
surface morphology, Raman spectroscopy, electrical properties.
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E. Epnanynbi?
KonaaHbanbl FbiAbIMAAP MaHE aknapaTTbik TEXHOAOTMANAP UHCTUTYTbI, AMaThl, KasakcTaH
2KasaKCcTaH-BpuTaH TEXHUKabIK YHUBEPCUTETI, AiMaTbl, KasakcTaH
*e-mail: yerlanuly@physics.kz

KemipTeKTi HaHOKabbipFanapablH TYPaKTbIFbIHA KbICKA MMMNYAbCTbl NOHAbI
cayneneHaipyaiH acepiH 3epTrey

KemipTekTi HaHoKabbipranap (CNWSs) biperen ywenwemai rpadeHre yKkcac apxmTekTypacsl
MEH Xofapbl GUINKA-XUMUANBIK KacMeTTepPiHiH, apKacbiHAA paanaumasa TesiMai SNeKTPOHAbIK,
KOHE  OMTO3/MIEKTPOHAbBIK  KypblIFblAap4a  KOAZaHyfa  MEepCneKTMBasbl KOMIPTEKTI
HaHOMaTepuanaap KnacbliHa KaTadbl. Bya KyMbICTa KbICKAa MMMYAbCTI *KOFapbl TOKTbl MOHAbIK,
cayneneHyaiH KemipTeKTi HaHOKabbIpFanapablH TYPAKTbINbIFbIHA SCEPi Kyneni Typae 3epTTend,.
CNWs KBapUTbl TeceHiwTepae UHAYKTUBTI BalnaHbICKaH Naasma KoA4aHbINaTbiH XMMUANBIK Oy
daszacbliHaa TYHAIPY 94iciMeH cuHTesaenin, kenin INURA yaetkiwinge 4, 7 xaHe 10 A/cm? Tok
TbIfbI3AbIKTAPbIHAA WOHABIK Cay/aeneHyre yublpatbingpl. CaynenenydiH Mopdonoruanbik,
KYPbINbIMAbIK, ONTUKAbIK KoHE 3NEKTPAIK KacueTTepre acepi aTOMAbIK-KYLWTIK MUKPOCKOMNMUS,
paMaHAbIK CMEeKTPOCKOMNWA, YAbTPAKYArH-KepPiHETIH alMakK CNeKTPOPOTOMETPUACHI KaHe
TOPT30HATHI BAIC apKblbl OETTIK KepepriHi enwey KemerimeH 3epttengi. ACM Tangaybl
coyneneHyaeH KeliH 6eT beaepiHiH Tek LWamanbl KalTa KypblaybiH KaHe Keaip-byablpbiK,
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napameTp/iepiHiH, a3 faHa ©3repyiH KepCeTiM, €H, »Ofapbl Cay/efieHy Tbifbl34blFbIHAR Aa
HaHOKabblpFanap/blH TiK OafbiTTanfaH MoOpPdONOTMACLIHbIH, CaKTaNfaHbIH Aanenaeni. PamaHabik
CMNEKTPNEp KOMIPTEKTIH, rpadeHre yYKcac Spi-KypblibiMbiHbIH, CaKTanfaHbiH aHe Ip/ls
KaTblHACbIHbIH, MapAbIMCbI3 ©3repiciH KepceTTi, 6y aedbekTinepaiH wekTeyni Ty3inyiH bingipeai.
OnTuKanblk, enweynep 6eT KypblbIMbIHbIH, KakTa yibiMAacybiMeH OaiNaHbICTbl MOALIPAIKTIH,
OopTalla e3repicTepiH KepceTTi, anaga ChnekTpaadplK cunatTamanapabiH  Aerpafaumace
H6alikanmazbl. INEKTPAIK e/leynep cayneneHyaeH KeniH BeTTiK KeaepriHiH TypaKTbl Hemece
a3fan TeMeHaereHiH KepceTTi, byn HaHOKabbIpFanap apacbiHAAFbl 3NEKTPAIK BanaHbICTapapiH,
¥KaKcapybIMeH TYCIHAIPINYI MYMKIH. ANbiHFaH HRTUXKENEP KOMIPTEKTI HAHOKAbbIpFanapAbiH KbICKa
UMNYbCTI MOHABIK COyNeneHyre »ofapbl TO3IMAINIrIH KepceTin, onapabl pagnaumara Tesimaj
SNEKTPOHAbIK, OMTO3NEKTPOHADbIK YKIHE CEHCOP/bIK KypblAFblAap  YWiH OYHKUMOHANAbIK,
mMaTepuangap peTiHAe KoNAaHYAbIH KOFapbl a1eyeTiH pacTanapl.

TyliH ce3pep: KemipTeKTi HaHOKabbIpFanap, MOHAbIK CayNeNeHy, PaaMauUMAbIK TO3IMAIINIK,
KbICKa MMMYAbCTi MOHABIK CayneneHy, 6eT MoppoNornackl, paManablK CNEKTPOCKONMA, SNEKTPAIK
KacueTTep.
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YMHCTUTYT NPUKNAAHBIX HaYK M MHPOPMALMOHHBIX TEXHONOMMM, AnMaTbl, KasaxcTaH
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*e-mail: yerlanuly@physics.kz

WUccnepoBaHve BAVAHWMA KOPOTKOMMMNY/IbCHOMO MOHHOTO 061y4eHNA Ha CTabubHOCTb
YrNepoAHbIX HAaHOCTEH

YrnepoaHble HaHocTeHbl (CNWSs) npeacTasnatoT cobol nepcnekTUBHbLIN KNacc yrnepoaHblx
HaHOMaTepWanoB ANA NMPUMEHEHMA B PaAMALLMOHHO-CTOMKMUX SNIEKTPOHHbBIX M ONTO3NEKTPOHHbIX
yCTpOMcTBax Onaroaaps CBOEN YHWKanbHOW TPEXMepPHOMN rpadeHonofobHON apxuTeKkType U
BblAatoWMMea GU3NKO-XMMUYECKMM CBOMCTBaM. B AaHHOM paboTe npoBeaeHO cucTemaTnyeckoe
nccnefoBaHWe  BAMAHMA  KOPOTKOMMMY/AbCHOMO CWMABHOTOYHOTO WMOHHOTO 0BAy4YeHWMA Ha
cTabunbHOCTb yraepodHbix HaHocTeH. CNWSs Bbian CMHTE3MPOBaHbI Ha KBApLEBbIX MOANOMKKAX
METOZI0M XMMMYECKOrO OCaXKAeHuA M3 naposBok asbl C WMCNO/b30BaHUEM WHAYKTUBHO
CBA3AHHOM MAa3mbl, NOC/AE Yero NoABEPrHyTbl MOHHOMY 06yYeHMto Ha yckopuTene INURA npwu
NAOTHOCTAX ToKa 4, 7 n 10 A/cm?. PaamaupyoHHO-UHAYLMPOBaHHbIE M3MEeHeHUA MOopPdOoaorum,
CTPYKTYPbl, ONTUYECKUX U 3IEKTPUYECKUX CBOWMCTB OblIN MCCNeN0BaHbl METOAaMM aTOMHO-
CMNOBOM MMKPOCKOMMK, PaMaHOBCKOW CneKkTpockonuu, YP-BMAMMOM CNeKTpodOTOMETPUN U
M3MEPEHNN MOBEPXHOCTHOTO COMPOTUB/EHUSA MO YeTbIPEX30HA0BON cxeme. AHanmz ACM
NoKasan /ulllb YMEPEHHYID NEPEecTPOMKy MOBEPXHOCTU W He3HaYuTeNbHble W3MEHEHUS
NapameTpoB LWepoXoBaTOCTM MPWU COXPAHEHUM XapPaKTEPHOM BEPTUKAZbHO OPUEHTUPOBAHHOWM
MOpPdONOrMM HAHOCTEH AaXKe NPU MAaKCUMaNbHOM NAOTHOCTM 061y4eHUA. PamMaHOBCKMe CNeKTpbl
NOATBEPAMNM COXpaHeHMe rpadeHonoaobHOM Sp2-CTPYKTYpbl yriepoaa C MUHUMa/bHbIMMI
M3MEHEHMAMM OTHOWeEHUA Ipfls, 4YTO cBMAETenbCcTBYeT 06 orpaHMYeHHOM 06pa3oBaHMK
nedektoB. ONTUYECKME W3MEPEHUA BbIABMAM  YMEPEHHble M3MEHEHMA MPO3PaYHOCTY,
KOoppenumpytoLime c NepecTponKkom NoBepxHOCTK, 6e3 aerpagalmm CNeKkTpabHbIX XapaKTePUCTUK.
DNneKTpuYeckne  M3IMEepeHWs  MNokasanum  CTabUAbHOCTb  WMAM  YMEpPEeHHOe  CHUXeHue
MOBEPXHOCTHOIO COMPOTUBAEHUA Mocae 0b6ayYeHUA, YTO MOXKET ObiTb CBA3AHO C YydlleHWEeM
MEMCTEHOUYHbIX SNEKTPUYECKMX KOHTAKTOB. oay4yeHHble pe3ynbTaTbl 4EMOHCTPUPYIOT BbICOKYHO
YCTOMYMBOCTb YINEPOAHbIX HAHOCTEH K KOPOTKOMMMY/IbCHOMY WMOHHOMY 06ay4YeHuto U
NOATBEPXKAAOT MX MEpPCneKkTMBHOCTb B KayecTBe OYHKUMOHANbHbIX MaTepuanos  A/d
PaAMaUMNOHHO-CTOMKIMX 3NEKTPOHHbIX, ONTO3/EKTPOHHbIX M CEHCOPHbIX YCTPOMCTB.

Kntouesble cnoBa: yrnepoaHble HAHOCTEHbI, MOHHOe 0bJlyYeHne, paanaLmMoHHan CTOMKOCTb,
KOPOTKOMMMYbCHbIMA MOHHBIN NMy4YOK, MOPHONOrMsA NOBEPXHOCTU, PAMAHOBCKAA CMEKTPOCKONMS,
3NEeKTpMYEeCKMe CBOMCTBA.
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Introduction

Prolonged exposure to ionizing radiation leads to
the accumulation of radiation-induced damage in
functional semiconductor materials used in electronic
devices and ultimately results in their degradation and
failure, significantly limiting device lifetime [1,2].
Radiation interaction with matter can cause the
rupture of chemical bonds, alter morphological and
structural characteristics, and initiate processes such
as swelling, polymerization, corrosion, crack
formation, and degradation of mechanical, optical,
and electronic properties [2—4]. Achieving high
material stability under intense ionizing radiation is
therefore a critical challenge for a wide range of
applications, from nuclear energy systems to
electronic components for the rapidly expanding
space industry. Spacecraft and satellites operating in
near-Earth orbits are continuously exposed to both
electron and proton irradiation [4,5]. As scientific and
commercial space missions become increasingly
complex and long-term, the requirements for
radiation tolerance of functional electronic materials
continue to grow. Reliable operation under extreme
conditions involving multiple types of ionizing
radiation is a key prerequisite for the successful
realization of such missions.

In response to these challenges, extensive
research efforts have been directed toward the
development of radiation-resistant materials, as well
as toward gaining a deeper understanding of
radiation-induced processes and strategies for their
mitigation [6,7]. In this context, various allotropes of
carbon have attracted considerable attention due to
their unique physicochemical properties and wide
range of technological applications [8,9]. Carbon-
based nanomaterials are increasingly regarded as
promising candidates for radiation-hard electronics
and optoelectronics [10—12].

Among carbon nanomaterials, carbon nanowalls
(CNWs) have emerged as a particularly intriguing
class of structures. CNWs are three-dimensional
networks of vertically oriented, self-assembled
multilayer graphene sheets forming a labyrinth-like
architecture [13—16]. They are also referred to as
carbon nanosheets, graphene walls, vertical graphene,
graphene nanoflakes, or graphene nanopetals. The
thickness of individual walls typically ranges from
several to several tens of nanometers, corresponding
to more than ten graphene layers, while their height—
controlled by the growth duration—can reach several
micrometers. Owing to their distinctive morphology,
CNWs exhibit a high aspect ratio and a large specific
surface area of up to ~1000 m%/g [16,17].

The architecture of CNWs is characterized by a
high density of exposed edges, bends, and branching
features, forming an interconnected three-
dimensional network. Each wall consists of
nanographitic domains with a high degree of
graphitization, separated by domain boundaries
associated with enhanced defect density and
crystallographic distortions [13]. This structural
organization underlies the outstanding
electrochemical, catalytic, and sensing properties of
CNWs, making them one of the key research
directions in the field of functional carbon
nanomaterials. Due to their unique combination of
electrical, thermal, and mechanical properties, CNWs
have been explored for applications in
supercapacitors, sensors, field emitters, and fuel and
solar cells [7,18,19]. Their high defect density and
developed surface morphology further render CNWs
a versatile platform for functionalization and targeted
property modulation [8,18,20].

Recent studies have demonstrated that electron
and proton irradiation can induce pronounced
changes in the morphological and functional
properties of carbon nanowalls [21,22]. In particular,
irradiation with 5 MeV electrons and 1.8 MeV
protons has been shown to reduce wall density,
modify the electronic structure, increase surface

resistance, and enhance optical transmittance,
highlighting the complex interplay between
morphology and functional performance after

irradiation [21]. At the same time, heterostructures
incorporating CNWs have exhibited remarkable
radiation tolerance and, in some cases, even partial
improvement of device performance following
proton exposure. For instance, photodiodes based on
self-adaptive =~ CNWs/CdZnTe  heterostructures
retained stable photoelectric characteristics after
irradiation with 1.5 MeV protons at fluences on the
order of 10" p cm™, underscoring the potential of
CNWs for operation in radiation-harsh environments
[22].

Despite this progress, the effects of short-pulsed
ion irradiation on the stability of carbon nanowalls
remain insufficiently explored. In particular, a
systematic understanding of how transient ion beam
exposure influences the morphological, structural,
and functional characteristics of CNWs is still
lacking. Therefore, the present work aims to
investigate the impact of short-pulsed ion irradiation
on the stability of carbon nanowalls and to assess their
suitability for radiation-resistant electronic and
optoelectronic applications.
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Methodology

Synthesis of Carbon Nanowalls

CNWs were synthesized on quartz substrates
using inductively coupled plasma—enhanced
chemical wvapor deposition (ICP-PECVD) in a
PECVD Split Tube Furnace system (OTF-1200X-
PEC4LV, MTI)[13]. The experimental setup consists
of a horizontal CVD furnace equipped with a quartz
tube with an inner diameter of 76 mm and an
inductive coil connected to a radio-frequency power
generator operating at 13.56 MHz with an automatic
impedance-matching network. The gas delivery
system is connected to one end of the quartz tube,
while the opposite end is coupled to a rotary vacuum
pump.

The synthesis process was carried out as follows.
Quartz substrates with dimensions of 2 x 2 cm? were
placed inside the quartz tube, after which the reaction
chamber was sealed and evacuated to a base pressure
of approximately 10 Torr. The substrates were then
heated to 800 °C. At this stage, argon gas was
introduced into the chamber at a flow rate of 5 sccm,
and inductively coupled plasma was ignited at a
power of 140 W. The substrates were exposed to
these conditions for 10 min in order to remove
residual surface contaminants and to generate
localized high-temperature regions (“hot spots”) on
the substrate surface.

Following the plasma pretreatment, CNW
growth was initiated by introducing a gas mixture of
argon (Ar) and methane (CH4) with concentrations of
89.1% Ar and 9.9% CHa, along with hydrogen (H>).
The flow rates were set to 20 sccm for the Ar/CH4
mixture and 5 sccm for H,. Hydrogen facilitates the
dissociation of methane and serves as a source of
reactive species that promote nucleation. Carbon
atoms and hydrocarbon radicals generated during
CHas decomposition adsorb preferentially at the
surface hot spots, leading to the formation of graphitic
nano-islands that act as nucleation centers for the
vertical growth of multilayer graphene sheets. The
CNW films were grown for 40 min under these
conditions.

Irradiation of Samples Using the High-Current
Pulsed lon Accelerator INURA

Experiments on ionization irradiation were
carried out at the INURA high-current pulsed ion

Results and discussion
Figure 1 shows the AFM results of CNWs

samples before and after ion irradiation with an ion
beam of different current densities (4, 7 and 10
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accelerator located at Nazarbayev University [23].
The INURA accelerator operates on the basis of a
high-voltage pulse generator that delivers pulses with
a duration of ~100 ns to an accelerator diode with a
voltage slew rate of more than 10'* V/s. For
irradiation, CNWs samples were installed inside a
vacuum chamber on a rotating holder located at a
distance of 35 cm from the diode. The vacuum system
was pumped out to a pressure of about 5-10° mTorr,
which ensured the minimization of impurity effects
and the stability of the experimental conditions.

All irradiation procedures were performed in a
single vacuum cycle to prevent possible changes in
the properties of the samples between exposures. The
ion beam was directed to the surface of the carbon
nanowalls from the side of active layer and passed
through the substrate. Beam parameters were
controlled using a collimated Faraday cylinder
equipped with a magnetic cut-off, which made it
possible to accurately measure the current density and
energy of the particles. The stability of the accelerator
was checked by providing at least ten test pulses
before the main series of irradiation. Samples of
CNWs were exposed to an ion beam with different
current densities — 4, 7, and 10 A/cm? — to assess
dose-dependent effects.

Materials Characterization

The synthesized samples were characterized
using a range of analytical techniques. Surface
topography and roughness were examined by atomic
force microscopy (AFM, Solver Spectrum NT-MDT)
operated in semicontact mode using silicon
cantilevers (NSGO1) with a tip radius of
approximately 10 nm and a resonance frequency of
~170 kHz. Raman spectroscopy (Solver Spectrum
NT-MDT) with a 473 nm excitation laser was
employed to investigate the structural and vibrational
properties of the samples. Ultraviolet—visible (UV—
Vis) transmittance spectra were recorded in the
wavelength range of 200—-1200 nm using an Agilent
Cary 5000 spectrophotometer. All spectra were
acquired in a double-beam configuration with a
spectral bandwidth (SBW) of 2.0 nm. The sheet
resistance of the samples was measured using a four-
point probe system (RM3000, Jandel).

A/cm?). The images (Figures 1a—h) show changes in
surface morphology as a function of radiation dose.
The initial sample (Figures la, b) is characterized by
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a uniform and dense structure of vertically oriented
carbon nanowalls with a well-defined relief and
element height of about 150-180 nm.

After exposure to an ion beam with a current
density of 4 A/cm? (Figures 1c, d), a slight smoothing
of the surface and partial enlargement of the nanowall
formations are observed, which is associated with the
initial  stages of radiation-induced surface
rearrangement. With an increase in the current
density to 7 A/cm? (Figures le, f), the structure
remains mostly homogeneous, but a slight decrease in
the height of the nanowalls and the density of their
distribution is recorded, which may be due to the local
destruction of thin areas under the influence of the ion
flux. At a maximum current density of 10 A/cm?
(Figures 1gh), the morphology retains the

0 nm

0 05 10 15 20

P — A ~N L v
0 05 19015 20 25 30 35 40 45um

characteristic nanowall structure, although there are
some flattening of the relief and a decrease in the
amplitude of roughness, which indicates partial
relaxation of the surface and possible compaction of
the top layer.

In general, AFM analysis shows that the
structure of CNWs demonstrates high resistance to
ionization radiation: even at a maximum current
density of 10 A/cm?, the typical morphology of
nanowall formations is preserved without significant
destruction or degradation. This indicates the high
radiation resistance of carbon nanowalls and their
potential for use in conditions of exposure to ionizing
radiation.

reference

Figure 1 — AFM images of the surface of the CNWs before and after irradiation with an ion beam with
different current densities: (a,b) initial sample, (c,d) 4 A/cm?, (e,f) 7 A/em?, (g,h) 10 A/cm?.
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Figure 2 presents the results of the analysis of the
distribution of surface heights of CNWs obtained on
the basis of AFM data before and after ion irradiation
of different current densities. The graph (Figure 2a)
shows elevation profiles showing the change in
surface morphology with increasing radiation dose.
The original sample is characterized by a pronounced
relief with an amplitude of oscillations up to 150 nm,
which corresponds to a dense vertically oriented
nanowall structure. When irradiated with a beam with
a density of 4 A/cm?, a partial smoothing of the
surface and a decrease in the amplitude of altitude
fluctuations are observed, which indicates the initial
stage of radiation-induced modification. With a
further increase in the current density to 7 and 10
A/cm?, the shape of the profile becomes more orderly,

reference
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while maintaining the characteristic nanowall relief,
which confirms the structural stability of the material.
The graph (Figure 2b) shows the average values of
roughness parameters — arithmetic mean (R,) and
quadratic (RMS). It can be seen that with an increase
in irradiation density, a slight increase in these
parameters is observed, which can be associated with
the formation of local microirregularities and changes
in surface stress under the influence of ion flux.

In general, the results of the analysis confirm that
ion irradiation does not cause significant damage to
the surface of the CNWs, but only leads to minor
changes in topography. The preservation of
roughness parameters in a narrow range of values
indicates a high radiation stability of the morphology
of carbon nanowalls.
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Figure 2 — Height profile and surface roughness parameters of CNWs before and after irradiation with an ion
beam of different current densities: (a) altitude profiles obtained from AFM data; (b) arithmetic mean (Ra)
and quadratic (RMS) surface roughness.

Figure 3 shows the results of Raman analysis of
CNWs samples before and after ion irradiation with
different current densities. The spectra (Figure 3a)
show characteristic peaks of carbon nanostructures —
D (~1350 cm™), G (~1580 cm™), D’ (~1620 cm™) and
2D (~2700 cm™), which confirms the preservation of
the graphene-like sp? structure after exposure to
ionizing radiation [24]. Regardless of the density of
the irradiation current, the main peaks retain their
position and shape, which indicates that there is no
destruction of the crystal lattice and no degradation of
the structure. The observed slight change in the
relative intensity of the D and G peaks with an
increase in the irradiation density may be due to the
partial formation of radiation-induced defects that
occur near the surface of the nanowall. However, the
In/lg ratio remains virtually unchanged, indicating
minimal structural damage. An increase in the
intensity of the 2D peak at 7 and 10 A/cm? (Figure
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3b) may indicate local ordering or recrystallization of
surface regions under the influence of energetic
particles. Thus, the results of Raman spectroscopy
show that even at high ion irradiation densities, the
structure of CNWs retains a graphene-like nature and
does not undergo significant degradation. This
confirms the high radiation resistance of the material,
which makes it promising for use in radiation-
resistant optoelectronic and sensor devices.

Figure 4 shows the optical transmission spectra
of CNWs films before and after ion irradiation with
different current densities (4, 7 and 10 A/cm?) in the
wavelength range from 200 to 1200 nm. For the
original (reference) sample, there is a smooth increase
in transmittance from the ultraviolet region (about
250 nm) to the near-infrared, reaching a maximum
value of about 55%. After exposure to the ion beam,
a decrease in optical transparency is observed in all
cases, indicating a change in surface morphology and
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a partial increase in the concentration of defects and
scattering centers in the material. The results obtained
are in good agreement with the AFM data (Figures 1
and 2), according to which, with an increase in
irradiation density, there is a smoothing of the surface
relief and a decrease in the amplitude of roughness,
accompanied by a partial restructuring of the
nanowall structure. The greatest reduction in
transmittance is recorded at a current density of 4
A/ecm?, which correlates with the results of AFM
analysis, which show local integrity violation and
enlargement of nanowall formations at an early stage
of radiation exposure. With a further increase in the
current density to 7 and 10 A/cm?, the transmittance
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values increase slightly, which is consistent with the
relaxation and surface ordering observed according to
the AFM data due to thermally induced effects. Thus,
the comparison of optical and morphological data
allows us to conclude that ion irradiation has a
moderate effect on the structure of CNWs without
causing its degradation. The preservation of the shape
of the spectrum and the smooth nature of the
dependence of transmission on the wavelength, along
with insignificant changes in roughness, confirms the
high radiation resistance of carbon nanowalls and the
stability of their optical properties in a wide range of
irradiation conditions.
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Figure 3 — Raman spectra of CNWs before and after ion irradiation: (a) comparative spectra at different
current densities (4, 7 and 10 A/cm?); (b) normalized spectra with enlarged regions of D and 2D peaks,
demonstrating stability of structural properties.
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Figure 4 — Optical transmission spectra of CNWs
films before and after ion irradiation at different
current densities (4, 7 and 10 A/cm?) in the
wavelength range of 200—-1200 nm.

Figure 5 shows the dependence of the sheet
resistance of CNWs films on the ion irradiation
density (4, 7 and 10 A/cm?). For the initial sample, the
value of sheet resistance is about 480 Q/o. After

irradiation, a distinct decrease in resistance is
observed, especially at a current density of 4 A/cm?,
where it decreases to ~400 /o, which may be due to
a partial modification of the surface layers and an
improvement in the electrical contact between the
nanowalls due to the local thermal effect of the beam.
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Figure 5 - Dependence of the sheet resistance
of CNWs films on the density of ion irradiation (4, 7
and 10 A/cm?).
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With a further increase in current density to 7 and 10
A/cm?, the resistance values stabilize and change
slightly, which indicates the achievement of a state of
structural equilibrium in which the processes of
defect formation and relaxation cancel each other out.
The results obtained are in good agreement with
morphological analysis (Figures 1 and 2), where it
was shown that the structure of the CNWs retains its
integrity after irradiation and undergoes only minor
changes in the surface topography.

Thus, the measurement results demonstrate that
ion irradiation does not cause degradation of the
electrically conductive properties of CNWs, but on
the contrary, can lead to a moderate decrease in
resistance due to structural stabilization and possible
improvement of interwall connections. This confirms

Conclusion

In this work, the effects of high-current pulsed
ion irradiation on the morphological, structural,
optical, and electrical properties of carbon nanowalls
were systematically investigated. Atomic force
microscopy revealed that ion irradiation with current
densities of 4, 7, and 10 A/cm? induces only moderate
modifications of surface topography. While slight
smoothing of the relief, partial rearrangement of
nanowall formations, and minor variations in
roughness  parameters were observed, the
characteristic =~ vertically  oriented  nanowall
architecture was preserved even at the highest
irradiation density. These results indicate a high
morphological stability of CNWs under intense
ionizing radiation.

Raman spectroscopy confirmed the preservation
of the graphene-like sp> carbon structure after
irradiation. The positions and shapes of the D, G, D/,
and 2D bands remained essentially unchanged for all
irradiation conditions, while only minor variations in
peak intensities were detected. The nearly constant
In/lg ratio suggests that radiation-induced defect
formation is limited and does not lead to significant
lattice damage. The observed enhancement of the 2D
peak intensity at higher current densities may be
associated with local ordering or partial
recrystallization processes induced by energetic ions.

Optical transmission measurements
demonstrated that ion irradiation causes moderate
changes in optical transparency, which correlate well
with the AFM results. A decrease in transmittance at
lower irradiation density (4 A/cm?) is attributed to
initial surface restructuring and increased scattering,
whereas partial recovery of transparency at higher
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the high radiation resistance and stability of the
electrical characteristics of carbon nanowalls, which
makes them promising for use in radiation-resistant
electronic and sensor devices.

Thus, the comprehensive analysis showed that
ion irradiation does not lead to a significant
degradation of the morphological, optical and
electrical properties of carbon nanowalls. Slight
changes in roughness and optical transmission are
accompanied by stabilization of the structure and a
decrease in sheet resistance at moderate doses of
radiation. The results obtained indicate the high
radiation resistance of CNWs and their potential for
use as part of functional layers of radiation-resistant
electronic and optoelectronic devices.

current densities is consistent with surface relaxation
and structural stabilization. Importantly, the overall
spectral shape remains unchanged, indicating the
absence of severe optical degradation.

Electrical measurements showed that ion
irradiation does not deteriorate the conductive
properties of CNWs. On the contrary, a moderate
decrease in sheet resistance was observed after
irradiation, particularly at lower current density,
which is likely related to improved interwall electrical
contact and beam-induced thermal effects. At higher
current densities, the resistance stabilizes, indicating
a balance between defect generation and relaxation
processes.

Overall, the comprehensive analysis
demonstrates that carbon nanowalls exhibit a high
degree of resistance to short-pulsed ion irradiation.
The preservation of their morphology, graphene-like
structure, optical response, and electrical conductivity
confirms the robustness of CNWs under extreme
irradiation conditions. These findings highlight the
strong potential of carbon nanowalls as functional
materials  for  radiation-resistant  electronic,
optoelectronic, and sensor applications.

Acknowledgements

The author gratefully acknowledges Professor
Marat Kaikanov for performing the irradiation of the
samples and Ms. Renata Nemkayeva for carrying out
the AFM and Raman spectroscopy measurements of
the carbon nanowalls. This research was supported by
the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan
(Grant No. BR28712419).



Ye. Yerlanuly

References

1. Y. Zhang, W.J. Weber, lon irradiation and modification: The role of coupled electronic and nuclear energy
dissipation and subsequent nonequilibrium processes in materials, Applied Physics Reviews 7, 041307 (2020).
https://doi.org/10.1063/5.0027462.

2. P.S. Kanhaiya, A. Yu, R. Netzer, W. Kemp, D. Doyle, M.M. Shulaker, Carbon Nanotubes for Radiation-
Tolerant Electronics, ACS Nano 15, 17310-17318 (2021). https://doi.org/10.1021/acsnano.1c04194.

3. AR Kirmani, B.K. Durant, J. Grandidier, N.M. Haegel, M.D. Kelzenberg, Y.M. Lao, M.D. McGehee, L.
McMillon-Brown, D.P. Ostrowski, T.J. Peshek, B. Rout, I.R. Sellers, M. Steger, D. Walker, D.M. Wilt, K.T. VanSant,
J.M. Luther, Countdown to perovskite space launch: Guidelines to performing relevant radiation-hardness experiments,
Joule 6, 1015-1031 (2022). https://doi.org/10.1016/j.joule.2022.03.004.

4. P. Lubin, A.N. Cohen, J. Erlikhman, Radiation Effects from the Interstellar Medium and Cosmic Ray Particle
Impacts on Relativistic Spacecraft, The Astrophysical Journal 932, 134 (2022). https://doi.org/10.3847/1538-
4357/ac6a50.

5. C.R. Brown, V.R. Whiteside, D. Poplavskyy, K. Hossain, M.S. Dhoubhadel, I.R. Sellers, Flexible
Cu(In,Ga)Se$_{2}$ Solar Cells for Outer Planetary Missions: Investigation Under Low-Intensity Low-Temperature
Conditions, IEEE Journal of Photovoltaics 9, 552558 (2019). https://doi.org/10.1109/JPHOTOV.2018.2889179.

6. V.V.Brus, M.M. Solovan, N. Schopp, M. Kaikanov, A.I. Mostovyi, Visible to Near-Infrared Photodiodes with
Advanced  Radiation = Resistance,  Advanced  Theory  and  Simulations 5, 2100436 (2022).
https://doi.org/10.1002/adts.202100436.

7. N.M. Yitzhak, O. Girshevitz, A. Haran, A. Butenko, M. Kaveh, I. Shlimak, Evidence of structural changes in
ion-irradiated graphene independent of the incident ions mass, Applied Surface Science 597, 153701 (2022).
https://doi.org/10.1016/j.apsusc.2022.153701.

8. Z.Peng, X.Liu, W. Zhang, Z. Zeng, Z. Liu, C. Zhang, Y. Liu, B. Shao, Q. Liang, W. Tang, X. Yuan, Advances
in the application, toxicity and degradation of carbon nanomaterials in environment: A review, Environment International
134, 105298 (2020). https://doi.org/10.1016/j.envint.2019.105298.

9. Y.He,C.Hu,Z. Li,C. Wu, Y. Zeng, C. Peng, Multifunctional carbon nanomaterials for diagnostic applications
in infectious diseases and tumors, Materials Today Bio 14, 100231 (2022). https://doi.org/10.1016/j.mtbio.2022.100231.

10. J. Narayan, P. Joshi, J. Smith, W. Gao, W.J. Weber, R.J. Narayan, Q-carbon as a new radiation-resistant
material, Carbon 186, 253-261 (2022). https://doi.org/10.1016/j.carbon.2021.10.006.

11. W. Wang, S. Wang, S. Zhang, W. Wang, X. Ji, C. Li, Effects of substrates on proton irradiation damage of
graphene, RSC Advances 10, 12060-12067 (2020). https://doi.org/10.1039/CI9RA08905E.

12.  A.Jagodar, J. Berndt, E. von Wahl, T. Strunskus, T. Lecas, E. Kovacevic, P. Brault, Nitrogen incorporation in
graphene nanowalls via plasma processes: Experiments and simulations, Applied Surface Science 591, 153165 (2022).
https://doi.org/10.1016/j.apsusc.2022.153165.

13. Y. Yerlanuly, R. Zhumadilov, R. Nemkayeva, B. Uzakbaiuly, A.R. Beisenbayev, Z. Bakenov, T. Ramazanov,
M. Gabdullin, A. Ng, V. V. Brus, A.N. Jumabekov, Physical properties of carbon nanowalls synthesized by the ICP-
PECVD method vs. the growth time, Scientific Reports 11, 19287 (2021). https://doi.org/10.1038/s41598-021-97997-8.

14. Y. Yerlanuly, D. Christy, N. Van Nong, H. Kondo, B. Alpysbayeva, R. Nemkayeva, M. Kadyr, T. Ramazanov,
M. Gabdullin, D. Batryshev, M. Hori, Synthesis of carbon nanowalls on the surface of nanoporous alumina membranes
by RI-PECVD method, Applied Surface Science 523, 146533 (2020). https://doi.org/10.1016/j.apsusc.2020.146533.

15. R.Ye. Zhumadiov, R.R. Nemkayeva R.R., Ye. Yerlanuly, M.T. Gabdullin, IN SITU Raman analysis of
electrochemical phenomena in carbon nanowalls, Recent Contributions to Physics 88, 57-63 (2024).
https://doi.org/10.26577/RCPh.2024v88i1a08.

16. B.Y. Zhumadilov, R.Y. Zhumadilov, R.R. Nemkayeva, A.A. Markhabayeva, M.T. Gabdullin, Y. Yerlanuly,
Role of synthesis time in shaping the morphology and structure of carbon nanowalls, Recent Contributions to Physics 94,
80-86 (2025). https://doi.org/10.26577/RCPh20259438.

17. D.J. Cott, M. Verheijen, O. Richard, I. Radu, S. De Gendst, S. van Elshocht, P.M. Vereecken, Synthesis of large
area  carbon  nanosheets for  energy storage applications, Carbon 58, 59-65 (2013).
https://doi.org/10.1016/j.carbon.2013.02.030.

18. C.-T. Pan, J.A. Hinks, Q.M. Ramasse, G. Greaves, U. Bangert, S.E. Donnelly, S.J. Haigh, In-situ observation
and atomic resolution imaging of the ion irradiation induced amorphisation of graphene, Scientific Reports 4, 6334 (2014).
https://doi.org/10.1038/srep06334.

19. A. Hudson, S. Hubbard, B.-C. Juang, B. Liang, M. Debnath, W. Lotshaw, Electron radiation effects on carrier
relaxation in molecular beam and vapor deposition grown GaAs test structures, Journal of Applied Physics 131, (2022).
https://doi.org/10.1063/5.0076752.

20. Z. Wang, D. Shen, C. Wu, S. Gu, State-of-the-art on the production and application of carbon nanomaterials
from biomass, Green Chemistry 20, 5031-5057 (2018). https://doi.org/10.1039/C8GC01748D.

21. Y. Yerlanuly, R.Y. Zhumadilov, I.V. Danko, D.M. Janseitov, R.R. Nemkayeva, A. V. Kireyev, A.B. Arystan,
G. Akhtanova, J. Vollbrecht, N. Schopp, A. Nurmukhanbetova, T.S. Ramazanov, A.N. Jumabekov, P.A. Oreshkin, T.K.
Zholdybayev, M.T. Gabdullin, V.V. Brus, Effect of Electron and Proton Irradiation on Structural and Electronic

75



Investigation of the effect of short-pulsed ion irradiation on the stability of carbon nanowalls

Properties of Carbon Nanowalls, ACS Omega 7, 48467-48475 (2022). https://doi.org/10.1021/acsomega.2c06735.

22. Y. Yerlanuly, H.P. Parkhomenko, R.Y. Zhumadilov, R.R. Nemkayeva, G. Akhtanova, M.M. Solovan, A.IL.
Mostovyi, S.A. Orazbayev, A.U. Utegenov, T.S. Ramazanov, M.T. Gabdullin, A.N. Jumabekov, V. V. Brus, Achieving
stable photodiode characteristics under ionizing radiation with a self-adaptive nanostructured heterojunction
CNWs/CdZnTe, Carbon 215, 118488 (2023). https://doi.org/10.1016/j.carbon.2023.118488.

23. M. Kaikanov, D. Nauruzbayev, A. Abduvalov, K. Baigarin, Investigation of intense pulsed ion beam
generation by a magnetically insulated ion diode at a reduced impedance, Vacuum 217, 112496 (2023).
https://doi.org/10.1016/j.vacuum.2023.112496.

24. K. Ishikawa, Effects of Plasma Ions/Radicals on Kinetic Interactions in Nanowall Deposition: A Review,
Advanced Engineering Materials 26, (2024). https://doi.org/10.1002/adem.202400679.

Information about author:

Yerassyl Yerlanuly — PhD, Senior Researcher, Institute of Applied Sciences and Information Technologies Kazakh-
British Technical University (Almaty, Kazakhstan, email: yerlanuly@physics.kz).

Aemop mypanvl akanapam:

Epacvin  Epnanynet — PhD, aza zeiieivu  Kbizmemkep, Konoaunbanvl 2elneimoap oHcoHe aAKNApaAmmouik
mexnonozuaniap —uxncmumymel, Kasax-bpuman mexuuxanviy yunusepcumemi (Aamamvl, Kazaxcman, email:
yerlanuly(@physics.kz).

Hugpopmayusa 06 asmope:

Epacvin Epranynet — PhD, cmapwiuii nayunvlii compyonux Hucmumyma npukiaousix HayK U UHGOPMAYUOHHBIX
mexnonocuti  Kazaxcko-opumanckoeo  mexHuueckoeo — yHusepcumema — (Aimamwi,  Kazaxcman, email:
verlanuly@physics.kz).

Article history: received: 9 January 2026, accepted: 26 February 2026.
Maxana mapuxor: mycmi: 9 xaumap 2025, xabwvinoanovl: 26 axnan 2026.
Hcemopus cmamou: nocmynuna: 9 aueaps 2025, npunsma: 26 ¢gpeepans 2026.

76


mailto:yerlanuly@physics.kz
mailto:yerlanuly@physics.kz
mailto:yerlanuly@physics.kz

Korapsbl MekTenTe (PU3MKA MIHIH OKBITY dicTeMeci

Methods of teaching high school physics

MeToauka npenogaBaHus (PU3MKHU B BbICIHIEH IKOJIE



ISSN 1563-0315; elSSN 2663-2276 Recent Contributions to Physics. Ne1 (96). 2026 https://bph.kaznu.kz

FTAMP 14.35.09; 30.15.15 https://doi.org/10.26577/RCPh96120269

B.C. enabi6aesa , [.P. KowaHosa? , A.l. AMaHrocosa

B.A. OykyrembaeBa® < T.B. Typebaesa* ' , A.K. KacbimxaHoBa i

LL.*. CoipbaeBa , N1.C. Kannbaesa , B.A. MyKylweg®* = ‘

ICemelt KanacblHgafrbl LLskapim aTbiHAaFbl MEMAEKETTIK yHMBepcuTeT, Cemelt, KasakcTaH
21].EceHoB aTbiHAafbl Kacnuit TeXHONOMMANAP KIHE MHKUHUPUHT YHUBEpCHUTeTI, AKTay, KasakcTaH
3X. Jocmyxame 0B aTbiHasbl ATbipay YHUBEPCUTETI, ATbipay, KasakcTaH
49. CafblHOB aTblHAafbl KaparaHabl TEXHUKabIK yHUBEpcuTeTi, KaparaHabl, KasakcraH
SKopKbIT ATa aTbiHAafbl Kbi3bliopaa yH1BepcuTeTiH, Kpisbinopaa, KasakcraH
6C.Cendynnun aTbiHOaFbl Kasak arpoTexHUKanbIK 3epTTey yHuBepcuTeTi, AcTaHa, KasakcTaH
*e-mail: mba-55@mail.ru

MATHCAD MAKETI KOMETMEH NEPUOZATbI SNEKTP/IK CUTHANIOAPFA
FAPMOHUKA/IBIK TA/IZAY KACAY

Makanaga rapMoHUAbIK eMec NepuoaTbl 3NEKTPAIK TepbenicTepiH Pypbe KaTapbiHa XKikTey
d4iciMeH »KacanfaH Tangaynap KapacTblpblifaH. Tepbenmeni npouectepi CMNaTTaMTbiH Kyn
KoHe TaK OYHKUMANAPAbIH KIKTeNy epeKlWweniktepi )aH-KaKkTbl TangaHabl. OyHKumnaHbl Oypbe
KaTapblHa iKTey npoueaypanapbiHblH, Ke3eHAEePiHiH, KepHEKINirH KamTamacbl3 eTy YLWiH
MmaTemMaTuKafa KaTbICTbl MbICangap KentipinreH. KapacTtoipbiifad  Mmbicangap  Mathcad
KonaaHbanbl baraapnamanap naketi KemerimeH rpadurKanblk KaHe CaHAbIK TyYpAe 3epTTeNreH.

Mathcad KonpgaHbanbl Oarmapnamanap nakeTi apKblibl NEPUOATbl FAPMOHUANbBIK eMec
3/IEKTP TOTbIHbIH Hemece curHangapdbiH, dPypbe KaTapblHa XKiKTeyre apHafafaH Mbicangapsbl
KapacTbipblnadpl. EcenTey 3sKCNepMMeHTTEepi KeMmerimeH TrapMOHWANbIK, eMeC MNepuoATbl
TOKTapZblH, HEMeCe CUTHaNAapAblH, rpaduKanbiK, CaHbIK KoHE aHaAMTUKaAbIK Lelimaepi
anbiHAbl. bipHelwe Ke3eHHeEH TypaTblH FAPMOHUABIK eMec NMepuoaTbl CUrHanaap ywiH dypbe
KaTapblHbIH MYLIENEPiHiH KOCbIHAbICbIH ecenTey aA4iCTepi YCbIHbIAFaH.

CuHyconaansl (Hemece KOCMHYCOMAanbl) eMec NepUoATbl TOKTapAbl CUAATTalTbiH KypAeni
YN KOHEe TaK OQYHKUMANapAblH COA TOKTapAblH KMINIK CNEKTPIH KypaWTbiH Kapanarbim
FAaPMOHUANBIK 3/1eKTp TepbenicTepiHiH KOCbIHAbICbIHAH TypaTbiHbl KepceTinai. MepuoaTsbl
CUTHaN4apPAbIH XYbIKTay (annpokcMmaums) HaTukenepi (-, ) nHTepBanbiHaa Pypbe KaTapsl
TypiHAe GepinreH. IneKTpAik curHanpapablH, Pypbe KaTapbiHa KiKTENreH KaHe ocbl KaTapabiH,
aNFalKbl €Ki XaHe TepT MYLIECiHIH KOCbIHABICHI anblHFaH. CUrHaNOapAblH, KaTapFa XKikTenreH
MyLLENEPiHiH CaHbl Ken 6oaFaH CalblH OCbl MyLUenep 3epTTenin OTblpFaH CUTHaAAbl HaKTbIpak,
CMNATTaNTbIHbI A2NeNAeHA,.

TyiH ce3spep: Pypbe KaTapbl, Kyn XaHe TaK oyHKuManap, mathcad KongaHbanbl
bargapnamanap nakeTi, rapMOHUANbIK eMeC 3NeKTPAiK CUrHandap, ecentey 3KCNepUMEHTI,
annpoKcMmauma, rpaduKanblK, CaHbIK *KoHe aHaUTUKabIK WelliMmaep.

B.S. Zheldybayeva?, G.R. Koshchanova?, A.G. Amangosova®,
B.A. Dzhugembayeva?®, G.B. Turebayeva*, A.K. Kasymkhanova®*,
Sh.J. Syrbaeva® L.S. Kainbayeva®, B.A. Mukushev®"
IShakarim state university, Semey, Kazakhstan
2Sh. Yesenov Caspian university of technology and engineering, Aktau, Kazakhstan
3Kh. Dosmukhamedov Atyrau university, Atyrau, Kazakhstan

4A.Saginov Karaganda technical university, Karaganda, Kazakhstan

Korkyt Ata Kyzylorda university, Kyzylorda, Kazakhstan
6. Seifullin Kazakh agrotechnical research university, Astana, Kazakhstan
*e-mail: mba-55@mail.ru

© 2026 Al-Farabi Kazakh National University 77


https://doi.org/10.26577/RCPh96120269
mailto:mba-55@mail.ru
mailto:mba-55@mail.ru
https://orcid.org/0000-0003-2944-197X
https://orcid.org/0000-0001-5716-3415
https://orcid.org/0000-0003-2471-6081
https://orcid.org/0009-0002-9154-2480
https://orcid.org/0000-0002-8800-174X
https://orcid.org/0009-0005-4794-2585
https://orcid.org/0000-0003-1546-8899
https://orcid.org/0000-0002-2927-6575
https://orcid.org/0000-0001-8015-1586

Mathcad nakeTi KemerimeH NepuOATbI INEKTPIK CUTHANAAPFa raPMOHMKaNbIK Tanay »Kacay

78

Harmonic analysis of a periodic electrical signal using the Mathcad package

The article considers the harmonic analysis of periodic non-sinusoidal oscillations by Fourier
series expansion. The features of decomposition of even and odd functions are revealed. Based
on the symbolic method, the Fourier series was presented in a complex form. Examples are
presented to provide clarity of the steps of the procedures for decomposing a function into a
Fourier series.

Examples of Fourier series decomposition of periodic non-sinusoidal electric currents or
signals using the Mathcad application software package are considered. Graphical, numerical,
and analytical solutions of non-sinusoidal periodic currents or signals have been obtained using
computational experiments. Methods for calculating the sum of the terms of the Fourier series
for non-sinusoidal periodic signals, which consist of several stages, are presented.

It has been proven that complex even and odd functions describing periodic currents that
are not sinusoidal (or cosine-shaped) consist of the sum of simple harmonic electrical oscillations.
These fluctuations make up the frequency spectrum of these currents. The results of the
approximation of periodic signals are presented as a Fourier series over the interval (-w, m).
Electrical signals are classified into a Fourier series, and the sum of the first two and four terms
of this series is obtained. It has been shown that the more members of the signals classified in a
row, these members more accurately describe the signal under study.

Keywords: Fourier series, even and odd functions, Mathcad application software package,
inharmonic electrical signals, computational experiment, approximation, graphical, numerical
and analytical solutions.
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FapMOHUYECKUI aHaIN3 NEPUOAMNYECKOrO 3/IEKTPUYECKOrO CUrHaNa
¢ nomolLbio naketa Mathcad

B cTaTbe paccMOTpPeH rapMOHMYECKUI aHanuM3 MNepuUoaMYEcKUX HECUHYCOMAANbHbIX
KonebaHuin nytem pasnoxeHusa B pag Pypbe. PackpbiTbl 0COBEHHOCTU PA3NOKEHUA YETHBIX U
HeyeTHbIX GYHKUMIA. Ha ocHoBe cuMmBOAMYecKoro meTofa pag Pypbe Obln NpeacTaBiaeH B
KomnnekcHo dopme. [peacTaBneHbl Npumepbl anA obecnevyeHna HarnAgHOCTUM 3TanoB
npoueayp pasnoxeHua GyHkUmm B pag Pypeoe.

PaccMmoTpeHbl NpUMepbl Ha pasnoxeHune B pag Pypbe Neproanyecknx HeCUHYCOMAANbHbIX
SNEKTPUYECHMX TOKOB WM CWUrHA/NOB C MOMOLLBKD MaKeTa MpuKAaAHbix nporpamm Mathcad.
MonyyeHbl rpaduyeckme, UMUCNEHHble U aHA/IMTUYECKMEe peLlleHUs  HeCUMHYyCoMAanbHbIX
NepuoamMYeckmMx TOKOB WAM  CUTHANOB C TMOMOLLBIO  BbIMMCAUTENbHbBIX 3KCMEPUMEHTOB.
MpeacTaBneHbl MeToAbl pacyeTa CYMMbl 4YneHoB psga Pypbe ANS HeCcUMHycouAaasnbHbIX
NepuoaMYECKMX CUTHAN0B, KOTOPbIE COCTONAT U3 HECKO/IbKMX 3TaMos.

BblI0O MOKA3aHO, 4YTO C/IOXKHblE YeTHble W HeuyeTHble QYHKUMM, OMNMcCbiBatoLLME
nepnoamyeckme TOKM, KOTOpble He ABAAKOTCA CMHYCOMAANbHbIMU (MM KOCUHYCOMAANbHBIMM),
COCTOAT M3 CYMMbl MPOCTbIX FAPMOHMYECKMX INEKTPUYECKMX KonebaHuin. ITM KonebaHwua
COCTaAB/IAOT YaCTOTHbIMA CMEKTP 3TUX TOKOB. Pe3y/bTaTbl anmpoKCMMauMM NepUoamMYecKmnx
CUrHaNoB MNpeAacTaBneHbl B BUAe paga Pypbe Ha vHTepsane (-m, m). INEKTPUYECKME CUTHANbI
Knaccuonumpytotea B pag Pypbe, M NOAYYaETCa CYMMA MEPBbIX ABYX M YETbIpeX YSeHOB 3TOrO
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pAaa. bbino MoKasaHo, YTo Yem DOoJiblile Y/1IEHOB CUIHAN0B, KNAaCCUPULIMPOBAHHbLIX B PA, 3TW

YeHbl TO4YHee OMUCbIBAKOT MCCﬂe,EI‘yeMbIPI CUTHan.

Kniouesble cnosa: psag Pypbe, YeTHble M HEYETHbIE OYHKLMM, NaKeT NPUKAAAHbIX MPOrPaMmm

Mathcad, HerapmoHuyeckme

3/1eKTPpUN4YeCKme

CUTHaNbl, BbIYUCANTENbHBbIN IKCNEPUMEHT,

annpoKkcnmauuna, rpad)mt-lecme, YNCNEHHbIE N aHA/IUTUYHECKNE PELLEHNA.

Kipicme

Kapamnaiibim rapMoHHKaIBIK TepOemicTep Keneci
(GYHKIMSAMEH CHIIaTTaa bl

s = Asin(wot + @g),

MYH/a TapMOHHUSUIBIK  TepOemicTepAiH  Herisri
napaMmerpiiepi: § — TepOenaMelli MaTepHalIbIK
HYKTEHiH Tere - TeH/IIK KyHiHeH aybITKYHI, f - YaKbIT,
A — rapMOHMKAJIBIK TepOeTICTepAiH aMIUIUTYIaChl, @
— HUKIJIK JKUUTK XOHE ¢n — HYKTCHIH OacTamKsl

. 2
¢azacel. TepOemic mepuomsr 1 = f (hopmymace

OObIHIIIA aHBIKTANAIBI.

Asin(wgt + ¢g)  dyHKOMACH — KapamaibiM
rapMoOHMKa Jen aranajipl. bipHeme KapanaibiM
TapMOHMSUTBIK, ~ TepOelicTep/iH  KabaTTacyblHaH
TYBIHIAUTHIH TepOericTep KypAemi TepOernicTep Aer
aTamazpl. Op TYpii mapameTpiepi Oap OipHemie
KapamaibiM TapMOHHSIIBIK TepOemicTepaid Kabart-
Tacybl TapMOHHKAJBIK TepOericrepre yKcaMalThIH
NEePHOATHl TepOeIMelli KO3FalbICTap TYIbIPaThIHBI

epuoarsl GyHKIUSIIAPABI
dypbe KaTapbIHA XKiKTey

(-7, 7) unTepBanAa OepiireH MepuonTH fx)
KapacTelpMbI3. by gynkims dupuxiie maprrapbia
KaHaraTTaHABIPCHIH. Jlemek, Oyl QyHKIMS MIeKTeyITi
XoHe Oip Mepro]| HHTEPBAIBIH/A SKCTPEMYMIAp MEH
y3uTicTepAiH meKTeyli caHeiHa ue Oomansl. Dypbe
TeopeMachlHa COMKec, KapacThIPbUIBII OTHIPFAaH
¢ynkmuss  Dyppe  kaTapel  Jilen  aTalaThH
TPUTOHOMETPUSUIBIK KaTap Typinae 6omazsi [1, 2]:

a
flx) = ?0 + Z(an cos(nx) + b, sin(nx)). (1)
n=1
(1)-Tenneyni MpIHA TYpAE Ka3a alaMbl3:
ag =
fE =F+ ) Acos(x=9,), (@
n=1

Ap =+ad2 +bZ: -

. b
aMIUTUTY JACBIHBIH MOAYIIi )KoHE @, = argtyg a—” —n-
n

MyHJa n-li  TapMOHHUKA

11 TapMOHUKA (ha3ackl.

oenrini. MyHnma keneci Ma3MyHJarbl Kepi Macele
TYBIHIAHUTBI: HYKTCHIH TIePUOITHI TYpaeri
KO3FaJbICBIH ~ KYpHENi TapMOHHMKAIBIK TepOedic
peTinze enecteryre 6oxaasl Ma?

MaremaTHKanbIK ecenTeynep Oy >KarmaibiH

Kapananbim TapMOHHKAHbBIH HICKTEeYI
JKUBIHTBIFBIHJA MYMKIH ~ €MECTITIH  JoJIese/Ii.
Kapanaiibim rapMOHUKAaJIapAblH IeKCi3
KOCBIHIBIIAPBIH  Tajmay  Ke3iHAe  Ke3-KeJIreH

NEepUOATH (YHKIMSHBI KapamaidblM TapMOHHKara
Oemnyre OONATHIHBIFBI Oenrii Oonapl. bysr MaceneHi
¢bpanmy3 marematuri xoHe (msuri k. b. Oypre
mremrti (1768-1830). Fanpiv Genrini Oip yakbITKa
Toyeni pyHKIHUSHBIH Ke3-KeJTeH e3repicTi Oipkarap
TapMOHHUKAIBIK ~ TepOeNmicTepAiH IeKTi Hemece
IeKCi3 KOCBIHIIBICHI peTiHme YCBIHYyFa
OONaTBIHABIFBIH  JoneNneni. byn Tepbemicrepain
aMIUTATYIaChl, JKUUTIr XoHe OacTamkbl ¢azanapsl
oprypai OGonamel. Ocbulaiimia, HYKTEHIH KypAemi
MEepUOATHl TepOeticTepiH rapMOHUKANIBIK TepOeltic-
TEep KHUBIHTBIFBI PETiHJIE YChIHYFa O0a/IbI.

Kocunyconnanel KoMHOHEHTTEpAiH Ko3(hdu-
LUEHTTEPI:

a, = z ff(x) cos(nx) dx. (3)
72-—7[

Cunycouaabl
LUEHTTEPI:

K03 du-

KOMITOHEHTTEPIIH

b—lﬂ i d 4
n—;jf@nmmm X, (4)

GYHKIUSHBIH Oip TepHoJl HHTEPBAIBIHAFEI OpTaIlia
MOHI (TYpaKThl KOMIIOHEHT):

1 T
ay = ;jf(x) dx. (5)

Byn KataprmapablH XKeke Mymienepi rapMOHUKa Aem
aTanazael. MyH/Ia 77 caHbl TAPMOHMKA HOMIpi OOIabl.
(2) xarapmarel A, IIaMaNapBIHBIH  JKUBIHBI
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aMIUTUTYJANBIK CIEKTp el aranajbl, ajl [iaMaap
KUBIHBI (), — (ha3aJbIK CIEKTp Aet atanaasl. Erep f{x)
(byHKIMACH KyIl 6ojca, oHaa (1) Karap KOCBIHABICH
TEK KOCHHYCOHMJAIbl KOMIIOHEHTTEPACH TYpPaJbl.
Erep flx) Tak QpyHkus 6onca, oHIa KOCBIHIBIAA TEK
CHHYCOUIATBI KOMIIOHEHTTEp FaHa 00JIaIbl.

Mathcad makeTiH KojzaHa OTBIPBIIN, MIEPUOITHI
¢byskmusutapnel . Oypbe  KaTaphlHA — BIIBIPATY
MPOIIETyPAChIH KOPCETETIH MaTeMaTHKaFa KaThICThI
MBICANIAPBI KApacThIpaMbI3.

Mpican 1. bi3 (-1, 7) UHTEpBAILIHIA
anbIKTanFad f{x) ¢yHkuusacelH Dypre KarapblHa
KIKTEHMI3:

-1, —-T<x<0
f(x)_{l, 0<x<r
Byn pyskumsabiH rpaduri 1-cyperre KepceTireH.
OyHKIMs TakK 00JIFaHIBIKTaH 0apibIK a, = 0. bi3
b, ko3 duIreHTiH TabaMbI3. (4)-TeHIEYTE COUKeC

b, = %Zf_””f(x) sin (nx)dx = %foﬂf(x) sin (nx)dx

by =%,bz =0, bg :%[,b4 =0, bg :%TmeHeTﬁ.

CoHBIMEH,

(. 1 1
f(x)=E(smx+§sm3x+—sm5x+---),

5
ftx)
i : X
LT 0 T "m
; H H
-1

1-cypet. [lepuoarTsl GipIiK QyHKIHS

4 . 4 . 4/( .
2-cypeTte —sinx, —sin 3x XKoHE ;(smx+

%sin 3x) ¢byHuusapasly,  rpadukTepi  OepinreH.

=1 fo” 1-sin(nx) dx = — 2 cosnx |g -2 (1- KapamaiibiMm rapMoHUKaTapAblH HEFYPJIBIM KOl
d cos7m7)m m KOCBHIH/IBICBIH aJICaK, COFYPJIBIM aJbIHFaH KOCBHIHIIBI
' rapMOHHKA X HKIWSACBIH ~ TOJIBIFBIpA
cosom = (—1)", n=1,2,3, ..., 00iFaHabIKTaH P . fx) (byHKu paK
CUMATTaNIBI.
2
2
% (sin(x))
4 (smis ) /\ N\ / N\
>\ 3 ». 12 o \/ 6
% [iiu(x)— ‘ihl(: x) J
N - PN
-2
=2
- X 2w
4 . 4 . 4( . 1. .
2-cyper. —sinx, —sin 3x XoHE - (sm x +sin 3x) ¢$byHumsap sy rpaduKTepi
J)
Mpican 2. f(x)=|x|, —T<X< T B
¢dysknusiceiH Dyphe KaTapbiHa KiKTEy Kepek. by
GyHKUMSHBIH ~— rpadurinig  Oemiri  3-cyperrte
KOpPCEeTUITeH. x
Ax) byHKUMACH KYI eKeHi Oenrifi, JeMeK 27 _,r o ,, P

OapibIK ko3 duimentrep b, = 0.

80

3-cyper. f(x) = |x|, dynkuusiceia rpaduri
(5)-bopmyna GoibIHIIA:
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ao = 27 fO)dx =2 [7f (o) dx =

2 7 2 x% |
=-]"xdx==—|,=
7Z'f0 7 210
2 o1 . o
a, == [ xcosnx dx. bemikrep OolbIHIIA
n 770

HHTCT pan,uaﬁ OTBIPBIIIL:

Q. = 2 [xsinnx |TL’ fﬁsinnx dx] _
"zl on 10 0 n

=2 cosnx |7T— 2 (cosnx — 1)
" mn? 0 mn2? )

bynan

4
a,=——,a, =0, a3=%,a4=0,
az = — KoHE T.0.
5 521
T 4 1

CoHBIMEH, f(x) = ST (cosx + 5z cos 3x +
1

72 Cos 5x + )

f(x) byskumsceiHBH Oyphe KaTapbiHa KIKTEY
Ke3iHgeri anplHFaH OipiHm  (QyHKIMSACBIHBIH
rpaguri 4-cyperTe KepceTiireH (KoK ChI3bIK).

[x]

T2 feos(x)

2w

4-cyper. f(x) = |x|, -7 < x < 7 yukumsiceinbiH Dypbe KaTapblHa KiKTey QYHKIMSICBIHBIH Tpaduri

Kypaeni nepuoatsl (yHKIMSHBI KapanaibiMm
rapmoHuKkara @Dypbe KaTapbl apKbUIbl JKIKTEYAiH
OipkaTtap KosjganOansl OarbiTTapsl Oap. biz Temenme
@ypbe KaTapblH KOJIIaHA OTBIPBIN, IEPUOITHI

Mathcad nakeTin naiigaJanbin nepuoaThHI
rapMOHHUSUIBIK eMeC TOKTapAbIH
napaMeTpJiepiH 3epTrey

@dusnka KypchlHAA YakKbpIT OOWBIHIIA TOK KYLIi
(Hemece KepHEyi) TapMOHMSUIBIK, SIFHM CHHYCOWZA
(HeMece KOCHMHYCOHMa) 3aHbl OOHBIHIIA ©3TepeTiH
alfHBIMaJbl  TOKTap KapacThIpbUIajpl.  Anaiina,
KOMIIBIOTEPJIIK TEXHUKA/A, JIEKTPOTEXHUKAA JKOHE
panIMOTEeXHUKA/Ia TapMOHUSIIBIK DJIIEKTPIIK Tepoe-
jmicrep OONBIT TaOBUIMAWUTBHIH TEPHONTHI DJIEKTP
CUTHAJIIAPbl, UMIIYJBCTIK TOKTap MEH KepHeyJep
KCHIHEH KOJIIaHbuIasr [1-3].

Y3aikci3 TepHOATHIK (YHKIHS TPUTOHOME-
TPHSIIBIK KaTapMeH, SIFHU TapMOHUSUTBIK
(GYHKUMSIApIBIH KOCBHIHIBICHIMEH CHIIaTTaJaThIHbI
oenrini. Ocpiiaiima, KypAedi NepHOATHl IEKTPIIIK
TepOemcrepai (op TYpii TMEPHUOATHI  DIEKTPIIK
CUTHAJIAAP) TapMOHMSUIBIK TEpOeNicTep >KUBIHTHIFBI
peTinae yceinyra Oonans [4-7].

TapMOHUSUIBIK €MEC 3JIEKTP CUTHAIJAPhIHBIH (TOKTap
MEH  KEepHEeyjJep) TapMOHHUKANbIK  TajaybIH
KapacThIPMBI3.

Cunycongansl (HeMece KOCHHYCOMIAIbl) eMec
NEPUOATHl  TOKTAPABIH TAapPMOHMKAJIBIK TaJaybl
®Oypbe KaTapblHa XKIKTEyTe HETi3/IeNTeH XKIHE DIIEKTP
TOTBIHBIH ~ OCBl  TYPIH CHIATTaWTBIH  KypJedi
(GYHKUMSICBIH ~ COJ  TOKTBIH  JKHUIIK  CIEKTPiH
KYpalThlH  KapamaiblM TapMOHHUSUIBIK  DJIEKTP
TepOeicTepiHiH KOChIHIBICHIHAH TYPaJIbl.

OyHKUUSAHBIH TakK (3-Mbican) jkoHe xym (4-
MBICAJI) TYpJIEPIMEH CHUNATTaJaTblH HEPHUOATHI
TapPMOHUSUIBIK €MeC TOKTAP/Ibl KapacThIPaMbl3.

Mpican 3. S-cyperre  ocumuIorpaThiH
TOPH30HTAJbL ayBITKY IUIacTUHaJapblHa OepineTiH
yaKbITKa Toyesai KepHey rpaduri KepceriireH. 6-
cyperTe ocbl rpadukTi Kypyra Kaxker Mathcad
Oarmapnamacsl 6epinren [8-12].
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/]

4
2
ﬂ 0 10
17
%
t

5-cyper. KepueyniH yakpITKa Toyenai rpaduri

a) @Dypbe KaTapblHBIH aIIFalllKbl €Ki JKOHE
QJIFAIIKBl JKETI MYIICCIHIH KOCBIHJIBICHI TYPIHAETI
KepHeyni &(t) Taby Kepek;

0) KaTapIsIH OCBHI MYIIEIEPiHIH KOCHIHIBIIAPHIH
rpaduKabIK Typae Oepy Kepek.

Tanmay: a) OipHelmle Ke3€HHEH TYpaThiH
NEePHOATHl TapMOHUSUIBIK €MeC CHTHajgap YLIiH
@ypre KaTapelHBIH MYIIEJEepPiHiH KOCBHIHABICHIH
€CeTTey 9JIICiH YCHIHAMBI3.

ANnpIMEH 5-cypeTTe KepCeTiNreH MepUOITHI
kepHey yuriH Oypre KatapbsIHBIH KO3PPHUIMEHTTEPiH
Taby kepek. On ymrin Mathcad makerin maimganana

T=T gjt):: tif -T<t<0997

=3 if 0991<t<T
(t-2-1) if T<t<299T
(-3) if 2997 < t<3T

TI:=2T

6-cypet. Mathcad opraceiamars! 6armapiama

OTBIPBINT apHaiibl OarjapiaManap jkacay Kepek.
BipiHmi ke3eH KOCHHYCOWAaIbl KOMIIOHEHTTEpAETi
KOA(pGUIUEHTTEPl, al eKiHIIICI CHHYCOWIaJbI
KOMITOHEHTTep/Ie ecenteini (7-cyper).

Yurino  keseH @Dypbe KarapblH  Tikenel
ecenteimi. byn ke3eH  KarapablH  KIKTElTy
KOX(POUIIUEHTTEPIH ecenTeyAiH OYphIH JKacaraH
Ke3eHIepiH KaMTuIbI (8-cyper).

dypse  Karapmapsl ~ CHMBOJIBIK  TYpPIE
ecenteneni. COHIBIKTaH, KaTap €CENTEeNeTiH JKep/e
alHBIMaJIBIHBIH CUMBOJIJIBIK aTayhbl, a1 MOH]II €CEITey
orepaTopbl peTiHAe CTpeika Kepcetieai (9-cyper).

JT E(t)-cos(ﬂ-n-%} dt

-7

CFurCoef(E ,T, n) =

€<«
T

£

JT E(t)-sin('ﬂ'-n-%j dt

-7

SFurCoef((—: LT, n) =

€<
T

=4

7-cypet. Mathcad opTaceiHnarsl @ypbe KaTapbiHbIH KO3QPUIHEHTTEpPIH Ta0y

CFurCoef(g,T,0)
2 2

n=1

FurSer(E,t,T ,n) = | e«

t t
(CFurCoef(E ,T, n)-cos('ﬂ-n- T) + SFurCoef((—: LT, n)-sin(ﬂ-n-TD

8-cyper. Mathcad opraceianarsl @ypbe KaTapbiH KikTeny koddduimeHTTepin ecenrey

glt) =t
FurSer(E,t,‘n’,Z) — Z-Sin(t) — sin(Z-t)
2-sin(3-t)

sin (4- t)

sin(6-t)  2-sin(7-t)

FurSer(E,t,'ﬂ'J)% - sin(Z-t) —

2-sin(5-t
+ sm( ) - + + 2-sin(t)
5 3 7

9-cyper. ®ypbe KaTapblH CUMBOJIJIBIK TYPIE €CENTey

Temenne &(f) MoHi Dypbe KaTapbIHBIH aJIFAIIKbI
€Ki JKOHE aJIFalllKbl JKETI MYIIECIHIH KOCHIHIBICHI
peTiHIE KOPCETUITeH:

e(t) = 2sint — sin 2t

82

2sin3t sin4t
e(t) = 2sint —sin 2t + -

2sin5t sin6t 4 2sin7t
5 3 7
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9) 10-cyperre CHIBBIKTHIK (PYHKUIUSHBIH &(f) =t
KYBIKTay (ammpokcuManusi) HoTwkenepi (-7, 7)
uHTepBanbiHAa Dypbe Karapbl TypiHae OepiireH.
KybikTay eki (KyKa KbI3bUT CBI3BIK) JKOHE JKETi
(KaJTBIHAATBITFAH KOK ChI3BIK) MYIIEIEPICH TYPAThIH
KatapiapeiMeH OepinreH. @Dypbe KaTapbIHAAFbI
MYIIENep CaHBIHBIH apTybIMEH XYBIKTay IOJiri
YKOFapPBUIAHTHIHBI OCIT1ITI.

Mpeicaa 4. DnekTp Ti30eriHe TEPHOATHI
TapMOHMSUTBIK eMmec kepHey Oepinren (11-cyper).
OnekTp Ti30€TiHIH SIEeMEHTTEepiHiH MapameTpiepi
keneci MoHJepre TeH: &= 314 B; @ = 1007 pan/c.

bepinren sanekrpmik curaanabl Pypre KaTapbiHa
KIKTEH OTBHIPHII, ANFAIIKBI €Ki KOHE aJFallKbl TOPT

rpauKaNbIK KOHE CaHIBIK IIEIIiMiH (KyBIKTaybIH)
Taly Kepek.

FurSer(e.t.7.2) / \ A
FurSer(e.tm.T) M M

t

10-cypert. &(¢) = ¢ pyHKUUSACHIHBIH IPaQHUKTIK

MYILIECIHIH ~ KOCBIHIBICHI ~ TYPiHAE  KEpHEYIiH ermiMi

w:=100-w T:= =z Ep =314 g(t,T):= |g if —0.25.T <t < 0.25-T

w
—&g if 0.25-T <t < 0.75-T

20 gg if 0.75-T < t = 1.25.T
. | | , —eg if 125 T <t< 1.75-T
o | olo1]| o,02| 003
—200\
t

11-cypeTt. YakbiTKa OaiimaHBICTBI IEPHOATHI KepHEY Tpaduri xoHe oHbIH Mathcad opTachiHOaFb!

OarapiamMachl
Tanmay: Tox «ke3siHiH kepHeyiH @ypbe 12-cypertre @ypbe KaTapblHBIH OipiHII MyIIeci
KaTapblHa KiKTey yuIiH 013 Oarmapnamansl Mathcad — rpadwuk Typinae (KbI3bUT ChI3BIK) KOPCETUITEH.
opTacelHAa  JkazaMmbl3.  DyHKuMa &) Ky
Oonrannpiktan  Dyphe KarapblHA IKIKTEY TEK a1 =
KOCHHYCTapbl KAMTH/IBIL:
€0=2 13 o cos(not) Ne =4 maprsl OoiibiHIIA 013 Kemeci KaTapibl
2 n=1%n ’ anamb3, oHAa Dypbe KaTapblHBIH AaJFaIIKbl €Ki
T .. .
= MYIIECiHIH KOCBIH/IBICHI OepiiireH
ap = [*re(t)dt =0, Y P
2 cos3wt
2 5 5(0— ¢ (cosat — 5 )0 =
a, = ;f_zs(t) - cosnwtdt,
2
By karap 13-cyperre kepceTinrer rpadukke xoHe
450 Kectere coiikec keneni. Kecte mepekrepiH KonnaHa
an = f cosnwtdt + OTBIPBIN, COHFBI TEHAEYIi OCHI (hopMajga >Ka3yFa
T OoJaaml:
I? (—1)cosna)tdt] = ﬁsin nz—ﬂ,
4 &(t) =399,797cos(1007) -133,266 cos(3007).
b,=0, n=1,2, ...
. 13-cyperre rpaduKk TypiHAE ajFalliKel €Ki
Dypre Katapbl MbIHAH Al TYpAe Oomatr MYIIEHIH KOCBIHABICBIHBIH I'pa(UKaNbIK KYBIKTaybI
) KepceTireH (KbI3bUT CBI3BIK). S(fn)= ©pHETiHEH
&) = (cosa)t — gcos3wt +- cosSwt — )
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KEHiHr KecTene TEeHACYAIH Oapibik Oacramkel 100
HykTeciHiH (Np:= 100) canaplk MoHIEpi OepiiareH

a0 =fit) = 2+ Ty (an cos(nwt) +

14-cypeTTe KOPCETUITeH TEPHOATHIK KepHEY
yuria Oypbe KaTapbIHBIH MYIIEIePiHiH KOCHIHIBICHIH
ecenTey 9MIiCiH KojiaaHa OTHIPbIN, Ne = 8 mapTsl
OPBIHAJIFaH JKaFAai YIIH KaTapAblH ajJIfallKbl TOPT
MYIIIECiHIH KOCHIHJIBICHIH Ta0aMbl3;

b, sin(nwt)).
Kecrenik Monaep ®Oypbe KaTaphIHBIH AIFalIKbl o) = 4y cos(wt) — cos(3wt) | cos(5wt)
€Ki MYIIEeCiHIH KOCBHIHABICHIH JKyBIKTAyIbIH CaHJBIK T 3 5
mIeriMi 60Ja kL. cos(7wt)
7 .
T T
J e(t, T)-cos(n-w-t) dt J elt, T) sin(n-w-t) dt
0
o 0
Aln.e,T):= 0.5T B(n,e.T):= 0.5T
Ne:=2 n:=0.Ne—1 ap:= Aln,e,T) by := B(n,e,T)
Np:=100 . . a
P m:=0.3-Np Nsﬂ(t):: ?ﬂ +Z(an-ms(n-w-t)+bm-sin(n-w-t))
m
ty:=T- Np n

tm

ap =
4.441-10714
399.797

399.797
399.008
396.645
392.716
387.237

0
1.564-10-14

12-cypet. ®ypre KaTapbIHBIH OipiHII MYIIECiHIH TpadUKaIbIK )KOHE CAHIBIK KYBIKTayIaphl.

tm

T
T
e(t, T)-cos(mw-t) at j e(t, T) sin(n-w-t) dt

0
A(H$E$T) - 0.5T B(H,E,T):= 0 05T
Ne:= n:=0.Ne—-1 ay:= A(n,e,T) by:= B(n,e,T)
Np:=100 ,7 N ag )

. m:=0.3-Np s(t) = 5+ z (ag-cos(n-w-t) + b,u-sm(n-w-t))
ty == T.Np n

s(tm) = b, = a, =
266.531 0 4.441°1014
268.103 1.564°10-14 399.797
272.737 3.891-10°15 1.673-1013
280.196 1.494-10-13 -133.266
290.09

13-cypet. ®ypbe KaTapbIHBIH AJIFAIIKEI €Ki MYIIECIHIH KOCHIHIBICBIHBIH TPaQUKAIBIK )KOHE CaHIIbIK
KYBIKTayJIaphl.
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T
T
Jﬂ e(t, T)-cos(n-w-t) at J e(t, T)-sin(n-w-t) at
A(n,e,T):= 0
P B(n.e,T) =
' 0.5T ( ) st
Ne:=8 n:=0.Ne-1 a,:= Aln,e,T) b, := B(n,e,T)
Np =100 — ~N ag .
. m:=0.3Np s(t) = 5 +Z(an-cos(n-w-t)+blu-sm(n-w-t))
tgi=T— n
40 s(tm) = b, = ay =
20 289377 0] [44411012
tm) T
““‘(L 292,471 15641014 390.797
€(tm . T) 0 0.00 § 002 § 003§ o.04 301.02 389111015 | | 16731013
-20 312.991 1.494-10-13 -133.266
325.501 28061013 | 1.457'10-13
—40
tm

14-cypet. Oypbe KaTapbIHBIH alIFANIKbl TOPT MYIIECiHIH KOCBIHABICHIHBIH I'Ppa()UKaJIbIK XKOHE CaHIBIK

JKYBIKTayJaphl.
KopbIThiHABI
biz Mathcad xonnmanOanel Oarmapiamanap jka30ajnapblHaH — epeKineneHoOeini. byn omapabr
nakeTi keMmerimeH Oypbe KaTapblHA KIKTEY apKbUIbI  MEPUONTHl  TapMOHHUSUIBIK ~ €MeC  TOKTap  MeH
MEPUO/ITH TAPMOHUSUTBIK EMEC DJIEKTP TOTBIH HEMECe ~ KepHeyJiepli  3epTTey  YIIiH  maijanaHysig
CUTHAJIIap/ibl TapPMOHUKAJIBIK TAJayJblH KEHOIp  BIHFAMIBUIBIFBIH KaMTaMachbi3 eremi. [leproaTsl

Maceenepid 3epTreaik. OYHKIUAHBIH TaK KOHE KYIT
TypJepiMeH CHIATTaJaThlH CHHYCOMIalbl (HeMmece

ANIEKTPIIK CUTHAIIAPABI 3ePTTEYAiH KOMIBIOTEPIIiK
OIICIHIH MaiIambUIBIFBI MBIHA/IA: OCBI CUTHAJIAP/IbIH

KOCHHYCOH/IaJIbI) emec MIEPUOATEHI Toktap  Dypbe KaTapbiHa KIKTEYIiH KOMIBIOTEPIIK MIemimi
KapacTeIpbULIbl. [leproAThl TapMOHMSUTBIK eMec  (TpadUKaliblK >KOHE CaHJABIK JKYBIKTAy) OJapibl
CHTHAJIJIap/Ibl Tanjay YLIiH ecenTey  aHAIUTHKAIBIK TIerry HpoLeTypackIMeH
IKCIIEPUMEHTTEPIH JKYPri3y Ke3iHJe KOMIBIOTEp CalbICTBIpFaHAa  T€3  JKY3ere  achIpbuUIajbl.
JKpaHbIHAA OCBI CUTHaJIIap.IbIH optypini  [apMOHMSIBIK eMec TepHOATHl  TepOemicTepai
rapMOHHUKAchl TpaQuUKTep MEH CaHJIBIK MOHJACD  CHUMATTANTHIH napameTpiep/i ecenrtey
TypiHAe KepiHic TanTel. Mathcad opraceiHAa 3KCIEpUMEHTTEPI KOMETiMeH 3epTTEeydiH
KYpacTBIPbUIFAaH KOMITBIOTEpIIK ~ OarjapiaManap  MPaKTUKAaJIbIK MaHBI3HI J1a 30p 0OJIaIbl.

KapanaibIM jKoHE TPUTOHOMETPHUSIIBIK TCHACYICPIiH
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