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EXPLORING OPEN STAR CLUSTER MEMBERSHIPS WITH N-BODY SIMULATIONS
AND MACHINE LEARNING

This work explores the application of supervised machine learning algorithms on N-body simulations to
analyze the membership of open star clusters. The simulations used in this study are based on the Plummer
model, clusters formed with constant star-formation efficiency (SFE) per free-fall time. We use simulations
with different SFE and initial random realization. The random forest model was trained using simulations
based on a 15% SFE over a time period of 20-100 million years. Subsequently, the model was tested on other
N-body simulations with SFEs ranging from 17% to 25%, demonstrating consistently high classification
accuracy throughout the dynamic evolution of the tested simulations. The model successfully identified
cluster members with minimal deviations despite variations in SFE. Additionally, the algorithm maintained
robustness against noise and initial conditions. Most of the errors observed in the model were false positives
(FP), often located within a 2 Jacobi radius, suggesting gravitational binding to the cluster's center. This
framework and learning strategy exhibit effectiveness and hold promise for further application in analyzing
mock observations obtained from N-body simulations. Future work will focus on extending this method to
more realistic observational scenarios.

Key words: Star clusters, N-body simulation, Machine Learning, Supervised Learning.
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N-geHeHi Mogenbaey XoHe MaLLMHANbIK OKbITY apKblibl
WaLLbIPaHKbI KYA4bI34bIK LWOFbIPAapFa MYLENiKTI 3epTTey

By KyMbIC WalbIpaHKbl KYA4bI3AbIK WOFbIPFA MYLWeNiKTi Tangay ywiH N-geHeni mogenoaeynepre
MallMHaNbIK OKbITY aNropuUTMAEpiH KonaaHyabsl 3epTrenai. Ocbl 3epTTeyae nanaanaHbiAfaH CMMyAsUMsaNap
WOFbIpAbIH, B6ip epKiH Ky/nay yakbiTbiHAa KYAAbI3 Ty3iny Tuimainiri (MTT) TypakTel 6onatbiH Mnammep
mozeniHe HerizgenreH. bis apTypni KTT meH 6acTankpl Ke3gencoK TapanynapMeH epeKleseHeTiH
cumynauusnapabl  KongaHambls. PaHgom  ®opect (Kesgelicok opmaH) mogdeni 20-100 MAH  Xbin
apanbifblHaarbl KTT 15%-fa HerizaenreH cumynaumasa okbiTbinapl. KetiHHeH on KTT 17%-aaH 25%-ra aeniuri
backa N-geHe cumynaumanapbiHa CbiHaNapl, XKaHe by MoAenb CbiHaNfFaH CUMYNAUMANAPAbIH ANHAMUKANbIK,
3BOMOLMACKI BapbICbiHAA ADMEKTI XKOoFapbl XKiKTey AdA4iriH KepceTTi. Modenb Kynabl3aapasiH nanga 6oy
TUIMAINITIHIH, ©3repyiHe KapamacTaH KnacTep mylenepiH MUHUMAAAbl aybITKYNapMeH COTTi aHbIKTal angbl.
CoHbIMEH KaTap, anropuTM LWybll MeH BacTanKpl WapTTapdblH, e3repiciHe KaTbICTbl TYPaKTbIbIKFbIH CaKTan
Kanabl. Moaenbae 6alikanraH KaTenikTepAid Kenuwiniri »kanfaH nosmtueTep (FP) 6onabl, onap kebiHece 2
AKobW paamycbiHAa OpHanacadbl, 6yN WOFbIPAbIH, LEHTPIMEH rpaBUTaUMANbIK HBalinaHbiCybiHbIH, cebebiHeH
nen 6osmkaHaabl. Ocbl Herizgemenik bafmapnama MeH OKbITy CTpaTernsachbl TMiMAI eKkeH aHe N-aeHe
CUMYNAUMSANAPbIH Kopaman BaKkbliaynapblH Tangayaa ofaH api KondaHbicka me 6onaasl. bonawakTta ocbl
*KYMbICTafbl 9iCTi HEFYP/IbIM HaKTbl BaKblNay CLEeHapuiinepiHe aeniH KeHenTyre barbiTTanadabl.

TyliH ce3aep: *KyNabi3abiK WoFbipaap, N-aAeHeHi Mogenbaey,MalliMHabiK OKbITY, 6aKbliaHaTbIH OKbITY.
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UccnhepoBaHWe YNeHCTBa B pacceAHHbIX 38€34HbIX CKONNEHMAX
C NOMOLLbIO MogennpoBaHua N-Ten U MalWnHHOro O6V‘-I€‘HMFI

B paHHol paboTe npuBedeHbl pesyabTaTbl UCCAEA0BAHUA MO NMPUMEHEHWUIO aATOPUTMOB MALLIMHHOMO
0By4YEHMA C yunTenem Ha cumynaumax N-Ten Ana aHanM3a YNeHCTBa B PaCCeAHHbIX 3BE3AHbIX CKOMIEHUAX.
MozaenvnpoBaHue, NCNOMb30BaHHOE B JaHHOM UCCAeA0BaHNKU, OCHOBAHO Ha Moaenu Naammepa, a Knactepsi
chopMMpPOBaHbI C MOCTOAHHOMN 3hPEKTUBHOCTbLIO 3Be34006pa3oBaHMsA (193) Ha Bpemsa cBOBOAHOTO NageHus.
Kaxkaas cumynsaums otamdaetca 133 1 HavyaibHOW ciydaliHon peannsaunen. Mogens caydaiHoro neca bbinia
oby4yeHa ¢ MCMONb30BaHMEM CUMYAALMIK Ha ocHoBe 3 bEKTMBHOCTM 0Opa3oBaHMA 3Be3 Ha ypoBHe 15% 3a
nepuos spemeHn ot 20 4o 100 MUANMOHOB IET. 3aTEM MOE/b Oblfia NPOTECTMPOBAHA Ha APYTrMX CUMYAALMUAX
N-Ten c apdekTnBHOCTAMM 0bpasoBaHma 38e3a oT 17% [0 25%, 1 NoKasaHa NOCTOAHHAA BbICOKAA TOYHOCTb
KNacCUOUKALMM Ha MPOTSHEHUN AMHAMUYECKOW 3BOJIOLMKM MPOTECTUPOBAHHbLIX CUMyauMin. Mogenb
ycrewHo onpeaenmna 3ee3/bl, OTHOCAWMECA K KNacTepy C MUHUMANbHBIMW OTKIOHEHUAMW, HECMOTPS Ha
Bapuaumm B apdeKTUBHOCTM 3Be34000pa3oBaHmA. Kpome Toro, anroputm COXpPaHaa YCTOMYMBOCTb K LYMY U
HaYa/IbHbIM YCN0BMAM. BONBLIMHCTBO OWNHOK, 0BHAPYKEHHbIe B MOAENM, BbIIN NOKHBIMKU CPabaTbiBaHMAMM
(FP) yacto HaxogAwMMKUCA B npeaenax AByX paauvycoB FAKOOW, UTO YKasblBaeT Ha rpaBUTaALMOHHYIO
MPUBSA3AHHOCTb K LIEHTPY CKonaeHuA. MoKasaHbl 3GGEKTUBHOCTb AaHHOM CTPYKTYPbl U CTPaTernm obydyeHms u
BO3MOXHOE JasibHenllee NPUMEHEHNE B aHAM3e MHUMbIX HabtoAeHWIA, MOAYYEHHbIX M3 cumynaumnii N-Ten.
MpoaonKeHne nccaeaoBaHmsa byaet cocpeaoToYeHOo Ha pacllMpeHnn 3Toro metoa Ha bosiee peancTuyHble

HabtofaTebHble CLUEHAPUK.

Knioyesble cnosa: 38e34Hble CKOMJIEHUA, moaennpoBaHme N-Ten, mawmnHHoe o6yqume, O6yHeHVIe C

yqyunTenem.
Introduction

In recent decades, observational data has been
growing intensively with the development of
technology. Analyzing these data gives us new
concepts about the evolution of stellar systems,
Galaxies, and the Universe [1]. The study of star
formation reveals more about the evolution of
galaxies and the universe asawhole [1, 2]. Stars form
from interstellar gas and dust. Open clusters (OCs),
characterized by their relatively young ages
(<100 Myr) and consisting of up to few thousand of
stars, serve as invaluable laboratories for studying
stellar evolution and dynamics [3].

Currently, more than four thousand OCs have
been found in our galaxy. Gaia observations have
played a crucial role in this discovery, providing a
comprehensive and accurate three-dimensional map
of stars, including their motions, luminosity,
temperature, and composition [3, 4]. Identifying the
membership of stars within these clusters is essential
for understanding star formation and stellar evolution
processes. Various methods, such as machine

learning (ML), have been applied to datasets such as
Gaia observations [4, 5]. Commonly used machine
learning methods are random forest, k-nearest
neighbors (KNN), and unsupervised learning
methods such as StarGo, UPMASK, and Gaussian
mixture model (GMM) [6-10].

While these methods produce significant results
and contribute to various catalogs, comparisons
among such studies often reveal discrepancies. For
instance, three different research (CG18 [11], KC19
[12], M21 [13]) investigated the membership of the
NGC 2516 cluster. Each group reported a different
count of member stars. However, only 25% of the
stars identified by KC19, 41% by M21, and 68% by
CG18 are consistent with one another [14]. These
inconsistencies highlight the potential for errors in
star classification, motivating our exploration of
alternative approaches for membership analysis.

In this work, we explore the possibilities of using ML
models on N-body simulations for the membership
analysis of OCs. Previous discussions have indicated
significant discrepancies in star memberships within
catalogs, possibly due to observational limitations
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and methodological differences. To address these
challenges, we propose leveraging N-body
simulations where stars are pre-labeled as members
or non-members throughout their simulated lifespan.
This approach provides a robust framework for
applying and testing ML approaches, potentially
leading to the development of more accurate and
effective methods for membership analysis.

Methods

The study utilized diverse N-body simulations
of star clusters featuring variations in positions,
masses, types of stars, and other parameters. These
simulations exhibit discrepancies stemming from
factors such as the number of stars, random
configurations, and the star formation efficiency,
illustrating the percentage of the gas mass designated
for generating stars. Each simulation category
encompasses a range of numerical data concerning
Open Clusters stars at each time interval during the
cluster's evolution in N-body time. Notably, the
simulations in this investigation are rooted in the
Plummer model, where the density peaked in the
center and the star formation efficiency is constant
during one free fall time throughout the gas. And that
time passes faster in the center than at the edge of the
gas cloud, and more stars form in the center. [15, 16].
Random realizations represent probabilistic values
allocated to the initial positions and masses at the
start of the simulation. Simulations featuring distinct
random realizations exhibit variations in either mass
or position. Specifically, there are three different
random realizations of both position and mass, as
indicated in Table 1. For each Star Formation
Efficiency, nine simulations exist encompassing all
possible combinations of random realizations for
position and mass, as referenced in Table 2. Four
SFEs in total result in a cumulative count of 36
simulations.

Table 1 - All random realizations of position and
mass

Positions (P) Mass (M)
1 1
2 2
3 3

Table 2 - All combinations of random realizations,
where the first number indicates the position and the
second number indicates the mass

11 12 13
21 22 23
31 32 33

In this investigation, SFEs ranged from 15% to
25% and featured a population of 10454 stars before
instantaneous gas expulsion. This choice was
motivated by the understanding that star clusters with
lower SFEs and fewer stars are prone to reduced
stability and quicker dissolution compared to those
with higher SFEs and larger star populations. Within
the 10454-star ensemble, approximately 20% of faint
stars were omitted from the training dataset.
According to data from the Gaia databases, stars with
apparent magnitudes exceeding 21 magnitude in G-
band [17] would be indiscernible to observers; thus
they were also omitted from both training and testing
datasets, along with other faint stars. Consequently,
approximately 6000 stars remained for further
analysis. Nonetheless, further reduction may be
feasible, as certain stars may drift too far from the
cluster over time. Details regarding the methodology
for such refinement will be provided in subsequent
sections.

For learning and testing, characteristics should
be accessible and observable through observations,
necessitating the selection of specific features. These
features include the 2D galactocentric coordinates,
velocities in corresponding directions, color index,
and apparent magnitude. The primary rationale
behind this choice is that these features are readily
available in various datasets, making them suitable
for study. This approach enables the exclusion of
background stars from the testing and training
processes, as background stars have minimal impact
on the data when viewed from 150 parsecs above the
galactic plane. We opted for 2D coordinates to
simulate the scenario of observing the cluster from a
vantage point situated 150 parsecs above the galactic
plane along the Z-axis. Additionally, the presence of
other stars in the Galaxy, known as field stars,
necessitates their exclusion from consideration when
observed from this elevated perspective. The color
index (B-V) and apparent magnitude (m) serve as
indirect measurements for the distance (Z-axis). The
apparent magnitude is not directly incorporated into
the simulations but can be computed using the
formula:

m =M + 5(lgd — 5), (D
where d = 150 — Z.
Learning and testing
The selection and overall approach to training
the model on simulated star clusters posed the most
critical and challenging aspect of the research. Given

the tendency of open clusters to begin dissolving in
their early stages of evolution and considering the
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general similarity across small time intervals and
specific stages of cluster evolution, determining
which snapshot model to train proved to be
particularly difficult. Moreover, imbalance became a
concern as the cluster dissolved, resulting in fewer
members and more non-members.

The imbalance issue was addressed by removing
stars located more than 3 Jacobi radii from the
cluster's center, ensuring they would not influence the
learning process and maintaining a more balanced
dataset. This approach facilitated effective training
and testing, as stars distant from the cluster are easily
identified as non-members due to their significant
distance from the cluster's actual domain. This
approach enabled the development of new learning
strategies incorporating additional timeframes for
training. While this resulted in a reduction in the
number of stars in the datasets, the extent of this
reduction varies across different timeframes and is
not fixed.

The strategy for learning is to train on the
snapshot after violent relaxation. This is the stage of
the cluster equilibrium and will save the dynamic that
would continue throughout the whole life-cycle of the
cluster. In our simulations, the period is from 20 Myr
to 100 Myr [17, 18]. The learning datasets are
randomly chosen from 20 snapshot datasets. Learning
on more snapshots is possible but will lead to
overfitting, which would decrease performance. This
approach was used for simulation with 15% SFE and
1st random realization for both position and mass, as
shown in Table 3 with gray color. Further simulations
with randomizations are given as simple numbers
after the SFE number and "-" like "17-13", meaning
17% SFE with the 1st random realization of position
and the 3rd random realization of mass.

Table 3 — Types of simulations used for testing. Gray
is the simulation that was not tested but used for training.
Pink is a simulation similar to training datasets, either by
position or mass. Violet are the simulations that are
completely different from learning data sets by position
and mass.

11 12 13
21 22 23
31 32 33

For the testing, the trained model is used to
predict membership of OC simulations with different
SFEs of 17%, 20%, and 25% with position and mass
random realizations as indicated in Table 3 with pink
and violet colors. The time period used was from 20
Myr (end of violent relaxation) until the time-step
when the cluster would have a Jacobi mass of less
than 100 solar mass since it will be considered a

dissolved cluster. Despite the absence of a mass
feature in learning and testing, the state of the cluster
with 100 solar mass can be calculated by the
corresponding Jacobi radius formula [19]:

R — GM; )
1= @ @

where G is the gravitational constant, M; is Jacobi
mass, £ is normalized epicyclic frequency, and 2 is
the angular speed of the star cluster [16]. Another
stopping condition is the number of member stars,
and an OC with less than 50 stars would not be
considered OC.

Machine learning algorithm

We tested multiple supervised algorithms for the
classification but only presented one most successful
model, Random Forest (RF). The RF algorithm is the
decision tree algorithm for various high-dimensional
data. It works by bootstrapping (randomly creating
new datasets from input datasets) and building a
predictive tree. After that, each sample goes through
these trees, and the algorithm selects the average
output of those trees [20]. Despite being an ML model
for datasets with multiple features, it proved to be
very good at predicting the membership of the OCs
[21], [22], [23]. Thus, testing and application of this
algorithm were a high priority of the paper.

RF classifiers from the scikit-learn package have
multiple hyperparameters, and major
hyperparameters are the number of trees, max tree
depth, max number of features, etc. The number of
trees or estimators depends on the dataset, and a more
significant number of trees can lead to a more
accurate classification but also may cause longer
runtime and overfitting. Max depth accounts for how
many depth of leaves the tree should have when
running the algorithm. Max depth affects the
computational complexity of the learning and
prediction.

The maximum number of features is the number
used for the node split of the tree, and it can be either
square root or log, type. As for the criterion, the Gini
index is used to measure the impurity in the values of
datasets. Also, it is possible to use random states. In
this study, the random forest has 100 trees, a max
depth of 10, a square root type of max features (6
features ~ 2.49), and a random state of 42. It was
possible to use a higher number of trees that would
have also been deeper, but it was performing well as
it is, and there was no real need to increase the
complexity of both learning and testing. Other
hyperparameters are left as default.
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Evaluation metrics

The primary evaluation metric is the accuracy on
other N-body simulation snapshots. It shows a
percentage of how well the prediction was done
broadly.

Table 4 — Confusion matrix of binary classification
of stars

Prediction
Non- Member
Member
Non-
ég}ﬂzl Member TN FP
Member FN TP

Despite having the general metric, we need to
analyze true negatives (TN) and true positives (TP)
for binary classification to understand performance
better. The performance of the binary classification
can be summarized with the confusion matrix shown
in Table 4. The diagonal represents the number of
correctly classified samples, and other values
represent the number of samples classified
incorrectly either as False Negative (FN) or False
Positive (FP) [24]. Considering that a significant
proportion of the testing samples would be either TP
or TN, the true performance will be seen in the rates
of FP and FN: False Positive Rate (FPR) and False
Negative Rate (FNR). It is simply the rate of how
many real positives or negatives are classified
wrongly on the test. Formulas can be seen below:

FPR = Fp 3
" TN + FP’ (3)
FNR = 25 T FN' (4)

Results and discussions

In this chapter, we would like to present the
results of this work and show the performance of
models according to evaluation metrics and further
analysis of results. All dependent plots are given with
the logarithmic scale because for each Myr on the x-
axis until 175 Myr has six datasets. This is the reason
why the plot is thicker until 200 Myr.

In plots, it is noticeable that there are several
trends in all the tests for all SFEs. Firstly, it is evident
that performance is very high, exceeding 90%.
However, this trend is only universal in earlier time
frames of the classification. Mostly, it is because OC

8

dissolves, and as time goes by, there will be fewer
and fewer member star samples.

Classification performance on simulations with
17% SFE can be seen on the top panel of Figures 1
and 2. The accuracy stays high, but the actual drop
starts at different late snapshots on different
simulations. This is because OCs with lesser SFE
tend to be less stable and dissolve faster. Early
dissolving ones are the SFE 17-13 and 17-33. These
random realizations have similar masses and start
dissolving at the similar age of 400-500 Myr. Other
simulations are more stable, and the actual drop in
performance is less than 90% after 600 Muyrs.
However, even until the end, they maintained a high
performance of closer to 80%.

Further, we’ve done an analysis of FPs and FNs
throughout the dynamic evolution. In the case of
simulations with 17% SFE in the early timeframes,
the rate of FN stays highest and, over time, decreases,
eventually reaching 0. This means that the model
makes a few mistakes with star members of the
cluster, and we mostly do not lose member stars
during the classification. On the other hand, the
amount of FP stays low at 20 Myr, but on further
snapshots, it only increases and almost reaches 50%
at the end. This means the model mistakes up to 50%
of the non-members as members. Considering that
the cluster is cut to a 3 Jacobi radius, this is the
expected result.

Cluster classification examples at different ages
are shown in Figure 3. The colors represent the type
of classification from Table 3. In Figure 3 (top right
panel), you can see how the model identified
membership of stars at 20 Myr. Classification
accuracy is around 92.7%, with 157 FPs and 83 FNs.
In simulations, violent relaxation ends at 20 Myr,
which is the starting testing period. The picture
shows that the cluster's shape is generally captured,
and it correctly classified both members and non-
members for the most part. This is evident from the
circular shape of the identified cluster and the
location of the TPs and TNs. However, you may also
see that all the FP and FN are located at the 2D plane
or on the borders of the cluster. This means that
mistakes mostly happen because of the absence of
the Z plane because most of the FPs are located upper
or lower to the X and Y planes on the Z axis. FN is
located on borders, meaning that they are marginal
statistical errors of the ML model. Despite these
errors, these are promising results for young OC with
17% SFE and 20 Myrs.

Similar results can be seen with the same cluster
after 100 Myr later in Figure 3 (top left panel), but
the accuracy is higher and reached 95%. The
numbers of FP and FN are 39 and 33, respectively.
Considering the lower number of non-members, this
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can be regarded as a good performance. Placements
of the FPs and FNs are similar, but mistakes are
considerably lower now than before.

The classification at 500 Myr can be seen in
Figure 3 (bottom panel). The accuracy at that age is
93%, with no FNs and 42 FPs. FPs are both on
borders and on the Z plane, higher or lower than the
cluster.

Overall, the number of stars is decreasing, and
this kind of performance will continue for the whole
dynamic evolution.

From the analysis of the layout of the stars, we
identified that most of the mistakes happen to stars
on cluster borders and on stars that are higher or
lower than the Z plane. Most mistakes are the FPs,
and FNs are mostly statistical mistakes that are not
present in the further testing age. This raises the
question of whether this number of FPs is acceptable

for the membership analysis. To explore this, we
need to know how far these stars are from the
cluster's center. The cluster border is found by the
Jacobi radius, and FPs are not within the Jacobi
radius.

However, they might be within a two or 3 Jacobi
radius, and at a 2 Jacobi radius distance, stars might
still be gravitationally bound to the cluster's center.

The number of FPs within 2 and 3 Jacobi radii
as a function of time can be seen in Figure 4.

From these results, we can see that most of the
FPs are within a 2 Jacobi radius in all the
classifications with different SFEs, and they may still
be gravitationally bound to the center of the cluster.
Thus, even FPs' mistakes can be considered member
candidates in the future.
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Figure 1 — Performance evaluation of RF model on simulations with 17% SFE on pink models from Table 2 in terms
of Accuracy (top panel), False Positive Rate (bottom left panel), and False Negative Rate (bottom right panel)
throughout the dynamic evolution.
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Figure 4 — The number of FPs throughout the test was
within 2 Jacobi radius (blue) and between 2 and 3 Jacobi
radius (green) on simulation with 17% SFE and 22
random realizations. There were no FPs beyond these
distances

Conclusion

This work explores the possibilities of using the
supervised learning approach combined with N-body
simulations for membership determination. We
trained the RF model on simulation with 15% SFE
on the 20 random snapshots of its dynamic
evolution's 20-100 Myr timeframe. This specific age
of the cluster is chosen because it is the end of violent
relaxation. Validation tests were done on N-body
simulations with 17% SFE and different
randomizations.

The model can predict the membership of all
snapshots from 20 Myr until its dissolution with
varying accuracy. The majority of snapshots, until
getting close to dissolution, exceed 90%. Despite
having such performance, it is identified that the
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model tends to mistake non-member stars as
members (FP), and the number of FPs only increased
due to a lesser number of stars in testing and closer
to the complete dissolution. However, most of the
FPs are located inside the 2 Jacobi radius, which
might indicate that those stars are still gravitationally
bound to the cluster's center and may still be
considered member stars. This framework shows that
it is possible to train a supervised ML model on N-
body simulation to predict the membership of similar
and utterly different N-body simulations with six
easily obtainable features, such as 2D coordinates,
velocities, color index, and apparent magnitude.
Nonetheless, this is just a proof of idea and cannot be
used for observation with described interpretation.

As for future plans, we will apply this strategy
to the simulations converted to mock observed
simulations. Current simulations are in cluster-
centered coordinates, and mock observation versions
of the simulations would have features in a format
that can be seen in actual observational data. Also,
the clusters will be placed on the Galactic disk
viewed from the position of the Sun. This should
make classification more complex. Under these
conditions, background stars will play a considerable
role, and distinguishing field stars from cluster
members will be hard for the supervised ML model.
Additionally, we plan to use N-body simulations as a
testing ground for other ML models, such as Star
Galactic Origins, various density-based scanners,
and more.
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ESTIMATING GAMMA-RAY FLUX FROM MILLISECOND PULSARS ORIGINATING
IN GLOBULAR CLUSTERS NEAR THE GALACTIC CENTER

In this study, we investigate the contribution of millisecond pulsars (MSPs) to the gamma-ray excess
observed in the Galactic Center by analyzing data from high-resolution direct N-body simulations of six globular
clusters (GCs) that experience close encounters with the nuclear star cluster. Using the $-GPU code, we
tracked the orbits of individual neutron stars (NSs) formed during the simulations, assuming a fraction of these
NSs evolve into MSPs. Our model includes state-of-the-art single stellar evolution code including prescription
for neutron star formation. We estimated the gamma-ray flux from these MSPs, considering known values for
their gamma-ray emission. Our results show that MSPs originating from the six modeled GCs contribute a small
but non-negligible fraction of the observed gamma-ray flux. This finding suggests that the actual gamma-ray
flux from MSPs could be much higher when considering the entire population of GCs, potentially significantly
contributing to the gamma-ray excess. This study highlights the importance of considering MSPs in the Galactic
Center, originating from nearby globular clusters, as a potential source of the observed gamma-ray excess.
Future work will involve more sophisticated simulations incorporating binary stellar evolution and comparing
the fraction of MSPs in observed GCs to refine our models and improve the accuracy of our estimates.

Key words: millisecond pulsars, gamma-ray excess, galactic center, globular clusters, neutron stars, N-
body simulations.

N.B. Kyatosa®’, T.MN. Nanamapes’, M.B. NweHko??,
A.N. MnyweHko?, N.N. Bepupk??
IB.I'. deceHKoB aTbiHAaFbI ACTPOPU3MKANBIK MHCTUTYTbI, AIMaTbl K., KasakcTaH
3BacTbl aCTPOHOMMUANBIK 06cepBaTopua, YKpanHa YATTbIK FblIbIM akageMuAckl, Knes K., YKpauHa
*e-mail: kuvatova@fai.kz

[aNaKTUKa/bIK OPTa/bIKKA XKaKblH OPHANACKaH Lap TOpi3Ai WOoFbipaapAaH WbIKKaH MUMIMCEKYHATbIK,
nynbcapiapAblH, raMMa-cayneneHy afbiHblH 6aranay

Byn 3epTreyae 6i3 MMAAMCEKYHATbLIK Nynbcapnapapit (MCM) FanakTnkanblk opTanbikTa 6aKblaaHaTbiH
raMma-Cay/ieNeHyaiH apTbiK MeJllepiHe KOCKaH YAeCiH KapacTblpambl3. AAPOAbIK KyA4bl34blK WOFbIPMEH
¥aKblH COKTbIFbICAaTbIH anTbl Wap Topi3di worbipnapabiH, (LUTL) Tikenen N-aeHeni moaenbagyi apKbibi
anblHFaH KOFfapbl ANAIKTEr CUMMyANAUMANap AepeKkTepiH Tandanmeid. -GPU KoablH KongaHa oTbipbin, 6i3
cumynauusnap bapbicbiHaa KanbiNTacKaH »KeKke HeMTPOoHAbIK XKyaapi3gapapiH (HH) opbutanapsiH bapnagpix,
onapablH, Kebipeynepi MCl-fa ainHanaabl aen 6omxkaimblz. Ocbl MOAeNbAEe HENTPOHAbIK KyAAbi3AapablH,
Ka/ibiNTacy cLueHapuiniepiH eckepeTiH saHapTblaraH Single Stellar Evolution (SSE) koAbl KonaaHbinaasl. bis 6yn
MCIM-gaH ramma-cayneneHy afblHblH ONapAblH ramma-cayneneHyiHiv, 6enrini maHAepiH eckepe OTbipbIn
baranaablK. Hatuxkenepimia antel mogenaeHred LUTLWI-aaH wbeikkaH MCI ramma-cayneneHy afbiHblHA a3,
bipak eneyni ynec KocaTblHbIH KepceTeni. Ocbl Ty»KblpbiMMmeH Oykin LWUTLI nonynaumaceiH eckepe oTbipbim,
MCI-gaH ramma-cayneneHy afblHbl 9A4eKaaa *KofFapbl 601ybl MYMKIH €KEeHiH KaHe raMma-cayfeneHymiH
apTblK MeAllepiHe biKkNan eTyi MyMKiH eKeHiH BosKalmbi3. byn 3epTTey »KakblH MaHAafbl Wap Tapisai
WofblpnapaaH Wwelkkad MCI-napabl FanakTUKaAbIK OpTanblKTafbl rAMMa-CayNeNeHYaiH, apTblK MeNLWepPiHiH
9/7eyeTTi Ke3i peTiHAe KapacTblipyablH MaHbI3AblblFbIH KepceTeai. bonalak 3epTTeynep KocC Kyaabl3aapablH,
3BOJIOLMACBIH  €CKEPEeTIH Kypaenipek cumynsumanapabl Kyprisyai Kesgenai xoHe 6i3aiH, moaenimisfi
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HaKTblnay *aHe HaranaynapbiMbi3abiH, A14irH apTTbipy ViliH WTLI-aa weiHanbl 6akblnaHatbiH MCI1 yaeciH
CaNbICTbIPYAbl KAMTUAbI.

TyliH cesgep: MUAMCEKYHATbIK MyAbCcapfiap, apTblK Mefwepaeri raMma-cayfiesieHy, ranakTUKasblK,
OpTasblK, LWap Tapi3Ai WoFbIpaap, HEMTPOHABIK Kynabi3aap, N-geHeni mogenbaey.
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OUEHKa NOTOKa ramma-u3Ny4eH1n OT MUNNUCEKYHAHbIX MYAbCapOs,
NPOMCXOAALLMX U3 LIAPOBLIX CKONNEHW BBAM3N [aNaKTUYECKOro LeHTpa

B 3TOM mMccnenoBaHUM paccMaTpMBaEeTCA BKAAL MUAMCEKYHAHbIX Nyabcapos (MCI) B n36bITOK ramma-
n3nyyenHma, Habnwogaembln B [anakTMYECKOM LEHTPE, aHaAM3Mpya [AaHHble CUMYAALUMA  BbICOKOTO
paspeleHns, MnoJlydYeHHble MeToaoM MnpAMOro N-Te/IbHOro MOAENMPOBAHMA LWECTU LAPOBbIX CKOMAEHWUM
(LLIC), koTopble NCMbIThIBAIOT 6/1M3KME CTOIKHOBEHMA C AAEPHBIM 3BE3AHbIM CKOMaeHMem. Mcnonbaya Kog, ¢-
GPU, oTcneskmsaroTca opbuTbl OTAENbHbIX HENTPOHHbLIX 3Be34 (H3), 0bpa3oBaHHbIX B X04e CUMYAALMNA,
npeagnonaras, 4to Yactb 371X H3 asosntounoHmnpyet B MCr1. MpeanoxeHHaa MoaeNb BKAOYaeT 06HOBAEHHbIN
kog, Single Stellar Evolution (SSE), KoTopbli yunTbIBaET cUEHapUn GOPMUPOBAHUA HEMTPOHHbLIX 3Be3/4,. OUeHEH
NOTOK ramma-manydyeHma oT 3Tux MCI, yumTbiBaa M3BECTHblE 3HAYEHMA WX ramma-usnyyeHuma. [daHHble
pe3yabTaTbl NOKa3biBatoT, 4To MCT, nponcxoasiime 13 WecTn CMoAeNMpPoBaHHbIX LLIC, BHOCAT HeGObLWON, HO
3aMEeTHbIN BK1aA, B HabtoaaeMblil MOTOK rammMa-mnsydeHms. 3ToT BbIBOA, NPeAnonaraeT, YTo peasbHblii MOTOK
ramma-usnydenns ot MClI moKeT BblTb HaMHOTO Bbllle NpK yyeTe Bcel nonyaaummn LWC, 4yTo noTeHumanbHO
MOMKET CNocobCcTBOBAThL M3ObITKY raMma-n3yYeHns. ITo uccaeaoBaHne NoaYepKMBaeT BarxKHOCTb yyeTa MCI
B a/laKTUMYECKOM LEHTPE, MPOUCXOAALLMX U3 OAM3NENKALIMX LIAPOBbLIX CKOMAEHWM, Kak MOTeHLManbHOTro
MCTOYHMKA Habtogaemoro n3bbiTka ramma-usnydeHns. byayuime paboTbl ByayT BKAOYATb HONee CMOXKHbIe
CUMYNAUMM, YUMTbIBAIOLME IBONOUMIO ABOMHbIX 3B€34, U cpaBHeHue aonm MCI B Habmogaembix LUC ana

YTOYHEHWMA HaWNX Merneﬁ M NoBblIWEHNA TOYHOCTN HallMX OLLEHOK.
Kniouesble c¢noBa: MWNINCEKYHOHbIE NYyAbCapbl, n36bITOK raMma-n3nyvyeHunsA, ranakTMyecKkuni LEeHTP,
LapoBble CKOMNNeHNA, Hel;lTpOHHbIe 3Be3/pl, mogennposaHue N-Tes.

Introduction

An excess of gamma rays emanating from the
central region of the Galaxy (so-called the Galactic
Center Excess — GCE) was detected during the
analysis of data obtained with the Fermi Large Area
Telescope [1,2]. There are several hypotheses
regarding the nature of the GCE, for example,
annihilation of dark matter particles [3], radiation
from millisecond pulsars [4], and other mechanisms.
Such diversity is due to the fact that the issues of the
GCE spectrum and spatial morphology [5] are not
fully resolved, since different interstellar emission
models (IEMs) correspond to completely different
characteristics of the GCE [6]. Some authors propose
multicomponent models to explain the GCE. For
example, the authors [7] consider various IEMs,
including the distribution of point sources, interstellar
gas, the inverse Compton effect, bremsstrahlung, etc.
Their templates with dark matter and millisecond
pulsar components showed good agreement with the

observed excess. It is likely that several factors are
responsible for the GCE, and different components of
IEMs contribute to it

The spectral energy distribution of the GCE
peaks at several GeV. Since millisecond pulsars have
a rapid fall-off above several GeV, they are assumed
to be potential sources of the GCE [3]. In addition, it
is likely that the spatial distribution of the excess is
not spherical and smooth, and correlates with the
distribution of stars in the Galactic bulge and bar
[8,9]. However, the observed population of
millisecond pulsars measured by the Fermi telescope
with sufficiently hard spectral indices is insufficient
to explain the excess [3,10]. Nevertheless, if pulsars
from globular clusters of the Galaxy are taken into
account, it might be possible to explain the excess,
although current observational data still do not allow
making final conclusions.

Globular clusters (GCs) are gravitationally
bound star systems, the typical age of which is more
than 10-12 billion years [11,12]. Comprehending the
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relationship between globular clusters and the central
areas of galaxies, especially those containing nuclear
star clusters and supermassive black holes, is crucial
for understanding models of galactic formation
[13,14]. Due to dynamical friction, globular clusters
tend to migrate to the center of the Galaxy (e.g.
[15,16]. Analysis of the GAIA catalogs has shown
that the existing globular clusters of the Milky Way
feature a wide range of orbits [17,18]. In our previous
works, we reconstructed the orbital evolution of
observed clusters by backward integration in a time-
varying Galactic potential taken from Illustris-TNG
cosmological simulations (add links to the 1st
papers). We showed that some of the objects
approach the Galactic center to within 100 pc [19].
Recently, we conducted a detailed analysis of the
clusters that approach the galactic center most
closely: we modeled their evolution from 2 Gyr after
the formation up to the present day, including stellar
evolution [20].

In this paper, we focus on the dynamics of
neutron stars (NS) from these globular clusters. By
assuming that some of these NSs will result in
millisecond pulsars, we analyze gamma-ray emission
of these pulsars and discuss their contribution to the
observed gamma-ray excess.

The paper is organized as follows. In Section 2
we summarize methods of integration and briefly
describe the clusters we studied. In Section 3, we
present the main results, and in Section 4 we
summarize our findings.

Methods

In our previous work [21], we integrated the
orbits of 159 GCs, using data from the GC catalog*
[17,18], transforming them to Galactocentric
coordinates [22]. We considered the following
parameters: galactocentric distance of the Sun Re =
8.178 kpc [23], height above the galactic plane Zo =
20.8 pc [24] and speed relative to the Local Standard
of Rest (LSR) Visr = 234.737 km/s [25,26].

We assessed the influence of measurement
errors on the initial data and GC orbits, finding that
the errors had an insignificant impact on many GCs
[21].For the integration of GC orbits 10 billion years
back in time, we used a dynamically evolving
potential from the IllustrisTNG-100 cosmological
modeling database [27]. The spatial scales of the disk
and dark matter halo were derived using the
Miyamoto-Nagai profile [28] for the disk and the
Navarro-Frank-White profile [29] for the halo. A

1
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detailed procedure for selecting potentials and
constructing their components is given in [21,30].

For numerical simulation, we employed a
parallel dynamic N-body code ¢-GPU [31,32], based
on a fourth-order Hermite integration scheme with
hierarchical individual block time steps. The orbits of
the 159 GCs were reconstructed in one of the selected
external dynamic potentials, designated as number
411321 in HlustrisTNG-100. From this analysis, we
selected six clusters — Palomar 6, HP 1, NGC 6401,
NGC 6642, NGC 6681, and NGC 6981 — that have a
high probability of approaching the Galactic Center
during their dynamic evolution.

We integrated a stellar evolution library into the
code [33,34], taking into account stellar winds,
supernova core-collapse, and other phenomena. The
stellar mass distribution was based on the initial mass
function [35] with limits of 0.08-100 Mo, with each
simulated particle corresponding to 10 stars of the
same type. This approach, previously used in the
works [36,37], allows for more accurate models to
determine the necessary parameters for the GCs.

Each GC was initialized to an equilibrium state
using the King model distribution function [38],
based on such parameters as the half-mass radius rmm
and the dimensionless central potential Wo. The initial
conditions for this simulation were taken from the
previous integration without stellar evolution. The
Galactic Dynamical Potential was complemented by
a Plummer-type potential [39] for the NSC. The
supermassive black hole as a separate particle was not
included in the integration.

For each of the six clusters, we carried out a
series of integrations from 8 billion years ago, varying
parameters such as mass, half-mass radius, and King's
concentration parameter, to find models that matched
the observed values within a deviation of no more
than 5%.

Results and discussion

Millisecond pulsars, which are highly energetic
remnants from neutron stars, typically form in binary
systems with red giants or main-sequence stars (see
[40] for a review). Due to the asymmetry of the
supernova explosion, newly formed neutron stars
experience high kick velocities, which were initially
thought to be sufficient for them to escape the low
escape velocities of globular clusters. However,
observations have confirmed the presence of
millisecond pulsars within  globular clusters,
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indicating that they can form and be retained in these
environments (see e.g. [41] for a recent discovery).

Our computational code phi-GPU, although not
featuring binary stellar evolution, includes state-of-
the-art single stellar evolution with scenarios for
neutron star formation without any kicks. Using this
model, we tracked the orbits of all individual neutron
stars formed during the simulations to investigate the
dynamics and potential presence of neutron stars that
could evolve into millisecond pulsars in the central
region of the Milky Way.

We modeled six globular clusters that come
close to the Galactic Center: NGC 6642, NGC 6401,
HP 1, NGC 6681, Palomar 6, and NGC 6981. Figure
1 shows the positions of all neutron stars from these
clusters within a 1 kpc sphere around the Galactic
Center, projected in Galactic coordinates with a £8
degrees box. Neutron stars with blueshifts are shown
in blue, while those with redshifts are depicted in red.
The figure includes 2210 neutron stars from NGC
6642 (with 1110 still inside the cluster), 380 from
NGC 6401, 420 from HP 1, 40 from NGC 6681, and
270 from Palomar 6. For clarity, only every 10th
neutron star is displayed. Notably, no neutron stars
from NGC 6981 are present in this region. The
significant number of neutron stars from NGC 6642
is expected, as the cluster’s center frequently lies
within this 1 kpc Galactic central region, as indicated
by the dense red clump in the plot’s upper right.

Thus, Figure 1 demonstrates that a significant
number of potential millisecond pulsar progenitors
are dispersed within the central kiloparsec of the
Galaxy. Assuming that a certain fraction of these
neutron stars are actually millisecond pulsars (10%)
and using known values for the gamma-ray flux they
emit, we can estimate the morphology of this
radiation.
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Figure 1 — Neutron star distributions within a 1 kpc
sphere from the GalC are projected in galactic
coordinates, with a =8-degrees box for all GCs at present
day. Taken from [20]

Based on the NS distribution obtained from GCs
simulations in our simulations, we estimated the
gamma-ray flux from millisecond pulsars. We
constructed 2D histogram of NSs in the region, and
considering the average gamma-ray flux from a
millisecond pulsar ranges from 102 to 10! erg s*
cm2[42], and taking into account that each simulated
particle corresponds to 10 physical NS and the
fraction of millisecond pulsars from the total number
of particles is 0.1, we reconstruct the emission flux
from the pulsars. This proportion was selected
randomly from the NS distribution. Figure 2 shows
the resulting radiation fluxes for cases 102 and 10*
erg s cm? in an +8-degrees box around the central
region of the MW (these fluxes may be produced by
a MSP with Luminosity of 10%-10% erg s* at a
distance of 8 kpc).
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Figure 2 — Gamma-ray fluxes from the distribution of millisecond pulsars if the average flux from one pulsar
is 102 (left) and 10" (right) in a +8-degrees box around GalC
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The figure reveals that emission of the MSPs
originating from 6 globular clusters contributes to a
small fraction of the observed flux [2]. However, we
should note that here we made a simple estimation
based only on 6 globular clusters that approached the
Galactic center in the past that exist in the MW today.
However, evidence suggests [43,44] that at least some
globular clusters contributed to the formation of the
nuclear star cluster of the Milky Way meaning that
we see only surviving clusters. Thus, in reality the
expectation is that the actual gamma ray flux from
MSPs may be much higher, potentially significantly
contributing to the observed gamma-ray excess.

Conclusion

We analyzed data from 6 high-resolution direct
N-body simulations of Milky Way globular clusters
that experience close encounters with the nuclear star
cluster [20]. By tracking the orbits of individual
neutron stars and assuming a certain fraction of them
evolve into millisecond pulsars, we estimated the

gamma-ray flux of these pulsars. Although the flux
produced by these pulsars is not sufficient to explain
the observed gamma-ray excess, our results indicate
that the presence of millisecond pulsars in the
Galactic Center, originating from nearby globular
clusters, should be considered.

To improve the calculations of the contribution
of millisecond pulsar flux to the observed gamma-ray
radiation, more sophisticated simulations are needed
in the future. These simulations should include binary
stellar evolution to refine the estimates of the fraction
of millisecond pulsars among neutron stars.
Additionally, comparing the fraction of millisecond
pulsars in observed globular clusters with high
numbers of millisecond pulsars can further enhance
our models.
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OCHOBHbIE MAPAMETPbI LLIMPOKMX ATMOC®EPHbIX IMBHEX HA BbICOTE FOP

B du3MKe BbICOKMX 3HEPTUIA OAHMM U3 OCHOBHbIX HaNpaBAeHUI ABAAIOTCA LMPOKME aTMOCHEPHbIE SIMBHM
(LLUAJT). 3TOT PpeHOMeH B HacCTOALLEe BPEeMS OCTAETCA MasloM3yYeHHbIM: YYEHbIM HEM3BECTHA NpMpoaa WX
BO3HWKHOBEHMSA, MexaHM3Mbl GOPMUPOBAHMSA B BbICLLIMX CNOSX aTMOChepbl U Apyrie. B AaHHOW cTaTbe Hblan
OMMCaHbI INaBHbIe XapaKTEPUCTUKM aTMOCHEPHbIX IMBHEN M UX OCHOBHbIE cBOCTBa. OCHOBOW MCCAen0BaHMM
LWAJT nOCAYKMAM MHOTOYUCIEHHbIE 3KCMEPUMEHTbI, MPOBEAEHHbIE Ha KOMMIEKCHOM YCTaHOBKe «AApPOH-55».
JInBHM BblNM 3anmncaHbl M 06paboTaHbl METOAOM MOHU3AUMOHHOIO KaslOPMMETPA, CYyTb KOTOPOrO COCTOMUT B
TOM, 4TOObI M3MepPATb aHepruto LA cymmapHO MoHM3aumen YacTul,. JaHHbI KaopUMETp C NOrNOTUTENAMM
M3 XKesnesa M CBMHLA 0becrneynBaeT BbICOKYH TOYHOCTb M3MEPEHMI, IKCMEPUMEHTANbHAA OLIMBKA KOTOPbIX
coctaBnsetr Bcero 10%. O6paboTKa 3KCNepMMeHTaNbHbIX AaHHbIX OCYLWECTBAANACL MPOrPammONn,
pa3paboTaHHOM Ha A3bIKe C++. IKCMePUMEHTbI MOKa3au, YTO Camble PAaCNPOCTPaAHEHHbIE YaCcTULbI B IMBHAX —
3N1eKTPOHHO-GOTOHHAA M aAPOHHAA KOMMOHEHTbI, 40/A KOTOPbIX cocTasnAaeT 95-98% yacTuu, B CTBOAE INBHSA.
Mporpammoit Hbino obpabotaHo 8717 nmBHelM 3a Bpema paBHoe 485 4acoB. AHa/IM3 3HEPreTUYecKoro
AMana3oHa 3aperMcTpmMpoBaHHbIX TMBHEN NOATBEPKAAET TEOPUIO UX FANAaKTUYECKOTO NPOUCXOXKAEHNA. TaKKe
BblYMCAEHWE OCHOBHbIX MapameTpoOB AAeT BO3MOXHOCTb MPOBOAUTb AajbHellme uccneposaHua LA 8
Honee pasBepHyTOM BUIE.

KnioueBble €n0Ba: KOCMMYECKME /YUK, LUMPOKME aTMOCHepHble JIMBHU, GU3MKA BbICOKMX IHEpruin,
MOHMN3aLMOHHbIN KaNOPUMETP, MOHMU3ALMA.
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Main parameters of extensive air showers at mountain altitudes

In high-energy physics, one of the key areas of research is the study of extensive air showers (EAS). This
phenomenon remains insufficiently understood; scientists still lack comprehensive knowledge about the
nature of their origin and the mechanisms responsible for their formation in the upper layers of the
atmosphere. In this paper, the main characteristics and properties of air showers are described in detail.
Numerous experiments conducted at the Hadron-55 complex form the foundation of EAS research. The
showers were recorded and analyzed using the ionization calorimeter method, which measures the energy of
EAS by detecting the total ionization produced by particles. This calorimeter, equipped with iron and lead
absorbers, ensures high measurement accuracy, with an experimental error of only 10%. The experimental
data were processed using a program developed in C++. The experiments revealed that the most common
particles in the showers are electron-photon and hadronic components, which account for 95-98% of the
particles in the shower core. A total of 8717 showers were processed by the program over a period of 485
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hours. An analysis of the energy range of the registered showers supports the theory of their galactic origin.
Additionally, calculating the primary parameters allows for further, more detailed studies of EAS.
Key words: cosmic rays, extensive air showers, high energy physics, ionization calorimeter, ionization
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TaynapAablH, 6uiKTiriHAeri KeH, aTMmocdepanblk HecepnepAin, Herisri cunaTramanapsl

orapbl aHepreTUKanblk dusnkaga Herisri 6arbiTTapasiH Hipi KeH, aTMmocdhepansik Hecep (KAH) 6onbin
Tabblnaabl. by KyObibIC Ka3ipri yakbITTa XKeTKINIKTI AeHreae 3epTTe/IMereH: fanabiMmaap onapabiH nanaa 6ony
TaburaTbiH, aTMoCdepaHblH, *Kofapfbl KabaTTapblHAa KanbiNnTacy MeXaHM3MAEpiH KoHe Tarfbl 6acka
ACNeKTiNepiH TONbIK 3epTTemereH. byn maKanaga aya HecepnepaiH Herisri cMnaTTamanapbl XKaHe 0fapabiH,
Herisri KacueTTepi cunatTanfaH. 3epTTeyaiH, Herisi 6onbin "AapoH-55" KelweHai KoHAblpFbicbiHAa KAH-gi
KYPri3ifreH KenTereH skcnepumeHTTep 6onabl. Heceprep woHAayllbl KanopuMETP oaficimeH Tipkenin,
eHAaenai. ATmocdepanbik Hecepnep 6enlleKTepAiH Kannbl MOHAaNYbl apKblibl KAH-AiH SHepruacbiH enWenTiH
MOHAAHYLWbI KANOPUMETP dAiCiMeH TipKenin, enaeni. byn kanopnumeTp Temip MeH KOPFacCblH CiHipriliTepimeH
*KababIKTanFaH, ON }KOfapbl e/ley ANAINH KaMTaMachkI3 eTefli, an SKCNePUMEHTTIK KaTenik Hebapi 10%-apbl
Kypanapl. dKCnepumMeHTTiK adepektep C++ TiniHAe o3ipneHreH bargapnamameH eHaenai. JKCnepumeHTTep
KepceTKeHAeN, Hecepaepaeri eH Ken TapanfaH OesleKTep — 31eKTPOHAbI-POTOHABIK KIHE aAPOHAbIK,
KOMMOHEHTTEP, ONapablH, yaeci Hecep e3eriHaeri benwexktepaiH 95-98%-biH Kypanabl. baraapnama 485 cafat
iwiHoe 8717 Hecepai enaeni. TipkenreH HecepiepAiH, dHepPreTMKanblk AMaNasoHblH Tangay oOsapablH,
raflakTMKanblK TaburaTbl TeopuACbiH pacTaiabl. COHbIMEH KaTap, Herisri mapameTpiepi ecentey KeH,
aTMocdhepasnbik Hecepepai oAaH api TEPEHIpPeK 3epTTeyre MyMKiHAIK Bepea,.
TyMiH ce3mep: fapbllWThIK caynenep, KeH atmocdepanblk Hecep, KOoFapbl 3HepreTuKanbik dusnka,
MOHAAHY KaJOPUMETPI, MOHAAHY.

Beenenue YMEpEHHBIX PHEpPrusix, U xapaxktepusle mms HIAJL:
9NMEKTPOH-POTOHHASA,  AAPOHHAsT M  MIOOHHAs

Hlupokne armocdepusie nmBHU (IIIAJI) kommoHeHTHI, wu3NydeHHe BaBmioBa-UepeHkosa,
o0pa3yroTcss B pe3yibTaTe  B3aUMOJCHUCTBHA  PaJuOW3IydeHHE U Ap. DOTOHBI U AIEKTPOHEI CaMble

MEPBUYHOM KOCMHUYECKON 4acTHIBI ¢ aTtMochepoit
3emmu. Kocmuueckue mayun NpeacTaBisiFOT coOOi
CTa0WIIbHBIE  YacTHILI W aTOMHBIE  sijIpa,
3apOJIMBIIECS U YCKOPEHHBIE 10 BHICOKMX DHEPTUH
B OTJJIEHHBIX yronkax BcenenHoil. XoTs 10 ypoBH:
HaOJIOIEHUH JOXO/AT TOJILKO OT/IAJICHHBIE TOTOMKH
TIEPBUYHOM YaCTHUIIBI (3a HCKITIOYCHHEM
BBICOKOOHEPreTUYECKMX MIOOHOB, BOSHHKAIOIIUX HA
HaydalbHBIX 3Talax Kackaja), HEKOTOPbIe CBOWCTBA
MEPBUYHOTO B3aMMOJICWCTBUS BCE JK€ MOXKHO
MpOCHEINTh  4Yepe3  ILEMOYKy  MOCIEAYIOLINX
B3aMMOJCHCTBUH.

B ocHoBe nmpexacraBieHus O  IIMPOKOM
armocepHom nuBHe (IIIAJI) mexur Moxenb
SIIEPHOTo Kackaaa. [IpuHATO cuMTaTh, 4TO IMIMPOKHIMA
arMoc(epHbIe IMBEHb — 3TO TMTAHTCKUHN JIEKTPOH-
SOEPHBIA TIOTOK YacTHULl, B KOTOPOM JIOCTUIAIOT
MIOJIHOTO pacliBeTa BCE JJIEMEHTapHblE YacTHLBI,
copepkaiiuecss B Ipenenax arMocepsl  MpH
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pacrpocTpaHEHHBIE YAaCTUIBI B JIUBHE — UX JOJIS OT
MOJHOTO YHCJa YaCTHIl COCTaBIIIET NMPUMEPHO 95—
98% B nentpanpHON yactu u 80% Ha pacCTOSTHHUH
200-250 M or menrpa ymBHs. lloaToMy camMbiM
NPOCTBIM M HAJEKHBIM METOAOM HCCIIEIOBAHUS
arMOC(epHBIX JIMBHEH JIONTOE BpeMs CYHTANACh
perucrparus ux ANEKTPOHHO - (POTOHHOM
KOMIIOHEHTHI.

upoxue arMochepHbIe TUBHUA COCTOAT U3 TPEX
OCHOBHBIX KOMITOHEHTOB: 3/1€KMPOHHO-(POMOHHO,
MIOOHHOU U sI0epHO-akmuenou. Jas n3MepeHus
MOTOKA SHEPTUU ANEKTPOHHO-()OTOHHON
KOMIIOHEHTBI UCTIOJIB3YIOTCS crienuaibHbIe
JIETEKTOPbI, pa3MENICHHbIE B Pa3IMYHBIX TOYKAX
KOMIUIEKCHOM ycTaHOBKH. bbuio 3amedeHo, dTO
NIUPOKUH  aTMOCQEpHBIl  JIMBEHb  ITOCTOSHHO
OOHOBJISIETCS 32 CUET IOANUTKU  SAJACPHBIMU
KOMIIOHEHTaMH BBICOKOI SHEPTUH B €ro CTBOJIE, U B
m1yOrHe atMocgepsl AEKTPOHHO-(POTOHHAS KOMIIO-
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KOB 1 Ap.

Henra (O®K) HaxoguTcss B paBHOBECHU C BBICOKO-
SHEPTreTHYECKUMH SAECPHO-AKTUBHBIMY JaCTULIAMHU.

Takum o6pazom, IIAJI mpemocTaBnsioT yHU-
KaJbHYI0 BO3MOXKHOCTb HCCIENOBaTb XapaKTEpHUC-
TUKU B3aMMOJCHCTBUS YacTUIL] CBEPXBBICOKHX JHEP-
T'Mid C aTOMHBIMU SIAPAMHU.

MarepuaJibl U METOAbI

[ns  u3ydeHHs  OCHOBHBIX  CBOICTB U
napamerpoB UIAJI HeoOXomumMo HCMIOIB30BATH
KOMIUIEKCHbIE YCTaHOBKU. Habmonenus 3a JIuBHAMU
OCYIIECTBIAIIOTCS ¢ mnoMmowpo Taub-lllanbckol
BBICOKOTOPHON YCTAHOBKH I1OJI Ha3BaHUEM «AJPOH-
55», Haxopgsmiasics Ha BeicoTe 3340 M Hag ypoBHEM
Mopsi, Hemameko oT I Anmarel. Ha pucynke 1
MpEJICTaBIeHa CXeMa HOHHU3AIMOHHOTO KaJopH-
MeTpa. «AIpoH-55%» BKIIOYaeT B ce0sl 2-X-SIpyCHBIH

AETEKTOPbI

R e
Stetatetatetetetels!

KOOpAMHATHBIH ~ HMOHM3aLUOHHBIH  KaJo-pUMETP
WIOmEAABI0 55 M? ¢ 00LIEH TOMIMHON TONIOTHTENS
1200 r/cM? 1 HEHTpaTbHYIO JTHBHEBYIO YCTAHOBKY H3
30 CHMHTWUISIIMOHHBIX JI€TEKTOPOB ILIOMIAIBIO
okomo 320 M?> m 8 mepudepHilHBIX CIUHTHII-
JSIIUOHHBIX CUETYUKOB Ha paccrostanu 10 100 m. Ha
puc.l ToOKazaH cxeMaTW4eCKUH IUIaH YCTaHOBKH
Anpon-55, cocrosimias M3 LEHTpaIbHOM U
nepudepuitHoi gacTei.

WNoHn3alMOHHBIM  KAJIOPUMETP HUCIOJIb3YETCS
UL W3YyYEHHS XapaKTepUCTUK B3aMMOICHCTBUI
a/IpOHOB B CTBOJIAX IIMPOKHX aTMOC(EPHBIX JIMBHEH
(LIOAJD). KamopumeTp coCTOMT W3 JABYX 4acTei:
BEpXHEH, Ha3bIBaeMOM TaMMa-OJIOK, W HUXKHEH,
Ha3plBa€MOH  aJpOHHBIA  OJNIOK. OJTH  YacTH
PacrooKeHbl BEPTUKAIBHO HAa PacCTOSHUU 2,2 M
JpyT OT Apyra JUIsl MPOBEACHUs SKCIIEPUMEHTOB I10
MOWCKY YapMHUPOBaHHBIX YaCTHII.
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Pucynok 1 — O6uwmii Buj ycranoBku AnpoH 55. [lonepeunsril paspes KaaopuMeTpa

lamma-00k  BKIIIOWAeT JABa psifa HOHM3A-
uroHHBIX Kamep: 100 kamep B mepBoM psay u 138

KaMep BO BTOPOM, pa3lClCHHBIX CBHUHI[OBBIM
SKpPaHOM TOJILHMHOM 26 cM wian 310 r/cm?.
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AnpoHHBI OJIOK COCTOUT U3 JKEJIE3HOTO
MOTJIOTUTEINS C TTOJIOCTSAMH, B KOTOPBIX YCTAHOBIIEHBI
MOHU3AIHOHHBIC KaMephl. JTOT OJIOK MpeaHa3HauYCH
TUTSI M3MEPCHHUS SHEPTUU KOMITOHCHTOB
KOCMHYECKOTO  W3JIY4YeHHS W OIpeeNeHus
TPaAeKTOPHIA YaCTHII, YTO TTO3BOJISIET OoJiee JeTalbHO
M3ydYaTh XapaKTCPUCTUKH B3aUMOJCHCTBUM YaCTHIL
KOCMHYECKOTO  U3JIy4YeHHsS. AJPOHHBIH  OJIOK
CONEPKUAT 4 psiga WOHHM3AIIMOHHBIX Kamep, mo 144
KaMephl B KKIOM DSy, PACMOIOKEHHBIX B3aUMHO-
NEPIEHIUKYIIPHO C TOIIOTHTENEeM U3 JKenes3a
Mexay pagamu [23]. Ommbka B ompeneneHun
SHEPrUHM  B3aWMOJEHCTBHS B  HOHHU3AI[IOHHOM
kajgopuMmerpe TtommumHoi 1100 r/cM? m  mecTn
ypOBHE#H HaOmoneHus cocrapiser MeHee 10%.

Onpenesienne ocHOBHBIX napaMeTpos HIAJI

B Xxome »SKCHepUMEHTOB OBLIM  BBISBICHBI
CJEeYIOUIME MapaMeTphl JUBHS: YUCIO 3JIEKTPOHOB
N, sHeprus E, xoopauHaTel ocu JuBHA X, Y,
3CHUTHBIN 6 U a3UMYTaJIbHBIN ¢ YIIBL

Haxooicoenue yenoe cmeona nueHs.

Vsl @ U @ Ompenensiorcss MO Pa3sHOCTH
BpemeHu mnpuxoma ¢ponra IIAJI. Ha puc. 2
0TOOpaXkeHa CXeMa MECTOIOJIOKEHUS 2-X TPYI CII-
JIETEKTOPOB 10 4 JeTeKTopa B KaXKIOW TpyIIie,

PacroIoKeHHBIX MO OKPYKHOCTH paauyca 40 M u
paamuyca 100 M COOTBETCTBEHHO.

Beruncienue Impuxoaa ocHu JIMBHA
OCYHICCTBJISICTCA IO OTHOCHUTEJIbHOMU 3aACPIKKE
HUMITYJIbCOB B JBYX Iapax CHHUHTUIUIATOPOB,

pacmnonokeHHBIX Ha pacctostand 40 M qpyT OT apyra
B 2 COCENHUX JAOMHKAaX, Pa3MEHICeHHBIX BO B3aMMHO
NEPICHANKY/SPHBIX ~ HAlpaBlICHHSX.  TOYHOCTh
M3MEPEHHs 36HUTHOTO yrma ~ 5°.

Onpeodenenue uucia yacmuy 6 UOHU3AYUOHHOM
Kanopumempe.

CurHaa ¢ HMTM HOHM3ALMOHHOH KaMepsl
nojaercss Ha  JIOTapUMHUUYECKUH  YCHIIUTEb,
KOTOPBI  MO3BOJISIET  aBTOMAaTHYECKH  HM3MEHSThH
K03 (UIIMEHT YCWICHWS: Ui MAalblX CHTHAJIOB
okoio 5 mV ycunenue cocraenser K =100, mus
Oompmmx curHanoB cBeime 5 B — K=0.2. Orto
MO3BOJIJIO MOJAYYUTh WIUPOKUN JAHUHAMUYECKUU
TTAATIa30H IS BXOJHBIX CHTHAJIOB cBBIME D = 3*10°
0e3 HacwlmieHust ycwiurtens. Ha  pucynke 2
IPOMJUTIOCTPUPOBAHO CXEMAaTH4eCKoe H300pakeHue
KaHaJla perucTpanuy kajsopumerpa. Takum obpaszom,
AIII ¢ guanaszonom D = 4095 unmu 4*10°, mo3Bonser
M3MEPATh CHTHalbl B auamasone D= 3*10°,
OO0OpaTHOE BOCCTaHOBJIGHHWE KOAa B CHTHaJI B mV
BBITIOJTHSETCS TIPOTPAMMHO.

7N\
HoHus =
" +6008 <
Kamepa =
<
=] =

| } [> Uenx — Momyne R
. Usx yeumur — 128 ran AF|e
1‘ i S
Tpurrep =
=

Bnox-cxema xaHana perucrpaunit KanopuMeTpa
a4
PucyHok 2 — biiok-cxema KaHaJia perucTpanuy KaJopuMeTpa
Curnan na Bxop ycuwiutens Usx moctynaer ¢ MoHuzanus ne €CTb 4UCIIO 4acTHll,

HUTH HWOHHW3aLMOHHON Kamepbl. Clie0BaTeNbHO,
curHan Ha Beixoge ycwiaurenas  Ue(swix) ¢
koadp¢ummentom ycuwnenns K =100 ot omHoro
AIIEKTPOHA PaBEH:

U.(BbiX) = UBX 'K =

= UBx - 100 = 390MkB = 0.39MB D

OTKyZa HOHU3ALMs paBHa:
_ UBx 5
me = @
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3apETUCTPUPOBAHHOE B POy KaJopuMeETpa. JHAYUT
MTOJTHOE YHCIIO SJIEKTPOHOB B JIMBHE OYyJIET paBHO:

8
N, =Zne.

i=1

(3)

Onepeus 1ITAJT, 8b10eUBUAACA 8
Kanopumempe

DHeprusi JIEeKTPOHHO-AICPHOW JaBUHB E
SBIISIETCS CYMMOW TpeX THIIOB DHEPIHH: SHEPTHH,

BBIHCHHBmeﬁCH B JKCJIC3HOM IIOITIOTUTEJIC, SHCPIUU
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ANEKTPOHHO-(OTOHHOTO KacKazia, oOpa30BaBILETOCs
B CBHUHLOBOM IIOIJIOTUTENIE KajJopuMeTpa, U
KOPPEKTUPOBKU HA SHEPIUI0, YIICIIIYIO 33 IPEIEIIbl
KaJJOpUMETpa W HE 3apeTUCTPUPOBAHHYIO U3-3a
KOHEYHOH TONIIUHBI HOITIOTUTENS.

E= EPb + EFe + Enonp- (4‘)
Ouneprusi Ep, ompenensnach Kak 9YHACIO YacTHI[ B
MUKE DIIEKTPOHHO-(OTOHHOTO KacKaaa, MPH 3TOM
BBOAMJIICS KO3 GUIMEHT 1.7 11 u3MepseMoro ymncia
YacTHll HMOHM3AaLMOHHOW  KaMepoi, KOTOPBII
HEOOXOANM TIPH YYUTBHIBAHUH TMepexonHoro 3ddexra
Ha TpaHWIlE CBUHEN-MeAb (TOJIIMHA CTEHKHU
MOHM3AaIlMOHHON Kamephl paBHa 3 MM). ToyHOCTH
onpenenenust sHeprun IPK mo uyMciy yacTuil B
MaKCHMyMe ero pa3BuTHs coctasisieT 30%.

Buiuucnenue koopounam ocu aueus

[Tpu HaXOXKAEHUN KOOPAWHAT OCH JTUBHS OBLITH
VYTEHBI CIICTYIOIINE MPEATIOTOKCHIS:

— OKOJIO OCH JIUBHS IJIOTHOCTD ITOTOKA YaCTHI]
MaKCHMaJIbHasl,

— JIMBEHb HUMEET AaKCHAIBHYIO CHMMETPHIO,
WHBIMH CJIOBAMH IUIOTHOCTH IIOTOKA JIMBHEBBIX
YaCTHI] 3aBUCUT TOJIBKO OT PACCTOSIHUS 10 OCH JIUBHS
Y HE 3aBHCHUT OT a3UMYyTAJIBHOTO yTJIa.

[ns onpenenenust oqHON KoOpAHHATHL ocu X
WCIIONIb3YETCS KOBEP CLUUHTWULSIIUOHHBIX JIE€TEK-
TOPOB, COACpPXKAIIUi 5 psAAOB MO 6 CYETIUKOB B
KaKJIOM. [[Ba KpallHHX CUETYMKAa B KaXJOM psry
HCKIIOHaloTCa u3 pacueroB. CYETYMKH B psny
pacIoIOKEHBI  BIOJIb  OCH, MEPIEHIUKYIIPHON
HMCKOMOW KOOpAHWHATE. 3aTeM OMPENeNsIeTCs] Pl C
HanOOJIbIIEN INIOTHOCTHIO ITOTOKA YaCTHII:

6
Pjmax =Zpij/4 (5)
i=1

7€ j — HOMEp pszia, i — HOMEp CHUHTHIUIATOPA B PALTY.
Benuunna xoopauHatel X OCH JUBHS ONpeEENsIeTcs
METOZIOM IIEHTpPAa TSHKECTH:

jmax+1 jmax+1
X= Z ijj/ z pj, (6)
j=jmax—1 j=jmax—1
IAe X; — KOOpAMHATa J-OTO psifa OTHOCHUTEIBHO

LIEHTpa yCTaHOBKU. Eciii HallieHHAs! STUM METOAOM
KOOPJIMHATA OCH JIMBHS JISKUT B mipesenax 3.5 m ([X]
< 3.5 M), TO KOOpAWHATA OCH X CUUTACTCS HAlICHHON
MPaBUJIbHO. AHAJOTHYHBIM O0Opa3oM HAXOAWUTCA W
KOOpAuHATa Y OCH JIUBHSL.

Pesyabrathl u 00cyKneHue

Peructpamus mmpokux atMoc(hepHBIX JTUBHEH
npoBogmwiack ¢ 2019 roma. B OaHk maHHBIX OBLIO
sarcano 8717 nusreii ¢ Ne > 6.4-10%, ocu KOoTOpBIX
JIeKaT B Kpyre paguycoM 18 M, 3aperucTpupoBaHHBIX
3a Bpemsi 485 wacoB. Ha pucynke 3 otoOpaxena
TUCTOTpaMMa pacIpeesieHus] MOHU3AllMd BO BCEX
psmax KajlopuMmeTpa, a 3ejeHas JTUHHS TOKa3bIBaeT
TPAeKTOPHUIO CTPYU JIMBHSA Yepe3 BCIO YCTAaHOBKY B
npoekiusax X u Y.,

IIpu ocMoTpe cOOBITHI W3 BTOPHUYHOTO OaHKa
Obuto  OoOHapyxkeHo, uTo 90% smepHOro cocTaBa
JUBHEH — JIETKWe DJIEKTPOHBI U (POTOHBI, KOTOPHIE
MOTJIONIAIOTCS. CBHUHIIOM YK€ B MEPBBIX 3 CIOAX
Kajopumerpa. TspKenble YacTUIbl, IPOXOASIINE
4yepe3 BCE CJIOW KaJOpHMEeTpa IOCTaTOYHO PEIKH.
[IpocnexxuBaeTcst Takas CTaTUCTUKA: MUK YaCTOTHI
COOBITHII OOHAPYIKEHO C YUCIIOM 3IEKTPOHOB oT Ne =
1.9-10° go 5.2-10°. Bonee AeTanbHO O IEPBHYHOM
ananuse nanabix ¢ TIHNHBC usnoxeno B padorte [3].

Ha pucynke 3 mnokaszaH mnacnopT JIMBHS,
3apeructpupoBaHHbiii 1 sHBaps 2021 roga. Kak
BUJTHO U3 PUCYHKA 3TO ““MOJIOJION” TUBEHb C YHCIIOM
actuy N, ~ 5.6-10° u smeprueii pasnoit 25 T3B.
3eNeHbIMH JIMHUSIMA OTOOpaykeHa TPAeKTOpUSl OCH
JTUBHS B JIByX MPOEKIUAX: B YETHOH W HEYETHOM.
[lockonmbKy  KOOpPIWHATEI OCH JIMBHA  TIOYTH
COBINIAIOT C KOOPJIWHATAMH LIEHTPa YCTaHOBKH, TO
€ro OChb Ha HAaXOAWUTCA TIOYTH TMOCEpEeanHE
CIMHTWUISIIIOHHOTO ~ KOBpa.  JTO  JIOBOJIBHO
pacrpoCTpaHeHHBIN THUIL JIUBHEH,
3apErUCTPUPOBAHHBIX YCTAHOBKOM.

3aKkioueHue

[lIupokre armocdepHble IWUBHU SBISIOTCS
WHTEpECHBIM (EHOMEHOM B (U3UKE BBICOKHX
sHepruii. I[lockonbky IIIAJI  OBUTH  OTKPBITHI
OTHOCHUTEJIPHO  HEJaBHO, TO  MPEIOCTaBISIIOT
UIMPOKUM MONUIoH sl uccleaoBanuil. B nanHo#
cTaThe OBUTA M3JI0KEHBI X OCHOBHBIE MMApaMeTPhI U
METOIbl WX HaxokaeHus. OmnpemeneHue 3THX
MapaMeTpoOB MO3BOJISIET CAECNATh NEPBUUYHBINA aHAIHU3
O TOBEIEHWMHM W CBOWCTBAX JWBHEH W SBISIOTCS
(GyHIaMEHTOM IS AalibHEHIINX UCCIIeIOBaHUH.

BaaroxapHocTh
PaboTa BbImoNHEHa B paMmKax HpOeKTa (TpaHT

NeAP19679396) npu mnoamepkke MuHHCTEpCTBa
obpazoBanms u Hayku PecryOnuku Kazaxcras.
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Y.E. OHalbepreHos™? w , A.E. AbapaxmaHos? G ,

C.A. Opasbaes? ®© , T.C. Pama3zaHos? © , AY. Yrerenos?" ©
YMHCTUTYT NpUKNaaHbIX HayK U MHPOPMALIMOHHbBIX TEXHONOMMIA, r.ATMaTbI, KazaxcTaH
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NCCNEOOBAHUE TEMNEPATYPbI 2/IEKTPOHOB B M/1IASME T/IEIOLLEEIO PA3PALA
NPU NOCTOAHHOM TOKE Ar u Ar/C2H;

B naHHoM paboTe npeaocTaBaeHbl pe3yabTaTbl UCCAEA0BaHUA TEMMNEPATYPbI 3/IEKTPOHOB B aproHOBOM U
aproH-aLeTU/eHOBOW NJa3me T/AEKWEro paspAga MOCTOAHHOrO TOKa. [na onpeaeneHns OCHOBHOTO
napameTpa KOMMJEKCHOM nnasmbl  6bll MCNONb30BaH  OMNTUK-IMUCCMOHHBIA  MEeTOA.  3aBUCMMOCTb
TemnepaTypbl 3/1eKTPOHOB OT paboyero AaBfeHWA, HaNPSXKEHWA M BPEMEHMW paspada onpefensnacb no
NHTEHCUBHOCTM CNEKTPaIbHbIX IMHUIA. HanpsaKeHne MCTOYHMKa BapbnpoBanoch oT 1 KB Ao 1,5 KB, a gaBnexHne
noaaepxmsanocb mexay 0,1-1 Topp. B 3aBMCMMOCTM OT BpeMeHu TemnepaTypa 3/1eKTPOHOB PaCcCYnTbIBAIOCh
Kaxable 20 cekyHp, B TedyeHWe 200 cekyHAHOro paspaga. PesynbTaTbl NOKasaan, YTO B aproHOBOM Maa3me C
MOBbILIEHVMEM [aBfeHMA TemnepaTypa 3/eKTPOHOB CHWMMKaeTcA [0 MoKasatena paasnexHma 0,4 Topp,
nocneaytoulee yBeanyYeHne NpmBOAUT K MOBbLILEHUIO TeMnepaTypbl. TaKKe C yBe/IMYEHUEM HaAMNPAXKEHUA
MCTOYHMKA HabNOAAETCA CHUMKEHMEe TeMnepaTypbl 3/1IeKTPOHOB B Npedenax norpelHocTn. Kpome aToro, B
nblneson nnasme (PECVD B Ar-CoH,) TemnepaTypa 3/1EKTPOHOB B 3aBUCMMOCTM OT AaBAEHUA W HaMNPAXKEHUA
MCTOYHMKA MMeNa TeHAEHUMIO, aHanorM4yHyro ToM, 4To Habnoganacb B aproHoBon nnasme. OaHaKo
TeMnepaTypa 3/1eKTPOHOB B MbI/IEBOM Na3Me B 3aBUCUMOCTM OT BPEMEHMW B HaYa/lbHbI MOMEHT NOBbILIAETCS,
nocse pe3Ko CHUKAETCA C TEYEHMEM BPEMEHMN.

Kniouesble €nosa: nblneBana naasma, TemnepaTypa snekTpoHos, PECVD, nnasma C HaHOYacTMLAMM,
ONTUYECKas CNeKTPOCKONKA.

Z.E. Onaibergenov*?, A.E. Abdrakhmanov?, S.A. Orazbayev?, T.S. Ramazanov?, A.U. Utegenov*?*
lnstitute of Applied Sciences and Information Technologies, Almaty, Kazakhstan
2Al-Farabi Kazakh National University, Almaty, Kazakhstan
*e-mail: almasbek@phsyics.kz

Investigation of the temperature of electrons in a glow discharge plasma
at direct current Ar and Ar/ CoH»

This paper presents the results of the study of the electron temperature in argon and argon-acetylene
plasma of DC glow discharge. The optical-emission method was used to determine the main parameter of the
complex plasma. The dependence of the electron temperature on the operating pressure, voltage, and
discharge time was determined from the intensity of spectral lines. The source voltage was varied from 1 kV
to 1.5 kV, and the pressure was maintained between 0.1-1 torr. As a time-dependent function, the electron
temperature was calculated every 20 seconds during a 200-second discharge. The results showed that in argon
plasma, as the pressure increases, the electron temperature decreases up to a pressure value of 0.4 torr,
subsequent increase leads to an increase in temperature. Also, with the increase in source voltage, a decrease
in electron temperature within the error limits is observed. In addition, in dust plasma (PECVD in Ar-C2H2),
the electron temperature as a function of pressure and source voltage showed a trend similar to that observed
in argon plasma. However, the electron temperature in dust plasma increases as a function of time at the
initial moment, after which it decreases sharply with time.

Key words: Dusty plasma, electron temperature, PECVD, plasma with nanoparticles, optical spectroscopy.
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MccnenoBaHme TemnepaTypbl 31€KTPOHOB B MAa3me TAetoLLero paspasa npu NocTosHHOM Toke Ar n Ar/CaH:

X.E. OHait6epreHos™?, A.E. 96apaxmaHos?, C.A. Opasbaes?, T.C. PamasaHos?, A.Y. YTereHos %"
Konparbanbl FeIbIMAEP SHE aKNapaTTblK TEXHONOTMANAP UHCTUTYThI, AIMaThl K, KasakcTaH
29n-Mapabu aTbiHaarbl Kasak, yiTTbiK yHUBepeuTeTi, AnmaThl K, KasakcraH
*e-mail: almasbek@phsyics.kz

TypakTbl TOKTa Ar )aHe Ar/CzH2 confbiH pa3paaThbl N1a3Maarbl 91EKTPOHAAPAbIH,
TemnepaTtypacbliH 3epTrey

By KyMbICTa TypaKTbl TOKTafbl COMFblH Pa3pAdblHbIH, apProH XaHe aproH aueTuaeH NAa3macbiHAafbl
3/1eKTPOHAAPAbIH TEMNEPATYPAChIH 3ePTTEY HATUMKEeNepi KenTipinreH. Kypaeni nnasmaHbiH Herisri napameTpiH
aHbIKTAy YLWiH ONTMKA 3SMUCCUANDBIK 3A4iC KONAAHbINAbl. DNEKTPOHAAPAbIH, TEMNepaTypPachbiHbIH, KbICbIMHAH,
KEpPHeyAeH XaHe YaKbITTaH Tayenainiri CNeKTipiK Cbi3blKTapdblH, MHTEHCUBTINIMH Tanaay apKblibl aHbIKTaAAb.
SKcnepuMeHT bapbicbiHAa KepHey Ke3i 1kB-TaH 1,5kB-Kka AemiH xyheni Typae e3repTinin oTblpAdbl, an KbiCbiM
KepceTkiwi TypakTbl Typae 0,1-1 Topp apacbiHAa cakTandbl. YakpliTTaH Tayenginiri 6onbiHwa 200 cekyHAKa
CO3blAFaH CONFbIH pa3paaTa ap 20 CeKyHA calblH 31EKTPOHAAPAbIH, TemMnepaTypachbl ecenTenin OTbipAbl.
ANbIHFaH HaTMXKeNep KepceTyi OoMbIHLIA aproH Naa3macbiHAa KbICbIMHbIH, *KOFapblaaybIMeH 31EKTPOHAAPAbIH,
TemnepaTypacbl 0,4 TOPP KbICbIM KOPCETKIiWliHE AeiH TOMEeHAen, CoAaH KeliH KalTa KeTepineTiHiH KepceTTi.
DNeKTPOoHAAPAbIH TeMnepaTypachl 6esLIeKCi3 AFHM aproH Naa3machiH/1a KepHey Ke3i »KofapbliaybIMeH KaTenik
WweriHae TemeHael 6acTalTbiHbl balKkangpl. TosaHabl nnasmaga (PECVD Ar-CyH,) »KyprisinreH 3epTrey
HaTUXKeCIH capanay bapbiCbiHAa 3NEKTPOHAAPAbIH TEMMNEepPaTypachl KbiCbiIM MEH KepHey Ke3iHeH Tayenginiri
aproH naasmacbiHAa bankanfaH TeHAEHUMANAPMEH BTe YKcac 60FaHbl aHbIKTaNAAbl. BacTanKbl CaTTe yaKbITKaA
HalinaHbICTbl TayeNAiNikTe To3aHAbl Na3mafarbl 3/1eKTPOHAAPAbIH, TemnepaTypackl bipTiHaen »ofapbinan

HacTan, KeiH yaKbIT eTe Kene KypT TOMeHAEUTIHIH HaTUKenep KepceTTi.
TyWiH ce3gep: To3aHabl NJa3Ma, 3/71eKTpoHaap Temnepatypacsl, PECVD, HaHobenwekTepi 6ap niasma,

ONTUKabIK CNEKTPOCKOMNMS.
BBenenne

N3yueHne KOMIUIEKCHOW TUIA3MbI KaK MOJEITH
KOHJICHCHPOBAHHBIX CpeJl B HACTOAIICEe BpeMs
SBJISIETCS  OJIHUM M3 aKTYaJIbHBIX HalpaBJICHUI
Hay4dHBIX  wccnemoBammii  [1, 2].  Ilmasma,
coJiepKalliasi MbUICBbIC YACTHIbI, UCTIONB3YETCS JUIS
MOJICJIMPOBAHUS  1EJIOr0  psifa  MPOIIECCOB B
KOHJICHCHPOBAHHBIX cpenax. B KkadecTBe Mojenn
CJIO)KHOW TJIa3Mbl B UCCIICIOBAHUIN HCIONB3YIOTCS
ycranoBku PK-4 [3, 4], PK-3 Ilmoc [5-7] u PKE
Nefedov [8], kotopsie ¢ 2001 roja mo ceroaHsIIHNI
JIeHb MCIOJIB30BAINCH VISl SKCIIEPUMEHTOB Ha OOPTY
MexnynaponHoit kocmudeckolt craniuu (MKC). B
YCIIOBHUSIX MHKPOTPABUTALMKM ObUTH  OOHAPYKEHBI
pa3nuuHbie (EHOMEHBI, CBSI3aHHBIC C MBUICBBIMH
YaCTHIIAMU, TAKHE KaK TIa3MeHHbIN kpucrtami [9-12],
meiIeBbie BoHBI [13-16], mycToTs (Boiim) [17-20].
BaxxHocTb HCCIIeIOBAHUS 3TUX SIBJICHHI
3aKII0YACTCS B MOHMMAHUU (DyHIAMEHTAIBHBIX
(U3MYEeCKUX IPOIECCOB, CBA3AHHBIX C (ha30BBIMHU
Nepexo[aMu U CO3/JaHUEM HOBBIX MaTEpHAJIOB.

IIpucyTcTBHE NBIIEBBIX YACTHI[ 3HAYUTEIHHO
BIIMSIET Ha KITFOYEBbIC TApaMETPhI TIa3Mbl, TAKHE KaK
TemrepaTypa ¥ KOHICHTpamusi 3JeKTpoHOB [21].
JluarHoCcTHKa MBIICBOH M1a3MbI TIO3BOJISIET MOIYYUTh
TIOJTHOE TIPENICTABJICHHE O MEXaHU3MaxX M MPUYMHAX
9TuX siBiIeHUH. CyIecTBYeT pa3IM4HBIE METOJbI
JMAarHOCTHKA TaKWe KaK »JJICKTPHYCCKUN 30H]
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Jleurmiopa [22-29], nasepuble HHTEPHEPOMETPHI
[30-33] u onTuueckue crnekTpomerpsl [26, 34-37].
Hcronp3oBaHne  ONTHYECKUX ~ METOJIOB  JUIS
JMarHOCTHKM TIUIa3Mbl, B TOM 4YHCJE IIBUICBOIA,
SBISIETCS. HAJIS)KHBIM TOAXOJOM, TIOCKOJBKY He
BJIMSCT Ha TIa3MY U Ha KOHEYHBIN pe3yIbTar.
[TapameTpsl ~ 2JIEKTPOHHON  TeMIeparypsl,
AIIEKTPOHHOM TUIOTHOCTH u aKCHAILHOTO
AIIEKTPUYECKOTO TMOJS B 3aBUCHMOCTH OT TOKa
UCTOYHMKA W JaBICHUS B arMocdepe HEOHa C
NBUICBBIMH YaCTHLAMU OTPEJICISUINCH C MOMOIIBIO
30HJa Ha DKCIIEpUMEHTAIbHON ycTtaHoBke PK-4 ¢
MCTOYHUKOM MOCTOSHHOTO TOKa C HM3MEHSIOIICHCS
nossipHocThiO [3]. PesynbraThl paboThI OKa3bIBAIOT,
YTO C YBEIIMYEHHUEM TOKa OCEBOE DJIEKTPHUYECKOE
MoJie ¥ TeMIIepaTypa dJIEKTPOHOB yMEHBINAIOTCS, a
KOHIIEHTpALHs 3JIEKTPOHOB yBenuuuBaercs. OceBoe
ANIEKTPUYECKOE TI0JIE JEMOHCTPUPYET CIOXKHYIO
3aBUCHUMOCTb OT JIABJICHUS: TIPU HHU3KHX JABIICHUSX
OHO YMEHBIIIAETCS, a IPH BHICOKUX JIABICHUSIX MOXKET
OCTaBaTbCs HEM3MEHHOW WIIM  YBEIMYHBATHCS.
OnHaKko TeMIlepaTypa SJIeKTPOHOB YMEHBIIIAETCS C
POCTOM JaBJCHUS, B TO BpeMsl KaK KOHIICHTpPALMs
yBennuuBaercs [3]. B pabore AnToHOBa U 1p. [25],
MPOBEJICHHOM Ha TOM K€ H3KCIEepUMEHTAIbHOMN
YCTaHOBKE, IIETbI0 KOTOPOTO OBLIO OIEHUTH 3apsin
MBUICBBIX YacTUII M CPaBHUTH CKOPOCTH Apeiida
YaCTHI] B YCJIOBUSIX MHUKPOTPABUTAIMU U Ha 3eMJIC
IPU PA3IMYHBIX MTapaMeTpax W TUMax raza. ABTOPHI
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U3MCPAJIM  OCHOBHBIC ITapaMCTPLL 0e3 MbLICBOM

IUTa3Mbl B 3aBUCHUMOCTH [aBJICHHS Ha 3€MHOU
SKCIIEPUMEHTAIbHOM  YCTaHOBKE. PesynbpraTel
MOKa3zajdu JpPYrylo 3aBUCHUMOCTb TEMIEpaTyphl

JJNIEKTPOHOB M OCEBOTO JJIEKTPUYECKOTO TOJIS OT
JaBIeHHs B aTMocdepe aproHa MO CpPaBHEHUIO C
atMoc(epoii HeoHa. B aproHoBoit armocdepe
AJIEKTPOHHAS TEMIIEpaTypa U DIICKTPUUECKOE TIO0JIe
YBEIMYUBAIOTCS C POCTOM AaBieHus. Hamportus, B

atMocepe  HEOHA  TEMIIEpaTypa  dAJIEKTPOHOB
CHIDKAETCS Ha HE3HAYUTEIbHYIO BEJTHUHUHY C POCTOM
JaBICHHS, & DJJIEKTPHYECKOe TI0JIe  OCTaeTcs

HEeM3MEeHHBIM. Taxke HaOIII0Aan0ch, YTO IOTHOCTh
ANIEKTPOHOB YBEJINYHBACTCSI C POCTOM JaBiieHus [25].

B psme pabor [31, 34, 35, 38] B koropoit
IbUIEBasl IUIa3Ma ObUIA TIONy4eHa ITyTeM BBEICHHS
XUMHYECKAN aKTUBHOTO Ta3a, ObUTH OINpe/eICHBI
OCHOBHBIC MapaMeTpsl Mia3Mbl. B maHHBIX paboTax
[39-41] B mmasmMe BBICOKOYACTOTHOIO €MKOCTHOI'O
paspsma B cmecu Ar/SiHs Ha ocHOBE 30HIOBOM
JMAarHOCTHKY OBUTM OMpE/eNICHbl TeMIeparypa u
TUTOTHOCTB JJIEKTPOHOB B 3aBUCHMOCTH OT BPEMEHH.
B pesynprare wuccienoBaHHMM OOHApYKEHO, YTO
KOHIICHTpAIHs ANEKTPOHOB CHIKAETCS c
UCTEUYCHHEM BPEMEHH, a TeMIIepaTypa JJICKTPOHOB
yBenuuuBaercs. Gordillo-Vazquez u apyrue [37]
OIPE/ICIIMIN TEMIIEPATYPy JIEKTPOHOB C MOMOIIIBIO
ONTUYECKOTO  METOAa B  BBICOKOYACTOTHOI'O
emkoctHoro paspsjge  Ar/Ho/CH,, a  rtaxke
Ar/H2/CHa. PesynbraThl JaHHOW pabOTHI MOKA3allH,
YTO C TIOBBIILICHHEM MPOLEHTHOTO COJEepPIKAHUS
aproHa TemIiepatypa OSJEKTPOHOB CHIDKAeTCs, a
TaKke B aTMocepe MeTaHa M aproHa Temieparypa
HUKeE, 4YeM B aTMocdepe areTuiieHa. ABTOPBI paboThI
[28] w3mepwim  Temmeparypy — 3JEKTPOHOB,
KOHLICHTPAIMIO HOHOB M TIOTEHIHAI TIa3Mbl BHYTPU
MYCTOTHI (BO¥/a), C TIOMOIIbIO 30HAA B YCIOBHSIX
Mukporpasuranuii. Ilo pesynpraTam nanHo# paboTsI
TeMIlepaTypa JIEKTPOHOB, TOTEHIINAN I1Ia3Mbl OBLIH
BBIIIE, YeM O€3 NBbUICBOH KOMIIOHEHTHI, a IUIOTHOCTh
MOHOB ObIJIa MEHBIIIE B T€X XK€ YCIOBHUSX.

B mpencraBnenHoit pabote Obuia ompenerneHa
TeMIlepaTypa 3JIEKTPOHOB C MOMOIIBIO ONTHYECKOTO
MeToa Ha 3eMHOU ycraHoBke PK-4 Qaz, xoropas
sisiercst ananorom PK-4 ua MKC [3]. HccnemoBana
3aBUCUMOCTb  TEMIIEpPAaTyphl  JJEKTPOHOB  OT
HAIpsOKCHUS U JIaBJICHUS KaK B aprOHOBOM, TaK W B
aproH-aleTUICHOBOU M1a3MBbl.

JKCNepUMEHTAIbHAS YCTAHOBKA

[IpuHnunuaneHas cxemMa 3KCIEPUMEHTAIBHON
ycraHoBku PK-4 Qaz mpexncraBnena Ha pucyHke 1,
KoTopas coctouT u3 I1-oOpa3Hoit GOpOCHINKATHON
CTCKJISIHHON ra3opaspsaanoi Tpyoku (1). TpyOka
nMeer JnuHY 330 MM, a BHYTPEHHUH IuaMeTp

cocTaBisieT 25 MM. Paspsn 3axxuraercs KCTOYHUKOM
noctossHHOTO ToKa [1mazoH (5) Mexy anogabME (6)
1 KarogueiMu (7) 2JeKTPOAaMH W3 HEpIKaBEIOIEH
cranu Mapku 304 AISI, Ha pacctosHuu 200 MM,
quamerpoMm 20 MM M TommmHON 2 MM. Bo3zmyx u3
KaMepbl ObUI BBIKAYEH C IOMOIIBI0 POTOPHOTO
Hacoca Mapku Bakma 2HBP-5/IM  (2) wu
TypOomosekysipHoro Hacoca Preiffer Hicube80 (3)
no mokasarens nasiaenust 10*  Topp. Ilomaua
paGouero rasa B CHCTEMY OCYIIECTBIISIACh C
MOMOIIBIO PErYyJIATOPOB MaccoBoro pacxoma (4)
XINNOVIS S 500 co ckopocthto 160 ky6. cM s
aprora u 0,6 xy0. cM mis anerwieHa. /laBienne
CHUCTEMbI HU3MEPAIIOCH C IIOMOIIBIO JaTyuKa
koHTposuiepa mozenu Edwards ADC Enhanced MKIl,
D39591500. B obmacti MOJIOKUTENEHOTO CTONOA ¢
HUCII0JIB30BaHUEM OIITHYCCKOI'O OMHUCCHUOHHOTI'O
criektpometpa (9) momenmu ATP 2000 uzmydeHus
n3mMepsutoch B muanazone 200-1100 am.

OKCIIEpUMEHT OBUI MPOBEAECH B Pa3IMUHBIX
3HavYeHUsIX AapneHust B aumanazoHe 0,1-1 Topp u
HanpspkeHust ot 1 no 1,5 kB. Cucrema Haxonunace
6e3 morokoBoM pexume. IlpoueHTHoe conepkanue
anetwieHa (CoHz) cocraBmsuio ~ 2 %. Ilocne
BBEJICHUS alleTWICHA C TIOMOLIBIO CIIEKTPOMETpa
ObUIM  TONydYeHBl  CHEKTpajbHbE  JUHUHA  C
nHTepBajoM B 20 cekyHa B TeueHue 200 ceKyHIHOTO
nepuoja.
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Pucynok 1 - Cxema skcriepuMeHTaIbHOM ycTaHoBku PK-
4 Qaz. I'azopaspsaHas TpyOka (1), poropHsiii Hacoc (2),
TypOOMOJIEKYIIAPHBIN HACOC (3), PEryIATOPbl MACCOBOTO
pacxona (4), ucTouHuK mocTossHHOro ToKa (5), Karox (6),
anof (7), 00bekTHB criekTpomeTpa (8), onTHIecK it
9MHUCCHOHHBIH criekTpomertp (9), HoyTOyK (10)

Mertoa pacueTa TeMIepaTypsl 3J1eKTPOHOB

TeMneparypa 3JeKTPOHOB Oblila pacCuuTaHa C
MIOMOIIBI0 MOJIEI KOPOHHOTO OanaHca IuiasMel. B
cBoeii pabore Fujimoto [42] yTrBepkmaer, 4To IpH
HU3KHX JIABJICHUAX U MAJIBIX TJIOTHOCTSX DJICKTPOHOB
B paspsjax THIIA TICIOMIETO paspsjaa mpeodiiagaT
TaKWe MPOIECCHl, KaK TNPsIMOe BO30YKIECHHE W3
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OCHOBHOTO COCTOSTHUS u CIIOHTaHHBIN
paguanuonHblii  pacman.  Ilostomy B JaHHOM
JKCIIEPUMEHTE B IIIa3Me Mpeo0iIagaeT KHHETHKa
KOpoHHO-OanancHoi mia3mbl. Gordillo-Vazquez u
apyrue B cBoedr pabore [37] mpencraBuim
MOIUGHUITHPOBAHHBIA METOJ| IOCTPOSHUs Tpaduka
BonpiimMana Ha OCHOBE KOPOHHO-0aIlaHCHOM MOJIENH,
KOTOpBI  OBUI ~ HMCHOJB30BAaH  JJs  pacueTa
TEMIIEPaTyphI AIEKTPOHOB B TaHHOU padoTe:

Lij2ij Xisj Aij

In
Ajjby;

= — ﬂ + const
kT, ’

T/ie Aj — JUTMHA BOIHBI M3TyYaromield Iurta3mel, ljj —
WHTEHCUBHOCTb  CIIEKTPATBHOW JIMHUM — MEXIY
SHEPTeTHUECKUMU YpPOBHAMHU § W j; Aj —
KO3 (UIIUEHT BEPOATHOCTHOTO Tepexona s
CIOHTAHHOI'O M3Yy4YeHHsI M3 C YpOBHA [ Ha Ooiee
HU3KHH j; E1j — 3HEprus Bo30yXJIEHHOTO COCTOSIHUS
ypoBHS i; D1i — KO3 PHUIUEHT B IKCIIOHEHIIHATEHOM
MPHUOIKEHUN KoadduIerTa CKOPOCTH
BO30YXKJCHHUS DIEKTPOHHBIM yJapOM OT OCHOBHOTO
coctossHUst 1 10 ypoBHS I; kK — TOCTOSHHAA
Bonpumana; 7, — Temneparypa 31€KTPOHOB.

[ns nanpHEHIIMX pacyeTOB HCIONb30BAIOCH
CHeKTpaJbHasl JIMHUSA aproHa Ha AjuHe BoJaHBI 750,38
HM CO CIHOHTaHHBIMU mepexomgamu 2p — 1s2 .
3Ha4yeHus1 KOHCTAHTHI by; M7 IMHUM aproHa bq; =
3,508-107° [26, 36, 37].

Pe3yabTaThl 1 00cy:xKI€HUE

Aprososas miasma

B pe3ynbraTte SKCIIEPUMEHTOB ObL1a
orpesieNieHa 3aBUCUMOCTh TEMIIEPATyPhI AIEKTPOHOB
aproHOBOM TMJIa3Mbl OT JABJCHHUS M HaIpPsLKEHUS
HMCTOYHMKA. Pe3ynprarhl mokazamu (puc. 2) 9To C
YBEIMUEHUEM HampsHKeHus TNpU  (YUKCHPOBAHHOM
naBneHuit B 0,4 Topp TemmepaTypa 3IEKTPOHOB
JMHEHHO cHmkaercss ¢ ~ 0,93 3B nmo ~ 0,9 3B.
[IpencraBieHHyl0 TEHACHOMIO MOXHO OOBSICHUTH
TEM, YTO C yBEJIMYCHHEM HaNpSHKEHUS MCTOUYHHKA
BO3pacTaeT CKOPOCTh MOHM3ALWH, YTO MPUBOIUT K
YBEIMYEHHUIO KOHIEHTPAIMH D3JIEKTPOHOB. JTO, B
CBOIO OYEpEb, YBEINYUBAET YACTOTY CTOIKHOBEHUHN
JJNIEKTPOHOB C HEUTPAIbHBIMH aTOMaMH, HOHaMHU
aproHa YTO MPHUBOAHWT K OXJIAXIECHHUIO SJIEKTPOHOB
[26].

B xone sxcnepuMeHTOB ObIIO0 0OHAPYKEHO YTO
TeMIlepatypa »JIIEKTPOHOB B 3aBUCHMOCTH  OT
nasnenus npu 0,4 TOpp HMeeT caMyl0 HH3KYIO
TeMIIepaTypy MeKTpoHoB. Kak mokaszaHo Ha puc. 2,
TeMIiepatypa 3JIeKTpoHoB cHmxkaetcs ¢ 1,01 3B mo
0,92 »B nipu moBwIeHUX MaBieHus 1o 0,4 Topp mpu
¢ukcupoBanHoM  HanpsbkeHun 1 kB.  Ilpm
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JlagbHeIeM noBeiiieHuu nasinenus ot 0,4 1o 1 Topp
TeMIlepaTypa  JJIEKTPOHOB  yBEIWYHMBACTCA U
nocturaet 1,04 »B. Bo3MokXHO, TIPUYHHON TaKoi
TEHJICHIIUN OBLIO yTeUKa ra3a U3 CUCTEMBI.
[lomyuennsie pe3yIbTaThl TEMIIEPATYPHI
AJIEKTPOHOB B YCTOM apTOHE XOPOIIIO COTIIACYETCs C
apyrumu - uccienoBanusimu  [43, 44] koropwie
WCTIOJIb30BAIIU [l OTIPEICTICHUS ONITUYECKUI METO/I.
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PucyHoxk 2 - 3aBUCHUMOCTb TeMIIEPATypHI AJIEKTPOHOB B
aproHOBOM IJIa3Me OT HAaNpsKEeHUs NpH gasneHuit 0,4
TOpp (KpacHas JINHKSA) 1 JaBJICHHS TIpH HanpsokeHuit 1 kB
(depHas TUHU)

IMnasma Ar-CzH:

[TeiieBass 1uia3Ma OblIa  [ONyYeHa IyTEM
BBEJICHHSI XUMHYECKU aKTUBHOTO ra3a (aleTHiIeH), U
OBLITO 3aMEUEHO, UTO Pa3Mep U KOHIICHTPAIINS YaCTHII
B IJIa3M€ HE OCTAIOTCS TIOCTOSTHHBIMU B 3aBHCUMOCTH
OT BpEeMEHH. AHAJIOTHYHbIE pe3yJbTaThl ObUIN
npejacTaBieHsl B paborax [45, 46]. M3menenue
pasMepa ¥ KOHIEHTPALMM YacTUI] PE3KO BIHSET Ha
OCHOBHbIC ITapaMeTpsl 11a3Mbr [31].

Pesynbrartel Mmokaszanu, 4YTO TOCIE BBEICHUS
alleTHIeHa B IUIa3My — aproHa  TeMIeparypa
AIIEKTPOHOB U3MEHSETCS B 3aBUCUMOCTH OT BPEMEHHU.
Ha puc. 3 npencrasieHsl rpaduku 3aBHCUMOCTH
TeMIlepaTypbl  3JCKTPOHOB OT BPEMEHH IpH
Pa3IMYHBIX 3HAYCHUSAX [ABICHUS W HAIMPSIKCHHS
wiasMpl. B HaYanbHBIE MOMEHT TeMmIepaTrypa
SNIEKTPOHOB BBIIE W MO HUCTEYCHHIO BPEMEHU
cHipKaetcsi. [1oBBIIIIEHNE TeMIIepaTyphbl 3JIEKTPOHOB
TIOCJIC BBE/ICHHS allCTUICHA MOKHO OOBSICHUTBH TEM,
YTO HAYMHAETCs mpouecc GOPMHUPOBAHUS TBUIEBBIX
YacTHIl, KOTOPbI TMPHBOIUTH K  CHIDKECHHIO
KOHIICHTPAINU 3JIEKTPOHOB HapyIas
MOHHM3AIMOHHBIA OallaHC B IUIa3Me, TEM CaMbIM
OTPUIIATENIFHO  3apsbKas 4YacTHUbL  [lOBBILICHUS
TeMIIEpaTypsl AJIEKTPOHOB SBISETCS MEXaHHU3MOM
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KOMIICHCAIIMU MaJICHHs KOHICHTPALUH 3JIEKTPOHOB
JUTs oJIepokanus paspsina [27, 47, 31]. JlansHeiimee
CHI)KEHHE TEMIIEPaTyphl 3JIEKTPOHOB C TEYCHHEM
BPEMEHH  MOXXHO  OOBSCHHTH  0Opa3oBaHHEM
NBUIEBBIX YaCTHIL, MPOLIEANINX HECKOJIBKO CTaaui
pocrta [31]. TIbiIeBbIe YaCTHIBI TIOA BO3ACHCTBHEM
AIEKTPOCTATHIECKUX CHIJI OCEIAI0T Ha MOBEPXHOCTH
aHoMa, YTO TPHBOJAMT K YMCHBIICHHUIO UX
KOHIIEHTpAllMd B HaOJI0aeMOW 30HE W, Kak
CIICJICTBHE, K CHUKCHUIO TEMITEPATYPhI JJIEKTPOHOB.
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Temneparypa JJIEKTPOHOB B 3aBHCUMOCTU  OT
JIaBJICHUS B IBUICBOH IIIa3Me MTOBTOPSIET TCHICHIIHIO
aproHoBoii rasmsl (puc.2). Ha pucynke 3 BuaHo,
YTO caMas HU3Kas TeMIepaTrypa JJIEKTPOHOB
HaOJroaeTes Npu mokaszaresie Aasnenuid 0,4 Topp.
[IpeanonoxuTeabHO B JTAHHOM MOKa3aTelne AaBIeHH
nporecc  (HOPMHUPOBAHUS  YACTHL[  MPOUCXOITUT
ObicTpee. Ilpu OGomee BBICOKHMX IOKa3aTeNsX
JIaBJICHUS TIPOLIECC MTPOTEKaeT OojIee MeUIEHHO U3-3a
HPUCYTCTBHS BHICOKOW KOHIIEHTPALIMH YACTHUII.
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PucyHnok 3 — 3aBUCHMOCTb TeMIIEpaTyphl 3JICKTPOHOB OT BpeMeHH u AaBjieHus B mia3me Ar-CoH» npu pasnnasbix
3HaueHUsX Hanpsokenus: a) 1 kB, b) 1,1 kB, ¢) 1,2 kB, d) 1,3 kB, ¢) 1,4 kB, f) 1,5 xB.

PesynpTaTthl moka3aiu, 4YTO C IOBBIICHUEM
HalpsDKEHUs, [10JIaBa€MOro HCTOYHUKOM,
TeMmIlepaTrypa 3IeKTpOHOB cHmkaeTcd. Ha pucynke
3A npu nHanpsxennn 1 kB u ¢QukcupoBanHOM

nmasieann 0,4 Topp, B MoMeHT BpemeHu t=60 c,
TeMmreparypa 3JeKTpoHOB paBHa ~ 0,95 »sB. Ilpu
JabHEMIIeM TOBBIIIEHNH HANPSHKCHUS UCTOYHUKA
mo 1,5 xB Temmeparypa »IEeKTPOHOB CHHXKAETCS
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npumepHo 10 ~ 0,9 »B, npu QuxkcupoBaHHOM
3HAaYeHUH  Apyrux  napamerpoB.  CHmXeHHe
TeMIIepaTyphl 3JIEKTPOHOB MOKHO OOBSICHUTH TEM,
YTO Tpouecc (OPMUPOBAHUSA YACTHUI] TPOUCXOIUT
ObicTpee TeM caMmbIM 3a cYeT Ooyiee CHIIBHOM
JJIEKTPUYECKON CHIIBI JEHCTBYIOIEE HA IBUICBBIC
YacTHUIIbl, TIOKUIAIOT 30HY HaOmoaeHus. B pabote
[38] roBopuTcsi, YTO MpU MOBBIMICHUU MOLIHOCTH
Ipolecc  OUCCOLMAIMA  MOJEKYJI IPOUCXOIUT
ObicTpee TEeM CcaMbIM  YCKOpsieTCs  IIpoLecc
(hopMHpOBaHUS YaCTHII.

3akiaouenue

B nmanHOW paboTe wu3ydanach TeMmIeparypa
3JIEKTPOHOB B APrOHOBOM M aprOHHO-al€TUICHOBOU
I1asMe B 3aBUCHMOCTH OT OCHOBHBIX IapaMeTpoB
I1JTa3MBI. PC3yJ’II>TaTI)I IMoKa3aji, 4YTO C YBCIMYCHUECM
HalpsOKEHUsT  UCTOYHHMKA  aprOHOBOM  IUIa3MBbl
TEMIIEpPATypa JJIEKTPOHOB JIMHEHHO YMEHBIIAETCS.
Hanpotus, TemnepaTypa 3J1eKTpOHOB B 3aBUCHMOCTHU
OT JIaBJICHHS IEMOHCTPHPOBAJIA CHIDKEHUE BIUIOTH 10
3HaueHusa nasineHus 0,4 Topp, IMOCIE 4Yero OHa
BO3pacraia.

B neineBoii miiazMe temiiepaTypa JIEKTPOHOB B
3aBHCHMOCTH OT BpPEMEHHM B HAYaJIbHBI MOMEHT

Obuta BBICOKOM W 10 HCTCUYECHHIO BpEMEHH
TeMIeparypa DSJIeKTPOHOB  CHIDKaercs.  Takas
TEHICHIINS CBSA3aHO C POCTOM IBUIEBHIX YacTull. [1pu
BBEACHUSAX alleTWIEHa B Ta30paspsIHylo TpPyOKy
HAYMHAETCS POCT MBUIEBBIX YaCTHUI] YTO MPUBOJIUT K
CHIDKCHHIO KOHIEHTPAIMH SIEKTPOHOB TEM CAMHM
U TIOJIeP’KaHWS HMOHM3ALMOHHOTO TIpolecca, a
TaKXKe CaMoro paspsaja dJIEKTPOHBI HarpeBaroTCs.
TeMmepaTypa 5JE€KTPOHOB B MBUICBOM IUIa3Me
3aBHCHMOCTH OT JaBIIEHHS IIOKa3all0o CXOXKYIO
TEHJEHIMIO C aproHOBOH IUa3Mbl. Temmeparypa
AIIEKTPOHOB TIpH ToKasarene pasieHus 0,4 Topp
OBlIa caMast HU3Kasi ¥ TaKOKe MPEAIIOIOKUTENBHO IPH
TAaKOM TIOKa3aTeJie Mpolecc GOPMUPOBAHHS YaCTHI]
MPOUCXOAUT ObicTpee. Takum o00pa3oM JaHHOE
WCCIIEIOBAHNE TIO3BOJIMIIO W3YYUTh TEeMIIepaTypy
SIIEKTPOHOB B 3aBHCUMOCTH OT Pa3HBIX IMapaMeTpOB
I1asMbl TEM CaMbIM JaB IIOHHMAHHUA BIIUSHUA
MPUCYTCTBUS MBLUIEBBIX YACTHII.
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KOHJIEHCHUPJIEHT'EH KYH ®U3UKACHI
AKIOHE MATEPUAIITAHY NTPOBJIEMAJIAPBI.
HAHOT'BIJIBIM

CONDENSED MATTER PHYSICS
AND MATERIALS SCIENCE PROBLEMS.
NANOSCIENCE

OUUKA KOHAEHCUPOBAHHOI'O COCTOAHUA
N IMTPOBJIEMbBI MATEPUAJIOBEAEHUA.
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EVOLUTION OF STRUCTURAL, OPTICAL PROPERTIES AND ELECTRICAL TRANSPORT
Of NiOx FILMS ANNEALED IN DIFFERENT ENVIRONMENT

The influence of the annealing medium of thin films of nickel oxide (NiOyx) on structural, optical and
electrical transport properties is studied in this paper. NiOyx films were synthesized by sol-gel method and
annealed at a temperature of 300 °C in air, inert nitrogen (N3), oxygen (O,) gases and vacuum. The values of
the films thickness were determined from the transverse cleavage of the SEM image. The films thickness
depends on the annealing medium. Measurements of the EDX spectra of NiO films were carried out. Analysis
of the quantitative O/Ni ratio showed that the film annealed in an air atmosphere is close to the stoichiometric
parameters of NiO. Measurements of the EDX spectra of NiOy films were carried out. According to the Raman
spectra, an increase in peak intensities is observed indicating an increase in the density of defects in the film
by Ni vacancies depending on the annealing medium. Absorption spectra and Tauc plots of NiOy films were
obtained. The optical density of the films depends on the annealing conditions of the films. Data analysis shows
that the band gap width depends on the annealing medium and varies from Eg = 3.12 eV to Eg = 3.45 eV. The
analysis of the impedance spectra allowed us to estimate the values of the resistances R; and R,. It is shown
that an increase in the resistance of Ry is associated with a decrease in the density of defects in the NiOy film,
decrease in the recombination resistance of R, and an increase in recombination processes at the interface.

Key words: nickel oxide, sol-gel technology, annealing environment, optical band gap, absorption
coefficient, dispersion index, electrical transport characteristics.
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9pTypAi opTana KynajipinreH NiOx KabblKLanapbIHbIH, KYPbINbIMABIK, ONTUKANbIK KaHE NEKTPAIK
TacbiManAay KacueTTepiHiH, 3BONOLUACHI

Byn XKymbicTa HMKenb oKcuaiHiH (NiOy) KyKa KabblKlianapblH KYpPblIbIMAbIK, ONTUKA/bIK KIHE 31EKTP
TacbiMangay KacuetTtepi 3eptrendi. NiOx KabbikWanapbl 304b - renab agicimeH cuHte3aenin, 300 °C
TemnepaTypada ayada, MHepTTi a30T (N3), oTTeri (O,) rasgapbiHAa XaHe Bakyymaa Kyhaipingi. Kabbikwanap
KanblHAbIFbIHbIH MaHAepi COM cypeTTepiHaeri KengeHeH KecKiHAepiHeH aHbikTanabl. KabblKlianapabiH
KanblHAbIFbl KYMAipy opTacbiHa GainaHbicTbl e3repedi. NiOx KabbikWwanapbiHbiH, EDX cnekTpnepiH enuwey
wyprisingi. O/Ni  caHAplK KaTblHacbiH Tanday, aya aTtmocoepacbiHAa KyhaipiareH Kabbikwa NiO
CTEXMOMETPUANBIK KOPCETKILITEPIHE KaKblH €eKeHiH KepceTTi. KomMOMHaUMANbLIK Lalblpay ChekTpaepi
H60oMbIHLWA WbIHAAP KAPKbIHAbIMbIFbIHbIH, }OFapblaaybl 6alikanaabl, Oy kynaipy optacbiHa 6arnanbicTbl Ni 6oc
OpPbIHAAPbIHbIH, KabblKWa akayaapbiHbliH, TbIFbI3AbIFbIHbIH, YKOFapblIayblH KepceTeAi. MyTblay cnektpaepi
anbiHAbl kaHe NiO nneHKanapbiHbIH, TayK rpadmkTepi KabblKWwanapablH, ONTUKANbIK  TbIfbI3AbIfbI,
KabblKlWanapabl KYMAipy *KafaannapbiHa 6ainaHbicTbl. JepekTepai Tanaay KepceTkeHaem, TblbiM CafblHFaH
aimak, eHi Kymaipy opTacbiHa HannaHbicTbl £g = 3,12 3B-geH Eg = 3,45 3B-re pemiHri apanbikTa. Keaepri
CNeKTpAepiH Tanaay Ri XKaHe R, Keaepri MaHAepiH Baranayra MyMKIHAIK bepai. R KeaepriciHiH Xofapblaaybl

38


https://doi.org/10.26577/RCPh.2024v90i3-05
mailto:a.k.zeinidenov@gmail.com
mailto:a.k.zeinidenov@gmail.com
https://orcid.org/0000-0002-0570-7270
https://orcid.org/0000-0002-0755-6832
https://orcid.org/0000-0002-9954-5478
https://orcid.org/0000-0001-9059-2975
https://orcid.org/0000-0002-4384-5164
https://orcid.org/0000-0002-0437-5315
https://orcid.org/0009-0002-1690-2853
https://orcid.org/0000-0001-9232-8406

M.K. Beisembekov et al.

NiOx nneHKacblHAAfbl aKaynapablH, TbifbI34blFbIHbIH, TOMEHAeYiMeH, R, PEKOMOMHAUMANLIK KeadepriCiHiH,
TOMEHJeYiMeH }aHe PEKOMOUHAUMA/BIK NPOLLeCTepAiH, *KofapblaaybiMeH 6alnaHbICTbl EKEHAIT KOPCeTINTeH.

TyWMiH cesaep: HUKe/b OKCUAI, 30/b-Te/lb TEXHOIOTUACHI, KyIMAipy opTachkl, ONTUKA/bIK TbliMbIM CafibIHFaH
alMak, *KyTblay KoaddULMEHTI, AMcnepcusa MHAEKCI, 3NeKTP TacbiManaay cmnaTramanapsi.
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ZANIMATUHCKMI TEXHONOTNYECKMIA YHUBEPCUTET, I. AIMaTbl, KasaxcTaH
*e-mail: a.k.zeinidenov@gmail.com

DBONIOLMA CTPYKTYPHbBIX, ONTUYECKUX U 3NEKTPOTPAHCNOPTHbIX CBOUCTB NAeHOK NiOx,
OTOXXEHHbIX B Pas/INUHbIX cpeaax

B paboTe nccnenoBaHo BAMAHME CPebl OTXKMUIa TOHKMX NeHOK okeuaa Hukena (NiOx) Ha CTPYKTYypHbIe,
ONTUYECKME U 3NEKTPOTPAHCNOPTHbIE cBOMCTBA. aeHKn NiOx Bblan CMHTE3MPOBAHbI 30/1b-re/lb METOA0M U
OTOXXeHbl Npu TemnepaType 300 °C Ha BO3Ayxe, MHEePTHbIX rasax asoTta (N,), kucnopoga (Oz) 1 B Bakyyme.
3HAYeHUss TONLIMHbBI MJIEHOK onpeaensiv no nonepedyHomy ckony CIM-msobpaxkeHunsa. ToswmHa MAEHOK
3aBUCUT OT cpeabl oTxkura. NpoeeneHsbl namepeHna EDX-cnektpos naeHok NiOy. AHann3 KONUYECTBEHHOTO
cooTHolweHms O/Ni noKkasan, 4To NAeHKa, OTOXKKEeHHas B aTMmocdepe Bo3ayxa, 61M3Ka K CTEXMOMETPUYECKIM
napameTtpam NiO. MposeaeHbl namepeHna EDX-cnektpos naeHok NiOy. Mo cnektpam KP Habntogaetca
yBe/IMYEHNE WMHTEHCMBHOCTU TMWKOB, CBMAETENbCTBytOWEee 06 yBEMYEHUM MAOTHOCTM AedEKTOB MIEHKM
BakaHcMAMM Ni B 3aBMCMMOCTU OT cpefbl OTKura. MosydeHbl CNEKTPbI NOMOWEHNA U TayK-rpaduKm NAEeHOK
NiOx.OnTnyeckaa NJOTHOCTb M/IEHOK 3aBUCUT OT YCA0OBUI OTXKMIa NAEHOK. AHaM3 AAHHbIX MOKA3bIBAET, YTO
LUMPWHA 3anpeLLeHHOM 30HbI 3aBUCUT OT Cpelbl OTXKMra M BapbupyeTca oT Eg = 3,12 3B no £g = 3,45 3B. AHanus
CNEKTPOB MMMeAaHCa NMO3BONA OLEHUTb 3HAYEHMA COMPOTUBAEHUIM R1 M R,. TlokasaHo, YTo yBenunyeHue
COMPOTMBAEHMS R; CBA3AHO C YMeHblIeHWMeM naoTHOCTM AedektoB B naeHke NiOy, yMeHblUeHMEM
PEKOMOMHAUMOHHOIO CONPOTMBAEHNA Ry N YCUAEHMEM PEKOMBUHALMOHHbIX MPOLECCOB Ha rpaHuLLe pasaena.

Kntoyesble cnosa: OKCnA HMNKeNA, 301b-resib TEXHO/I0TNA, Cpelia OTXUIra, ONTNYeCKaA 3anpelleHHaa 30Ha,
KOQde)l/ILI,VIeHT nornouweHnA, Nokasarte/ib ANCNEPCUN, XapPaKTEPUCTUKM INNEKTPOTPAHCMIOPTA.

Introduction

Among many conductive oxide materials,
nanostructured nickel oxide (NiOy) films attract
considerable attention due to their unique structural,
electrical and optical properties [1-2]. Numerous
studies have made significant progress in the
development and improvement of the properties of
NiOy, which has led to its widespread use in various
electronic devices such as thin-film transistors,
photovoltaic cells, LEDs, sensors, storage devices
and catalysts [3].Nickel oxide is an inorganic
semiconductor with p-type transport properties that
can be used as a hole-conduction layer (HTL)
material in optoelectronic devices [4]. NiOx exhibits
natural hole conductivity, as a rule, due to a large
number of intrinsic defects, such as Ni vacancies and
O vacancies. However, Ni vacancies are considered
effective NiOy acceptors, they also impair the
transparency of the material in the visible area. It was
found that the presence of a Ni vacancy in NiOx

grown in a medium with a high O content leads to
significant absorption of subzones compared with an
O vacancy in NiOxgrown in a medium with a high Ni
content [5].

Various methods are used to improve the
characteristics of NiOy films, including changing the
concentration of impurities, using various synthesis
and post-treatment methods in UV ozone [6,7],
oxygen plasma [8] and thermal annealing. The most
common type of post-treatment is thermal annealing
[9]. At the same time, the conditions of thermal
annealing of the film are also of great importance. As
arule, in order to recrystallize the film and reduce the
density of point defects, annealing is carried out in an
oxygen-containing medium at a temperature of 200-
500 °C and a duration of 10 to 60 minutes [10-13].
However, it is believed that atmospheric annealing
does not allow the removal of NiOOH phases on the
surface of an oxide semiconductor [14]. It is assumed
that there is a high probability of the formation of
NiOOH phases after heat treatment as a result of
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reaction with moisture from the atmosphere. The use
of vacuum annealing can contribute to the thermal
decomposition of the NiOOH phase. In addition,
since the NiOy phase is more stable than the Ni,Os
phase, at low oxygen partial pressure [15], vacuum
heat treatment should reduce the content of this phase
on the surface.

Thus, it is necessary to study technological
methods for optimizing internal defects in NiOy to
simultaneously increase the conductivity and
transparency of films, for the application of
transparent optoelectronic devices.

In this work, NiOy films were obtained by sol-
gel method and the effect of thermal annealing in
various media on the morphology, optical and
electrical properties of NiOx films was studied [16].

Hydrolysis

polymerisation

Solution of Sol

precursors

Thermal annealing in various

environments |

Dense film

Materials and methods

Thin films preparation

Nickel oxide films were obtained on the surface
of a solid substrate as follows: nickel nitrate
hexahydrate [Ni(NOs), 6H,0] weighing m = 145 mg
(Sigma-Aldrich) was dissolved in a volume of
ethyleneglycol (V =1 ml). Monoethanolamine (5ul)
was added to the resulting solution. The solution was
stirred at room temperature for 16 hours and then kept
for 24 hours at room temperature. It was applied to
the surface of a solid substrate using a pipetted is
penser by centrifugation (SPIN150i, Semiconductor
Production System) at a rotational speed of 1500 rpm.
The obtained films were pre-annealed at a
temperature of 100 °C for 15 minutes. After that, the
films were annealed in different media at a
temperature of 300 °C for 45 minutes (Fig. 1).

Heat treatment

Substrate = ~
_____ > = <
Spin-coating
1 500 rpm/40 s
| E
&
o
| &
300 °C =
‘ v~

Gelation and evaporation
of solvent

Figure 1 — Schematic representation of NiOx thin films deposition from a sol by a spin-coating technique

The surface of NiOj thin films was studied using
scanning electron microscopy (SEM), MIRA 3 LMU
(TESCAN). Energy dispersive X-ray radiation
(EDX) is measured in an INCA PentaFET-x3
analyzer (Oxford Instruments, England) to assess the
quality of thin films.

Scanning probe microscopy is used to study the
surface roughness of NiOy thin films using an atomic
force microscope JSPM-5400 (AFM, JEOL). The
AFM images were processed using a modular
program for analyzing data from scanning probe
microscopy (Win SPMII Data-Processing Software).
The average grain size distribution of NiO, was
obtained from topographic images using Imagel
software.

The Raman spectra were measured using the
Gurzil Raman Microscope TORMS-532/TORMS-
785 (Thunder Optics, France). To excite the spectra,
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radiation from a semiconductor laser (ThunderOptics,
France) with a wavelength of 523 nm and a line width
of 0.3nm was applied.

The absorption and transmission spectra of the
studied samples were measured on AvaSpec-
ULS2048CL-EVO  spectrometer (Avantes). A
combined deuterium-halogen light source AvaLight-
DHc (Avantes) with an operating range of 200-2500
nm was used as probing radiation.

The impedance spectra were measured on a
P45X potentiostat-galvanostat in the impedance
mode with an additionally installed FRA-24M
frequency analyzer module. The error in determining
the parameters of charge carrier transport did not
exceed 5% and was predominantly 1-1.5%. Fitting
and analysis of the spectral parameters were
performed using the EIS-analyzer software according
to the procedure described in [17].
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Results and discussion
Surface morphology

Fig. 2 shows SEM images of the surface of
nanostructured NiOx films annealed at 300 °C in air,
inert nitrogen (N2), oxygen (O2) and vacuum. As can
be seen from the SEM image, the morphology of the
NiOx film in the annealed air atmosphere has a
smoother surface structure. For films annealed in an
inert N> atmosphere and in a vacuum, the surface
morphology has a fine-grained structure. The film
annealed in an O, atmosphere has a morphology with
larger grains. The thicknesses of NiOx films were
determined from the SEM images of the transverse

2)

cleavage.lt can be seen from the SEM image that the
film annealed on an air atmosphere has the greatest
thickness value of ~ 187 nm. For NiOx films annealed
in Ny, the thickness is ~ 89 nm. During annealing in
O,, a decrease in film thickness to ~ 76 nm is
observed, the smallest film thickness of ~ 58 nm is
obtained by annealing in vacuum.

Table 1 shows the results of EDX analysis of
NiOx films annealed at 300 °C in various media. For
the EDX analysis, the NiOy film was applied to Si
substrates. According to the EDX spectra, a change in
the guantitative ratio of the elemental composition of
O/Ni is observed. Thus, when annealed in an air
atmosphere, the NiOx film becomes closer to the
stoichiometric index (O/Ni ~ 0.8).

ey T

Figure 2 — Change in ambient temperature up to 300 °C in (@) air, (b) nitrogen, (c) oxygen and (d) vacuum

Table 1 — Morphology parameters and EDX analysis
(Atomic percentages) of the surface of NiOxfilms

Nm
Air 187 445 | 555 | 0.80
Nitrogen 89 334 | 66.6 0.50
Oxygen 76 18.0 | 82.0 0.21
Vacuum 58 423 | 644 0.65

Annealing of films in an inert atmosphere of N
and vacuum leads to a decrease in the stoichiometric
index to 0.5. Annealing of films in pure O.gas leads
to a significant decrease in the atomic nickel content
to 18% and the stoichiometric index by 0.21. Thus,
quantitative EDX analysis of films annealed in inert
N2, Oz gas and in vacuum indicates insufficient
stoichiometry between Ni and O atoms.

Raman spectra of light in NiOy films

Fig. 3 shows the Raman spectra of NiOy films
annealed in various media. The Raman spectra were
measured in the range of 300 cm?-1500 cm™. In the
raman light scattering spectra of NiOx films, bands
with a scattering maximum of 533 cm?
corresponding to Ni-O oscillations belonging to a
single-phonon longitudinal optical mode of the first
order (1P) LO and a strong band with a scattering
maximum of 1130 cm? relating to a two-phonon
longitudinal optical mode of the second order (2P)
2LO are observed [18]. As can be seen from the Fig.3,
the intensity of the bands depends on the annealing
medium of the NiOy films. The maximum scattering
intensity is observed for NiOx films deposited on the
air atmosphere. The lowest scattering intensity has a
NiOx film pressed on an oxygen atmosphere. The
observed increase in peak intensities in the scattering
spectrum of films indicates an increase in the density
of defects in the film formed by Ni vacancies
depending on the annealing medium.
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Figure 3 — Raman spectra for NiOy films

Optical properties

Fig. 4 shows the absorption of NiOy films
obtained under various annealing conditions. It can be
seen from Fig. 4a that the absorption spectrum of
NiOx has a maximum at a wavelength equal to A = 300
nm. The absorption spectra of annealed films in air
has an optical density of 0.25. During annealing in N2,
an increase in optical density to 0.26 is observed. The
films annealed in O, have an increase in optical
density up to 0.33. The optical density reduces to 0.19
for films annealing in vacuum. The absence of
correlations between the thicknesses of films
annealed in different media and the values of optical
densities in the absorption spectra is associated with
the compaction of the structure of NiOy films, as
shown in [19].

The observed good absorption of films in the
short-wavelength region of the spectrum corresponds
to the interband transition from the valence band to
the bottom of the conduction band. This region
corresponds to transitions from the final states of the
valence band to the expanded states of the conduction
band. A band in the long-wavelength part of the
absorption spectrum of NiOy films at A > 360 nm is
observed. The band may be associated with light
scattering on grains in the NiOy film. Fig. 4b shows
the Tauc graphs for NiOy films. The optical band gap
was calculated by plotting the dependence (ahv)?
from photon energy E in eV (a is the absorption
coefficient, hv is the photon energy) and extrapolation
of the rectilinear part of this graph to the energy axis.

Data analysis shows that the band gap width
depends on the annealing medium and varies from
Eg=3.12eV to Eg = 3.45eV. This can be caused by
both the high density of film defects and the high
density of oxygen vacancies responsible for the high
conductivity of films [20]. Interstitial oxygen in NiOx
films act as lattice defects and can reduce the optical
band gap. In addition, interstitial oxygen atoms
diffuse from NiOy films during the thermal annealing
process, as a result, the optical band gap Eg of NiOy
films increases.
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Figure 4 — Absorption spectra (a) and Tauc plots (b) of
NiOy films obtained under various annealing conditions

Table 2 — Parameters of optical characteristics of NiOx
films under various annealing conditions

Annealing D, Optical
ambient (A=305nm) | band gap (eV)
Air 0.20 3.12
Nitrogen 0.26 3.18
Oxygen 0.32 3.34
Vacuum 0.23 3.45

Photoelectrical characterizations

The influence of the annealing medium of NiOx
films will obviously affect the hole transport in NiOx
films. To study in detail the effect of the annealing
medium on the transport of charge carriers in the
NiOx film, the electrical impedance spectra were
measured.

Fig.5 shows the impedance spectra of
FTO/NiOJ/Al cells annealed in different media
obtained using a hodograph fitting. The model was
analyzed according to an equivalent electrical circuit
using the ElS-analyzer software package(in Fig. 5).
Table 3 shows the electrical transport parameters of
the cells calculated, where R is the total resistance of
the external electrodes adjacent to NiOy (total
resistance of the film), R, is the recombination
resistance at the NiO,/electrode boundary.
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Figure 5 — Impedance spectra of FTO/NiOx/All, cells
annealed in different environment

Table 3 — The value of the electrophysical parameters of
the films

. Hﬁ)’;’;:f‘ll'rgg ¢ | Ru(Ohm) | R (Ohm)
Air 5.19 371.45
Vacuum 8.75 282.65
N; 23.98 224.26
0s 26.72 202.18

The analysis of the impedance spectra allowed
us to estimate the values of the resistances R: and R..
It is important to note that R; and R, depend on the
bias voltage and cell configuration, however, if these
parameters do not change, then changes in the values
of Ry and Rz will be associated with changes in the
structural properties of NiOy during annealing in
different media.

R: represents the total resistance of the outer
adjacent layers (FTO/AI). In our case, all functional
layers except NiOy were obtained under the same
conditions, then it is obvious that changes to R will
be associated with a change in the resistance of NiOy
films. As can be seen from Table 3, the value of R;
has the lowest value for a cell with NiOy annealed on
an air atmosphere. The maximum resistance value R:
has a NiO, film annealed in an inert atmosphere N.
An increase in the resistance value Ri depending on
the annealing medium is associated with a decrease in
the density of defects formed by Ni vacancies
depending on the annealing medium responsible for
high conductivity [21].

The R, resistances characterizing charge
recombination at the NiO,/electrode interface also
vary depending on the annealing medium of the NiOx

film. It should be noted that the higher the value of
Rz, the lower the charge recombination rate at the
NiOy/electrode interface will be [22-25]. As can be
seen from Table 3, cells with film annealed in the air
atmosphere have the highest resistance value Ry,
which indicates a low recombination rate of holes at
the NiOy/electrode interface. Annealing of NiOx films
in the O, atmosphere leads to a decrease in
recombination resistance, which means an increase in
recombination processes.

Conclusion

The structural, optical and electrical transport
properties of NiOx films produced by sol-gel
technology were investigated. It was found from
SEM images the surface of NiOx films have a
granular structure, the sizes of which depend on the
annealing medium. According to EDX analysis of
films, it was shown that films annealed in inert Ny, O,
and in vacuum have insufficient stoichiometry
between Ni and O atoms.The results of measuring the
Raman spectra showed that the observed increase in
peak intensities in the scattering spectrum of films is
associated with an increase in the density of Ni
defects depending on the annealing medium. It is
shown that the band gap width depends on the
annealing medium and is explained by the presence
of interstitial oxygen in NiOyx films, which act as
lattice defects, this leads to an increase in the optical
band gap Eg. The values of the resistances R; and R
of NiOy films annealed in different media estimated
from the impedance spectra.lt is shown that an
increase in R; resistance depending on the annealing
medium. It is associated with a decrease in the density
of defects in the NiOx film. Decrease in the
recombination resistance (R) indicates an increase in
recombination processes at the NiO/electrode
interface. The results obtained will find applications
of NiOy thin films on electronic devices such as solar
cells, gas sensors and catalysts cells.
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A STUDY ON PHYSICO-CHEMICAL PROPERTIES OF MODIFIED SULFUR CONCRETE

In this article, the polymerization reaction of elemental sulfur with organic modifiers is studied, and
the optimal conditions of the modification process are presented. Also, the process of obtaining polymer
sulfur concrete from modified sulfur is presented. Initially, elemental sulfur is heated to a temperature of
140-145 °C, aniline hydrochloride is added, and the temperature of the reaction is raised to 160 °C for 45
minutes. The average density of this obtained sulfur concrete sample was 2382 kg/m?3. Sulfur-based
concrete was obtained using the modified sulfur obtained in this process. Sulfur-based concrete was
obtained by taking 56% sand, 14% ash, and 30% modified sulfur. Physico-chemical properties of sulfur
concrete obtained based on modified sulfur and modified sulfur were studied and analyzed using X-ray
phase analysis, IR-spectroscopy, scanning electron microscope, gamma-spectroscopy, and X-ray analysis.
Also, the thermal analysis of modified sulfur-based concrete was studied using differential-thermal and
thermogravimetric analysis. It was calculated that the average particle size d(nm) of the obtained polymer
sulfur concrete is equal to 84.14 according to the Debaya-Sherrera equation.

Key words: sulfur, sulfur concrete, modifier, Anilinehydrochloride, X-ray phase analysis, diffractogram,
electron microscope, IR-spectroscopy, Roman-spectroscopy.
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MoaudpuLMpaeHreH KyKipTTi 6eTOHHbIH, GU3UKa-XUMUANBIK, KACUETTEPIH 3epTTey

Byn 3epTreyae anemMeHTap/bl KYKIPTTi OpraHuKanblK MOAMPUKATOPNAPMEH BHAEY apKbl/bl OHbIH,
nonMMmepneHy npoueci TepeHipek 3epTrenai. HaTukeciHAe, KyKipT 6eToHAapbl YLWiH *KOfFapbl canansbi
HalNaHbICTBIPFLIL  aNyFa MYMKIHAIK  OepeTiH OHTalnbl MoAMdMKauManay WapTTapbl aHbIKTaAAbI.
MoanduKaumanaHfaH KyKipT HerisiHAeri KYKipT 6eTOHAaPbIH any TEXHOIOMMACHI TONbIK, CUNaTTaAbl.

Toxipnbe bapbicbiHAa anemeHTapAbl KyKipTTi 140-145 °C TemnepaTypafa AeMliH Kbi34blpbin, coaaH
KeWiH aHUAWH TMAPOXN0PUAI KOCbINAbl. PeakLmaHbl TONbIKTbIPY YWiH TemnepaTypaHbl 160 °C aeliH keTepin,
45 MUHYT BOMbI cakTadpbl. ANbIHFaH KYKIPT BETOHbIHbIH, OpTala ThiFbi3ApiFbl 2382 Kr/m3 Kypagbl. OHbIH,
KypambliHa 56% Kym, 14% kyn xkaHe 30% moanduKaumanaHFaH KykipT Kipai.

MoanduKkaumanaHraH KykipT HerisiHaeri KykipT 6eTOHHbIH, GU3MKaNbIK-XUMUANBIK KacueTTepiH
TONbIKTAM 3epTTey VWiH peHTreHaik dasanblk Tangay, MHOPaKbI3bl CMEKTPOCKOMUA, CKaHepaeyLi
3NEKTPOHAbI MUKPOCKOMNA, TaMMa-CMEeKTPOCKOMUA KaHEe PeHTreHAik GNyOopecuUeHTTiK aHaaus agicrtepi
KonaaHbinAbl. COHbIMEH KaTap, MaTepuanapiH KblayablK TYPaKTblAbIFbIH Baranay ywiH anddepeHumangp
TepMOaHaan3 KaHe TepMOrpaBUMETPUANbIK aHanu3 agictepi KonaaHwinapl. [debain-Lleppep TeHaeyi
DolblHLWa ecenTenreH NoAMMepi KYKipT BeToHbIHbIH, BeleKTepiHiH, opTalla menwepi 84,14 HM Kypadbl,
Oy OHbIH, XXOFapbl AMCNEPCTINiriH KepceTedi. MyprizifreH 3epTreyiep HITUXKECIHAE KoFapbl BepikTikke
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YKoHe 9pTYP/i CbIpTKbl acepsiepre TO3IMAINIM KOFapbl KaHa KypblbiIc MaTepuanbl — KyKipT 6eToH anyfa
MYMKIiHAiK BepeTiH TMimai agic a3ipaeHai.

TyMiH ce3sgep: KYKIpT, KYKipTTi 6eToH, moandUKaTop, aHWIUH TUAPOXN0PUA, PEHTreHAiK dasanbik
Tangay, AMdpaKkTorpamma, 31eKTPoHAbl MMKpocKon, MK-cnekTpockonus, PamaH CreKkTPOCKOMNMACHI.
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UccneposaHne GU3MKO-XMMMUYECKUX CBOMCTB MOANPUUMPOBAHHOIO cepHoro beToHa

B OoaHHOW cTaTbe mccnedyeTcs peakuma NoNMMepmMsaumm 31eMeHTApPHON Cepbl C OPraHMYecKnMmm
MOAMDUKATOPAMM, a TaKKe NPeacTaB/IeHbl ONTMMabHbIe YCNOBKUA A4/1A NpoLecca MOANDUKALIMM cepbl ANS
NoNy4YeHMA BbICOKOKAYECTBEHHOIO CBA3YIOLLLETO BELLLeCTBa A1 cepHoro beToHa. PaccmaTpumBaeTca npouecc
NoNy4eHMUA CEPHOTo NoAMMepbeToHa Ha OCHOBE MOANMDULIMPOBAHHOM cepbl. CHayaNa aleMeHTapHanA cepa
HarpesaeTca A0 Temnepatypbl 140 — 145 °C, 3aTem A06aBnseTca rvapoxaopua aHuanHa, U TemnepaTypa
peakuym nosbliwaetca Ao 160 °C Ha 45 muHyT. CpeHAA NAOTHOCTb NOyYeHHOro obpaslia cepHoro 6eToHa
coctasuia 2382 kr/m3. [lns cozpaHua cepHoro 6eToHa MCnosb30Bann MOAUGULIMPOBAHHYIO CEPY, MPY 3TOM
B COCTaBe MCMNo/1b30Bafock 56% necka, 14% 306l 1 30% MOANPULMPOBAHHOM cepbl. DUINKO-XMMUYECKNE
CBOWCTBa cepHoro 6eTtoHa Ha OCHOBE MOAMGULMPOBAHHOM cepbl OblAM UCCNeA0BaHbl C MOMOLLLIO
peHTreHodasoBoro aHanmsa, VK-cnekTpocKonuuM, CKaHMPYIOLWEro 3/eKTPOHHOrO MWMKPOCKOMa, ramma-
CMEKTPOCKOMMM M PEHTTEHOBCKOrO aHaM3a. TakKe NpoBoANICA TEPMUYECKUIA aHaNn3 cepHoro 6eToHa ¢
npuMeHeHnem anddepeHUManbHOro TEPMUYECKOrO U TePMOrPaBUMETPUUECKOro aHanusa. Pacuet
cpeAHero pasmepa 4acTul, NoSIMMEPHOro cepHoro 6eToHa no ypasHeHuto [lebaa — Llleppepa nossoamn
onpeaennTb, YTo OH cocTaBnfeT 84,14 HM, YTO CBUAETENbCTBYET O GOPMUPOBAHUM MENKOANCTIEPCHOM

CTPYKTYpbl MaTepuana.

KnioyeBble c/10Ba: cepa, cepobeToH, MoANPUKATOP, aHUAUHIMAPOXA0PUA, PEHTIeHOda308BbIN aHaNu3,
AnbpaKkTorpamma, S1eKTPOHHbIM MUKpPOCKon, MK-cnekTpockonua, PamaH-cnekTpockonums.

Introduction

The natural resources are exhausting due to the
expansive growth in the construction sector, while
waste materials are accumulating in the natural
environment because of the endless processing and
finishing of raw products [1, 2].

The advancement of technology in the
petroleum industry and the installation of new oil
refineries have caused the large-scale production of
sulfur by-products [3]. Owing to special physical,
chemical, and mechanical characteristics, sulfur has
applications in the fields of agriculture,
pharmaceutics, chemical, and construction industry,
and in the process of rubber vulcanization [4]. The
utilization of sulfur as a substitute for cement
binders can help in minimizing the abiotic depletion
caused by the construction industry [5].
Conventional concrete requires water for the
hydration of cement (in order to complete the
chemical reactions responsible for strength gain)
[6]. However, the experience across the world has

shown that SC has significant strength and
durability during exposure to chemicals in
comparison to PCC. There have been significant
applications of SC in the USA and Canada;
however, the use in Europe is limited [7]. The
utilization of SC on large scales will be economical
as compared to cement concrete, and it can alleviate
environmental problems and problems related to
sulfur storage [8].

Sulfur melts at 120 °C and transfers into a
liquid state. When cooled at 114 °C, it changes from
liquid to a monoclinic crystalline form. On further
cooling to 98 °C, it changes to an orthorhombic
state, which is stable at room temperature. This
polymerization helps in attaining high strength at
normal temperatures [9]. As sulfur is a
thermoplastic material, it has some of its limitations
to be used as a binder. Despite this, there are several
benefits of SC applications which including a high
of strength in a short time, resistivity to aggressive
chemicals, waterproof characteristics, and recycling
potential [10]. Today, sulfur is considered a good
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building material alternative for some applications
in the construction industry. As an alternative to
traditional concrete with cement as a binder, sulfur-
solidified concrete is among other construction
materials [11]. The first studies on the evaluation of
sulfur as construction material were carried out by
Bacon and Davis [12]. A material with high acid
resistance and strength was obtained from 60% sand
and 40% sulfur mix. The use of sulfur as a binder
was investigated by experimental studies performed
by various researchers [13]. In this study, it is aimed
to determine the durability performances of
bitumen-modified sulfur polymer concrete (SPC)
Portland cement concrete (PCC). Three different
bitumen ratios were selected as 2.5%, 5%, and 7.5%
by weight of pure sulfur for the modification. The
sulfur modification of the modified sulfur sample
prepared with 2.5% bitumen addition among the
selected bitumen ratios was successful [14]. The
mix designs and specimen preparation for the dry
process and wet process of sulfur rubber concrete
(SRC) were investigated. Although the compressive
strength of SRC decreases with increasing rubber
content, the toughness increases instead. Adding
micro-filler will improve the compressive strength
of SRC. There is a threshold value for the sulfur
content, at which the compressive strength and the
workability of SRC reach an optimum balance. The
bond between rubber particles and surrounding
sulfur is strong due to the vulcanization process that
generates cross-links through S-C bonds [15]. One
of the most perspective methods of enhancing
durability of building materials and articles exposed
to various aggressive media is application of sulfur
for their manufacturing. The results of the
experiments have proved that in all the impregnated
samples the strength had increased by a factor of
2.0+4.8. The data have also demonstrated that
depth of sulfur penetration into capillary-porous
article had augmented twofold and more. As seen
from these data, strength and resistance to
aggressive media of arbolites impregnated with
sulfur by-products is rather high. This proves that
arbolite blocks impregnated with sulfur by-products
could be recommended for masonry of inspection
manholes, underground engineering structures [16].
The sulfate resistance of concrete was tested using
drying-immersion cycles of varying duration in
different sulfate solutions. A matrix of 20 concrete
mixtures was tested with this protocol. The test
permitted to distinguish the effect of cement type,
w/c and paste volume on expansion. Measurements
of the dynamic E-modulus made it possible to link
expansion and mechanical damage and to define a
limit value for expansion [17]. Durability of sulfur
concrete with different fillers, as well as Portland
cement concrete, was tested in the solutions of HCI,
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H>SO4, and NaCl. Regarding mass changes, in the
solutions of HCI and H2SO4 sulfur concrete with
talc and fly ash exhibited higher durability, while in
NaCl samples with alumina and microsilica were
better. Strength loss was higher in the solution of
HCI comparing to H2SOs, while negligible in NaCl
which is in accordance with apparent porosity
increase. Portland cement concrete after two months
lost 20% of mass [18]. The aim of this study was to
predict the corrosion of cement concrete (CC) and
sulfur concrete (SC) in sewer systems using three
artificial  intelligence  (Al)-based techniques:
Adaptive NeuroFuzzy Inference System (ANFIS),
Genetic Programming (GP), and Multi Expression
Programming (MEP). Two sets of chemical
experiments in acidic solutions and biological tests
using Thiobacillus thiooxidans were conducted to
investigate the corrosion in concrete samples. For
both tests, weight loss was used as the indicator of
corrosion [19,20]. This paper presents the results of
the experimental research and analyses indicating
the usefulness of polymer sulphur composites to the
protection against corrosion of reinforcement.
Presented in paper materials, being also the domain
of the personal investigations and the methodology
are definite. After analyze of the initial results the
optimum compositions have been chosen for the
experimental research [21-25].

Purpose of work: It consists of obtaining
modified sulfur based on aniline hydrochloride,
analyzing their composition and structure using the
results of infrared spectroscopy and scanning
electron microscope analysis, studying their
physical and mechanical properties, improving their
properties, and developing polymer concrete with
sulfur-based on them.

Research methods. The IR-spectrum of modified
sulfur was analyzed by a Japanese-made
SHIMADZU IR-Fure spectrophotometer in the
range of 750-4000 cm-1, a HORIBA scientific
novel-spectrometer at 3900-500 cm-1 and MIRA 2
LMU scanning electron microscope (SEM), X-ray
phase analysis. Modified concrete was analyzed by
differential-thermal and thermogravimetric
methods.

Experimental part

Modification of elemental sulfur using aniline
hydrochloride

Initially, the raw materials needed to obtain
sulfur concrete are measured with high precision in
grams. In the process of modification, the first
elemental sulfur is heated to a temperature of 140-
145 °C. After elemental sulfur changes to a
yellowish brown state, aniline hydrochloride is
added to the dissolved sulfur phase as an organic
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modifier. The temperature of this process is slowly
raised to 160 °C for 45 minutes while stirring. This
reaction results in a slight decrease in the viscosity
of the mixture medium and a dark yellow product
characteristic of copolymers of aromatic
compounds with sulfur:

S/ \S )
| | — s—{strs’
S S
\S—S/
NH;CI
(S)n 4+ m —»{—N—S—N—‘| + mHCI1+ nH,S

o0

Production of sulfur concrete based on
modified sulfur

In the production of sulfur concrete, fillers are
mixed in different mass ratios. The calculated ratio
of the mixture was 56% sand, 14% ash, and 30%
modified sulfur. Ash can reduce the carbon binding
of the product, in sulfur concrete (together with
sand) ash is used as a potential reaction and
composition filler for polymerization. Also, the
addition of fly ash to sulfur concrete is beneficial in
improving strength due to the rounded shape of the
mixture and the presence of suitable-sized
aggregates. At the initial stage, filler products and
organic modifiers are mixed and heated at 160-170
°C for 1 hour. To reduce the particle size, the
materials were combined with elemental sulfur and
processed through a 1 mm long flow mill. Then the
mixture is heated and mixed in a molten state at 170-
180 ° C for 40 minutes and poured into molds for
cooling. The average density of solution samples
was 2382 kg/m?3.

The sulfur concrete mixture is made on the
basis of sulfur, sand, fly ash, and organic modifiers.
Raw materials such as sulfur, sand, fly ash, and
organic modifier are necessary for the preparation
of the sulfur concrete mixture.

Results and discussion

Analysis of IR and Raman spectra of modified
sulfur

In the IR spectrum of modified sulfur with
aniline hydrochloride, strong absorption lines in the
region 3388-3329 cm? correspond to absorption
lines of valence vibrations of the NH group
connected to the benzene ring of aniline
hydrochloride. Also, the intense absorption lines in
the region of 1454-1417 cm? indicate that the

deformation vibrations of the aniline benzene ring
are characteristic of the absorption lines. Absorption
lines in the IR spectrum of this compound at 1157
cm® correspond to the valence vibrations of the C-
N bond, while the intense absorption lines at 873
cm! correspond to the valence vibrations of the N-
H bond of aniline. We can see absorption lines of N-
S bonds characteristic of sulfur in the polymerized
state with aniline at 1150-1100 cm™. Also, we can
observe that the weak absorption lines in the region
of 650-500 cm™ in the IR spectrum of this modified
compound gave characteristic weak absorption lines
of the polymerized sulfur-containing S-S bond. In
addition, the novel spectrum lines in the range of
470-430 cm* confirm compounds containing sulfur
in the Ar-S-S-Ar regions.

Analysis of thermal analysis of sulfur concrete
obtained on the basis of modified sulfur

Thermal analysis of sulfur concrete modified
with aniline hydrochloride. Thermogravimetric
analysis was performed to study the thermal
properties of the compound. Simultaneous TGA and
DTA analyzes were performed in the temperature
range of 20-800°C on the SHIMADZU DTG-60
thermal analyzer (Fig. 1).

Thermal analysis of sulfur concretes with new
content was carried out in the temperature range of
20-800°C. All the samples of the thermal analysis
of the mentioned sulfur concrete were taken in the
amount of 25.776 mg and were carried out in
specially prepared crucibles in a dynamic mode at a
speed of 10 degrees/min in an inert environment
with an argon atmosphere (Fig. 2).

It was studied according to thermogravimetric
derivatogram (TG) and differential
thermogravimetric analysis presented in Fig. 3. Two
endothermic effects were observed at temperatures
of 122.38 and 304.38°C. The endothermic effect at
the first temperature of 122.38 corresponds to the
liquefaction of sulfur residues. The second
endothermic effect was observed around 300°C,
which  corresponds to the decomposition
temperature of the main organic and sulfur
components.

,‘ Figure 1 — IR spectrum of Modified Sulfur
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Figure 3 — Derivatogram of modified sulfur concrete
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The analysis of the thermogravimetric curve of
the organic compound shows that the TG curve
mainly takes place in the temperature range of 1
intensive and 2 non-intensive mass losses. The 1st
mass loss range is 35.45 - 198.96°C, the 2nd mass
loss range is 199.68 - 320.77°C, and the 3rd mass
loss range is 320.77 - 796.43° C corresponds to the
temperature. The analysis shows that in the mass
loss interval 1, a mass loss of 0.284 mg, i.e. 1.102%,
is observed, while mass loss 2 is the most intense
decay. The main amount of mass loss in this decay
is 8.752 myg, i.e. 33.954%. It can be seen that the
first mass loss involves the loss of unbound matter.
In the second main stage of decomposition, in the
case of lower molecular compounds such as
hydrogen sulfide, sulfur oxides, and carbon oxides,
after the decomposition of the organic and sulfurous
part, a mixture of sulfur oxides and partially coal
remains.

The results of the thermal analysis show that
the field of application of the obtained sulfur
concrete is limited to a maximum of 3000 C. This
temperature is several times higher than the normal
outdoor temperature, which shows the possibility of
wide application.

One of the main advantages of modified sulfur
concrete over Portland cement is its resistance to
acidic and saline environments, especially in
industrial environments where traditional cement
has a short service life. In addition to industrial
enterprises, it is used in freezing and thawing cycles,
in food processing enterprises, and in the production
of sewage pipes, drainage channels, and marine
structures. In terms of sustainability, MOB can be
considered an environmentally friendly material as
it can replace Portland cement in several
construction applications. A few hours after casting,
its compressive strength increases to about 80%,
and typically 80 to 95% after 24 hours. In this work,
studies were conducted on two identical samples
hardened for 3, 7, 14, and 28 days. The change in
average compressive strength for all samples is
presented in Table 1. Table 1 shows that the average
compressive strength obtained at 3 days was 32
MPa and 42 MPa at 28 days. The results correspond
to a percentage of compressive strength calculated
at 80.5% compared to 28 days.

Table 1. Compressive strength indicators of sulfur
concrete samples prepared on the basis of modified sulfur
Average

No Time, compressive Standard error,
day strength, MPa MPa
1 3 32,15 0,16
2 7 37,62 0,67
3 14 39,43 2,23
4 28 42,13 0,98

Durability tests of the samples were carried out
by measuring the mass of the sample after 3, 7, 14,
and 28 days and comparing it with the initial value
(before dissolving); the results are shown in Figures
4, 5, and Table 1. Mass loss was calculated for
10x10x10 mm square samples immersed in a 40%
solution of sulfuric acid and ammonium sulfate. The
mass changes induced by dissolution were
negligible, indicating that the samples obtained did
not deteriorate after exposure to acidic and saline
environments.

0% H;50,

= After tested
= Before tested

Mass. g

3 7 14 %
Tested time in a chemical solition, days

Figure 4 — Mass change after immersion
in 40% H,SO4

40 %4 (NHL),SO,

L3 & After tested
® Bedoer tested

Mass g

i T 4 i8

Tewed oz 1 & chenncal sclotion, dave

Figure 5 — Mass change after immersion
in 40% (HN4)QSO4

SEM photograph and X-ray phase analysis
diffractogram of modified sulfur concrete

Figure 6 shows electron microscopic elemental
sulfur and fly ash particles, irregularly shaped
particle elemental sulfur and sizes (micron diameter
or less), and spherical shapes of fly ash particles

Figuré 6 — Photomicrograph of modified sulfur
concrete
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As can be seen from Figure 7, made on the molecules. Table 2 below contains data on
basis of a roentgenogram, sulfur concrete contains  absorption peaks of sulfur-containing concrete in X-
S,Si0;, CaCO;  CaSiOs,  Alx(SiO4)(OH), ray phase analysis.
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Figure 7 — X-ray phase analysis diffractogram of modified sulfur concrete

Table 2 below contains data on absorption peaks

of sulfur-containing concrete in X-ray phase continuation of Table 2
analysis
Pos. Height [cts] FWHM d-spacing Rel. Int.
L [°20] Left [°20] [A] [%]
Tabl_e. 2 — X-ray phase analysis diffractogram of 116126 YA 0.0587 715666 873
modified sulfur concrete 42.4746 676.94 0.0911 2.12654 10.99
Pos. Height [cts] FWHM d-spacing Rel. Int. 42.7673 341.60 0.1573 2.11266 5.54
[°26] Left [°20] [A] [%] 43,1937 223.10 0.1447 2.09279 3.62
10.4168 278.24 1.0527 8.48544 452 44.5266 218.61 0.4349 2.03318 3.55
11.3083 64.93 1.4870 7.81842 1.05 455493 100.11 0.6770 1.98988 1.62
12.5358 180.96 1.3851 7.05550 2.94 45.8095 213.45 0.0830 1.97919 3.46
15.4043 366.22 0.0854 5.74749 5.94 46.3318 75.91 0.1210 1.95808 1.23
15.5815 121.19 0.0687 5.68254 1.97 47.7158 169.55 0.5106 1.90447 2.75
18.8842 35.71 0.0174 4.69549 0.58 48.6674 50.41 0.6848 1.86943 0.82
19.7809 60.30 0.0218 4.48461 0.98 50.1297 492.86 0.2369 1.81827 8.00
20.8749 1414.88 0.0959 4.25200 22.97 50.6762 111.09 0.1579 1.79994 1.80
21.9421 169.68 0.2839 4.04754 2.75 51.2307 363.80 0.1558 1.78175 5.90
22.2804 45231 0.0702 3.98685 7.34 52.0720 220.00 0.1440 1.75492 357
22.6988 361.39 0.0811 3.91429 5.87 53.0915 215.12 0.3661 1.72360 3.49
23.0824 2988.27 0.1045 3.85010 4850 53.9629 190.69 0.1665 1.69781 3.10
23.6199 22251 0.1426 3.76369 3.61 54,8758 234.90 0.1190 1.67170 3.81
24.1859 249.73 0.0815 3.67688 4.05 55.3307 119.32 0.2359 1.65903 1.94
24.9453 191.04 0.0983 3.56664 3.10 55.8037 110.46 0.3832 1.64608 1.79
25.1764 238.99 0.0686 3.53441 3.88 56.7051 271.22 0.2112 1.62204 4.40
25.8470 841.52 0.1097 3.44422 13.66 57.5127 345.16 0.2237 1.60117 5.60
26.6462 6161.00 0.1226 3.34270 100.00 58.7079 93.60 0.3515 1.57139 1.52
26.8198 1097.28 0.0376 3.32146 17.81 59.9677 755.47 0.1092 1.54135 12.26
27.1260 247.13 0.1120 3.28465 4.01 61.4463 88.31 1.8692 1.50776 1.43
27.5053 2426.33 0.1327 3.24021 39.38 63.9360 56.20 0.7723 1.45492 0.91
27.7372 1873.70 0.1011 3.21365 30.41 64.7657 52.38 0.1737 1.43827 0.85
27.9385 1420.71 0.1377 3.19095 23.06 65.6865 109.93 1.2279 1.42032 1.78
28.6655 440.30 0.1750 3.11165 7.15 67.2711 56.07 0.3167 1.39066 0.91
28.9656 465.42 0.0652 3.08009 7.55 67.7508 651.23 0.1081 1.38198 10.57
29.4408 1076.35 0.1317 3.03146 17.47 68.1580 590.92 0.1159 1.37471 9.59
30.4535 253.96 0.0594 2.93291 4.12 68.3210 309.46 0.1308 1.37183 5.02
31.4077 493.17 0.1252 2.84595 8.00 69.3452 90.25 1.2107 1.35405 1.46
33.3834 0.00 0.0866 2.68190 0.00 71.6015 67.43 0.9476 1.31682 1.09
34.1777 239.76 0.1367 2.62136 3.89 73.1890 60.83 1.4268 1.29213 0.99
34.9373 178.09 0.1248 2.56609 2.89 74.6452 49.77 2.6351 1.27049 0.81
35.9352 176.72 0.2433 2.49709 2.87 75.6685 198.87 0.1287 1.25583 3.23
36.5570 1075.52 0.0924 2.45603 17.46 77.6887 74.77 0.6441 1.22814 1.21
37.0633 373.97 0.1030 2.42363 6.07 79.8904 192.57 0.2219 1.19974 3.13
37.8374 148.97 0.0975 2.37581 2.42 81.1769 223.36 0.1106 1.18394 3.63
39.0735 281.03 0.0645 2.30344 456 81.5006 526.76 0.1264 1.18006 8.55
39.4445 48551 0.1742 2.28263 7.88 83.8430 129.26 0.2145 1.15295 2.10
40.3105 291.06 0.0875 2.23557 472 87.7163 0.00 0.5628 1.11174 0.00
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According to table 2, we can quote table 3.

Table 3 — Diffractogram data of sulfur concrete

dis the

N 2theta FWHM  distance  Density

scan Peaks

angle [cts] Ieft0 between  of I-

[20%] [209] planes peaks
1 20.9291 1152.26 0.0951 4.24110 26.82
2 23.1432  2619.77 0.1398 3.84013 60.97
3 26.7030 4296.72 0.0883 3.33572 100.00
4 27.5641 4247.18 0.06130 3.23348 98.85
5 27.8072  1068.75  0.1858 3.20572 24.87
6 39.5710 4245.56 0.0550 2.27563 98.81
7 75.7682 1162.20 0.0833 1.25442 27.05

When calculating the particle size of sulfur
concrete according to the Debye-Scherre equation,
it is calculated according to the values given in the
formula. Example:

d = KJ/fcoso
d =0.94*1.54178/ 0.951*0.2 = 76.19.

Table 4 — Calculation of the particle size of sulfur
concrete according to the Debaya-Sherrera equation

No 2 the_ta FWHM average
scanning left size of d (nm)

angle [209] d(nm) average
[209] crystals

1 20.9291 0.0951 76.19

2 23.1432 0.1398 51.83

3 26.7030 0.0883 85.25 84.14

4 27.5641 0.06130 118.21

5 27.8072 0.1858 39.00

6 39.5710 0.0550 131.7

7 75.7682 0.0833 87.30

It was calculated that the average particle size
d (nm) of sulfur concrete is equal to 84.14 according
to the Debye-Sherrera equation.

Gamma spectrometer analysis of modified
sulfur

Taking into account the advantages and
convenience of modified sulfur, we analyzed itin a
Gamma spectrometer in order to study its impact on
the environment. Accordingly, the test conditions
are T-22'C, humidity-63%, light-300 lux, relative
activity Bk/kg.

Table 5 — Analysis of radionuclides in modified sulfur
using a gamma spectrometer

st“’d“ ﬁﬁem Ra- Th- K-  Aeffl.  Aeffmb
226 232 40  bkikg  kikg
name  order
Modif 1 476 544 137 187 84.4
ied 2 524 634 127 244 86.8
su-- 5 374 453 115 195 103
fur 4 534 529 126 23.0 96.4
5 354 536 119 207 36.9
Av. 4 5 124 Aeff Aeff.m
or= ort=
=108.8 =160.8

According to SanPin 0193-06, it is used in
construction if it is less than 350 Bk/kg. When we
analyzed Modified Sulfur, the radionuclides
contained in it corresponded to an average of 160.8
Ba/kg.

The results of the gamma spectrometry
examination of the sample taken above meet the
requirements of sanitary rules and norms No. 0193-
06. The obtained result can be used in housing
construction if the gamma spectrometer indicator is
up to 300 Bk/kg. If it is < 350 Bk/kg, it can be used
for bardyors (fences), ditches, underground pipe
protection means, and stone pavements
(Bruschatka) on the streets.

Conclusion

In this study, the advantages of obtaining sulfur
concrete from modified sulfur were studied. A new
sulfur concrete was developed using technical
sulfur, ash, and industrial additives extracted during
the production of petroleum products. In the
production of sulfur concrete, an inexpensive
chemical modifier was used, this raw material can
be a practical and cost-effective solution for a
sustainable building material. Sulfur concrete
products obtained on the basis of sulfur, ash, and
fillers polymerized at high temperatures have been
confirmed to have high strength in a short time,
resistance to salty and acidic environments, water
absorption, and recyclability. Results of gamma
spectrometric  studies 0193-06 - meet the
requirements of sanitary regulations. The results
obtained were less than <350 Bqg/kg, indicating that
it can be used for street barriers, ditches,
underground pipe protection devices, and paved
roads.
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WCCNEOOBAHUE KOPPO3WUOHHOWM CTOMKOCTU METAITMYECKOTO BEPUNININA NPU
TEPMOLMK/MPOBAHWN B YC/TOBUAX MAPO-APTOHHOW CPELbI

[peacTaBieHbl  3KCMEPMMEHTasbHble  pPe3yabTaTbl MO M3YYEHUIO  KOPPO3MOHHOM  CTOMKOCTM
meTananyeckoro bepunnma (MB) npu TEPMOLMKAMPOBAHUM B YC/AOBMAX MapO-aproHHOM cpeabl npu
TemnepaTypax oT 600 ao 900°C. Llenb nccnenoBaHma coctoana B ONpeaeneHnm KMHeTUYEeCKMX napameTpoB
KOPPO3MOHHbIX MPOLECCOB WM CKOPOCTM B3aMMOAEWCTBMSA MApPOB BOAbl C MOBEPXHOCTbIO Hepuanus.
MeToaon0rMa BKAOYaNA LMKAMYECKOE HarpeBaHwe W oxnaxaeHuve obpasuoB MB ¢ nocneayrowmm
M3MepeHnem NoTepb MaccChbl, BU3yasbHYHO MHCMEKLUMIO MOBEPXHOCTM U OLEHKY KMHETUYECKMX NapameTpos. B

2K
pe3ynbTaTe 3KCMEePUMMEHTOB YCTaHOBNAEHbI SHEprMa axktusauum Kopposmn Ea = (130 + 6)%

NpeasKCroHEHUManbHbIA  MHOXUTENb ko = (0,23 + 0,02 ) —

s MpPOAEMOHCTPMPOBAHO 3HauYUTENbHOE
yBe/IMYEeHNE CKOPOCTU KOPPO3MM MPU MOBLILIEHUN TemnepaTypbl, YTO CBA3aHO C pa3pylleHMeM OKCUMAHOWM
NNEHKW U PasBUTMEM MOBEPXHOCTM 06pa3LoB. MosydyeHHble pe3y/bTaTbl UMEIOT NPaKTUYECKYo 3Ha4YMMOCTb
Ana obecneyeHus HageKHOCTM 1 He30MNacHOCTU UCNOb30BaHUA BEPUNANA B YCNOBUAX BbICOKMX TeMNepaTyp,
0COBEHHO B AZIePHbIX Y TEPMOAAEPHbIX peakTopax. MccnegoBaHme BHOCUT 3HAYUTEbHbIN BKAaZ, B NOHUMaHWe
KOPPO3MOHHOro nosedeHuna MB npu TePMOUMKAUPOBAHUW, NPeAOCTaBsA LUeHHble 3KCNepuMeHTabHble
JaHHble, Heobxoaumble A8 Pa3paboTKM M 3KCNyaTauuMyM COBPEMEHHbLIX  BbICOKOTEMMEPATYPHbIX
HepunnneBbix KOMNosnumin. MpakTuyeckoe 3HavyeHWe paboTbl 3akNoYaeTca B NOBbIWEHUM He3onacHoCTH
YCTaHOBOK M AONITOBEYHOCTN MaTepmnanos, NPUMEHAEMbIX B AAEPHON SHEpreTuKe.

Knioyesble coBa: MeTananyecknii bepuanmnii, Kopposms, TEPMOLMKAMPOBAHNE, CKOPOCTb KOPPO3uM,

,Cl,ed)eKT MacCCbl, MapoO-aproHHan CMmechb.
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Study of corrosion resistance of metal beryllium
during thermocycling in vapour-argon conditions

Experimental results are presented to study the corrosion resistance of metal beryllium (MB) during
thermocycling in a steam-argon environment at temperatures from 600 to 900°C. The aim of the study was to
determine the kinetic parameters of corrosion processes and the rate of interaction of water vapour with the
beryllium surface. The methodology involved cyclic heating and cooling of MB samples followed by mass loss
measurements, visual inspection of the surface and estimation of kinetic parameters. As a result of

experiments, the corrosion activation energy Ea = (130 + 6)$ and pre-exponential factor ky = (0,23 +
0,02) f

s:cm?2
demonstrated, which was attributed to the destruction of the oxide film and surface development of the
samples. The obtained results have practical significance for ensuring the reliability and safety of beryllium use
at high temperatures, especially in fusion and fission reactors. The study makes a significant contribution to
the understanding of the corrosion behavior of MB during thermal cycling, providing valuable experimental
data required for the design and operation of advanced high-temperature beryllium composites. The practical

were established. A significant increase in the corrosion rate with increasing temperature was
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significance of the work is to increase the safety of installations and the durability of materials used in nuclear
energy.
Key words: metal beryllium, corrosion, thermocycling, corrosion rate, mass defect, vapour-argon mixture.
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By-aproH opTacbiHAa MeTann bepunaniai Kopposuara Tesimainirin
TepMOUMKNAEY KesiHae 3epTTey

600-aeH 900C-Kka aeniHri TemnepaTtypada Oy-aproH opTachl »KafaalbiHAa TEPMOLMKAALY Ke3iHae MeTa
bepunnmningid (MB) Kopposusara TesiMmainiriH 3epTrey HOMbIHIWA 3KCMEPUMEHTTIK HITUMKENEep YCbIHbIAFaH.
3epTTeyaiH MakcaTbl KOPPO3UAbIK MPOLLECTEPAIH, KNHETUKAbIK NapamMeTpaAepiH KaHe cy OybliHbIH 6epuanmi
BeTiMeH apeKeTTecy blAAamablFbiH aHbiKTay 6onabl. 9aictemere MB yAarifepiH UMKAAIK KbI3AbIPy KaHe
CaflKbIHAATY, coAaH KeMiH MaccaHblH, »KOfanyblH esnuley, HeTTi BM3yasbl TEKCEPY KoHE KMHETUKASbIK,

napameTpaepai 6afanay Kipai. Toxipnbe HaTUKeciHAE KOpPO3uAHbIH, 6enceraipy sHepruacsiEa = (130 =+
r

6)% YK9He 3KcmoHeHuuan anabl daktop ko = (0,23 +0,02) aHbIKTanabl. TemnepaTypaHbiH,

c-cm?
OFapbllAaybIMEH KOPPO3UA KblIAAMAbIFbIHBIH,  €43Yip  apTybl KOpCeTingi, Oyn OKCUMATI MeHKaHbIH,
OY3blNybIMEH KaHe YATiiepaiH 6eTKi KabaTbiHbIH 6cyiMeH baliiaHbICTbl. ANbIHFaH HaTUXKeNepaiH bepunannai
OFapbl TemnepaTypaaa, acipece AAPO/bIK KaHe TEPMOSAAPO/bIK peakTopaapaa nanaanaHyablH ceHimainiri
MEH Kayincisairii KamTamacbi3 eTy YWiH NpaKkTUKanblK MaHbi3bl 6ap. 3epTrey 3amaHayW Kofapsl
TemnepaTypanbl  OEpPUANMIA  KOMNO3UUMANAPbIH - 33ipaey KeHe naidanaHy VWiH  KaXeTTi  KyHAbl

9KCNEePUMEHTTIK AepeKTepai yCbiHa OTbIpbIN, TEPMOLMKAAI MB KOPPO3UANbIK SPEKeTiH TYCiHyre ainTap/iblKTan

ynec Kocaapl.

MYMBICTbIH, MPaKTUKaAbIK MaHbI3AbINbIFbI

KOHAbIPFbINAPAbIH, KaYINCi3A4iriH KoHe aTom

SHepreTMKacbiHAa KOMAaHbINATbIH MaTepuanaapasiH, 6epikTiriH apTTbipy 60biN Tabblaaab!.
TyWiH cesgep: meTann 6epunanii, KOppPosna, TEPMOLIMKALEY, KOPPO3UA XKblNAaM/IbIFbl, Macca akaysl, by-

dproH Kocnachl.

BBenenue

Mertamnnueckuit 6epminii (Mb) ucnonb3yetcst
B ITUPOKOM CIIEKTpPE SJICPHBIX MPUMEHEHHM, TaKnuX
KaK 3aMeJIUTeNb, OTPAXKATeIh U 000JI0YKa TOTUINBA
B SACPHBIX peakTopax, Onarogapsi cBOeMy HH3KOMY
CEUCHHMIO 3axBaTa HEUTPOHOB ¥  BBICOKOMY
NOTEHIHATy YIPYTroro paccesHus HerWTponos [1-3].
Kpome Toro, oH Takxe paccMaTpuBaeTcsl B KAUeCTBE
MEPCHeKTHBHOTO  Marepuana i OyAyIIuX
TEPMOSIIEPHBIX peakTopoB. bepwiumii paccmarpu-
BaeTcsd B KauecTBE KOMIIOHEHTa MEPBOH CTEHKH, a
TaKKe B KayecTBE HEHUTPOHHOTO Pa3MHOKUTEIS
TPUTUEBOTO MOJXYyNS B OJNaHKeTe TEepMOSJICPHOTO
peakropa [4,5]. Haipumep, B KOHIIENIINY 3aCHIITHOTO,
BOJOOXJIKAaeMoro TputueBoro wmoxaymsa (Water
Cooled Pebbled Bed), m66161 MB cmermBaroTest ¢
m00mamu  merarutanara smtus (Li2TiOs), dro
obOecnieunBaeT  KO3((UIMEHT  BOCIPOM3BOJICTBA
TpuTHs OoJibliie eAMHUIIBI [4,5]. Bepumiuii moimkeH
BBIEP)KMBATh JKECTKHE YCIOBHS JKCIUTyaTallid B
TEYEeHHUE JUITUTEIFHOTO BpeMEHH 0Oe3 CYIIeCTBEHHBIX

U3MEHEHUH Temnopu3n4eckux W MEXaHWYeCKUX
cBoiicTB. OnHaKoO, HECMOTpS Ha CBOM IIOJOXKH-
TeJIbHBIE CTOPOHBI, OEPUILTHII TOABEPIKEH KOPPO3UU
IIPU BBICOKUX TEMIIEPATYPAX, UTO MOYKET OIPAHUUUTh
€ro IPUMEHEHHUE B TAKUX IKCTPEMAIBHBIX YCIOBUAX

[6-10].
Hanpumep, B pabore [11] mnpexncraBieHs
pe3yabTaThl HCCIIEJOBAHUS BIUSHUS BBICOKOTEM-

nepatyproii kopposuu (600-800°C) B )KUAKOM JIUTHH
Ha MEXaHW4YeCKHe CBOWCTBa Oepwiutus. PesynbraTs
WCCIIEIOBAHUH [TOKA3aId, YTO TIOTEPs Beca OepuILIHs
BO3pacTaeT C IOBBILICHUEM TEMIEPAaTypsl H
JUTATENTLHOCTH BO3JICHCTBUSI )KUAKOTO JHTUS. Takxke
ObIJI0O  OOHapyXeHO, UYTO COBPEMEHHbIE MapKu
Oepmiuns 001agaroT 0oJiee BHICOKOM KOPPO3HOHHOM
CTOMKOCTBIO B KHJIKOM JINTHH 110 CPaBHEHUIO C OoJiee
CTappIMH  MapKaMmd, 4YTO  TPOSBISETCS B
MHUHHMAJIBHBIX KOPPO3UOHHBIX MOBPEXACHUSIX U B
MEHBIIEM YXYIIICHIN MEXaHUIECKUX CBOMCTB.
Ilenpr0 [aHHOTO  MCCIIEAOBaHUSA  SIBJIAETCS
W3yYE€HHE KOPPO3UOHHOW cToiikoctu Mb 1ipu
TEPMOLUKIMPOBAHUM B  MPHUCYTCTBUH  Mapo-
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aproHHOM cMeCcH. DKCIEPUMEHTHI TPOBOAUINCH IPU
pasnmunbix Temmeparypax ot 600°C mo 900°C, uto
MO3BOJISIET IOJYYUTh IIOJIHOE MPEACTaBICHHE O
MOBEICHUM MaTepuaja B LIMPOKOM JIMANa3oHe
BBICOKMX TeMmIeparyp. B mpouecce sxcnepumeHTOB
00pa3upl NOABEPrajauch LUKIMYECKOMY HarpeBy H
OXJTAXICHUIO B  Mapo-aproHHOM cpeae  mpu
MOCTOSSHHOM ~ MNoToke  cMmecu.  [lomydeHHsble
pe3yibTaThl BKIIOYAKOT HW3MEPEHHUs] MOTEPh Macchl
00pa3uoB, BHU3YaJIbHBIE WHCIEKLUIO IOBEPXHOCTH
00pa3lloB M OLEHKY KHHETHYECKUX IapaMeTpoB
KOPPO3HOHHBIX ITPOLIECCOB.

HoBu3Ha naHHOrO McCnenoBaHUS 3aKII0YAETCs
B KOMIUIEKCHOM TOJXOZ€ K U3YyYEHUI0 KOppo-
3UOHHOTO NoBeAeHUs: Mb nipy TepMOLMKINPOBAaHUN.
BaxHO OTMETHUTH, YTO OOJBIIMHCTBO HMCCIIEN0BAHUI
6I)IJH/I COCPEAOTOUCHBI Ha CTATUYCCKHUX YCJIIOBUAX
OKHMCJICHUA, B TO BpEMS KaK ATUHAMUYCCKUC YCIIOBUA
TEPMOLMKINPOBAHUS OCTAIOTCS MaJOU3yYCHHBIMH.
AKTyanbHOCTh pabOTHI 00YCIOBIIEHa TOTPEOHOCTHIO
B 3KCIICPUMCHTAJIBHBIX JAaHHBIX XapPaKTCPU3YIOHIUX
KaHIUJaTHbIC MaTepHabl TEPMOSICPHBIX
PEaKToOpoB, Ine KOPPO3HMOHHAs CTOWKOCTh Mare-
pHaJoB UrpaeT KPUTUYECKYIO POJib B 00ECTIeYeHUH
0€30IacHOCTH U JI0JITOBEYHOCTH YCTAHOBOK.

MaTtepuansl 1 METOABI
HUccreoyemvie obpasyvl

B kauectBe wuccieayeMbix 00pa3ioB ObLIH
BEIOpaHbl m00a61 MB (cM. puc. 1) amamerpom
(1£0,2) mm. Copeprkanue O6epuins He MeHee 99%
(macc.). OcHoBHBIE mapamMeTpsl obpasmoB Mb
MpUBEICHBI B TabsuIe 1.

4
— +—

-

©-

PucyHnok 1 — Baemnwmii Bun o6pasznos Mb
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Taoauma 1 — OCHOBHEIE TapaMeTphl 00pa3IoB

IMMapametp 3HaveHue
Hcxomanas macca, T 0,2503
ITnoTHOCTH, T/cM® 1,85
KonnuecTso, miT. 242
OO61as miomaIs 76
MOBEPXHOCTH, CM? '
O06ummit 066eM 00pa3mos, cm* 0,13

Onucanue ycmanoexu

Pazpaborana BHe-peakTOpHas yCTaHOBKa st
MPOBEJCHUsSI  OKCIEPUMEHTOB IO  BBICOKOTEM-
neparypHoii kopposuu [12]. YcraHOBKa COCTOUT U3
BBICOKOBAKYYMHOH  TOPHU3OHTANBHOW  TpyOUaroii
neyu (MTF-T1400-D60), obecrnieunBaromei
NPOBENEHUS KOPPO3MOHHBIX HCCICAOBAaHMNA Ha
MakCcUManbHbIX Temmeparypax npo 1300°C npu
atmMoctepHoM  maBieHuu. CKOpOCTb  HarpeBa
Bapbpupyercs oT 1 g0 30°C/mun. Cuctema OTKayKu
ra3oB YCTAHOBKM COCTOMT M3 OTKa4HOTO IOCTa
Agilent TPS-Flexy 304 FS, koTopblii B CBOIO 0Y€peIb
COCTOMT W3 CyXOro crmpainsHoro Hacoca I[DP-7
(IpOU3BOAMTENBHOCTEIO 7  M3/4) U  TypGomo-
nexynspHoro Hacoca TwisTorr 304 (mpowmsso-
nuTenbHOCTRIO0 250 11/c o a3ory). Takke, ycTaHOBKa
cHaO)KeHa aHaJIM3aTOPOM OCTaTOYHBIX ra3oB RGA-
100 st KOHTPONA Ta30BOM KOMITOHEHTHI B 30HE
HarpeBa oOpasnoB. Ha pucynke 2 mnpuBeneHa
MPUHLIMITHAIbHAS CXeMa CO3[JaHHON yCTAHOBKH IS
MPOBEJCHHUSI  OKCIEPUMEHTOB IO  BBICOKOTEM-
nepaTypHON KOPPO3UH.

W3mepenne maccel 00pasLoB 10 M IOCTE
HarpeBa OCYLIECTBIIAJIOCH C TIOMOIIBIO aHATUTH-
gecknx BecoB VIBRA HT-224RCE. [Iuanazon
m3Mepenust Maccbl coctapisier oT 0.01 r go 220 r.
Tounocts n3mepenus cocranmuser 0.0001 r.

Ilpoyedypa sxcnepumenmos

IIpoueaypa KOpPpO3HMOHHBIX 3KCIIEPUMEHTOB
BKJII0YaJja CJIEAYIOIINE 3Tallbl:
1. ®@ukcauuss WMCXOOHOrO BHEUIHETO BHJAA

00pa3uoB (pororpadupoBanue).

2. V3mepeHune HaYabHOI Macchl 00pa3IoB.

3. Pasmemenne o00pa3loB B TUTIE B 30HE
HarpeBa Ieyu.

4. Opranuzainus MOCTOSHHOTO IMTOTOKAa aproHa
Ha ypoBHe 0,1 J/MHH C TIOMOIIBIO peryisTopa
pacxoja rasa.

5. JluneliHblii HarpeB 00Pa3LOB CO CKOPOCTHIO
10°C/mun 1o ueneBoi remmeparypsl (600°C, 700°C,
750°C, 800°C, 850°C, 900°C).

6. Ilomaya moToka mapa aproHOBOH TIa30BOM
cMecu ¢ BiaxHocThio 90% Ha ypoBue 0,1 11/MuH
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(pacueTHOE coJiepKaHUE BOJSHOTO Iapa B aproHe
MIPH TaKOH BIAXKHOCTH COCTaBIIsIeT OKoJIo 1725 ppm)
10 JOCTHKEHUIO OYEPEIHOM LIEIEBOM TeMIIEpaTyphl.
[MoxnepkaHue TakuX yCIOBHM Ha MPOTSHKCHUU 2-3
gacoB (3(ppekTHBHOE BpeMsI SKCIIEPUMEHTA).

7. OxnaxkmeHre oOpas3IloB MPU E€CTECTBEHHBIX
YCIOBUSIX TIPH TIOCTOSHHOW MPOJYBKE YUCTHIM
aprorom c¢ pacxojom 0,1 ji/mMuH.

8. VMHcneknusi BHEIIHETO BHJa O0Opa3loB H
B3BEIIIMBaHUE.

Oran 5 NOApa3syMeBacT IIPOBEACHUE
TEPMOILIMKJIOB HAa KaXXJIOH LIEIEBOM TeMIeparype, ¢
MOCTIEAYIONINM B3BEIIMBaHUEM W (QoToduKcarmen
o0pa3noB mocie Kaxaoro nukia. Ha pucynke 3
MpeJICTaBIeHa TUITUYHAS TUarpaMma OJHOTO ITHKIIA
OKCMIEPUMEHTa, WJUTIOCTPUPYIOMIAas  BPEMEHHYIO
3aBUCHMOCTb U3MEHEHUs TeMIIepaTyphl 00pasia npu
OpoAyBKE  paboyMM  razoM  JUig  LIEJIEBOi
temneparypsl 600°C.

2

Vio

CC — xoppo3uonHas kamepa, T — turens, E — skpanbi, Th — Tepmonapa, HZ — 3ona Harpesa neuu, B — Gayuion
aproHa c peaykropoM, R — pecuBep, N — Hatekarenb, MFC — perymnsatop pacxona raza, H — yBmaxkuutens, SP —
crpanbHbIA Hacoc, BO — 6ak OTCTOWHUK, V — BAKYyMHBIE BEHTIITH

Pucynok 2 — Cxema yCTaHOBKH 110 BRICOKOTEMIIEpATYpHOIT Koppo3uu [14]
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PucyHnox 3 — BpemeHHasi 3aBUCHMOCTbh U3MEHEHHS
TeMIlepaTypsl 00pasia npy MpoyBKe pabouuM ra3oM It
neneBoit remnepatypsl 600°C

Pe3yabTarhl n o0cy:x1eHue

Ilo pesynpraTaM MPOBEAECHHBIX KOPPO3HOHHBIX
JKCIEPUMEHTOB ¢ Mb Ipu TEpMOLUKINPOBAaHUU B
Mapo-aproHHoW  cpene ObuUIM  3aUKCUPOBAHBI
U3MEHEHUS Macchl O00pas3loB IOCIe KaKAOTOo
TepMonukia (cM. Tab. 2), a TaKkKe BU3yaJIbHBIC
M3MEHEHUs MOBepXHOCTH (cM. puc. 4). [lomydenHsre
JJaHHBIE  TIO3BOJISIIOT ~ OLEHUTH  KMHETUYECKHE
MapaMeTpsl KOPPO3HOHHBIX IMPOLECCOB U BBIIBHUTH
3aBHCHMOCTH CKOPOCTH KOPPO3UH OT TEMIIEPATYPHI.

JenpTa Macchl U Ae)eKT Macchl ONPEAEIISUINCH
cienyomuM  obpasuoM. [embra Maccel  (WiH
M3MEHEHHe Macchl) 0Opasiia — 3TO pa3HHLA MEXKAY
Ha4YaJbHOW Maccod oOpa3ila W ero Maccoi mocie

npoBeneHUs  dKcrmepuMeHTa.  JlembTa  Macchl
BBIUKCIISIIACK 110 (hopmyie (1).
Am = mKOHe‘{HaH - mHa"laJ]bHaH' (1)

rae Am — nenbra MacChl, Muoucunas — Macca o0pasiia
MOCIIE DKCIEPUMEHTA, Muaamuas — Macca o0Opasia
mepen SKCTIICPUMEHTOM.
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Tabéauua 2 — Cognast TabIuIa pe3yIbTaTOB SKCIIEPUMEHTOB JUTA KXKIOTO KA

Temmeparypa, °C 600 700 750 800 850 900
DddexruBnoe Bpems, u | 2:00 2:00 3:00 3:00 3:00 3:00
Macca MB, r 0,2503 | 0,2505 | 0,2508 | 0,2518 | 0,2600 | 0,3499
Henbra maccst MbB, r 0 0,0002 | 0,0003 | 0,001 | 0,082 | 0,899
Hedexr maccst MB, % | 0,00 0,08 0,12 0,40 3,28 35,91

700°C

750°C

—;:f,‘;_,;‘t e
ot LD Ay
R BAT 1

e

Pucynok 4 — BHemmHuii Bux 00pa3moB mocie KaxkJ0ro TePMOIIUKIIA

Jle(eKT Macchl — 3TO OTHOLIEHUE JIEIIBTHI MaCChI
oOpasiia K UCXOTHOH Macce, KoTopasi Obljla B CaMOM
Havae. JlehexT Macchl BBIUUCISUICS 110 popmyiie (2).

Am
Dm = ——, 2)
mncxo,aﬂblﬁ
rne Dm - medext Maccel, Am — u3MepeHHas JiesibTa
MAacChl, Mucxommii — UICXOJHAS Macca oopasua.

W3 mpoBeneHHOTO SKCIEpUMEHTa BHIHO (CM.
puc. 5), uto mpu Temmeparypax no 750°C He
Ha0JronaeTcs akKTUBHASI XUMHYECKasl peaKLHsi BOABI C
oOpasuamMu.  DTO  MOATBEPXKIAETCS  MaJbIMH
W3MEHEHUSIMH MacChl M BHIUMBIX HM3MEHEHUH
BHEIIHETO BHJAa OOpa3loB IOCIE HArpeBaHus |
oxnaxaeHus. Ognako mpu temneparypax 800°C u
BbIIlIE HAUYMHAETCS aKTUBHAS XUMHYECKas PEaKIMs,
COTIPOBOXKIAIOMIAsCS  W3MEHEHWSMH  MacChl U
BUAMMBIMH HM3MEHEHHUSMH MOBEPXHOCTH OOpa3LOB
(cm. puc. 4). DT [gaHHBIE YKa3bIBalOT Ha
3HAYUTEIbHBIE Bapualuu CKopocTd peakuuu Mb ¢
BOJSIHBIM TIApOM B 3aBUCHMOCTH OT TEMIIEPaTypHl.
Cnenyer OTMETHTh, 4YTO OKCHJHAas IUICHKA,
oOpasyromiasici Ha  MMOBEPXHOCTH  00OpPas3IoB,
BBITIOJTHSIET POJIh TU((HY3HOHHOTO Oapbepa ImoIaBJIsist
XMMUYECKYI0 aKTHBHOCTb MeTaula mpHu Oolee
HU3KHUX TEMIIEpaTypax.

JJ1 OlleHKH CKOPOCTH B3aWMOJICHCTBHS TapOB
BOJIBI C TIOBEPXHOCTHIO 00pa3loB Oblla MpUMEHEHa
AppeHnycoBcKas 3aBUCUMOCTh. JlaHHOE ypaBHEHHE
CBSI3BIBACT TEMIIEPATYPHYIO 3aBHCHMOCTb CKOPOCTH
peaknuy ¢ SHEpTUel aKTUBALNH:
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800°C 850°C 900°C
k=k ( Ea) 3
= Ko - €xp RT ) ()
rae k — KOHCTaHTa CKOPOCTH peakiuu, ko —

MPE3KCTIOHEHIIMATBHBIN MHOXUTENb, Ea — sHeprus
aKTHUBAllMM peakuuu, R — yHuBepcaibHas Tra3oBas
MOCTOSIHHAS, T — TeMIeparypa.
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Pucynok 5 — CBognas quarpamma
M3MEHEHHSI MacChl 00pasia

[TockonpKy MBI HM3MeEpsSieM H3MECHECHHE MacChl
o0pasia oT BpeMEHH, Mbl MOXEM HCIOIB30BaTh 3TO
JUTSL OIEHKW KOHCTaHTBI CKOPOCTH peakiuu k (cMm.
Ta0. 3) UCIOJIB3YsI CIIEAYOIIee YPaBHEHHUE:

dm

kA

4)
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roe dm/dt — ckopocTh HW3MEHEHUWsl Macchl, K —
KOHCTaHTa CKOPOCTH KOppo3WH, A — IUIOMmAab
MTOBEPXHOCTH 00pasiia. 3aTeM, HCIIONb3Ys TaHHBIE O

CKOPOCTH KOPPO3UH MPH PA3HBIX TEMIIEPATYPAX, MBI
MOXKEM OICHUTh JHEPru0 akTtuBauuun Ea u
MIPEdKCIIOHEHIINATBHEIN MHOXKHUTEND Ky (CM. pHc. 6).

Tadanua 3 —Pe3ynbTaThl OLIEHKH KOHCTaHTBI CKOpOCTH peakuuit Mb ¢ mapamu Bojib

Temmneparypsl, °C 700

750

800 850 900

KoncranTa CKOpOCTH

peaxiuu, r/c-cm? 3,65E-09

3,65E-09

1,22E-08 9,99E-07 | 1,10E-05

-4,5 4 900°C

-5,0 ]

W DKCIL JJaHHbIE
JIuneapusauus
Y Jlureparypa [15]

551 850°C
-6,0 |

-6,5
-7,0

7,5 800°C

log(k), r/c-cm?

-8,0 4 n 750°C 700°C

m 2l«lla
< 1.6«Ila
Y 871

-10,0 . . . K 0070

085 0,90 095 1,00 1,05
1000/T, 1/K
Pucynok 6 — AppeHnycoBcKast 3aBUCUMOCTh KOHCTAHThI
CKOPOCTHU B3aMMOACHUCTBUS MMApPOB BOIBI C 00pa3amMu

-8,5 [ ]
-9,0 1

-9,5 4

[Ipu omenke mapaMeTpoB ApPpPEHHYCOBCKOH
3aBUCHMOCTH ObUTH  YYTCHBI MOTPEITHOCTH
M3MEpeHHsl Macchl (CM. pHUC. 5) W H3MEHEHHUs
IUTOLIa I MMOBEPXHOCTH oOpasiia (cMm. puc. 4).
CrnenoBaTeNbHO, MONYYCHHBIC IKCIIEPUMEHTAIBLHEBIE
JaHHbIE B Auana3one temneparyp ot 700 go 900 °C
OYIyT OIUCHIBATHCS CIEIYIONUM YPaBHEHUEM:

el -
c-an’ 130 [/Ixx/mMonb)
= 0,23 -exp (— RT )

)

MBI CpaBHUIM KOHCTaHTBI CKOPOCTH PEAKUUHU (CM.
puc. 6), MojydeHHBbIC B HAIIEM HCCICIOBAHHHU, C
pesyibratamu Apyrux aBtopoB [13]. CkopocThb
OKHCJICHUS1 OepWlIMs B BOJASIHOM IIape M B CMECSX
ra3oB C BOJSHBIM MapoM 3HAYMUTENHHO 3aBUCUT OT
NaBJICHUSA, B OTJIMYME OT PEaKIUil B CyXHX Traszax
(takux xak Oz, COz u apyrue). Uto noaTBEp:KAatOT
naHHBle, TpuBeneHHele B [13, crp.  43],
JNEMOHCTPUPYS XOpOIIIEee COTJIAaCOBaHWE C HAIIMMU
pesyapTaTamu 1uid Temnepatypsl 700°C.

Takum  oOpa3oMm,  CKOpOCTH  OKHCJIECHUS
OepriuIns OIpeieNsieTcsl He TOJIBKO TEMIIEpaTypou
KOHIIEHTpAleld OKUCIUTENs, HO U PAIOM IPYTrux
¢dakTopoB. Ha He€ BIMsIOT CBOHCTBa OKCHAHOM
IUICHKH, KOTopas (hOpMHpPYeTCsl Ha IOBEPXHOCTH
Oepuiutus U AeicTByeT Kak audy3uOHHBIH Oaphep,

MOAABJISIFOIINI €ro XUMHUYECKYIO aKTUBHOCTh. Kpome
TOTO, BAXKHYIO POJIb HUTPAIOT YCIOBHS OKPYKAIOIIEH
cpenbl, BKJIIOYAsl BIAXKHOCTh, JABJICHHUE, CKOPOCTH
MOTOKa Ta3a. OTH THapaMeTpbl  HEOOXO0IUMO
YYUTHIBATh npu WHTEPIIPETAN
3KCH€pI/IMCHTaJ'H)HI)IX JaHHBIX U CpaBHCHI/II/I ux ¢
pe3yJibTaTaMu APYTruX UCCIEA0BaHUM.

3akioueHue

Ilo pe3ynbrataM KOPPO3HOHHBIX 3KCIEPH-
MEHTOB ¢ Mb Ipu TEepMOLMKJIMPOBAHUU B IApoO-
aprouHoil cpene npu temneparypax 600°C, 700°C,
750°C, 800°C, 850°C u 900°C OputH yCTaHOBJICHBI
CKOPOCTH B3aMMOJEHCTBUS BOJBI C IOBEPXHOCTHIO
Oepwuma.  CpaBHeHHME  HAaMX  JAaHHBIX — C
pe3ynpTaTaMH JPYTHX aBTOPOB MOATBEPAWIO, YTO
pasiauyus B METOJUKAX MPOBEIEHUS IKCTIEPUMEHTOB
U YCIOBMSX OKPYXKAIOIIEH Cpelpl, B YaCTHOCTH
JIaBJIEHHE TapOB BOABI, MOTYT CYIIECTBEHHO BJIMATH
Ha CKOPOCTb OKUCJICHMUS.

OrneHeHbl KMHETUYECKHE rapaMeTpbl
KOPPO3MOHHBIX TPOLIECCOB, TaKHE Kak 3HEPTus

aktuBanmu Ea = (130 + 6)% U TPEIKCIOHEH-
MHOXHTEIb ko = (0,23 + 0,02) C.ZMZ.

[Tomyuenusie pe3ynbTaThl JIEMOHCTPHUPYIOT
CYLECTBEHHOE YBEIMUEHHE CKOPOCTH KOPPO3UU IPU
MOBBIIEHUH TEMIIEPATYPBI, UTO CBA3AHO C Pa3BUTHEM
MOBEPXHOCTH 00Pa3loB M pa3pylleHHEM OKCHIHOM
ieHkH. [lomydeHHble SKCIepUMEHTaIbHbBIE TaHHBIC
BaXHbl a1 o0ecliedyeHHs  HAJCKHOCTH |
0€301MacHOCTH HCIIOJIb30BaHUS OEPUIIINS B yCIOBHSIX
BBICOKMX TEMIepaTyp, OCOOCHHO B KOHTEKCTE
MPUMEHEHUS B TEPMOSJIEPHBIX  peakTopax.
HccnenoBanne BHOCHUT 3HAYMTENbHBIM BKIaJ B
MOHUMaHHE KOPPO3HOHHOTO IOBEJICHUS OepUILIHS
MpU TEPMOLMKINPOBAHUM, IPENOCTABIASA LIEHHBIC
JaHHble U1 Pa3pabOTKH M SKCIUTyaTallHu COBpe-

IAAJILHBIN

MEHHBIX  BBICOKOTEMIIEPATYPHBIX  OEpUIUINEBBIX
KOMITO3HIIMH.

DuHAHCHPOBaHHUE

Pabora  BeIMONHEHAa ~— TIpH (buHAHCOBOI

nojaepxxkke Komurera Hayku MUHHUCTEpPCTBA HAYKH
u BbIcIIero oOpa3oBaHus PecrmyOnukn Kazaxcran
(mporpamma NeBR21881930).
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MCCﬂeAOBaHVIe 3aBUCMMOCTU OTHOCUTENbHOIO YONTIMHEHUA OT MEXaHUYECKOro HanpAaxXeHUA NNeHOK
noanBsUHNAXNopnaa paanquon LWNPUHbI U O/TUHbI

SKCNEePUMEHTANIbHO MCCNeA0BaHa 3aBUCUMMOCTb OTHOCUTENBHOMO YA/JMHEHWS OT  MEeXaHW4YecKoro
HanpsXeHns B 06pasLax NOANBUHUAXA0PUAA PA3NUYHON WNPUHBI U paboyelt anuHbl. Llenblo nccnenosaHma
AB/IA/IOCb U3yYeHMe 3aBUCMMOCTU AedopmMauim OT MEXaHUYECKOTO HanpPAXKEHWUs NAEHOK NOANBUHUAXA0PUAA
Pa3/INYHbIX PAa3MePOB (LUMPUHbI U AIMHbI). HayuyHan 1 npakTUYeckas 3Ha4MMOCTb PabOoTbl 3aK/104aETCA B TOM,
YTO ZI@aHHbIE MOTYT MOCAYKMTb OCHOBOM ANA ByayLIMX UCCnenoBaHWI. B KayecTBe Ucciellyemoro matepmana
6b11 BbIOPAH NAEHOYHbIN NOAUBUMHMAXAOPUA, TONWMHON 100 MKM. JTIUCTbI NAEHKM Hape3asiMcCb Ha MOJIOCKM
wurpuHom 3, 5, 7, 10 MM C MOMOLLbIO CNELMalbHOrO HAapPE3HOro YCTPOMCTBA C PeryimpyeMmon WNMPUHoOm u
OMHOW Hape3aHus 0bpa3uoB. Paboyan anvHa obpasuos coctasuaa: 4,5, 6, 7, 8 cm.

McnbiTaHWa NpOBOAMAUCE Ha  CneumasbHOM  pas3pbiBHOM ycTaHoBKe PY-50. [aHHad yCTaHOBKA
npeaHasHayYeHa A48 WCCAedoBaHMA 3aBUCMMOCTU  aedopmalim  (OTHOCUTENbHOMO YAJMHEHMA) & OT
HanpsxeHna ¢. OBHapyKeHbl CYLLECTBEHHbIE N3MEHEHNA MEXaHUYECKMX CBOMCTB MaTepunana B 3aBUCUMOCTH
AN Pa3INYHbIX TEOMETPUYECKMX MapameTpoB. [lonydeHHble AaHHble YA0BAETBOPUTENBHO OMMUCHIBAKOTCA
MOAEeNAMM aBTOPOB. LleHHOCTb AaHHOro UCCNeA0BaHUS 3aKAKOYaAETCA B TOM, YTO pe3y/abTaTbl paboTbl, No
MHEHWIO aBTOPOB, MOCAYXKAT CTUMYIOM ANS YCOBEPLIEHCTBOBAHUA MEXaHUMYeCKMX CBOMCTB 0bObeKTa
nccnenoBaHmA.

Kniouesble C€noBa: MOAMBUHWUAXAOPWUA, MEXaHUYECKMEe CBOMCTBa, Jedopmaumsi, OTHOCUTENbHOE
YAAMHEHME, MEXAHNYECKOE HaNPAXKEHME, IKCMOHEHUMaNbHAA MOAENb.

A.l. Kupchishin, M.N. Niyazov*
Abay Kazakh National Pedagogical University, Almaty, Kazakhstan
*e-mail: marat--90@mail.ru

Study of the dependence of relative elongation on mechanical stress
of polyvinyl chloride films

The dependence of relative elongation on mechanical stress in polyvinyl chloride samples of various
widths and working lengths was experimentally studied. The purpose of the study was to study the
dependence of deformation on mechanical stress of polyvinyl chloride films of various sizes (width and length).
The scientific and practical significance of the work lies in the fact that the data can serve as the basis for future
research. Polyvinyl chloride film with a thickness of 100 microns was chosen as the material under study. The
film sheets were cut into strips 3, 5, 7, 10 mm wide using a special cutting device with adjustable sample
cutting width and length. The working length of the samples was: 4, 5, 6, 7, 8 cm.

The tests were carried out on a special tensile testing machine RU-50. This setup is designed to study the
dependence of strain (relative elongation) € on stress o. Significant changes in the mechanical properties of
the material were discovered depending on various geometric parameters. The data obtained are satisfactorily
described by the authors' models. The value of this study lies in the fact that the results of the work, according
to the authors, will serve as an incentive to improve the mechanical properties of the research object.

Key words: polyvinyl chloride, mechanical properties, deformation, elongation, mechanical stress,
exponential model.

64


https://grnti.ru/
https://doi.org/10.26577/RCPh.2024v90i3-08
mailto:marat--90@mail.ru
mailto:marat—90@mail.ru
https://orcid.org/0000-0002-8872-3734
https://orcid.org/0000-0003-0230-9303

AMN. KynumwmH, M. H. H1asos

A.N. KynunwwuH, M.H. Huazos*
Abalt aTblHAAFbl Ka3aK yNTTbIK Nefarormkanblk yHUBepPCUTETI, AAMaThl K., KasakcTaH
*e-mail: marat--90@mail.ru

OPTYPAi €Hi MeH y3blHAbIKTaFbl NOIMBUHUAXAOPUATI YArinepgeri
CaNbICTbipMabl CO3blNYbIHbIH, MEXaHUKANbIK KepHeyAeH Tayenainirii seprrey

OpTYPAi  €eHi  MeH y3blHAbIKTafbl  MNOAMBUHWUAXNOPUATI  YAMAepAeri  CanbiCTbipmanbl  y3apydblH,
MEeXaHMWKaNbIK KepHeyre Tayenainiri skcnepumeHTanabl Typae 3epTTengdi. 3epTTeyaiH, MakcaTbl IpTypAi
enwemaeri  (eHi MeH y3blHAbIFbI)  NOAMBUHWAXAOPUATI  NAEHKaNapablH MEXaHWKanblkK, — KepHeyiHe
nebopmaumaHbiH, Tayenqinirin 3eptrey 6on4bl. MYMbICTbIH, FbIbIMU KaHE MPAKTUKaAbIK, MaHbI34bIbIFb
nepekTepain, bonawak 3epTreynepre Heriz 60na anatbiHbIHAG. 3epTTeNeTiH MaTepuan peTiHae KaiblHAbIFbI
100 MKM MOAMBMHWUAXNOPWUATI NAEHKA TaHAanAbl. YATiHI Kecy eHi MeH y3blHAbIFbl PeTTeNeTiH apHalbl Kecy
KYPbIJIFbICbIHbIH, KEMerimeH naeHKa napaktapbl eHi 3, 5, 7, 10 mm »Konakrapfa Kecingi. YArinepaiH, *Xymbic
y3aKTbifbl: 4, 5,6, 7, 8 cm. CbiHakTap PY-50 apHalibl CO3bl/ly CbiHay KOHAbIPFbICbIHAA XKYPTi3indi. byn KOHAbIPFbI
nebopmaumsaHbiH, (CanbICTbIpManbl y3apy) € KepHeyre o TayeadifiriH 3epTreyre apHanfaH. IpTypA
reoMeTPUANbIK NapameTpaepre 6annaHbICTbl MaTepUaiblH MEXaHUKa/bIK KaCMEeTTepiHiH eneyni earepicrepi
aHbIKTanabl. ANblHFaH AepeKTep aBTOPAAPAbIH, YAMAEepiMeH KaHafaTTaHap/blK cMnaTTanfaH. byn 3eptreyain,
KYHAbI/bIFbl }KYMbIC HOTUXeENepi, aBTop/1apdblH, NikipiHWe, 3epTTey 0ObeKTICiHIH, MeXaHWKablK KacneTTepiH

YaKCapTyfa bIHTA/NIAHAbIPY PeTiHAE KbI3MET eTeTiHArHAe.
TyliH ce3gep: NOAMBUMHMAXAOPUA, MEXaHMKaNbIK KacnetTep, Aedopmauma, CO3bly, MeXaHMKasblK

KepHey, 3KCNMOoHEeHLUMaAabl MOAE/b.
BBeaenne

[Monumepsl — 5To BemiecTBa, O00JANAIOIINE
OOJIBIION MOJIEKYJIIPHOW MacCcoOl W K WX YHUCIY,
otHocutcs nonuBuHIIXIopH T (ITBX) [1 — 3], koTo-
pBI IIHUPOKO HCIOJIB3YyeTCs A UIACHTUQUKAINU
WIN PEeKJIaMbl KIEWKUX TIOJIMMEPHBIX IUICHOK,
MPUMEHSEMBIX, CPEId TPOYero, s OOepTHIBAHUS
TPaHCHOPTHBIX CPEACTB, OKOH M CBETO(POPHBIX
curHayioB. Ot THOkue twieHkn [IBX sBustoTcs
OOBIYHBIM TIPOAYKTOM, PETYJSIPHO MPHOOpETaeMBbIM
MPaBUTEILCTBAMM M YaCTHBIMH KOMITAHUSAMH, W,
ClleIoBaTeIbHO, KadyeCTBO W CPOK CHYKOBl B
YCIIOBUSIX ~ HApY)KHOTO  TPUMEHEHHsS  JOJDKHBI
COOTBETCTBOBaTh MHHHMAJIbHBIM TpeOoBaHUsIM. B
aTtoM cmeiciie mieHka [IBX oGmagaer yiydmeHHON
CTa0MIBHOCTBIO ~ Pa3MEpPOB W JIOJITOBEYHOCTHIO
[4]. OnHuM W3 OCHOBHBIX METOJOB ITOJYYEHHS
[IBX-mneHKku  sBAsieTCsl  KalaHAPUPOBAHUE  JUIS
nosrydeHus: ogHopoanoit mienku [IBX [5]. Ograxo
JUISE CPaBHEHWSI, METOJIOM JIUThs MOXKHO TIOJYYHTh
Oonee ToHkme oOpasupl [IBX ¢ meHbiei
[IepPOXOBATOCTHIO, YeM KalaHAPHUPOBaHHEM. TakuMm
00pazom, MOp(OJIOrHYECKHE TapaMETPBl MOTYT OBITH
WCTIONB30BaHbl  JUIA  WAEHTHU(UKAMH Ipoluecca
MPOM3BOACTBA Jla)keé B 00pa3max ¢ OJWHAKOBON
ToMmuHOH [6]. B HacTosmee BpemMs TpaauilnOHHBIC
METOJIbI aHallu3a JTUX MATEPHAJIOB OCHOBAHBI Ha
MEXaHWYECKUX  HCIBITAaHUSIX, MPOBOAUMBIX B
cootBeTcTBHU co cranmapTramu ABNT NBR 15394:
2015 [7] m ASTM Gl56: 2017 [8, 9],
COOTBETCTBEHHO. Kpome Toro, pasmep oOpasua,

HEOOXOIUMBIN Ui TIpeayiaraéMoil METOHOJOTHH,
COCTaBJISIET BCETO0 HECKOJIBKO MKM, YTO NMPUBOJIUT K
MUHUMAaJIbHOMY MOBPEXI€HUI0 BUHUIOBOH TNIEHKU U
TPYAHOCTH NPOBEIEHUS MEXAHWYECKUX HCIBITAaHUH
[10]. MaHHBIil BUA IUICHOK IIHPOKO MPHUMEHSETCS B
Pa3IIHBIX oTpaciax KU3HEAEATEITHHOCTH
yenoBeka. Ilosromy wu3ywenue cBoiictB [IBX
SBIISICTCS aKTyaJIbHBIM HaIpaBJIEHUEM B
WCCIIEIOBATEIbCKOM  JEATENTBHOCTH  MEXaHHKOB
TBEpAbIX Ten. B Hamie BpeMs pacnpoCTpaHEHHBIM
SBIISIETCS HCIIOJIb30BaHUE MOJIMMEPOB
MIPOMBIIIUIEHHOCTH WM KOMIIO3UTOB Ha MX OCHOBE,
KOTOpBIE BCE 4Yallle BBITECHSIOT TPATUIMOHHBIC

MaTepuabl.

Pa6Gota MOCBSILIEHA HCCIIEA0BAHUIO
3aBUCUMOCTH  OTHOCHTEIHHOTO  Y/UIMHCHHS  OT
MEXaHUIECKOTO HaIPSHKEHUS IUIEHOK

MOJIMBUHUJIXJIOpU A pa3anH0ﬁ IMHUPUHBI U JJIMHBI.
MaTepI/IaJ'lbl N METOAbI

B xawectBe wuccrmegyemMoro warepuana ObLI
BbIOpaH IUICHOYHBIA MOJUBHUHHIXJIOPU TOIIUHON
100 mxMm. JIucThl TUIEHKH Hape3alncCh Ha IMOJIOCKH
mpuHoi 3, 5, 7, 10 MM u anmuHOM 4, 5, 6, 7, 8 cM ¢
MOMOIIIBIO CIIEIIHATIBHOTO HAPE3HOTO YCTPOMCTBA.

Host MPOBEJCHHUS OIIBITOB HaMU
MOJICPHU3UPOBAHO obopynoBaHue JUTSI
MEXaHUYECKUX MCIIBITAHUN Ha PacTsHKEHHE, CKATHE,
m3ru® TpH  HOPMAJIbHBIX  (KOMHATHBIX) |
MOBBIIIICHHBIX TEMITEPaTypax. Y CTAHOBKA COCTOUT U3
MEXaHUYEeCKOT0 CHIIoBOro OJ10Ka 70 5 ToHH (50 kH) ¢
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pa3NMYHBIMM ~ BHJAMH  KpelsieHHss  oOpasloB,
MO3BOJISIOLIETO MPOBOAUTH MCIBITAHUS B HIMPOKOM
IMana3oHe Harpy30K M CKOpocTeil, U NpPOBOIUT
peructpauuio ycunuii u aedopmanmii B mpoiecce
ucnbeITaHui. J[aHHAsA yCTaHOBKa MpeAHa3HAYeHA OIS
HCCIIEI0BaHUS 3aBUCUMOCTH negopmanuu
(OTHOCHTENBHOTO Y/UIMHEHUS) € OT HANpPSHKEHUS O.
Ona cOCTOMT U3 CIEAYIOIINX YacTeil: NaTYUK CHIIBI
(BcTpoeH B HAKOHEYHUK HAIPSKEHUs), AATUUK
MEPEMEILEHNS PEOCTATHOTO TUMA (IJIS ONpeesICHUS
3Ha4YeHUs AeQOpMaIni ), yCTPOHCTBO ISl KPETUICHUS
oOpa3nia W TpaBepchl (IpaBas W JieBas OIIOPHI),
TeMmreparypHas ~ KaMmepa, HMHBEHTEp,  JaT4HhK
TEeMIepaTypel, COCAMHUTEIbHbIE  MPOBONA U
uHTEpdeiic, Ha KOTOPBII BRIBOASTCA NaHHbIe. Bee 310
YCTaHABIMBACTCS HAa HIKHEH YacTH pPa3pbIBHOU
MaiuHbl PY-50, koTopas ciy>KUT Kak NepeaBIKHON
MexaHu3M.KpoMe Toro, UCIbITaHUsI Ha PACTSHKEHUE
MpoBOAMINCH B cooTBerctBuu ¢ ASTM-D882
CraHmapT Ha YHHUBEpPCAJbHOU pa3pbhIBHOW MAIlMHE
monens PY-50, co ckopocteio xoma 0,83 mm/c npu
gactore mnepemMeHHoro Ttoka 30 ['m, xoropas
ynpasisiercs uaseprepom CHNT.

B ycranoBke wucnonp3oBaH uUHTEpGEHC ¢
JaTYNKaMU IBIKEHMS U ciitel hupmbl Science Cube.

YacroTa cOopa JaHHBIX 1O jAe(opMaluy cocTaBuia
2,5 mm*ct.

Pe3yJ'IBTaTI>I u 06cymeﬂne

PesynpTaThl MCHOBITAaHMIA Ha pPacTsHKEHUE C
WCTIONB30BaHMEM  pa3pblBHOW  MammuHbl  PY-50
HeoOJydeHHbIX o00pasnoB [IBX mnpuBeneHbl Ha
pucynkax 1-3 B Buae TrpapuKoB 3aBUCHUMOCTH
negopManu  OT MEXaHWYECKOTO  HAIPSIKEHUSL.
[Ipenen mpouyHocTH HEOOIy4EeHHOTO OOpasia 1o
I'OCTy cocrasun 50 — 65 MITa.

W3 mosyyeHHBIX pe3yibTaTOB CIENYET, YTO C
pOCTOM  HampspkeHHs: JaedopMmalus  MaTtepuana
Bo3pacTaeT skcnoHeHnuanbHo. [11-13]. Ilpu stom
HabJronaeTcs CyHIECTBEHHOE YBEJIMUYEHHE OTHOCH-
TEJIHHOTO YMJIWHEHHS TPU POCTE MEXaHWYECKOTO
HanpspkeHus. [lo rpadukaM, Ha KOTOPBIX MMOKAa3aHbI
9KCIIEPUMEHTANIbHBIE JaHHBIE BUAHO, YTO pa3HUIlA B
OTHOCHUTEIHHOM YAJIMHEHUN 00pa3uoB
npubu3uTesHo 50 %. [Ipemen mpoyHOCTH AOCTHT
3naueHus 65 Mlla (pucyHok 1).

[Ipu cpaBHeHMM mnOKazaHWH AedopManuu U
MEXaHWUUYECKUX HANpsDKEHHH 00pasloB  pa3HOi
IMUPUHBL W JUIMHBI  TIOJNlyY€HBl 3HAYUTENbHBIC
oMM B Ae(POPMAIMOHHBIX XapaKTEPHUCTHKAX.
O6pasusl [IBX ¢ muprHO#i 3 MM OKa3alluch MpOYHee
Ha 5 MIla mo OTHOWIEHWIO K IUIEHKAM TOTO JK€
BelecTBa MUpuHON 5 u 10 MMm. XapakTep BIUAHUA
CKOpPOCTH Harpy3ku Ha MaTepuan 3aMeTeH IpHu
[IPOBEIEHUM HUCHBITAHUH € H3MEHEHUEM 4YacTOTBI
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MEPEeMEHHOTO TOKa, KOTOPBIM BpaIlacT JIBUTaTellb
ycranoBku [13, 14].
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10 MM ¥ pa3nU4HON IJIUHBI
(3KCTIepUMEHTabHBIE JTAHHBIC)
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Ha pucynkax 4—6 mnokazaHbl 3aBUCUMOCTH
OTHOCUTEIIBHOTO YIUIMHEHHS OT MEXaHHYECKOTO
HanpspxeHus [I1BX mienok mmpunoit 3, 5 u 10 MM u
paboueit anuHOM 5 u 8§ cM. Ha pucyHkax Toukamu
0003HAa4YEeHbl  SKCIEPUMCEHTAJbHBIC  JaHHBIE, a
JUHUSMH pacyeThbl M0 SKCIOHEHLUATbHON MOJEINH,
KOTOPYIO NMPEATIOKUIN aBTOPBIL:

& = &,(exp(olay)-1),

rIe & — 9TO HaYallbHOE 3HAYEHHE OTHOCHUTEIBHOTO
VIUIMHEHUS, Op — HaNpsDKEHWE, PH KOTOPOM
napametp log(e/&)+1 ymenninaeres B ¢ pa3 [14-18].
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PucyHnox 4 — 3aBHCHMOCTb OTHOCHTEIJIFHOTO YIUTMHEHUS
OT MexaHu4deckoro HanpspkeHus [1BX nnenku mupuHoi
3 MM 1 paboueit mmmHO#H 50 MM (kpuBast 1) u 80 MM
(xpuBas 2)

3aBucUMOCTh O(&) HE MMeeT (DU3UUSCKOTO CMbICTA,
TaK KaK MEXaHWYEeCKOe HaIPSDKEHHUE —SIBISIETCS
apryMEHTOM, a OTHOCHTEJbHOE YAJMHEHHE —
¢ynkuueit. [losToMy B Hammx paboTax TpeicTas-
JeHbl TpaduKu  3aBUCUMOCTH jAedopmanuu  OT
MEXaHMYeCcKoro Hampsbkenus. M3 pucynka 5
CIIEyeT, YTO CYLIECTBYET 3HAUMTENbHAS PA3HUIA B
MaKCUMabHOH nedopMaly 00pa3loB AJIUHON 5 U
8 cM, u ona gocturaet nopsiaka 100 %.

Ha pucynkax 7 u 8 npencraBieHsl 3aBUCUMOCTH
nedhopManyu OT IJIUHBI U MHPUHEI 00pa3ioB [1BX.
W3 pucyHKOB BUIHO, YTO OTHOCHTEJIEHOE YAJIMHEHUE
yOBbIBaeT M0 Mepe yBeTUUEHHsI JUIMHBI 00pasia, XOTs
abcomoTHass jgedopmainusi  yBEIUYHBAETCS, HO
HE3HAYUTEIHHO. YMEHBIICHHE OTHOCHTEIHHOTO
yAJAMHEHUsT o0pa3na MNpu YBEJIMYEeHUH paboueit
JUIMHBI OOBSICHSAETCS TeM, 4YTO pabouas IMHA

CYIIECTBEHHO  BIMseT Ha  JedopMalroHHbIe
XapaKTepUCTUKH MOJUMEPOB B  OTJIMYUE  OT
METaJIJIOB.
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PucyHok 5 — 3aBHCHMOCTD OTHOCHTEIIBHOTO Y UIMHEHUS
OT MeXaHHuecKoro HanpspkeHus [1BX mieHku mupruHoi
5 MM u paboueit qmuHO# 50 MM (kpuBast 1) u 80 Mm
(xpuBas 2)
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PucyHnoxk 6 — 3aBUCHMOCTD OTHOCHTEIIBHOTO Y UIMHEHUS
OT MexaHuueckoro HanpspkeHus [IBX mieHku mupuHoi
10 MM u paboueit amuHOM 50 MM (kpuBas 1) u 80 MM
(xpuBas 2)
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PucyHok 7 — 3aBHCUMOCTh OTHOCUTEIBHOTO Y ITTHHEHHS
oT pabodeil JUIMHBI HCTIBITYeMbIX 00pa3ios [IBX mieHkn
IIUPUHOHN 5 MM MIPH Pa3IMYHBIX MEXaHUYCCKUX
HATIPSIKCHUAX
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PucyHnok 8 — 3aBUCHMOCTb OTHOCUTENIBHOTO YAJUHEHUSA
OT IIMPHUHBI UCHBITYeMBIX 00pa31oB IIBX miuenku
pabouelt JUIMHO# 5 ¢M IPHU pa3IMUHBIX MEXaHUYECKHX
HaNpsKEHUAX

PaccmaTtpuBas pucyHOK 8§, MOXXHO cKa3aTh, 4YTO
OTHOCHUTEJIbHOE yITMHEHNE IJIEHKH YBETHUNBAETCS C
pOCTOM IHMPHUHBI 00pasnoB, TOTOMY HYTO C
BO3pacTaHHWEM IIUPHUHBI MPOUCXOJIUT MOBBIIICHHUE

HeoOmy4yeHHBIX 00pa3oB [IBX-muieHkn 1 moaydeHs
rpaduKH 3aBUCUMOCTH nedhopMariu oT
MEXaHHYECKOTO HATPSKEHHSL.

2. VI3 mony4eHHBIX pe3yabTaToOB CIELYyeT, U4To C
pocToM HampspkeHus Aedopmanus —MaTepuana
BO3pacTaeT 3KCIIOHEHITHAIBHO.

3. Ilpu cpaBHeHMH TOKa3aHUH AedopManyuu u
MEXaHMYECKOTO HAMpPsSHKEHUsT O00pasloB Pa3HOU
ITUPHUHBI BRISBJICHO, 9TO 00pa3iel [IBX ¢ mmpuHOi
3 MM oKazaimch nmpouHee Ha 5 MIla mo oTHOIIEHMIO
K TUIGHKaM TOTO K€ BeIlllecTBa IupuHon 5 1 10 Mm.

4. V3 momy4eHHBIX PE3yJIbTATOB BUAHO, YTO
MPUCYTCTBYET CYIIECTBEHHAs pa3HHUIA B MaKCH-
MaJIbHOH JtehopMaIiui 00pasoB IIMHON 5 U 8 cM, U
oHa nocturaet nopsiaka 100 %.

5. OtHocWTEenpHOE  Yy/UIMHEHWUE  IUICHKH
YBEITMUMBACTCS C POCTOM IIUPUHBI  0OpasIoB,
IMOTOMY 4YTO IIPpU YBCIIMUCHUU HIUPUHBI IPOUCXOAUT
BO3pacTaHWE IUIOIIAAN IOMEPEYHOro  CEYCHUS
Marepuanra W JTO BeAeT K TOMY, YTO TPYI
MAaKpOMOJICKYII, CIOCOOHBIX BBINIPSAMUTBECA U BIUATH

ILUIOMIA/M [ONEPEYHOr0 CEUCHHs MaTepuana, u 5ro Ha  MaKCHMAIBHYIO  Je)OpMAlHi0  CTAHOBHTCS
BeIeT K TOMY, YTO KOJHYECTBO TIPYMI Makpo-  OOJBIIC.

MOJIEKYJ, CIIOCOOHBIX BBIIPSIMHTHECS W BIUATH HA

MaKCUMaJIbHYIO AeQOpMaIrI0 C POCTOM YJUTHHEHUS baarogapuocTs

— CTaHOBUTCS OOJIBIIIE.
Pabora Beimonuena B HAO KasHITY um. Abas

mo rpaaty or MOH PK «lccnenoBanve BiIustHUS
AJIEKTPOHHOTO M MOHHOTO OOJy4YeHHH Ha MOAU(U-
uupoBaHHble koMno3ute» UPH AP19677662
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Ko KABATTblI KANTAMANAPAbIH AAME3UANBIK MIHE TPUBONOIUANBIK CUMTATTAMANIAPBIHBIH
O©3rEPY EPEKLUE/NIKTEPI (TiZrNbYAI)N

ymbicTa ken KabaTTtbl (TiZrNbYAI)N KanTamanapabiH aare3vanbik KaHe TPMHBON0rMANbIK cunaTTaMmanapsi
3epTTendi. byn »KymbICTbiH Heri3ri makcaTbl 12X18HIT 6onaTTaH »KacanfaH TeceHilwke werinreH (TiZrNbYAI)N
KanTamaHblH, aZresuns/ibik XaHe TpMboiorManblk cunaTTamanapbiHa TUriseTiH KabaTTap CaHbIHbIH, 3cepiH
6afanay 60bin Tabbliaab!.

OrKe-3NeKTPoHObl CMEKTPOCKOMUA 3AiCiMeH 3neMeHTTepAiH KanTama TepeHairi 6oMbiHWa TapanybiH
3epTTey XMMUAIK NEMEHTTEPAH, KanTama KMmackl 6obiHILa BipKesKki 6eiHETIHIH KaHe anemMeHTTepaiH,
Tapasly KMCbIKTapbIHbIH YWKip Tebeci bap ekeHiH KepceTTi. KanTamanap TapanbiHaH 2 MKM-AEeH acTam
TePeHAiKTe KanTamanap KypamblHAa TemipaiH 60ybl 3/1eKTPAIK bIFbICYbIHbIH, YAfatobl KanTaMaHblH Kabblicy
OEepiKTIriH CbiHay HaTMXKenepiMeH pactanaTbiH 6O1AT TOCEMHIH, CEHIMAI aAre3nsacbiH KamMTamMachI3 eTeTiHAriH
KepceTeai. Opbip keke KabaTTbiH, KOMAAHY YaKbITbIHbIH, yaFatobl Unn=-100 B skoHe P = 4x10°3 Torr 6onfanaa
31leMEHTTEP/IH KanTamaapblHbIH KablHAbIFbl OOMbIHIWA BipKeKi TapasiMaybiHa XaHe canblCTbipMasibl TYpAe
KeH, eTneni KanTama-TeceHilw KabaTbliHbiH Naaa 6onybiHa aKkeneaq;.

KanTamanap/blH azre3unsanbik BGepikTiriH cbiHay KepceTKeHAeln, onapAablH, 6ap/blifbl Cbi3blFaH Kesje
)eniHepi, 6ipak KabblplwaKkTaHbanAbl, AFHM KanTama MaTepuanblHAa NAacTUKaNbIK AedopMaLma KaHEe KarKy
*KapblKTapbIHbIH, Naaa 60aybiHa GaMNaHbICTbl KOre3UANbIK MEXaHM3M apKbiabl By3blaadbl. Op TYPAI KamTy
pexumaepi Kyktemere H6afaHbICTbl aKyCTUKaAbIK 3MUCCUAHBIH, (AD) ap TypAai maHAepiHe calikec kenea,.
GP=-100 B; P=4x103 Torr KesiHOe a/iblHFaH KanTamanap CbIHAKTbIH MaKCMMasbl KYKTeMeci KesiHie
¥KOFapbl aaresuns b6epikTiriH »aHe cbizaTTap aiMarbiHAa 6enrini 6ip Aspexene KabblpllakTaHFaHbl aHbIKTaAAbI.

Tpubonoruanelk 3eptreynepaid Hatuxkenepi (TiZrNbYAI)N kantamanapabiH opTawa maHi u = 0,85-0,95
60onaTbiH YiKenic KoapGULMEHTI KoFapbl eKeHiH KepceTTi. MyHaal MaHAepai KanTamanapblH, Koreamnasbik,
6y3biNybiHa BalinaHbICTbl TO3Y i34EPiHIH *KoFapbl Keaip-byablp/blFbIMeH TyCiHAipyre 6onazbl.

TyitiH ce3gep: Ken KabaTtTbl KanTama, (TiZrNbYAI)N, yikenic KoapduumMeHTi, aaresnanbik HepikTik, To3y
Kenemi.

A. Mukhamedova'*, A. Pogrebnyak?, G. Uazyrkhanova?, B. Rakhadilov*
ID. Serikbayev East Kazakhstan Technical University, Ust-Kamenogorsk, Kazakhstan
2Sumy State University, Sumi, Ukraine
*e-mail: aminamukhamedoval7@gmail.com

Features of changes in adhesive and tribological characteristics
of multilayer coatings (TiZrNbYAI)N

In this work, the adhesive and tribological characteristics of (TiZrNbYAI)N multilayer coatings were
studied. The main goal of this work is to assess the influence of the number of layers on the adhesive and
tribological characteristics of the (TiZrNbYAI)N coating deposited on 12X18H9T steel substrates. A study of the
distribution of elements over the depth of coatings using Auger electron spectroscopy showed that chemical
elements are distributed quite evenly over the cross section of the coatings and the element distribution
curves have sharp peaks. The presence of iron in the coating composition at a depth of more than 2 microns
on the coating side indicates that an increase in electrical displacement ensures reliable adhesion of the
coating to the steel substrate, which is confirmed by the results of testing the coatings for adhesive strength.
An increase in the application time of each individual layer at Upp=-100V and P=4x103 Torr leads to an uneven
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distribution of elements throughout the thickness of the coatings and the formation of a relatively wide
transition coating-substrate layer.

Tests of the adhesive strength of coatings have shown that all coatings wear out when scratched, but do
not peel off, i.e., they are destroyed by a cohesive mechanism associated with plastic deformation and the
formation of fatigue cracks in the coating material. Different coating modes correspond to different values of
acoustic emission depending on the load. It was determined that the coatings obtained at Upp =-100 V;
P =4x102 Torr showed high adhesive strength and some degree of delamination in the scratch area at the
maximum test load. The results of tribological studies showed that (TiZrNbYAI)N coatings have a high friction
coefficient, the average value of which is u=0.85-0.95. Such values can be explained by the high roughness of
wear tracks due to cohesive destruction of coatings.

Key words: multilayer coating, (TiZrNbYAI)N, friction coefficient, adhesive strength, wear volume.
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Oco6eHHOCTN U3MEHEHUA aAre3MOHHbIX U TPMHONOrMYECKUX
XapaKTePUCTUK MHOFOCNOMHBIX NOKPbITHIA (TiIZrNbYAI)N

B paboTe 6b1M n3yyeHbl aare3voHHble U TPUDOONOTMYECKME XapPaKTEPUCTUKN MHOTOC/OMHbIX NOKPbITUIA
(TiZrNbYAI)N. OcHOBHOM Lenbto AaHHOW paboTbl SABAAETCA OLEHKa BAWAHMA KO/AMYecTBa C/I0eB Ha
afireavoHHble U TpMboNOrMYECKMe XapaKTepUCTMKM NokpbITUA (TIZrNbYAI)N, ocaxkaeHHble Ha NOANOXKKM U3
cTanu 12X18H9T.

MccnepoBaHue pacnpedeneHna 3/1eMeHTOB Mo rybuHe NOKPbITUA METOAOM  OXe-3/1eKTPOHHON
CNEKTPOCKOMMA NOKa3aauM, YTO XMMUYECKME 3/1eMEHTLI pacnpeaenatoTca A0BObHO PaBHOMEPHO MO CEYEHUIO
MOKPBITUIA U KPUBbIE pacnpeaeeHNA 31eMeHTOB MMEIOT OCTpble NUMKK. Hannume kenesa B COCTaBe MNOKPLITUI
Ha rnybuHe 6onee 2 MKM CO CTOPOHbI MOKPbITUIA CBUAETENbCTBYET O TOM, YTO YBE/MYEHMNE INEKTPUYECKOrO
cMelleHna obecneuymBaeT HafdeXHOe CUernsjeHMe TMOKPbITUA CO  CTasibHOM  MOAJIOMKKOM, KoTopoe
NOATBEPXKAAETCA pe3yNbTaTaMM MUCMbITAaHWA NMOKPbLITUIA Ha aAre3MOoHHY MPOYHOCTb. YBEMYEHNE BPEMEHM
HaHeCeHMA Ka[oro WHAMBMAyanbHOro cnos npu Unn=-100 B u P=4x10° Torr npuBOoAuUT K
HepaBHOMEPHOMY pacnpeaeneHUto 3/1eMEHTOB MO TO/WMHE MOKPLITUA M 0OpPa30BaHUIO CPaBHUTENbHO
LUMPOKOTO MepexoHOro C10A MOKPbITME-NOANOXKKA.

McnbiTaHWa aAreaMoHHOM MNPOYHOCTM MOKPbLITMIM MNOKasanu, 4YTO BCE TMOKPLITUA NpW  LapanaHum
MCTUPALOTCA, HO He OTCNAaMBAtOTCA, T.e. Pa3pyLlatoTCA MO KOre3sMOHHOMY MEeXaHW3My, CBA3aHHOMY C
nnacTmyeckon aedopmaumeint n obpaszoBaHMEM YCTaNOCTHbIX TPELLMH B MaTepuane NokpbiTMA. PasnnyHble
PEXMMbI NMOKPbITUA COOTBETCTBYIOT PA3/IMUHBIM 3HAYEHMEM aKyCTUYECKOM amuccum (A3) B 3aBUCMMOCTM OT
Harpysku. OnpeaeneHo, 4To NOKPbLITUA NnoaydeHHble npu Unn =-100 B; P =4x10 Torr noKa3anu BbICOKYIO
a[iIr€3VOHHY0 NPOYHOCTb M HEKOTOPYH CTeMeHb PaccioeHuAa B 00MacTV LapanuHbl NPM MaKCMMaabHOWM
Harpyske McnbiTaHuA.

PesynbTaTbl TpMbonorMyeckux nccaeaosaHmii nokasanu, uto (TiZrNbYAI)N nokpbiTis 061a4at0T BbICOKMM
KO3QPULMEHTOM TpeHus, cpeaHee 3HayeHne KoToporo paBHo i = 0,85-0,95. TakMe 3HayeHua MoryT ObiTb
0OBACHEHbI BbICOKON LWEPOX0OBATOCTbIO TPEKOB M3HOCA 3@ CHET KOTe3MOHHOIO Pa3pyLieHWA NOKPLITUN.

Kniouesble cnoBa: mHorocnoiHoe nokpbitne, (TiZrNbYAIN, KoaddMUMEHT TpeHus, aaresnoHHas
NPOYHOCTb, 0OBEM U3HOCA.

Kipicne ’)KaHa MaTepuaijapiAbl, COHJal-ak aca KaTTbl

KanTamMayapApl JKajaTy TEXHOJIOTHSUIAPBIH ATy

Kazipri yakpiTra Oy (asaceiHbiH (usukanblk Kazakctan — PecrnyOaMKachIHBIH — MHAYCTPUSIBIK-

TyHaelpy (PVD) omiciMen opblHoanFaH —eTHemi
MeTajAapAblH ~ KaTThl HUTPUATI  KanTaMallapbl
OHEPKACINTIK OHIIpicTe KEHIHCH KOJIAHBIIaIbI.
KakcapTeutFan maiifanaHy cumarramaiapel  Oap

WHHOBAIUSJIBIK JTAMYbI YIIIH ©3€KTI MiHICT OOJBII
TabblIanbl. MaTepuangapplH carnachbiHa KOHBUTATHIH
TaJanTapsl apTTRIPY OJIApABIH O€TKI KaOaTTaphIHBIH
(hazanbIK Kypambl MEH KYPBUIBIMBIH MaKCaTThI TYPJIC
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©3TePTY/AIH >KaHa OJICTEepiH *KacayFa BIKIAT CTEI.
Ote >xorapsl OanKy TeMmepaTypackl MEH TO3yFa
Te3iMautiri 6ap HHOOWK Nb, MTUPKOHUIN Zr CHUSKTHI
MeTaJJap TUTaH |1 KOMOMHAIUSIIAPBIHIA HUTPUATI
KanTaMaJlapbIH/Ia JKHi KOJIIaHBUTA 6!, O1paK oJIapabIH
MTOTCHITHANBI QI TOJIBIK amibUIMaraH. MyHnai
METAJIJAPJbIH  KEIICHAI  KOCBUIBICBIH  '>KOFaphl
SHTPONMSIIBIK KOpbITHANapaan" TaOyra Oomajbl.
MyHzaail KopsITIIaTapablH 0acThl epekmieniri - 0ip
(hazaybl TYPaKTHI dKOHE TEPMOTUHAMUKABIK TYPAKTHI
Oepik KacueTi OOJIBIN TaObLIA I

MyHzaail kKantamanap KOppO3usi MEH TO3YyJaH
alTapipIKTall KOPFaHBIC KACHETTEPiH KOPCETTI JKOHE

OJIapAbIH KATTBUIBIFEI MeH OepIKTIriHIH
JKOFapblIaybIHa, COHJIAN-aK JKOFaPhl JKbUIIaMJIBIKThI
OonatreH CaNBICTBIpFaH/Ia yiikemic
KO3 QUITUCHTIHIH TOMCH/JICYIHE OailIaHBICTHI

MallliHa)Kacay HbICAHIApBIH MalJanany1a MaHbI3/bl
pen  arkapamel [1].  Ocpuraiima,  KOFapsl
SHTPONUSIIBIK KOPBITIIANIap/ia, Oip *KarbIHaH, )KOFaphl
SHTPOMMSUTBIK KOPBITIA KPUCTAIaHFaHHAH KEiH Jie,
OJlaH KEeHiHT1 TepMOMEXaHUKAJBIK OHJIEY Ke3iHIIe Nie
ANIMAaCTBIPYJBIH KOMAJIEMEHTTI KaTThl epiTiHAICIH
KaJBIITACTHIPY JKOHE cakTay MYMKIHZIrN maiiga
00J1a1bl, a eKIiHIIN JKaFbIHAH, KATThl KYHIE KOPBITIIA
(hM3UKa-MEeXaHUKAIBIK CUTaTTaManapiblH Oiperei
KOMOWHAaIMsIIapbiHa ue 00Ja bl

CoHFBI YaKbITTa OFapbl MEXaHUKANIBIK >KOHE
TPUOOJIOTHSIIBIK ~ CHIIaTTaMallapbiHa  OaiIaHBICTHI
KOIKa0aTThl KYpPBUIBIMBI 0ap HUTPHATI KanTamara
Ke0ipek KeHLT O0esiHy/e. AJNBIHFaH KanTamaaiap/IbiH
KOIKa0aTThl KYPBUIBIMBI KE3€KTECETIH KabaTTapabIH
MOJIyJIB/ICy KE€3€HIH 3repTy apKbUIbl KabaTTapiablH
KYpBUIBIMABIK-pa3anblk ~ KyWiHE  acep  eTyre
MYMKIHIIK Oepesli, COHBIMEH KaTap OJIapibIH KeKe
KacHeTTepiH OipikTipyre MyMKiHIIK Oepeni [2, 3].

Oprypmi  Kacuerrepi Oap eki KabaTThIH
Ke3ekTecyi Oipereil cumarraManapbl Oap Kamnrama
Kacayra MyMKiHaik Oepeni [4-6]. KockabarTs
KEe3eHHIH ©e3repyi ©3 Ke3eriHie KanTamalap/IbIH
KacueTTepiHjie MaHpI3[Bl  pell aTKapaThIH
TYHABIPBUTFaH MaTepHalgapIbIH Oeminy
IIeKapachlHbIH KyHine acep erexdi [7]. KockabaTTs
Ke3eH KemnkabaTThl KamTamanapJarbl €H MaHbI3JIbI
napaMeTpyiepain Oipi OoJibin TaObLIAABI, OWTKEHI
IIEKTI KAaTTBUIBIK oneTTe Tap aykeimMzaa (5-15 Hwm)
natima  Oomaner  [8].  JucnokamusHBl  Kabar
mekapajgapbiMeH OyratTay, Xoiur-Iletd Oepikriri,
Kabatr miekapajapblHAars! Je(OpMaLUsUIBIK, Scepiep
XKOHE cymep MoAyib 3(QeKTici CHAKTH OipHelle
Tyciniktemenep ycbiHbuLIbI [9]. KantamaHsiH skanmsl
KaJIBIHABIFBIHBIH TYPaKThl MOHIHIE KOCKAaOATTHIH
KaJIBIHABIFBIH HAaHOOJNIEMAEpTe JACHIiH TOMEHAETY
JHCIIOKALMSIHBIH Ke3yiHe KOHE MHKPOCHI3aTTapAbIH
TapaiayblHa KeAepri 00JaThIH KabaTTap apachIHIaFsl
uHTEepdeiicTep caHblH KoOeHTyre MyMKiHAIK Oepeni
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[10, 11]. KapacTslpbuiblll OTBIpFaH TaKbIPHII
OoipiHIIA OYpPBIH JKYPri3UIT€H  3epTTeylepiH
KOpCETIITeH HOTIKENepi (hyHKITMOHATBI

KenKabaTThl KanTaMaiapabl KeHiHHEH d3ipiey YIIiH
Heri3 00IbId TA0BLITAEL.

CoHBIMEH KaTap, OTIIe]i MeTallll HUTPUATEPIHCH
TYpaTbIH KONKa0aTThl KanTaMauap Kasipri yakbITTa
KONTereH OHEPKACIIITIK TalanTapasl
KaHaraTTaHJIBIPATBIH  HaWjganbsl  KAacHUETTEpiHe,
COH/Iali-aK oJNapabIH epeKIe FBUTBIMA
MaHBI3bUIBIFBIHA  OAMaHBICTEI  3epTTEYLILIEPIiH
MyKuIT Oakpiiayeraga [12-14]. ConaslkTan OyphIH
3epTTEIMETeH KONMKA0aTThl KalTaManap bl any jKoHe
seprrey (TiZINDYAI)N  yikeH KbBI3BIFYIIBUTBIK
TynbIpazbl. byl syYMBICTBIH Herisri Makcatel - CA-
PVD omicimern ©0omar TeceHINIKe TYHABIPBUIFAH
(TiZrNbYAI)N KarTaMmanapbiHa onapabIH
MeXaHUKAITBIK KOHE TPHUOOIOTUSITBIK
CHIMaTTaManapblHa KaThICThI KaMepa KBICBIMbI MEH
KOocKabaTTap caHBl JKOHE/HeMece KocKadaTTap
Ke3eHHIH ocepiH Oaramay (TiZrNbYAIl) OGonbin
TaOBLUIAIEL.

Marepuangap, Ka0AbIKTap 3kdHe 3epTTey
dnicrepi

Tecem peTiHge Ooar 12X18HI9T
nadjagaHbUIIbl. Op TYpJi KabarTap CaHbIMEH Kell
kabartel  Kantamamap (ti  Zr/Nb)N  1-kecrene
KOPCETUITeH PEXKUMICP/IE ATBIHIBI.

1-xecre. Arc-PVD omicimen (TiZr/Nb)N
KanraManapapl eKTipy maptrapsl (ti Zr/Nb)N

Yo Vaxkp!
HiH Inm, 1, U P, Eckeprn TLI:
aray | A A " Torr € '
o car.
536
b6arTaH
100 | 05 @
No.1 ' 100 | 4-10° | 6Gacran 1,5
80 | 05 UHTEpPBAI
10
270
Kabarran
N0.2 18000 8’2 100 | 410% | Gacran | 15
’ HMHTEpBal
20

Y AriHiH TepeHairi OOMbIHIIIA KOMIIOHECHTTEPIIH
TapallyblH aHbIKTayFa OaFbITTAIFaH JJIEMEHTTIK
Kypamuael  Tanmgay llIxyHep-2  0e-3IIeKTPOHIBI
CIIEKTPOMETP/IIH KOMETIMEH JKYPTi3iIIi.

KanrtamamapaplH  MeXaHUKANbIK — KacHUETTepi
"HanoCkan-4D Kommaxkr" HaHO-KaTTBhUIBIK
emmeriminme 3eprreani. CSEM Micro Scratch Tester
OIIIIIey KOHIBIPFBICHI "TeIpHAY" omiciMeH
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KalTamMaiapAblH are3UsUIbIK CUIIATTaMAaChIH 3epTTey
yurie  maigananeuiael.  Ckperd-tectiney 30 H
MaKCUMaNIbl JKYKTeMeIe KYpri3inmi, yarimeri
KaJIBIITHI JKYKTEMEHIH e3repy >KbULAaMAbIFel 29,99
H/MyH, WHAEHTOPIBIH KO3FANBIC KBUIIAMIBIFBI -
6,794 MM/MUH, CBI3aTTHIH Y3BIHIBIFEI - 7 MM, VIITHIH
neHrenekrey paauychl - 100 Mxm. CeHiMIII HOTHKE
aly YIIiH op >XKaObUIFaH Y/TiHIH OETiHEe YII ChI3aT
TYCipimi.

TpuOoIOTHAIBIK ChIHAKTap TRB?
TpUOOMETpiHAE CTaHAApTTHl '"map-AMcK" oiciH
KoJimaHa oTeIpeI Kypriziigi (ASTM G 133-95 xone
ASTM G99 xampikapanblK cTaHgapTTapsl). Kapcer
neHe petinge auamerpi 3 MM Oomatei 1IX15
OonaTTaH kacajraH map KonaaHeuiael. CelHaKTap 5
H oxykremene koHe 15 cM/c  CBI3BIKTHIK
KBUIJAMJIBIKT, 5 MM  TO3YABIH  KHCBIKTHIK
panuyceiHaa, 600 M y#Kemic KONBIHIA KYPTi3ii.
Kanramamapaerg yiikemic OeTiHiH
npoduIorpaMManapsl KOHE KarraMaiapIblH
TO3YBIHBIH KOJEMIIK JKOFalybl Ty#icmeciz 3D-
npodpuromerp MICROMEASURE 3D  station
tyiticnecis 3D-mpoduioMeTpiH KONAaHy apKbUIBI
aHBIKTAIABL.  ANBIHFaH TpoQWIBIACPAI  Tajaay
Mountains Map Universal v.2.0.13 xoMmbroTepsaik
OarapiaMachlH KOJJIAaHY apKbUIbI XKYPTi3isIi.

IKCMEePUMEHTTIK HITHIKeEJIEP KIHEe TaJlIay

DOneMeHTTepli KanTamallapJblH KaJbIHIBIFbIHA
Kapali  yJecTipy HOTwkelepi OOWBIHIIA JKary
pekuMiHe OalIaHBICTBl OJapAbIH TMaiga 0oy
cunatelH Ttanmayra Oomangel. -2000 B BIFBICY
MOTCHIMANBIHAA Op JKEeKe KaOaTThIH TYHIBIPY
YaKbITBIHA OalIaHBICTHI KATBIHIBIFEI maMameH 10-
20 MKM OOJaTBIH KenKa0aTThl KamTamanap maiiia
O6omamet, am -100 B wiFpicy TIOTEHIMANBIHIA
KanTamMaJiapAblH KaJdbHABFE 8-10 MKM Kypaiipl.
Kanramamap TapambiHaH 2  MKM-JIEH  acram
TEPEHAIKTe OJapAblH KypaMmblHAa TeMipAiH OO0Irybl
ANIEKTPIIK BIFBICYIBIH YJIFAIOBI  OJIAPIABIH  0oJjar
TOCEMMEH  CEHIMAI  aire3usHpl  KaMTaMachl3
ererinairin  kepceremi (l-cyper, Nel sxome Ne2
YIIrisziep), ol KanTamasapblH aare3usuIbIK OepiKTIriH
ChIHAYy  HOTIDKeJepiMeH pactanaael  (2-cyper).
Kanramanapnarst  (TIZINbYAI)N  snemenTrepain
XMMUSUIBIK ~ KYWJIEpiH Tajjay HOTIDKECT peTiHgae
OJIapJIbIH KypaMbIHa HETI3ri YyJeC KOocaThlH HUOOWI
€KeHiH aTar eTyre 00a b,

A30T  KBICBIMBIHBIH  JKOFapbUIaybl  KarTama
KYpaMBIH/IaF bl azoT KOHIEHTPAIMSACHIHBIH
JKOFaphUIayblHA OKEJIETiHI aTam OTINAi, al MeTaJll
aNIeMeHTTepiHiH Memmepi azasael (1-cyper, Ne2
yari). Unn =-100 B sxone P =4x103 Torr xesinge
opbip ’keke KabaTThl >KaFy YaKbITBIHBIH YJIFAIObl
KanraMaiapabiy KaJIBIHIBIFBI OolBIHIITA

JNIEMEHTTepAiH  OipKenki — TapajiMayblHa  JKOHE
CaJBICTRIPMAJIBI  TYpHIE KalTaMa-TOCEHIINTIH KeH
oTrHei KabaThIHBIH Maiga OomybiHa okememi (1-
cypet, Nel sxome Ne2 ynrinep). Mynbel op Kabat
TYHIBIPBUTFaH Ke3fe AupPy3usanblk KabaTTarsl
METaJUT HOHJIAPBIH KalTa TapaTy YIIIiH a3 penaKkcaIus
VaKbITBIMEH TyciHAipyre Oomamel. Ocbuiaiiiia,
KOMITO3UIIMSIIAFBl  MOIYJISAIUS  AYPBIC KYPMEHIT
JKOHE KalTaMaap/blH CUIIaTTaMaIapbl Kol KabaTThl
eMeC KYPBUIBIMHBIH MOHOIIUTTI  KOPBITIIACHIHA
JKakpIHAAaBI [15].
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1-cyper. DneMeHTTepaiH KanTaManapIbiH KaJblHbIFbIHA
tapanyst (TiZrNbYAI)N

2-cyperte (TiZrNbYAI)N KanTamasapbiHbIH
aAre3MsUTBIK  OEpIKTITIH CKPEeTY-TeCTLIey oJiCIMEH
ChIHAY HOTWXKenepl kepceriumreH. KamramamapipibiH

aIre3wsUIblK  OCEpIKTIMIH  ChIHAY KE3IHJE  ChIHU
KYKTEMEHIH OpTYpili IIEKTIK MOHJAEpiH aHbBIK
axeplparyra Oomanel.  Kanramanmapra eTki3ireHn

chlHaKTapra coiikec Unn=-100 B; P=4x102 Torr
ke3inae anbiarad (TiZrNbY Al)N kanramanaps! yiimiH
HOTWDKENEP albIHbI, OV CBHIHAKTBIH MaKCHMAITIbI
KYKTEMecC] Ke3iH/e JKOFapbl aAre3usuIblK OepiKTUTIKTI
JKOHE ChI3aT alMarbiHma Oenrimi Oip  mopexene
KarmapianybH kepcerTi (2-cypet, Nel, No2 yrrinep).
Hormxkenep KyMmbICTa aJbIHFaH  HOTHIKEIICPMEH
OaiimaHbICTHI [16].
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AOpa3uBTI KOHE aQAre3UsUIBIK TO3yFa KeAepri
KENTipy YIIiH KanTamaap >KOFapbl KATTBUIBIKKA XKOHE
CepIimMl KallblHa KEeNTIpydiH KOFapsl MoHIHE wHe
0oiybl Kepek, OyJ1 ocipece COKKbBI, adpa3uBTI koHE
SPO3MSIIBIK ~ oCep €Ty IKarJalblHIa MaHBI3BL.
MarepuannsiH cepmiMai ChiHY AedopMarisicbiHa
TYPaKTBUIBIFBIH ~ CHUIIATTAUTBIH  JKOHE  HMKEMIUTIK
uHIekci gen aranateii H/E  cusKTB  m1aMassl
KarTaMmaiapAblH TO3yFa TO3IMIUNrIH Oaraiay VIIiH
nmaiiananyra Oomamp [17]. Orte KaTThI
kanramanapaarsl H/E wukempinik wungekci 0.1-men
xorapsl 60ys! Kepek [18]. On ymriH H KaTThUIBIFEI
’KOFaphl KalTaMaHbIH CATBICTEIPMAIIBI Typlie ToMeH E
CepIIMALTIK MO/ 0OIyBl Kepek. Auaiia, OapibIK
seprrenetin  (TiZINDYADN kanramanapel  yuiiH
H/E = 0.05-0.06 aHbIKTAIIEL.
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Mperawa (H)

2-cypert. (TiZrNbYAI)N kanramanapiasl CKpeTd-TecTisiey

HOTIKeNepi
Yiikenic ko3 duImeHTi yiikemnic
MaTepUaIapPbIHBIH  1UIIHICY OEpIKTIriH, aix To3y
KeJeMmi OoMBIHIIIA Ka)Karyra TO3IMIUTITH

AHBIKTAMIbI, SIFHU TO3Y HEFYpJbIM a3 0oJjca, To3yra
TO3IMILTIK COFYPIBIM KOFaphl Oomnanel. To3y i3iHiH
KOeJJeHeH  NpoQuiiHiH  ayjaHbl  OoOWbIHIIA
(TiZrNbYAI)N kantamaHbIH TO3y KOJIEMi €CErTeN .
Tpubonorusuiblk  3epTTEynepain HoTwkenepi (3-
cyper) (TiZrINbYAI)N kanramanapbIHbIH YHKeTiC

74

KO3 (UITUCHTI JKOFApbl CKEHIH KOpPCETTi, OHBIH
oprama MoHi u# = 0,85-0,95 ten (3-cyper). MyHmaai
MOHJEpAI TO3y i3AepiHiH mpoduIorpaMMachiHa
coiiKkec KamTamajapAblH KOTE3HsJIBIK OY3bUTybIHA
OaifmaHpICTBI  TO3y  I3AEPIHIH  JKOFaphl  Kemip-
OYIBIPIBIFEIMEH TYCIHAIpYTE 60massl (4-cyper).
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3-cyper. Yiikenic ko3¢ duuunentini (TiZrNbY AN
KalTaMaJapblHbIH KaIIBIKTBIKKA, [IMKJI CAHBIHA JKOHE
9KCIIEPUMEHT YaKbIThIHA TYEIILIIT
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4-cypet. To3y i3iHiH KenaeHeH npoduii 6ap
(TiZrNbYAI)N kanramanapabiH TO3y KeJjaeMi

KopbIThIHABI

OKe-3JICKTPOH/IBI  CTIIEKTPOCKOIHS  9JIiCiMEH
AJIEMEHTTEeP/IH  Kamrama TepeHJIiri  OoibIHIIA
TapajdyblH 3€pTTeY XHMHUSUIBIK  3JIEMEHTTEPIiH
KanTtaMa KUMachl OOWbIHINIA OipKeNKi OeriHeTiHiH
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JKOHE DIIEMEHTTEP/IIH Tapaly KHUCHIKTApBIHBIH YIIKIp
Tebeci 0ap ekeHiH kepceTTi. Kanramanap TapansiHaH
2 MKM-IIEH acTaM TePEHIIKTE OJapIbIH KypaMbIHIA
TeMIpAiH OONyBl DJEKTPIIK BIFBICYBIHBIH YIIFAIObI
KanTaMaHBIH xabpICy OepiKTirin CBIHAY
HOTIDKEJIEpIMEH  pacTajarblH  0oJlaT  TOCEMHIH
CEHIMII  aAre3usachblH KaMTaMachl3 E€TETIHMITIH
Kepcereni. OpOip Keke KaOATTBIH  KOJJaHY
yakbeITBIHBIH yorFatobl Unn =-100 B xone P = 4% 107
Torr OomraHma DdJIEMEHTTEPIIH KanTamaslapAblH
KaJILIHJIBIFBI OOMBIHIIIA OipKENKi TapaiMaybIHa KOHE
CaJBICTEIPMAITBI TYpJIE KeH OTIIeN KanTaMa-TeCCHIIT
KaOaTHIHBIH Maii1a O0TybIHA OKEJIe .
KanramanapabiH aare3usuiblk OCpIKTICiH ChIHAY
KOpCeTKeH/Iel, OapiIbIK Kantamaiap ChI3bUIFaH Ke3/e

MaTepHalblHAa KXy  ChI3aTTapblHBIH  Maiina
OoiybiHa OalIaHBICTBI KOTE3WSIIBIK ~ MEXaHU3M
Ooiipramia  Oymimeni. KamramamapaplH — opTypaai

PeXHUMIIEP] KYKTeMere OalIaHbICThI aKyCTUKAaJBIK
SMUCCUSHBIH (AD) opTypili MoHAEpiHE COWKec
KeJe/Ii.

GP = -100 B; P =4x10® Torr ke3iHze alIblHFaH
KanTtaManap ChIHAKTBIH MaKCUMAaJbl KYKTeMeCi
Ke3iHJIe KOFaphl aAre3us OCpiKTIriH KoHE ChI3aTTap
aiimarbrHzIa OenTii 6ip Aopexese KaObIpIIaKTaHyabl
KOPCETKCHI aHBIKTAJIIBI.

TpuOONMOTHANBIK  3epTTEYNEPAIH HOTIKENIepi
(TiZrNbYAI)N kanrtamanapaslH opTaiia MoHI W =
0,85-0,95 GonateiH yiikenic ko3UIMEHTI KOFaphI
€KeHIH KepceTTi. MyH1aii MoHJIep I KanTaMaapbiH

To3adpl,  Oipak  KaObIpmiakTaHOaWapl,  SFHH  KOTE3WSJIBIK OY3BUTybIHA OailIaHBICTHI TO3Y 13AEPiHIH
TUTACTUKANBIK ~ JeopMalysiFa JKOHE  KamnTama  >KOFapbl KeAip-OYIbIpIBIFBIMEH TYCIHIIpyre Oomabl.
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EKI ©1IWEMAI ©PICTEPTE HEMN3AENTEH CTATUKABIK
MACC-AHAJIU3ATOP/IAPAbI KYbIKTAMM ECEMNTEY

CTaTMKanblK, MacC-aHanM3aTop/iapblHA@ 3N1EKTP KoHE MarHWT epicTepiH OpTaK, MaidanaHy Xofapbl
aHaIMTUKabIK MYMKIHIIKTEPAI KaMmTamMachi3 eTe OTbipbIn, besweKTepai TeK Macca bolbliHWa TUIMA] XKiKTeyre
MYMKIHAIK 6epeai. AXblpaTKbIWTbIFbl KOFapbl Macc-aHanM3aTop/Aap MOHAAP LWOFbIH 3Heprus OOoMbIHLWA
doKycTay VIIIH axpomMaTTaHAbIPaTblH 3/EKTPOCTATUKAbIK KyMeHi naliganaHagbl. IHEpruaHbiH, HeAdiK
aucnepcmackl 6ap KypblAFblaap MEKTPIK axpoMaTTaHAbIPy KYMenepiHiH »KaHe aHann3aTopablH, MarHuT
epiciHiH, bipneckeH apeKeTi apKblabl acanadbl, HITUMKECIHAE LWOKTafbl MOHAAP TEK maccasnap OOoMblHLIA
Xikteneni. MarHuT epiciHe Tycnec 6ypbliH MOH/bIK Cay/IEHIH KEHEi CTaTUKaIblK Macca aHa/n3aTopAapblHbIH,
canacblH *KakcapTadbl. by Makanaga noHAap LWOFbIHLIH KOC GOKyCTanybl Hap CTaTMKabIK Macc-aHaM3aTopsl
KapacTbipblaadbl. DNEKTPOATap LWeKapanapbliHAaFbl MOHAAPAbIH, yaeyi meH Gadaynay npoueci, onapapbiH
TpaHcaKcManabl NMH3ameH GOKYCTanybl KoHE 3/1eKTPOCTaTMKaNbIK MPW3MaHbIH CbiHy OeTiHiH macc-
aHanM3aTopbIHbIH "cana" napameTpiHe acepi cMnaTtTanfaH. Macc- aHa/IM3aToPbIHbIH, Cbi3bIKTbIK, AMCNEPCUACHIH
apTTbIpy YWiH ceKTopAblH OipTeKTi MarHWUT epiciH eki enWemai MarHUTTIK NpuM3mMa MeH YW 31eKTPOATHI
TpaHcakcnangpl GOKYCTbIK JIMH3aHbIH, epicTepiHe aybICTbipy Aa KapacTbipbliagbl. MarHWUT epiciHe Kipep
anfblHAa WMOHAAP LWOFbIHbIH, GOKYCTaNybIH »KaKCApPTy VIWIH eKi enemai 3N1eKTPOCTaTUKabIK NPU3MaHbl
KONAaHy YCbIHbINaAbl, Byn Macca aHanM3aTOPbIHbIH, Cbi3bIKTbIK AMCNEPCUACHIH apTTbipyFfa KaHE COHbIMEH
KaTap MarHuT epiciHe Kipep anabiHAa WOKTbIH eHiH KeHenTyre MymMKiHAIK bepeai. by »)ymbicTa eKi enwemai
3NEKTP NPU3MACbIHbIH, 3apsaTanfaH besllekTep LWOFbIPbiHA dCepi KapacTbiPbl/blf, OHbIH, 3HEprMa BolblHLWA
BYPbIWTHIK ANCHEPCUACHIHBIH, *KYbIKTaAFaH ©pHEeri KapacTblpblaabl. EKi enlemai afnekTpiK KaHe MarHuTTiK
npuamanapbl Hap NpuamMasblK MaCC-aHaNM3aTOPbIHbIH, Cbi3bIKTbIK AMCNEPCUACHIH apTTbIPbIN KOHE OHbIH,
CbI3bIKTbIK e/llemaepiH asaiTa OTblpbin, sHeprus GoMbiHWa GOKyCcTayAbl »Ky3ere acblipyfa 60NaTbiHAbIFLI
KepceTiareH.

TyMiH cesfep: macc-aHanmsaTop, sHeprua 6olbiHWa GOKycTay, «cana» napameTpi, macca OoMbIHLWIA
aucnepcms, sHeprus BoibiHLIA ANCHEePCUs, eKi eNlemMai MarHUTTIK NPU3ma.

.F. Spivak-Lavrov?, A.Sh. Amantayeva®’, O.A. Baisanov?, T.Zh. Shugaeva®
K. Zhubanov Aktobe Regional University, Aktobe, Kazakhstan
2Military Institute of Air Defense Forces named after twice Hero of the Soviet Union T.Ya.Begeldinov,
Aktobe, Kazakhstan
*e-mail: amantaeva.80@mail.ru

Approximate calculation of static mass analyzers based on two-dimensional fields

The concurrent utilization of electric and magnetic fields in static mass analyzers proves highly effective
in sparticle separation solely based on their masses, thereby ensuring remarkable analytical capabilities. High-
resolution mass analyzers employ an achromatizing electrostatic system to precisely focus ion radiation by
energy. Devices featuring zero energy dispersion are created through the collaborative action of electric
achromatizing systems and the magnetic field within the analyzer, resulting in ion separation based solely on
mass. Expanding the ion beam prior to its magnetic field exposure enhances the overall quality of static mass
analyzers. This article delves into a static mass analyzer with dual ion beam focusing, elucidating the ion
acceleration and deceleration processes at electrode boundaries, their focalization via a transaxial lens, and
the impact of the electrostatic prism's refractive surface on the mass analyzer's "quality" parameter.
Additionally, the transition from a sector homogeneous magnetic field to the fields generated by a two-
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EKi enwempi epictepre HerisgenreH CTaTMKaNblK MacC-aHaANM3aTOPAAPAbl XKybIKTan ecentey

dimensional magnetic prism and a three-electrode transaxial focusing lens is explored to augment the mass
analyzer's linear dispersion. To refine ion beam focus pre-magnetic field entry, the proposed adoption of a
two-dimensional electrostatic prism promises heightened linear dispersion in the mass analyzer while
expanding the beam pre-magnetic field entry. This study also examines the impact of a two-dimensional
electric prism on the charged particle beam, presenting an approximate expression for its angular energy
dispersion. It is demonstrated that a prism-based mass analyzer integrating two-dimensional electric and
magnetic prisms enables energy-focused operations alongside enhanced linear dispersion and reduced linear
dimensions.

Key words: mass analyzer, energy focusing, "quality" parameter, mass dispersion, energy dispersion, two-
dimensional magnetic prism.
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MpnUbAMKEHHbIW pacyeT CTaTUYECKUX MaCcC-aHaIM3aTOPOB Ha OCHOBE [IBYXMEPHbIX nonem

COBMECTHOE MCMO/b30BaHWE IEKTPUYECKMX M MArHUTHbIX MOMEN B CTAaTUYECKUX MACC-aHa/M3aTopax
no3BonseT 3bPeKTUBHO pPasAenaTb YacTMubl TOMbKO Mo macce, obecneynBas BbICOKME aHA/UTUYECKME
BO3MOMHOCTM. Macc-aHanm3aTopbl C  BbICOKMM  Pa3pelleHMemM  MCMOAb3YIOT — axpOMaTM3UPYIOLLYIO
3N1EKTPOCTATUYECKYO cUCTEMY ANA GOKYCUPOBKM MOHHOTO M3/yY4eHUA MO 3HepPruun. YCTPOMCTBA C Hy/eBOM
apcrnepcuen no aHeprum cosgatotca baarofapsa COBMECTHOMY AEMCTBUIO INEKTPUYECKUX aXPOMaTU3NPYIOLMX
CUCTEM M MarHUTHOMY MOJIKO aHANM3aTOPa, B PE3y/bTAaTe MOHbI B My4YKe PasAensatoTca TONbKO MO Maccam.
PacwmnpeHne MOHHOTO NyYKa nepes nonagaHnem B MarHUTHOE MoJie TaKKe yay4yllaeT KayecTBO CTaTUYECKMX
Macc-aHanM3aTopoB. B JaHHOM CTaTbe paccmaTpMBaeTCA CTaTUYECKMM Macc-aHaau3aTop C ABOMHOM
boKycnpoBKOM nyvyka MOHOB. ONMCbIBAETCA MPOLLECC YCKOPEHWA U 3aMefNeHMA WMOHOB Ha rpaHuuax
SN1eKTpoaoB, WX GOKYCMPOBKA TPAHCAKCMANbHOM JIMH30M W BAMAHME NPENOMAAIOWEA MNOBEPXHOCTU
SN1eKTPOCTaTUYECKOM NPU3Mbl Ha MapameTp "KayecTBo" macc-aHanm3aTopa. TakKe paccMaTpMBaeTCA 3aMeHa
CEKTOPHOro OAHOPO/IHOTO MAarHWTHOMO MOJAA Ha NOAA ABYMEPHOM MArHMTHOW NPU3Mbl U TPEXINEKTPOAHOM
TPaHCAKCUaNbHOW GOKYCUpPYIOLLER NNH3bI ANA YBENIMYEHUA NMHEMHOW AMCNEepCUM macc-aHanmsatopa. Ona
yAydlenna GOKYCMPOBKM MOHHOIO MyyKka nepef BXOAOM B MarHWMTHOE Mnoje NpeafioKeHO MCMNo/b30BaTb
OBYMEPHYIO 3/1eKTPOCTaTMUECKYID MNPM3MY, YTO MNO3BOAAET YBENUYUTb JIMHEMHYH AMCMNEepCcuio  macc-
aHanM3aTopa U OAHOBPEMEHHO PaCLUIMPUTL NMYYOK Nepes BXO40M B MarHUTHOe nose. B gaHHon paboTe Hbi10
PAacCMOTPEHO AENCTBME ABYMEPHON 3/IEKTPUUYECKOM MPM3Mbl Ha My4YOK 3aPAMKEHHbIX 4acTuL, M HaNAEHO
NPUBAUNKEHHOE BbipaXeHWe A5 ee Yyr10BOM AMcnepcum No sHeprumn. MoKasaHo, YTo B NPM3MEHHOM Macc-
aHanmsaTope C ABYMEPHOMN 3NEKTPUYECKOM N MArHUTHOM MPU3MaMM MOMKHO OCYLLECTBUTb GOKYCUPOBKY MO
3HEeprum, OAHOBPEMEHHO YBEMUYMB MPW 3TOM JIMHEWHYO AMCMNEPCUIO MacC-aHanM3aTopa M YMEHbLIMB ero
JINHEWNHbIE pa3mepbl.

KntoueBble cnoBa: macc-aHann3aTop, GOKyCMPOBKa MO 3HEPrUM, NapamMeTp «KayecTBO», AMCNepPCUs no
macce, AMCNepPCus No sHepPrnn, AByMepHan MarHUTHaa NpmM3ma.

@HSHK&HBIK JKOHEC ACIIaIlIThIK curnarraMajliapblH
eCenTey/iH XKaHa dIiCTepiH 93ipiey KOPIYCKYIaIbIK
ONTHKA CaJlachIHAAFbl MAaHbI3BI MIHICT OOJIBII

Kipicne

CTaTI/IKaJ'IBIK JKOQHC YyaKbIT apajiblKk MaccC-

aHaIIM3aTOPIaphl 3aTTapbIH AIEMEHTTIK, H30TONTHIK
JKOHE XUMHSUIBIK —TafayJIapblHbIH MaceNesepin
Ienry YIIiH FBUILIMHBIH, TEXHUKAaHBIH KOHE
OHJIIPICTIH OpTYpJl cajajmapblHAa KOJAAHBUIAIBI.

Jypeic  QU3MKaNBIK ~ KOHE  MaTEMaTHKAJBIK
TeopusIapra HETi3/1eNTeH KOHE ecenrey
TEXHOJIOTHSIaPBIHBIH MYMKIHIIKTepiH
naiiianaHaTblH ~ OCBIHOAW  aHaIW3aTOpJIapAbIH
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TaObuIaAbl. bBynm KeTimipinreH ofictep >KOFapbl
AHATMTHKAJIBIK MYMKIHJIKTEpi 0ap KYpBUIFbIIAP/IbI
acayra MyMKiHZIik oepeni [1-5].

CrarukaibIK Macc-CreKTpoMeTpiepai
XKEeTuimipyre — OailaHBICTBI ~ HETI3TI  Haesutap
Acrtonnsiy [6-8], Marayxa men Iepmortin [9],
Hemcrepain [10] xone T.0. )KyMbIcTapbiHAaH OacTay
aa/ibl.
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N.®. Cnuneak-/1aBpoB *KaHe T.6.

CTaTI/IKa.J'H:IK JKOQHC YyaKbIT apajiblKk MaccC-

aHANM3aTOPJIAPBIHBIH ~ JKYMBICHIHA  HETi3/IeNreH
HET3T1 (hbH3UKaTBIK 3aHIap KJTACCHKAITBIK
AJNICKTPOMHAMHUKA 3aHJAapbl OOJIBIT  TaOBLIAJIBL.

ONeKTp KOHE MarHWT OPICTepIHIET 3apsATaFaH
OONIIIEeKTIH KO3FaIbIChl JIOPEHIT KYIIiHIH ocepiMeH
anpikTanaael [11]. Byn karmaiima marHurt epici
3apsiITanFaH OeJIeKTep IIOKTapblH JHEPrusl MeH
Macca OOMBIHINA KEHICTIKTE, al DJIEKTP OPICIH TEeK
sHeprus  OoibIHmIa  KikTeimi.  Hotmkecinme
CTaTUKAJBIK Macc-aHAIN3aTOPIapbIHA JIEKTP JKOHE
MarHuT OpICTEepiHIH DHEPTUACHIHBIH  OipJecKeH
JHMCIEPCUSCH HeJre TeH OOJAaThIH DIIEKTP JKOHE
MarHuT OpICTEPiHIH KOMOMHAIUSACHIH TaHJayFa
Oonanel. Byn karmaiima IIOKTaFbl OeJIIEKTEPIiH
OexiHyl Tek Macca OOWBIHINA JXKYpemi. DHeprus
OolibiHIIa (OKYCTaylIbl >KY3€re aybICTBIpY YIIiH
JNIEKTP JKOHE MArHHUT 6picTepiH Oipre KolaaHy
uaesicel ACTOHFa THeCLTi, OHBIH >XYMBICHI HobOens
CHIAJIBIFBIMEH MapamnarTajinbl. YOIy Ke3iHme macc-
aHaIM3aTopIapbIHIa AIIEKTPOCTATHUKAIIBIK
aifHanmap/ibl KOJIIaHa OTBIPHIN, YaKbIT apajibIFbIH
sHeprusra OarbiTTayra 6omausl [12].
3eprrey daici

AKBIPATKBIIITHIFBI KOFaphI Macc-
aHanM3aTtopiapia MOHJBIK COyJIEHIH OJHeprusra
OarbITTaTyBbIH KaMTaMachl3 eTeTIH
axpoMaTTaH/IBIPATHIH AIEKTPOCTATHKAJIBIK JKYlie Oap.
MyHuali  okyilie peTiHIe oAeTTe  IMIMHIPIIIK,
cepanblk HeMece TOPOMATHIK KOHJIEHCATOpIIap,
COHJIAM-aK 3JEKTPOCTAaTUKAIIBIK MPU3MAIBIK JKyie
KOJITaHbLIa bl [13]. AXpoMaTH3aIUSITBIK,
KYHETEPAIH DJIGKTP  epicTepl  aHAIM3aTOP/IbIH
MarHuT epiciMeH Oipre SHEPTUsICBIHBIH HOIIIK
JMCIEPCUsIChl 0ap KYPBUIFBIHBI )KacayFa MYMKIHIIK
Oepeni. bynm karmaiiia HWOHIBIK COyJie DHEprus
OoiibIHIIA (bokycranasi KOHE Mmacca
AHAJM3aTOPBIHBIH MAarHUT ©piciHAe HWOHJAap TeK
Maccajap OoibIHIIa OemHEe .

CraTukaibIK Macc-aHaJIN3aTOPJIAPbIH
xKoOamayiblH COTTI  TOCUINEpiHIH  Oipi-HOHIBIK
IIOKTBI MAarHWT OpiciHe Tycrec OYpBIH KEHEWTy
uaesicbl. VIOHIBIK COYJICHIH KCEHEH01 HOTHIKECIHIE
CTaTUKAJIBIK MaCC-aHaJIM3aTOPIaPbIH/A 0K APKBUIBI
OTeTIH MarHuT arblHbl aptaabl [14]. Byn ocer
KYPBUTFBIIaPIbIH «carmay KOPCETKIIIiHIH
KOFapbUIaybIHA OKEJIE/Ii.

Macc-ananu3atopiapIblH THIMAUIITIH «camnay
napameTpiMeH Hemece @ - mamachblMEH CHIIaTTayFa
Oomaner [14], om MakcMMangBl aXBIPATKBIIITHIH
Rinax> KOJNAEHEH OarbITTarbl MIOKTBHIH OYPBIITHIK
QXbIpaybIHBIH 2@, XOHE HMOH KO3iHIH eHiHiH S,
KOOEHTIHIICIMEH aHbIKTaIabl:

Q = Rypax2aySy, 1)
MyH/1a
D
R = — 2

D,,— Macca OOWBIHINIA CBI3BIKTBHIK AWCTEpCHs, M—
Jucnepcrss OarbITBIHIAFB! CBHI3BIKTBIK YIIFAI0, S, —
MOH/Iap K631 CaHbUIAYbIHBIH eHi. (2)-re (1)-1i KoibI,
Q yurin kesneci pHEKTI anyra 00Jabl:

D,
Q == 2ay. 3)
|M]
(3)-mri  epHekTeH Oipmeil KejeHEH OaFbITTAFbI
D
IIOKTBIH 2@, OYPBIMTHIK aXbIpaybIHIa «Carmay —-

(M|
KaTbIHACBIMEH aHBIKTa’anbl. CeKTOPIBIK OipTeKTi
MarHuT epici 6ap Macc-CIEKTPOMETpIIep
JKaraibIHAa OYJ1 KaThIHACTBI CaHJIBIK Oarayiay yIiH
OIIIIeMCi3 MaMaHbl IailaTaHy bIHFAIbL:

Dp,
[M|ry’

4)

MYHJa 7y — MAarHuT epiciHjieri TPaeKTOPHUSIHBIH
KHCBHIKTBIK PaIHyCHI.

Jenrenex TpaeKTOpHsIap JKarmaibiHa
apHairaH [14,15] sxyMbIcTa, an sKanmbl sxaraaiaa Q-
CTaTHKAJIBIK  MacC-aHAIM3aTOPJapblH  [IaMachl
HYKTENIIK KO3JleH IIBIFaThIH OIPTeKTI HOHIBIK
IIOKTBIH ~KUMachlHA €HETIH MarHUT  OpiCiHIH
arbIHBIMEH aHBIKTAIAJIbl JCTECH TeOpeMa JIQJICIIACH I

[16]. Bymr  Teopema  CTaTHKadbIK  Macc-
aHANM3AaTOPIAPBIHBIH ~ THIMJAUITIH — apTTHIPYIBIH
KapamnaiblM 9BPUCTHKAIBIK TMPHUHIMIIH Oepei,

MYHJIa MarHUTTIH ©3iHIe OHE MAarHuTke Kipep
AJJIBIH/IA MOHBIK IIIOK MYMKIHAITiHIIe KeHEeHTLIe .
Marsur epiciHe Kipep ajIbIH/a HOH/IBIK IIOKThI
KEHEUTy oJicTepiHiH Oipi KBaJpyroji JUH3AIapbIH
KosaHyMeH OaiinanbicTsl [14,15]. CoHbIMEH, IIaFbIH
oJIIIeMIl CTATHKAJIBIK Macc-aHaIn3aTopPbIHIA
OCBIHBIH  apKaceiHma 'cama" mapaMmeTrpi MeH
XBIPATKBIIITEIFBIHBIH, ~ PEKOPATHIK MOHIH — allyFa
Oonasel [17]. Byt macc-aHaIM3aTOPBIH/A CEKTOPIIBIK
MarHMTTIH  OpTa  JKa3bIKTBIFBIHIAFBl  COYJICHIH
KEHEIIHe 3 KBapyMoJIbl JIMH3AJApAbl KOJIAaHY
apKBUIBI KOJI KETKi3iJeni, all dHeprus MeH OarbIT
OoifpIHIa (POKyCTAy TOPOMATHI KOHICHCATOP MEH
Tarbl 2 KOCHIMINIA KBaJIPYIOJAbl JIMH3AJAP/IbIH
KOMETIMEH JKY3ere achIpbUIajibl. Anaiiia, apaibIK
CBI3BIKTHIK (DOKYCTHIH OOJTYbl KYPBUIFBIHBIH KapPbIK
KYOIiH as3adTagpl, ajl KBaIpyIoa JIUH3aJapbiH
KOJIJIaHY OHBIH KYPBUIBICHIH €10yip KUBIHIATaIbl.
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Ocbl KEMIIUTIKTI €Hcepy YIUiH CEKTOPJIBIK
OIpTEKTI MarHUTTIK OPICTI €Ki OJIeMII MarHUTTIK
IPU3MaMeH aybICTBIPY KEpeK, OHBIH Maccachl
OoiipiHmia Dy, OYPBINTBIK JHCIEPCHS  OHBIH
CBI3BIKTHIK eIIeMepiHe OaiaHblcThl emec. by
JKargaijga Macc-aHaIM3aTopAblH D,  CBI3BIKTHIK
JHMCIIEPCUSICBIH €Ki eJIIeMAl MarHUTTIK MpU3MaJgaH
KeWiH MOHAapIbl KaOBUIJAFBIIITHIH CAaHBLIAYBl OCHI
JIMH3aHbIH (OKYCTBIK JKa3bIKTHIFBIHAA
opHanacaTelHAal eTim (HOKYCTayllbl JHH3AHBIH [

(OKYCTHIK  KAIIBIKTBIFBIH ~ KCHEWTy  eceOiHeH
prraiityra Oomanel. OHIAa Macca-aHaJIH3aTOPIBIH
CBI3BIKTHIK JIUCTIIEPCHACHI MBIHAal (dopMyIaMeH
aHbIKTanazbl [18]:
_ ’
Dm - Dmf 2- (5)
Byn perre WoHIap IWIOFBIPBIHBIH JKETKIMIKTI

JKaKCHI KEHICTIKTIK JKOHE DHEPTETUKAIBIK
(hoKycTaybIHa KOJI )KETKi3yre 00Maibl.

1 cyper — TpaHCcakcHANIIBI, €Ki OIIIEM/Ti STICKTPOCTATHKAIBIK KOHE MAarHUTTIK OpicTepre Heri3aeNreH
CTATHKAJIBIK MacC-aHAIU3aTOP/IbIH CXeMAJIBIK KECKiHi

HoHpap ke3iHIH CaHbUIAYbIHAH IIBIFATHIH
MOHJIAPJbIH JMBEPIeHTTI Coyyeci ajijapiMeH 2, 3

14
QJICKTPOATAPBLIHBIH HICKApaCblHAa CbIHY apKbIJIbL V_
0

ece ynmeumi, coman kedin 3, 4 oxome 4, 5
AJIEKTPOATAPBIHBIH IIIEKapachlHAa Oasylmalibl KoHE
eKi emmemji OipTeKkTi MarHMT epicine 6 Tycen,
COJIaH KEHiH OJI MOH KaObUIIAFbIITHIH 10 caHbUIaYbI
7, 8, 9 anexTpoaTapsl 6ap TpaHCaKCHaJIIbI IMH3aMEH
¢dokycranaasl.

DIEKTPOCTATUKANBIK ITPU3MaHbIH ChIHY OCTiHEH
OTKCHHEH KEHiH NIOK alTapibIKTail KeHeiemi, Oy
MarHUTTEH OTETiH MOKTHIH MATHUT OPICIHIH aFbIHBIH
apTThIpaabl, ocbutaiima (3) Ttenmikreri "cama"
mapamMerpi Hemece ( — CTaTHKaJbIK Macc-
aHaJIM3aTOPBIHBIH IIaMachl apTajbl. 1-cyperren A’
WOH KO3iHiH )opamall OeliHeci MarHUTTEH JKETKITIKTI
KAIIBIKTHIKKA aJIbICTANTBIHIBIFBIH KOPYTe 00JIabl.

Honpap mofsl KocapiaHbil (OKYCTaIBIHATHIH
CTaTHKAJIBIK MacC-aHAIU3aTOPBIHA [16] CEKTOPIIBIK
OIpTeKTI MarHUT epici €Ki eJmeMJi MarHUTTIK
pu3Ma epiciMeH JKOHE OHBIH apThIHA
OpPHAIACTBIPBUIFAH YIII AJEKTPOJATHI TPaHCAKCHAIIBI
(OKYCTBIK ~ JNHWH3aMEH  aybICTRIPBUTANBI, Oy
MAarHuTTiH CBI3BIKTBIK OJIIEMICPiH  ©3TrepTIeH,
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(GOKYCTBIK JHMH3aHBIH (DOKYCTBIK  KAIIBIKTHIFBIH
YIFaWTy apKbUIbl MacC-aHaTU3aTOP/bIH CHI3BIKTHIK
JIMCIICPCHSICHIH apTThIpYFa MyMKiHIiK Oepeni [18].

3epTTey HITHKEIePi MEH TAIKBLIAY

Bemmmextep MIOFHI €Ki eIIeMIl JIIEKTp epiciHeH
oTKeHJe, sFrHM V mnoreHIManuaH V, noreHuuanra
OTKEHJIC JKapblKk Oip opTajaH eKiHI opTara
oTKeHzerimed coiHaabl. V  moTeHuuanman V
MOTEHIMANFa OTY IIeKapachl TUIMAI ChIHY IIETi Jen
aTajmagpl.  2-CypeTTeH  OeJjIeKTep  LIOFbIHBIH
opekerine CHemuyc (OPMYJIAChIH — KOJIJIAHBIII,
KeJleci TeHIIKTI aimyFa Oonajpl:

sinj [V )
sini |V,

sinj  |V+AU 7

sin(i + Ai) Vo + AU’ 7

MYHJIaFBl j - TYCY OYPBIIIBL, i — ChIHY OYpbIIbl, AU
— 3Heprus OOWBIHIIIA Tapalry.
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2 cyper - Exi enmemi anekTp epicinzeri OesmeKkTep
HIOFBIHBIH CXEMaJIbIK dpPEKeTi

TyOlp acTeIHIAFel KOCBUIFBIIITApABl  Vjy-Te

AU
0eJcek )KoHe - = € CCKepCeK, OHJIA:
0

V 1
sinj V_0+‘S_(V+ )5(1 1) 8
sin(i+A) | 1+e \pp  °© 2¢) ®

sin(i + Ai) = sinicosAi + cosisinAi  Tpurono-
METPUSIBIK TEeHAeYydi, cosAi =1 am a3 Oypslmra
sin Ai = Ai eckepcek, sin(i + Ai) = sini + cosi Ai.
(8) Temmeyre  TypieHmipylep  eHTrisim, a3
nmapaMeTplepii  Aopekenepi  OOWBIHINA  KIKTEI
[19,20], keneci Typre keatipyre Gosapr:

1
sinj o %4 Vo \2
— (1 +tani A = —(1+— ) =
sing (L H@anian A

= Vlo(l +;/—;s) (1 —%e). 9

Aj = tami(1 VO) 12

=oaUty)e (12)
Ai = D.¢g, V >V, 6bonranna:

D — tani(1 V0> 13

E 2 V . ( )

(13)-tenney sHeprust GOMBIHINA AUCTIEPCUHBI Oepe/i.
TyckeH OeieKTep IOFBIHBIH €Hi dy, a1 THIMII
ChIHYy TICTIHEH OTKEHHEH KeHiHri eHi d gen

. d
6enrinecek, d = —
Ccos

cosi 6OJ'IaTI)IHI[I>IFI)IH Kepyre

6onanpl. Onait 6onca d > d, SFHM MarHUT OPiCiHE
Kipep  Ke3meri  OejmiekTep  IIOFBIHBIH  €HI
KeHeWeTiHairi kepineni. Busyanmsl Typae sxopamait
MOHJIBIK TIOK K631 KambIKTaiasl. by e3 keserinme
Macc-aHaIM3aToOp ONIEMiHIH Kimmipeo 3¢ dekTicin
oepeni.

KopbITbIHIBI

Exi emmemMi 35eKTpOCTATHKAIBIK MPU3MaHbBIH
CBIHY O€Ti MEH YVII 3JeKTPOATH TpPaHCAKCHAIIBI
JTUH3ANapel, WOH K631 MeH KaObULAaFbIIIsl Oap
aXpOMaTHKAaJIBIK CTaTUKAIIBIK Macc-
aHAIN3aTOPHIHBIH €pEeKIIIeNiri, Macc-
AQHAIM3ATOPBIHBIH JTUCIIEPCHUSACHIH apTTHIPY YIIiH
CEKTOPJBIH OIPTEKTI MarHUT epici eKi eJIIeMIl
MarHUTTIK TpU3Ma OpICIMEH JKOHE OHBIH apThiHA
OPHAJIACTBIPBUIFAH YII AJIEKTPOATHI TPAHCAKCHAIIBI
(OKYCTBIK JIMH3aMEH  aybICTHIPBLIAJIBI. Byn
(OKYCTBIK JIMH3aHBIH (OKYCTBHIK KAIIBIKTHIFBIH
YIFaiiTy eceOiHeH Macc-aHaIM3aTOPBIHBIH CHI3BIKTHIK
JIUCTIEPCHUSICHIH YIIFalTyFa MYMKIHJIIK Oepei.

ChIHY IIETIHEH OTKEH WOHIBIK IIOKTHIH CHIHIH
KEeHEI01 HOTHXKECIH/IEe JKOpaMall HOH/IBIK IIOK KO3iHiH

KAIIBIKTAYBbI Macc-aHaJIu3aTop eJIIEMiHIH
bynan, Killliperoine MyMKIHJIIK Oepe/i.
sinj (1 —ctani Ai) = 4 (1 + (VO 1) ) = Kap:kbuianabipy

sing o Cantau = gy v 2)°) 7

v Vo1 Kympic KP PFXKBM TK  «FapeiuTsik

— [1 + <_° — _> g], (10) 3€pTTEyNEpre apHAIFaH SHEPIUs JKOHE MaCCalbiK

Vo 2V 2 aHanmu3atopiapabl  a3ipaey» KTH AP22685992

sinj 1 V0 T'PaHThI OOMBIHIIIA J)Ky3ere achIpblIabI.
——_ctanlAl=—(——1>s, (11)
ni 2\V
onedunerTep
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PACYET MOHWU3AUMOHHbIX NOTEPb 3HEPTMM KOCMUYECKMX NIYYEN
B HAHOCTPYKTYPAX TPA®EHA

B HacTosllee Bpema B Pecnybnumke KasaxcTaH B paMKax CTpaTeErMyeckMx HamnpasiaeHMI KOCMUYECKON
oTpacan passuBatoTcs GyHAAMEHTasbHbIE WU MPUKAAAHbBIE HAYYHble KOCMUYECKME WCCNEAOBaHMUSA, a TaKkKe
peLatoTcA NpaKTMYecKMe 3a4ayun C MCMNO/b30BaHNEM KOCMUYECKUX TEXHONOTMMI. B AaHHbIX MCCaea0BaHMAX
ocoboe BHMMaHWe yAenseTca BOMPOCAM HAAEKHOCTM DOPTOBOM annapaTypbl B YC/OBWMAX KOMMEKCHOIO
BO34eMCTBMNA GaKTOPOB KOCMMUYECKOro NPOCTPAHCTBA. MpKn pa3paboTke M NPOEKTUPOBAHMM Takux PaboT, Kak
CTbIKOBKA M COOpKa 31eMeHTOB OpOUTaNbHbIX CTaHUMI, AMCTAaHUMOHHOE ynpaBiaeHWe aBTOMATUYECKMMMU
MEXMNAHETHbIMW  CTaHUMAMW W MHOTME Apyrue, WCMNOJb3yeTcd MaTeMaTU4yeCKoe W  KOMMbloTepHOe
MOJZle/IMPOBaHNE, KOTOPOE ABAAETCA BbICOKOIDOEKTUBHBIM M OTHOCUTENBHO HM3KO3aTPATHbIM METOLOM.

Llenb paHHoOM paboTbl - uMccnenoBaHWe 3aBUCMMOCTM MOTEPb 3SHEPTUM  PeNaTUBUCTCKMX MOHOB
KOCMUYECKOTO WM3MYYeHMA TNPU  MNPOXOXKAEHMM YacTWUL, 4Yepes HaHOCTPYKTYypbl rpadeHa C  Uenbto
NPOrHO3MPOBaHUA UX PaAMaLMOHHON CTOMKOCTM NPU BO3AENCTBUM YaCTML, KOCMWUYECKOrO M3/ydyeHus. B
paboTe BbINOAHEHO MOAENMPOBAHME TPAEKTOPMIM W MNOTEPb 3SHEPIUM  PENATUBUCTCKMX MWMOHOB NpM
NPOXOXAEHMM Yepe3 KpucTanabl rpaduta. TloaydeHbl YUCAEHHbIE 3HAYEHWMA KPUTUYECKUX  YI/10B
KaHaAMpoBaHMA B KpucTanne rpadumta. NokasaHo, UTO NOTEPU SHEPTUU MOHOB HE 3aBUCAT OT TOYKM B/IETA MOHA
B KPWUCTa/I1 M PE3KO BO3PACTaOT C YMEHbLIEHUEM UX SHEPIMM B AnanasoHe sHepruit meHee 1000 M3B/HyK/I0H.

Kniouesble C1oBa: KOCMUYECKUX y4K, MIOHU3ALLMOHHbIE NOTEPU SHEPTUM, KAHANMPOBaAHMeE.
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lonization energy losses of cosmic rays in graphene nanostructures calculation

Currently, in the Republic of Kazakhstan, within the framework of the strategic directions of the space
industry, fundamental and applied scientific space research is being developed, and practical problems are
being solved using space technology. In these studies, special attention is paid to the reliability of on-board
equipment under the complex influence of outer space factors. In the development and design of such work
as docking and assembly of elements of orbital stations, remote control of automatic interplanetary stations
and many others, mathematical and computer modeling is used, which is a highly effective and relatively low-
cost method.
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T.A. TyxdatynnuH v ap.

The purpose of this work is to study the dependence of the energy losses of relativistic ions of cosmic
radiation when particles pass through graphene nanostructures in order to predict their radiation resistance
when exposed to cosmic radiation particles. The simulation of the trajectories and energy losses of relativistic
ions during passing through graphite crystals were performed. Numerical values of the critical channeling
angles in a graphite crystal are obtained. It is shown that ion energy losses do not depend on the point of entry
of the ion into the crystal and increase sharply with decreasing energy in the energy range less than 1000
MeV/nucleon.

Key words: cosmic rays, ionization energy losses, channeling.
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MpadeH HaHOKYPbLIbIMAAPbIHAAFLI FAPLILTbIK COYNENepAiH,
NOHAaNY 3HEPrMACLIHbIH, LbIFbIHAAPbIH ecenTey

Kasipri yakbiTTa KasakctaH PecnybamKacbiHA@ fapblll CanacbiHbIH, CTPATErMAbIK OarbiTTapbl MeH
HarmapnapbliHbIH, WeHbepiHAe ipreni »kaHe KonAaHbasbl FblIbIMUM FAaPbILLTbIK 3epTTeyAep AamMbin Hapa *KaTbip,
COHbIMEH KaTap fapbllWTbIK, TEXHONOTMANAPAL!I NaldanaHa OTbIPbIN MPAKTUKa/bIK, Macenenep Ae LWewinin
)aTblp. byn 3epTTeynepae fapblll  KeHCTIr pakTopiapbiHbIH, KelleHai acepi KafaalbliHAa 6HOPTTbIK
annapaTypaHblH, CEHIMAINIK MacenenepiHe epeklle Hasap ayaapbiabin KaTblp. Kasipri yakbiTTa opbuTanabik,
CTaHUMA 31eMeHTTEPIH KOHAbIPY XaHe KypacTblpy, fa/laMlap/iblK aBTOMaTTbl CTaHUMANAPAbl KallbIKTaH
Backapy KoHe CO/M CUAKTbl KYMbICTapabl 33ipaey xaHe xobanay KesiHAe MaTeMaTUKalblK KaHe
KOMNbIOTEPIK MOZeNbAeYy KONAAHbINLIN KaTblp, Oy KoFapbl TUIMAINIKTI KepceTesi KaHe CcanbICTbipMaibl
TypAe ap3aH aaic 60bIn Tabblnaapl.

By *KYMbICTbIH, MaKCaTbl - FapbILLTbIK CayieneHyre rpadeH HaHOKYPbINbIMAAPbIHbIH TO3iMAINITIH BoaKay
MaKcaTblHAa ONapAaH fapbllUTbIK PENATUBMUCTIK OenlleKkTep ©TKEeH Ke3aeri 3Heprua  WblFbIHAAPbIHbIH,
TayenajiniriH 3epTrey. bya RymbicTa rpaduT KpUCTanaapbiHaH PEAATUBUCTIK MOHAAPAbIH 6Ty Ke3iHae onapapiH,
TPaeKTOPMANAPbl MEH 3HEPrus WbIFbIHbIH MOAenbAey OpbiHAaNAbl. TPadUT KpUCTanbIHAAFbI KPUTUKANbIK,
apHanay 6ypblWTapbiHbIH, CaHAbIK, MaHAEpi anbiHAbl. VIOHHbIH, 3HEPr1s LWbifbiHbl MOHHbIH, KPUCTaNFa eHy
HYKTEeCiHe Tayenai emMec ekeHAiri »aHe MOHHbIH, aHepruackl 1000 M3B/HyKAOHHaH a3 AMana3oHbiHAa SHeprus
LUbIFbIHbI KYPT ©ceTiHi KepceTinai.

TyWMiH ce3aep: FapbllWTbIK Cayaenep, MOHAAYLbl SHEPTUA WbIFbIHbI, apHanay.

Beenenne BOIIpOCaM HaJIEXKHOCTH OOpPTOBOIl ammapaTypsl B

YCIIOBUSIX KOMIUIEKCHOTO BO3JICHCTBUS  (PAKTOPOB

B nacrosimiee Bpems B Kazaxcrane B pamkax
CTpaTerMYeCKHX  HalpaBlIeHUH  OTEYEeCTBEHHOU
KOCMHYECKOH 0TpAacii pa3BUBarOTCs PyHIaMEHTaIIb-
HbIE W TpUKIagHbIE Hay4yHble KOCMHYECKHE
UCCIIEIOBAHUS, a TaKXKe PelIaroTCs MpPaKTHYECKHe
3a/1a4n c HCTIOJIb30BaHUEM KOCMHYECKHX
TEXHOJIOTMI. BBINOJNIHEH 3alyCK TEJIEKOMMYHUKA-
LOUOHHBIX cIyTHUKOB «KazSat-2,-3», cmyTHUKOB
TUCTAHITMOHHOTO 30HAUpoBaHus 3emin «KazEOSat-
1,-2», pa3pabaThIBalOTCSI HOBBIE KOCMUYECKHE
cucrembl. [losToMy oco0oe BHUMaHHUE yaenseTcs

kocMudeckoro mpocrpanctsa (OKII).

MupoBas MpakTUKa IKCILTyaTaldl KOCMHUYEC-
kux ammapatoB (KA) pasnugHoro HazHadeHUs
noKaszajla, 4YTO B  pe3yJbTare  BO3ACUCTBUS
WMOHU3UPYIOIIETO H3IYYeHUS! W APYrHX (PaKTOpoB
KOCMHYECKOTO  TIPOCTpAaHCTBA B CHUCTEMax
KOCMHYECKOH TEXHUKH MPOUCXOST HEIITaTHBIE

CUTyalluH, KOTOphIE MPHUBOIAAT K HUX MpexIe-
BpEMEHHON  Jerpajanud, B TOM 4YHCIE U
npekpaiieHnio  ¢yHkiuonupoBanus KA. Tak,

HAKOIUICH 3HAYMTEIbHBIA CTaTUCTHYCCKUI Marepuall
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MO OTKa3aM CiyTHUKOB cepun «SPOT» [1] mapyrux
KA. OrtMeuaercs Koppemsiiusi MeXAy WHTEH-
CHUBHOCTBIO OTKa30B U M3MEHEHHEM PaJHaIllIOHHOM

OOCTaHOBKM B OKOJIO36MHOM  KOCMHUYECKOM
mpoctpanctse (KII) [2].

Ouenka PaauauMOHHOM 00CTaHOBKH
KOCMHY€CKOro MPOCTPAHCTBA

Pamuamonnass 0OCTaHOBKAa  KOCMHYECKOTO
MPOCTPAHCTBa XapakTepusyetcs Bo3aeiictBuem B KII1
COJTHCYHBIX KOCMHYECKHX Tyden (CKJD),
ranmaktndecknx — kocmmdeckux  gyuer  (I'KJUI),

anomanbHbIX KJI (AKJI) m wactuil paguaiimoHHBIX
nosicos  (PI13). B pabore [3] mpexacraBiaeHsl
SHEPreTUYecKue creKTpbl NOToKoB yactul I'KJI mis
reoctauoHapHoid opoutsl u opoutet MKC B roabl
MUHHMYyMa 1 MAKCUMyMa COJTHEUHON aKTHBHOCTH.

Cnenyer ormerutb, uro CKJI u I'KJI umerot
MOCTOSIHHBIN 3apsJOBBIA COCTaB U HHEPTreTUUECKUN
cnektp. [lpuBemeM  OCHOBHBIE  JaHHBIE  TIO
SHEPreTHYECKOMY B MaccoBoMy criekTpam KJI.

Conneynvle xocmuueckue ayuu. OCHOBHBIMHU
komronentamMu  CKJI  gBnsitoTcss  NpPOTOHBI U
aNeKTpoHbl. KpomMe HHX B COTHEYHOM CHEKTpe
MPHUCYTCTBYIOT Tsikensie sinpa (rpynm C, N, O, Fe) ¢
sHeprusimu ot 10 go 100 MsB/HykiIOH, WHTEH-
CUBHOCTh KOTOphIX coctaBnser (104+10°) em?2 ¢
lerep?MbB?! m cpennss SHeprus He HpEBBINIAET
10° 5B.

B CKIJI conepxanue JeTKUX sIAEp C 3apsaoM
Z~2+5 Ha HECKOJIIbKO TMOPSAIKOB IMPEBHIIIAET
koHneHTpario apyrux KJI. B skcnepumentax,
MpOBENEHHBIX BO BpeMsi crokoiHoro ConHIa,
3aperucTpUpoBanbl Oobiire motToku noHoB C, N, O
n He c¢ sueprusmu E = 1+28 MaB/aykion. ['pymma
smep kemesa (Z=26+28) 1O WHTCHCHBHOCTH
Heckonbko Menbine syiep C, N, O, HO oxBaThIBaeT
0O0JIBIINI SHEPreTUIECKUN TUATIa30H.

Pacuersl, BBINOMHEHHbIE aBTOpaMu palOTHI,
MOKa3aJTh, YTO MOTOKH AIIEKTPOHOB 3aBUCST OT YPOBHS
coJHEe4YHOW akTuBHOCTU. Tak, Ha opoure MKC s
anektpoHoB ¢ E£=0,1 M3B B romel Makcumyma
COJIHEYHOW aKTMBHOCTH TOTOK cocTasnster 10° cM™ ¢
! MsB™. B 10 Bpems kak na I'CO on cocrasnser 8:10°
cm?ctMsBY.  Jlnga  mpoTOHOB, COOTBETCTBEHHO,
8:10* cm?ct MaB?t m 9-107 em? ¢ MoB™. 3nauenus
aTHX BenmduH i1t BOO mpuOimmkaroTcs K JaHHBIM Ha
I'CO.

OHepreTun4ecKuit HHTEpBaJ MPOTOHOB
mpoctupaercs ot 10 mo 200 M»aB Ha BeicoTax 6obIe
1000 kM. Ho MakcuMyM HHTEHCHBHOCTH MTOTIAJaeT Ha
npotoHsl ¢ 3Heprueit 30 MaB Ha BeicoTe 500 kM U
cocraBisier @ = 10° cm? ¢ L, a Ha BhIcoTe 350 KM
®=10% cm? ¢ 1[3, 4].
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T'anaxmuueckue  kocmuueckue — ayuu. B
3apsiioBoM cocTtaBe nepBuuHbIX ['KJI 3HaumTEIRHO
BBIJIETISIIOTCS TI0O MHTEHCUBHOCTH Tpymsl siep C, N,
O u Fe, Ni. 3apsnoBerii cocraB Tsokenbix saep KJI
OXBAaTHIBAET OOJBIIYIO YaCTh U3BECTHBIX AIIEMEHTOB,
a DHEpPreTHYeCKui cmektp mpoctupaercs ot 0,1
MboB/ayknon npo ©Oomee uwem 1 I'aB/Hykmow.
OobmenpunsaTo, uro sHepreTuyeckuii cnektp ['KJI
3aKkaH4MBaeTcs B obnacTu sHepruii 1017108 5B,

DHepreTU4ecKui WHTEpBaJ MIPOTOHOB
npoctupaetcs ot 10 mo 200 MaB Ha BeicoTax OoJbiie
1000 kM. Ho MakcuMyM MHTEHCHBHOCTH Ha BBICOTE
500 xM momagaeT Ha MPOTOHHI ¢ dHepruer 30 MaB u
coctaBisier @ = 10% cm? ¢, a Ha BBICOTE 350 KM
®=10*cm2 ¢l

Ha srame BeIBeneHus Ha OpOUTY MaTepHabl U
KOHCTpyKIuH Bcex KA noasepratoTcsi Bo3aeicTBUIO
YacTHI] paduayuonusix nosicog 3emau (PI13), B Tom
YHUCIIE ANEKTPOHAMH, IPOTOHAMH U 00JIee TSHKEIBIMU
MOHAMH, KOTOPBhIE BO3HUKAIOT BO BPEMS COTHEUHBIX
BCIBIIICK M 3aXBaTHIBAIOTCS T€OMarHUTHBIM TIOJIEM.
PII3 pazgenstoTcst HA BHYTPEHHU, LIEHTP KOTOPOTO
B DKBATOPHUATBHOH TIOCKOCTH HaXOIUTCS Ha BHICOTE
okojo 3 000 kM, ¥ BHEIIHUH C LIEHTPOM Ha BBICOTE
15-20 TBIC. KM. DHEpPreTHYeCKWd WHTEpBal
anekTpoHoB B PII3 cocrasnser ot 0.3 M»sB no 100
MbB. MakcuManbHass UHTEHCUBHOCTb IPUXOIUTCS
Ha 37eKTpoHkI ¢ 3Heprueit 250 KaB u coctaBuser @
= 107 em? ¢l TloTok 2mekTpoHOB ¢ 3Heprueil 3.0
M>5B nocturaet 3uauenuii ~10° cm?cl, B tabmuie 1
npejcTaBieHa panuanoHHas KOMITOHEHTa
(haKTOPOB KOCMUYECKOTO TTPOCTPAHCTBA.

Taoaunua 1 — Pagmnanmonsas 00CTaHOBKA B OKOJIO3EMHOM
KOCMHYECKOM TIPOCTPAHCTBE

Bun Oueprus | [ImoTHOCTH
KOpIyc- CocraB
KYJIIPHOTO U3ITy4YeHUs HacTHIL, roToxa,
M>B m2-cl
M3JTyYeHHUs
'KJI POTOHBI 10%-10%° | 1,5-10%
SIpa Tenus (st 1,0-103
BCEX
rpynn
s1ep)
Gonee 1,2-10?
TSKEIIBIE
anpa
CKJI [POTOHBI 1-10* 107-108
PI13 [POTOHBI 1-30 3-101%
>30 2- 108
3JIEKTPOHBI 0,1-1,0 1-1012
>1,0 1-10%0
Copstuast [POTOHBI, 103-101 | 10%-10
Marnuro- 5IEKTPOHBI
chepHas
wIasMa
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Crnenyetr OTMETUTD, YTO UMEIOIIUECS TPOTHO3HU-
pyeMble 3HAYE€HWS OTKa30B U BEPOSTHOCTHBIC
pactpenenenus motokoB KJI Ha pa3smnmaHbIX opOUTax
KA 3HaunMTenpHO pacxomsaTcss Mexay coboi [5].
Taxxe HEOOXOAWMO OTMETHTH, YTO B HA3€MHBIX
MOJIETTHPYIOMHAX YCIOBHSIX HEBO3MOXKHO CO3/1aTh
WCIIBITATEIILHBIC CTEH/IBI, KOTOPBIC ObI UMUTHPOBAIIN

KOMIUIGKCHOE  BO3JcicTBHE  Bcex  (pakTOpoB
kocmudeckoro mpoctpanctBa (DKII). Ilosromy
MPOTHO3WPOBAHUE  HAJCKHOCTH  KOCMHUYECKHX

CHCTEM, OCHOBBIBAACH TOJBKO HA HA3EMHBIX JaHHBIX,
MOKET TPHUBECTH K 3HAYUTEIbHBIM OIIMOKaM B
CUCTeMe yhpaBleHuss © pabore OOPTOBBIX
BBIYHCIUTEIBHBIX KOMIUIEKCOB IIPU KCIITyaTalluu B
pEaIbHBIX YCIOBUSAX.

B mHacrosmee Bpems npu pa3paboTke H
MPOEKTHPOBAaHUHM TaKUX pPabOT, KaK CTHIKOBKA U
cOopka DIIEMEHTOB OpOUTAIBHBIX CTAHIIMH, TUCTaH-
LUOHHOE YIIPaBJICHUE aBTOMATUYECKHMH MEXKILIa-
HETHBIMHU CTaHUMSAMH M MHOTHE JApYyrue, Koria
NPUHATHE pEIIeHUH TpedyeT MpeaBapUTEeIbLHOTO
“HpOUrpHIBAHUS’” HECKOJIBKUX BAPUAHTOB Pa3BUTHUS
COOBITMH W WX TOCIENCTBUHA  HMCIONB3yeTCs
MaTeMaTH4YeCKoe M KOMIbIOTEpPHOE MOAEIUPOBaHHE,
SIBIISIFOIIIEECS BRICOKOA((EKTUBHBIM H OTHOCHTEIBHO
HHU3KO3aTPaTHBIM METOIOM. [3BecTHO, YTO mpH
MPOXOXKACHUH PEISITUBUCTCKUX 3aPSDKECHHBIX YaCTHII
Yepe3 MOHOKPHCTAI MOXET TPOHCXOJIUTH P
SIBIICHUH, OTPa’KaIOIIMX IEPHOANIECKOE PACIIOI0KE-
HHE aTOMOB B KpucTaie. Ecam yacTuisl BXOAAT B
KpUCTAT TOYTH TapajulelIbHO KpucTayuiorpadu-
YECKUM OCSIM MJIM IIJIOCKOCTSIM, OHH 3aXBaThIBAIOTCS
COOTBETCTBYIOIIUM ITOTEHIMAJIOM, COBepIuas KoJe-
OaresnbHOE JIBIDKEHHE B IMOMEPEYHOM K TUIOCKOCTH
WIM OCH HAampaBiIeHUH. JTOT IMPOLECC Ha3bIBAETCA
KaHaIMpoBaHueM. [ MOmennpoBaHUs MPOLIECCOB,
CBSI3aHHBIX C KaHaJIMPOBAaHHMEM, ObUI pa3paboTaH
KoMIbloTepHbId koJ — ‘‘Basic Channeling with
Mathematica” BCM-2.0 [6]. [laHHbBIi KOMIIbIO-
TEPHBIA KOJ TMO3BOJIET PacCUUTHIBATH TPACKTOPUHU
JIETKUX (QJICKTPOHOB ¥ MO3UTPOHOB) [7, 8], TsmKebIx
(MOHOB) PENATUBUCTCKUX 3apsOKCHHBIX YacTHI[ B
kpuctamiax [9, 10], a Takke U3nydeHUe, BOZHUKAIO-
mee npu kananupoBanuu [11, 12]. KomnsroTepHbii
KOJT  YYHUTHIBAeT  MPOILECCHl  MHOTOKPaTHOTO
paccestHusl 1 TOPMOXKEHUsSI YacTHIl B Kpuctaiie [13].
Pe3ynbpTarhl, MOJMy4YeHHBIE C TIOMOIIBIO JAHHOTO
KOJ[a, XOPOIIIO COTJIACYIOTCSI C AKCIEPUMEHTaMH IO
B3aMMOJECHCTBUIO  PEIIATHBUCTKAX  YacTHIL[  C
kpuctaamu [13-16].

Ilenpro maHHOW PaOOTHI SIBISIETCS WCCIIEIOBA-
HUE 3aBUCUMOCTH TIOTEPh PHEPTHH PENATUBUCTCKUX
HMOHOB KOCMHYECKOTO U3IyUSHHS IPU MPOXOKACHUH
YaCTHI] Yepe3 HAHOCTPYKTYphI rpadeHa, KOTOPbIHA
LIMPOKO UCTIOJIB3YETCS B KOHCTPYKLHUSIX

KOCMHMYECKHUX ammapaToB ISl MPOTHO3UPOBAHUS UX
paaualMOHHOW CTOMKOCTH.

MojaempoBaHue TPAaeKTOPUII HOHOB IIpH
paccesiHMU B KpHCTaJLIe rpadura

Jlns pacyera TpaeKTOpPH JBM)KCHHS YaCTHI[ B
KPHCTAJIaX MOXKHO C XOPOIIEi TOYHOCTHIO 3aMEHHUTh
HOTEHIMAJ B3aUMO/ICHCTBUS YaCTHUIIBI C KPUCTAILIIOM
YCPEIHEHHBIM  MOTCHIMAIIOM  KPHUCTAJUINYECKOU
wiockoctH V(z).

V(2) =zéIV(r)dxdy , (1)
'S

rie V(r) — morennman otmenpHOro aroma, S —

IUIOIA/b, IPUXOAALIAACS HA OJUH aTOM IIJIOCKOCTH.
CyMMupOBaHHE BEAETCSI IO BCEM IUIOCKOCTSIM
MEPICHIUKYISPHBIM HAMIPABICHUIO Z.

s pacueTa moTeHLMaNa aTOMa MCIOJIb3YeTCs
ATOMHBIN (aKTOp pacCesHus! AIEKTPOHOB, KOTOPBIN

CBsA3aH C IIOTCHIMAJIOM aToMa CJICOYIOIINM
cootHoteHueM [18]:
2m, ¢ sin4zsr
f s:—oerrz—dr, 2
e(s) n ) (r) A 2

rjae Mo — Macca 3J1eKTpoHa, S=Siné, /A, 6, — yron
paccesHUsI DJIEKTPOHA C JUTMHOW BOJHBI A. Jlms
nonydeHuss  3HaueHuit  fe(s)  wmcmonp3oBanack
NOATOHKA IO METOJYy HAMMEHBIIMX KBAJIPAaTOB K
TaOJIMYHbIM  3HaueHusM w3 [19] mo mectm
Iayccuanam [20]:

f.(5)= Y a, expehs?) 3

Jlnst MOJIENBbHBIX pacdyeToB ObLI BhIOpaH KPUCTAILI
rpaduTa, UMCIONMA  CTPYKTYPY CXOJHYH C
rpageHom. PesympraTel pacuera  IOTEHLHMAsA
KPUCTAIUIMYECKUX IUIOCKOCTEH KpHcTajuia rpadura
Mpe/IcTaBiIeHbl Ha puc. 1. (@ — AMd OTpUIATENHHO
3apsDKEHHBIX 4YacTUl, 6 — Ui TIOJIOKUTEIBHO
3apsDKEHHBIX YacTul). [ ryOnHa moTeHHaabHOM SIMBI
cocrapnsier Uy = 19,97 3B, a mepuon u3meHeHus
MOTEHIIMANIA PABEH MEXKIUIOCKOCTHOMY PaCCTOSTHHUIO
B Kkpuctawie rpapura d, = 2,13A.  Crenyer
OTMETUTH, 4YTO MJId TIOJIOXKUTCIIBHO 3aps’KCHHBIX
YacTUI TIOTCHUHal OJNM30K K NapaboiudecKoMy,
MTOATOMY TIEPHO/] KOJIeOaHUH AJ1s JTF000H TOUKH BIIeTa
YaCTUIIBl B KPCUTAILI OyET OCTOSHHBIM.
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Pucynoxk 1 — [ToTeHman KpUCTaNTHUECKUX
IUIOCKOCTEH Kpucrauia rpadura

B mpubnmxeHun KaHaTUPOBAaHUS YpaBHEHHUS
ABMKCHUSA PCIIATUBUCTKUX MOHOB B NMEPHUOJUUCCKHUM
MOTEHIMae KpUCTauTnueckoit pemerku U(X) umeror
CIEeAYIOUUN BU]T

’ 4)

3neck M — Macca nona, Ze — 3apsiJ0BOE YHCIIO HOHA,
— Jlopenrn ¢akrop, Fx — cuna, neficTByromias Ha HOH
B mepuoandeckoM mone kpucramia. [lycte oce OZ
napaiesibHa IMI0CKOCTSIM KaHaJIMPOBaHHUsI, & BEKTOD
CKOPOCTH HMOHAa TIPU BJIETE B KPHUCTAUT JIEKUT B
mwiockoct XOZ. B 3ToM ciiydae MOH JBUKETCS C
MOCTOSIHHON CKOPOCTBIO ¥z = cOnst BJOJIb MIOCKOCTEH
KaHaaupoBaHus  (mapauieabHo ocu  OZ) wm
koseOnercs B HampasieHue ocu OX. HavampHbIMU
YCIIOBUSIMH JJIsl CUCTEMBl ypaBHEHUH (4) SBISAIOTCS
TouKa BiieTa B Kpuctamt X(t = 0) = X, ¥ HavaIbHas
cKopocTh U, (t = 0) = vsinf (6 — yron Bimera, TO
€CTh YTOJI MEX/Ty BEKTOPOM Ha4YallbHOW CKOPOCTH U
oceto OZ).

YucneHHoe pellieHne ypaBHEeHH ABKeHus (4)
ObUIO BBIMIOJIHEHO C HCIOJb30BaHUEM KOMIIBIOTEP-
Horo kona BCM-2.0 [6], pazpaGoTtanHOro aBTOpamH.
HauanbHbie TOYKH BJETA paBHOMEPHO
pacmpeneNsuiuch B IpefeniaXx OJHOr0  Iepuoja
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n3meHenus: noreHnuana U(X). Ecnu yron mameHus
WOHA HA KPUCTAl MEHBIIE KPUTHYECKOTO YTJia
KaHaMpoBanus  6;, TO  HOH  COBepIIacT
nepuognueckoe ((PUHUTHOE) JBWKEHHE MEXKIY
IJIOCKOCTSMM KaHanupoBaHusa. Kpurhueckuil yron
KaHAIMPOBAHUSI HMOHOB OIPENENSETCS CIeTyFOIeH
bopmynoii:

6, ZZZUO’ (5)

P°E

rae Ug —TiiyOMHA MOTEHIIUAEHOM SIMBI, E:;/i\/lc2 -
TIOJIHASL DHEPrus WOHA, ff = % (¢ — ckopocTh cBeTa).

3HAYCHUS] KPUTUYECKOTO yIiia KaHATUPOBAHUS IS
pa3IMuYHBIX WOHOB W KUHETUYCCKUX OSHEpruéi T
MIpHUBEICHBI B Ta0MHIIE 2.

Tabmuma 2 - Kpurmdeckwii yronm KaHAJIHPOBAHHS
PEISATUBUCTCKIX HOHOB B KPHCTAJUIE rpaduTa

Hou T=10 T =100 T =1000
M>»B/uyknon | MaB/aykinon | MaB/Hykion

0., Mpan 0., Mpan 0., Mpan

H 0.0811 0.0262 0.0094

Li 0.1403 0.0445 0.0145

12C 0.1983 0.0628 0.0202

1N 0.2143 0.0679 0.0218

150 0.2291 0.0725 0.0232

6Fe 0.4129 0.1306 0.0414

HonuzannoHHeie OTEpU JHEPTUHN

PENSTHBUCTCKUX HOHOB TPU IMPOXOXKICHUU depes
KPUCTAIUIBl PACCUUTBHIBAIUCH C HCIIOJIb30BAHUEM
nporpammHoro nakera ATIMA, paspaGotaHHOro B
GSI (Gesellschaft fur Swerionen forschung,
Darmstadt, Germany) [21]. [auHblii makeT
MO3BOJIIET paccYUTaTh MOTEPU SHEPIMH HMOHA Ha
€IMHUILY JUTMHBI Ipo0era B 3aBUCHMOCTH OT SHEPTUH
rvoHa. B nakere yuuThiBatoTcs onpaBku JIunaxapaa
— Copencena [22] k usBectHO# popmyiie bere-broxa
(cm., Hanpumep, [23]). [1pu npoBeieHUN YHCITEHHBIX
pacueToB KpHUCTAJUT AENWJICS Ha HECKOJBKO YacTei.
ITocne  TpOXOXACHHUS — KaxaoW  I-0ff  vacTH
KUHETHYeCKas SHeprus |; MOHa yMEHbIIalach Ha
BEJIMYMHY HOHU3AIUOHHBIX MOTEPh HA MPEABLIyIeM
mrare AT; , BBIYMCICHHYIO TIpH TIOMOIIHM ITaKeTa
ATIMA. ITocne sToro Beraucisuuck JlopeHi-akrop
M CKOPOCTh MOHA TIPU BJETE B CIEAYIONIYIO YacTb
KpHUCTaJlIa

T, =T-AT,

Vg =14+T  IMC?, (6)

i+1

Bia= \]1_1/ 7i2+1
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T= 10M3B/nyxnon

1H 4 5
\'\"""\" lU‘“"U"J'anlv“:hlﬂ-lllt"\“\" ot
U ’
|
%Fe

O ‘f,{,"nf

T= 100M»sB/uyxnon

al mm TR

T= 1000M>3B/nyxnon

o JANAA AL

4 6 3 10 o

¢, am 2.

Pucynok 2 — TunnyHble TPACKTOPHHU PEIATHBUCTCKUX MOHOB IPU KaHAJHPOBAHHHU B KpUcTauie rpadura. Yrou
BIIeTa MOHOB KpucTait paseH 0,8 6,

Pe3yabTaTrhl MOJEJIMPOBAHUS TPAEKTOPUA U
NoTeph JHEPrUM WOHOB TPH PpacCessHUH B
Kpucraie rpagpura. Oocy:xneHue

Jlyist pacueToB ObLIM BBIOPAHBI JIETKUE HOHBI “H,
Li,*’C, “N, 0, a Taxxe TsDKenble MOHBI “°Fe,
COCTABIISIIOIIME OOJBIIYI0O YacTh KOCMHUYECKOTO
n3nydeHus.  Kunernueckass  »Heprusi ~ MOHOB
BbIOMpanace B uHTepBasie oT 1 MaB no 0,1 I'3B Ha
HYKJIOH. TOJIIMHBI KPUCTAIUIOB BAPLUPOBAIIUCH OT 5
70 20 MKM.

THUNHUYHBIE TPACKTOPUHU PENISITUBUCTCKIX HOHOB
MPY KaHATMPOBAHHUY B KPUCTAJIIE TpaduTa MOKa3aHbl
Ha pucyHKe 2. Yroj majeHusi BCeX HOHOB Ha
kpuctamn Obur paBed 0,8 6. Ecim oHeprus
MOTIEPEYHOTO ABWKEHUSI HOHA MEHBIIIE, YeM IITyOnHa
norteHnuanbHo siMbl Up, TO HWOH coBepliaeT
KosebaTebHOe JIB)KEHHE MEXKAY IUIOCKOCTSIMH
Kpuctama. Tawke Ha rpadukax BHIHO, YTO C
YBEIMYCHHEM  KHHETHYECKOW  DHEpruu  HOHA

YMEHBIIIAETCS YHCIIO0 KonebaHui VOHOB,
COBEpILAEMBbIX B IIOIIEPEYHOM HANPABJICHUH.
Pesynbprarel  pacuera  MOTEpb  JHEPTHH

penstusuctckux monos ‘H, 7Li,*?C, ¥N, 60, 56Fe
NPEACTaBIEeHbl Ha PUCYHKE 3. YTON BieTa TaKxke
pagen yriny 0,8 6. ans  cooTBeTCTBYOIIEH
KHHETUYECKOH SHEPTUH MOHOB.

Hauvano rpadukoB orpaHm4eHO paBEeHCTBOM
MOTEPh SHEPTUU HOHOB TPU MPOJIETE YePE3 KPUCTAILI
M HAa4YaJIbHOM KHHETHYECKOH DSHEPrud HOHOB.
PacdeTs! mokas3pIBalOT, UTO MOTEPU SHEPTHH HOHA HE
3aBUCAT OT TOYKM BJETa HOHA B KPHUCTAIJ, 4YTO
OOBSICHUTCS TEM, YTO JUTMHA TYTH cl1abo 3aBUCHT OT
KOOpAMHATHI Xo TOUKH BJeTa noHa. [lorepu sneprun
HMOHOB PE3K0 BO3PACTalOT C YMEHBIIEHUEM SHEPTUH B
nuanazose sHepruit meree 1000 M»B. Takxke norepu
SHEPTHH YBEIWYUBAIOTCS C POCTOM 3apAI0BOTO
yrcia noHOB. [pu yBeTrmueHUH TOMIMWHBI KpUCTANIIa
MOTEPU SHEPTHU TAKXKE YBEIMYMBAIOTCS (CM. pHC.
30), Tak Kak B OTOM CIIydac pacTeT IIMHa Impodera
HOHA B KpHUCTaILJIE.
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- 3akiIo4yenue

g Takum oOpa3omM, B paboTe BBITOJIHEHO

Y : MOJICIIMPOBAaHNE TPAEeKTOPHA M TOTEPb HHEPTUH

100}y NI = PENATUBUCTCKUX HOHOB TPU MPOXOXKICHUH depes

.. [ = Kkpuctai rpadura. [ToaydeHbl YuclieHHBIC 3HAYCHUS

0.1 . S g KPUTUYECKHUX YIJIOB KaHAaJIMpoBaHUS B Tpadure.

= [Tokazano, 4TO MOTEPU SHEPTUU UOHA HE 3aBHCAT OT

001 N 2. = TOYKH BJIETA MOHA B KPUCTAIT M PE3KO BO3PACTAIOT C

[ R [ R [T TR Tk YMEHBIIICHUEM DHEPTUH B JHANIa30HE SHEPTHI MEHEe
s 1000 M»B/HyKII0H.

Y 6)

BaarogapHocTun
5 X . .
> * - Jannoe wuccregoBaHne  (HUHAHCHPOBAIOCH
3 y v Komuterom Haykn MuHHCTEPCTBA HAYKH U BBICILIETO
e — = = = oOpazoBanust PecnyOonmuku Kaszaxcran (rpant Ne
I M8 BR21882375 «Co3manne U MoAepHU3aIUs U3ACTUil
Pucynok 3 — 3asucumocth notepb sHepriu KOCMHUYECKON TEXHWKH TTOBBIIIEHHONW HAJAECKHOCTH
PCIATHBICTCKAX HOHOB B KpHC{angorpa‘bma c;;aﬂepgig HAa3eMHOTO M  KOCMHYECKOIO  CETMEHTOB |
oo 9 oy s L2 2o e ecncaonane nonociepn),
L=15 mxMm, ¢ —-L=10 mxm, A — L=20 MxM
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KBAHTOBASA CTPYKTYPA NOBEPXHOCTHOI'O C/10A METAJ1/10B

B HacToAuwen paboTe npeanaraetca moae b onpeaeneHns ToWMHbI MOBEPXHOCTHOIO C/I0S METaNI0B U
KBAHTOBAs CTPYKTypa 3TOro C/105. ATOMHO-TNaAKMI MeTanan NpeacTaBafeTca B BMAE CXEMbl: HAHOCAOW —
Me30Cc/10M —> obbemHaa da3a, KoTopble OTAMYyaTCa APYr OT Apyra NpUPOAOoi pasmepHbix addekToB. B
ob6bemMHoi dasze pasmepHoro adpdekTa HeT. To/lmMHa NOBEPXHOCTHOro cioa meTannos R(l) umeeT pasmep ot
1 Hm 10 10 HM, KpoMe Le3us, T.e. NPeacTaBstoT cobol HaHOCTPYKTYpY. MoKasaHo, YTo YPOBHM aHeprun £,
HaHOC/05 ONPeaenAtoTCa OAHUM GyHAAMEHTabHbIM NAaPaMETPOM — MOCTOAHHOMN KPUCTaNIMYECKOMN peLleTKu
MeTanna a. Kak ToNbKO napameTp d nepectaeT M3MEHATLCS, CMEKTP KBAHTOBbIX COCTOAHMIA NepexoauT B
HenpepbIBHbIN CNEKTP.

HaHocnoit R(l) npeacrasnaeT coboit no E, cTyneH4yaTyio GYyHKLMIO, KOTOPYD HETPYAHO MpPUBECTM K
nHTerpany Jlebera, nrpatoLiemy BaxHyH Po/b B KBAHTOBOW Teopun. KBaHTOBbIE HUTUK (KBaHTOBbIE MJIOCKOCTM)
B HaHocnoe R(l) MOXHO TpaKTOBaTb KaK CO/IMTOHbLI, KPayaMOHbl, AMCKPETHble Bpusepbl, nepexoasdline B
HaHOTPeLWMHbI. KBaHTOBble HUTK B HaHocnoe R(I) U cam HAaHOC/NOM MOMHO NPeACTaBUTb Kak HaHo4YacTuLy
anametpom R(l) n B Hel nponcxoamT npeannasaeHme CTyneH4YaTbim cnocobom. OKOHYaTebHO NOKa3aHo, BCe
MOHOC/IOM MeTaiNa CyLLLeCTBEHHO OT/MYatoTCA Apyr OT Apyra.

KnioueBble ¢/10Ba: HAHOC/I0M, ME30C/I0N, HAHOCTPYKTYPa, METa/l, KBaHTOBaA CTPYKTYPa, KBAaHTOBAs HUTb,
CO/IUTOH, KPayAMOH.

V.M. Yurov’’, V.I. Goncharenko?, V.S. Oleshko?, K.N. Zhangozin®
ITSC Vostok LLP, Karaganda, Astana, Kazakhstan
2Moscow Aviation Institute (National Research University), Moscow, Russia
*e-mail: exciton@list.ru

Quantum structure of the surface layer of metals

In this paper, we propose a model for determining the thickness of the surface layer of metals and the
guantum structure of this layer. An atomically smooth metal is represented as a diagram: nanolayer -
mesolayer = bulk phase, which differ from each other in the nature of size effects. There is no size effect in
the bulk phase. The thickness of the surface layer of metals R(l) has a size from 1 nm to 10 nm, except for
cesium, i.e. they represent a nanostructure. It is shown that the energy levels En of the nanolayer are
determined by one fundamental parameter - the lattice constant of the metal 4. As soon as the parameter a
stops changing, the spectrum of quantum states passes into a continuous spectrum.

The nanolayer R(l) is a step function in En, which can be easily reduced to the Lebesgue integral, which
plays an important role in quantum theory. Quantum threads (quantum planes) in the nanolayer R(l) can be
interpreted as solitons, crowdions, discrete breathers turning into nanocracks. Quantum threads in the R(l)
nanolayer and the nanolayer itself can be represented as a nanoparticle with a diameter of R(l) and pre-melting
occurs in it in a stepwise manner. It is finally shown that all metal monolayers differ significantly from each
other.

Key words: nanolayer, mesolayer, nanostructure, metal, quantum structure, quantum thread, soliton,
crowdion.
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KBaHTOBaA CTPYKTypa NOBEPXHOCTHOIO CN0A METaNN0B

B.M. Opos®’, B.W. FoHuapeHko?, B.C. Onewwko?, K.H. XaHfosuH!
ITSK Vostok ¥LIC, KapafaHab! K., AcTaHa K., KasakcraH
2MacKey aBMaLMANbIK MHCTUTYTbI (YATTbIK 3epTTey yHuBepcuteTi), Mackey K., Pecei
*e-mail: exciton@list.ru

MeTangapabiH, 6eTTiK KabaTblHbIH, KBAHTTbIK, KYPbINbIMbI

Byn Kymbic MmeTanaapapiH 6eTKi KabaTbiHbIH Ka/bIHAbIFbIH *KaHE OCbl KAabaTTblH, KBAHTTbIK, KYPbl/bIMbIH
aHbIKTAy MOZeiH yCbiHaAbl. ATOMABIK TEriC MeTann AMarpamma TypiHae bepinreH: HaHoKabat —> mesokabat
- Kenemai dasa, bip - bipiHeH enwemaik acep ety cunatbl 6oMbIHWA epeKleneHeai. *annai dasaga enwem
acepi bonmanasl. MeTanaapabiH 6eTKi KabaTbiHbIH, KanbiHAblFbl R(l) ue3ninaeH 6acka 1 HM - aeH 10 HM- re
OEeNiHri enwemMre ne, afHN 0/1ap HaHOKYpPbIAbIMAbI Bingipeai. HaHoKabaTTbiH, En aHEepreTukabik AeHrennepi
6ip ipreni a napameTpmeH — MeTandblH KPUCTaNAbIK TOP KOHCTAHTACbIMEH aHbIKTaNaTbiHbl KEPCEeTiNreH. d
napameTpiHiH e3repyi TOKTafaH 0OolJa KBaHTTbIK KyWaep ChekTpi y34ikcis crnekTpre anHanagbl. R(l)
HaHOKabaTTbl En-re KaTbICTbl Kadamablk GyHKUMA 6oabiN Tabblnaapbl, OHbl KBAHTTbIK TEOPUAAA MaHbI3Abl Pen
aTKapaTbiH J/leber uHTerpanbiHa oHan kenTtipyre 6onagbl. R(l) HaHOKabaTTarbl KBAHTTbIK KinTepAi (KBaHTTbIK,
’Ka3bIKTbIKTap) HaHOKPEKTepre aiHanaTblH COAUTOHAAP, KPayAMOHAAp, AMCKPETTI TbiHbIC anynap peTiHae
TyciHaipyre 6onaabl. R(1) HaHOKabaTTaFbl KBAHTTbIK KiNTep meH HaHoKabaTTbiH, 63i AnameTpi R(l) HaHob6e ek
PeTiHAE YCbIHbINYbl MYMKIH XXaHe oHAa andblH ana 6ankbITy KeseHai Typae Kkypeai. CoHplHAa, Bapblk meTann
MOHOKabaTTapbl Oip-bipiHeH aTap/ibIKTa epeKLleneHeTiHi KepCeTireH.

TyliH ce3pep: HaHOKabaT, me30KabaT, HAaHOKYPbIIbIM, METaA/, KBAHTTbIK Kypbl/lbIM, KBAHTTbIK i,
CO/MTOH, KPayaMOH.

Beenenue kotoporo B Meroxe PJICY  wucnome3yror

cunxporponHoe wm3nydenue (CU), wucmyckaemoe

Bce rtema, Haxonfmuecs B TPOCTPAHCTBE, PEIATHUBUCTCKUMH 3apsyKEHHBIMH YaCTHUIIAMH TIPU
nMeroT moBepxHocTh. [lo ['mbbcy J[[x. B. [1] moBopore B MmarHuTHOM Tose (puc. 1 0) [8].
MMOBEPXHOCTh HE HWMEET TOJIIUHBI U paccMaTpH-
BaeTcd Kak reoMeTpuueckuii o0bekT. CoriacHo
noaxoaam Ban-nep-Banbca [2], ['yrrenreiima [3] u
Pycanona [4] MIOBEPXHOCTHBIN ciou
paccmaTpuBaeTcsl Kak CJIOH KOHEYHOW TOJILHHBI.
CornacHo cOBpeMEHHBIM NPEICTABICHUAM [5, 6] o
MOBEPXHOCTHOM (a30il Y1 MOHMMAIOT CBEPXTOHKYIO
IUICHKY (TIOBEPXHOCTHBIM CJIOM), HAXOSIIYIOCS B
PaBHOBECHOM  COCTOSHHUM C  KPHUCTAJUIMYECKOM
OCHOBOHM  (ITOJUTOKKOH), CBOMCTBA M  CTPYKTypa
KOTOPOH OTIMYHBI OT 00BEMHBIX CBOWCTB Y2 TBEPAOTO
Tena. OKCHEPHUMEHTAbHO WM3MEPHUTh  TOJIIMHY
MOBEPXHOCTHOTO CJIOs TBEPBIX TNl Hayduiauch B 70-
80-x romax XX Beka, HampuMmep, METOAOM
PEHTIEHOBCKOM  TUQpaKIMU  TIOJ  CKOJB3SIIMHU
yrinamu (PICY) [7]. TlpuniunuansHas cxema MeToia
PIICY noka3ana Ha puc. la.

[Tyuox X-myueit 2 u3 ucrounuka 1 momaaaer Ha
o0pa3zer 3 o] yriioM o, paBHOT'O OT JIOJIEH JI0 OJIHOTO
rpaayca, JudparupoBaHHblil My4ok mox yriom 26
nonajgaer Ha gerektop 4. HecMoTps Ha mpocroTy
cxembl Mmetroma PJICY, mpoBectm wu3MepeHHe
TOJIIMHBI TTOBEPXHOCTHOTO CJIOSl YUCTHIX METaJUIOB
R(l) 1OBOJBHO CHOXKHO W TIOA CHIY HE KaKIOW
71a00paToOpru U B HE KaKAOW CTpaHe U BOT IIOYEMY. 6)
Jlns repmanns R(1) = 3,1 mm (1 5m = 10° M), a qua
3o1ota — R(l) = 1,2 am. YtoOs! m3meputh R(I) HyxHO
JIOBOJIBHO MOIIHBIM MCTOYHMK X-JTy4eil, B KaueCTBE

Pucynok 1 — Cxema metona P/ICY (a) OycrepHsblii
CHHXPOTPOH (0)
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Crpansl, rae ects Takue uctoyHuku CU — 3to
CIIA, Poccusa, Smonums, Anrmmsa, Opanimus,
[Beiimapust, Apctpanmsa. Ha crnemyromem Jtare,
neno kacaercs oOpasua i uamepenust R(I). s
o0pasma Hy’KHa aTOMHO-TJIaiKkast oBepxHocTh (AI'TI)
(puc. 2 a) [9]. AITl, wHaue uX HA3BIBAIOT
CBEPXTIIAJKUE MTOBEPXHOCTH c BBICOTOM
mepoxoBaTocTd MeHee 1 HM (puc. 2 0), ABISAIOTCA
OTHUM M3 OCHOBHBIX KOMIIOHEHTOB JIIEMEHTHON
0a3bI COBpEMEHHBIX HAHOTEXHOJIOTHA.

o
0)

Pucynok 2 — ATOMHO-TTIaIKast TOBEPXHOCTH (a);
urepoxosaras nosepxuoctsb (I1II1) (6)

Pazmuune wmexmy ATl w  IIIT  maercs
kpurepueM JIxexcona [10] — a = AH/KT, roe AH —
sHTanenus, K — mocrosuHas Bonbnmana, T —
temneparypa. Cuutaercd, 4yTo Kputepuii a > 4
ceugerenbcTByeT 00 AI'TL, o < 2 — 06 LTI, 3nauenus
xe 2 < a <4 COOTBETCTBYIOT IPOMEXYTOUYHOMY THITY
noBepxHocTH. B Tabnume 1 obo3navensl: o > 4 —
XKUPHBIM MIpUGTOM; o < 2 — mordepkuBanneM. 13 54
metamnoB K IHIIT otHocsTest 11 metamnos; k AI'TI —
30 MeTamioB;, K MNPOMEXKYTOYHOMY Tumy — 13
MeTaJI0B. BoJbIIMHCTBO cTaneit oTHocaTes Kk AI'TL

ITo MHeHHIO MHOTHX aBTOpOB [5, 6, 9, 11] mox
MTOBEPXHOCTHI0O TIOHMMAIOT HECKOJIBKO aTOMHBIX

Tabnuua 1 — Kpurepuii rxexcona mist 54 meramnos (M)

MOHOCJIOEB TBEPAOro Tela TONIIUHON ~ 1 HM,
KOTOpPBIE PACIIOJIOKEHBI HA TpaHHUIE paszena
TBEPAOTO Tella C BAKyyMOM, Ta30M, >XHIKOCTBHIO,
JPYTUM TBEP/IBIM TeIoM (puc. 3 a).

B  pabote [12] BBOIUTCSI  TIOHATHE
€CTECTBEHHOTO IOBEPXHOCTHOTO CIIOS MeTala,
KOTOPBIN 110 MEXaHUYECKUM, (PU3UYCCKUM, a MHOT/a
U  XUMHYECKUM  CBOHCTBaM, OTJIMYAeTCS  OT
OCHOBHOTO 00BhemMa MeTaiua (puc. 3 6). B aTom cioe
BO3ZHUKAIOT OOJBIINE HAMpPSDKEHUS 3a CYET Clle-
IYIOIIUX TEXHOJOTHUYSCKUX OTICpAIUii: TepMHUYECKast
o0paboTka (HampuMep, 3aKallka, OTIYCK, OTXWT);
XUMHYecKas o0padoTka (Hampumep, KapOOHU3AITHs,
a30THPOBAHME); SJIEKTPOXUMHUYECKas 00paboTka
(Hanpumep, ANEKTPOJIUTHUECKOES MOKPBITHE);
¢usnyeckas oOpaboTka (Hampumep, UMIDIAHTAIUS
HMOHOB).

HccnenoBanne TakuX IMOBEPXHOCTHBIX CJIOEB,
OCHOBHOM XapaKTEPUCTHUKOM KOTOPBIX SBISETCS
[IEpPOXOBATOCTh TTOBEPXHOCTH, IIPUBEIIO K CO3/IaHUIO
HAy4YHOT'O HANpPaBJICHUS — HHXCHEPHUS TTOBEPXHOCTHU
[13]. DOra oTpacnp 3HaHWU yAeNseT MOBHIINICHHOE
BHUMaHHE BOIIpPOCaM KOPpO3UHU MeTaia,
TpHOOJIOTrUHU, TpolLleccaM H3HOCa MaTephaia U €ro
paspywienus. HazoBem »3TOT cnodl wmeramia —
TEXHOJIOTHYECKUM CII0EM, TOJIIHNHA KOTOPOTO MOXKET
MMETh 3HAUCHUS OT JIOJICH JI0 COTEH MUKPOHA.

Ha pwc. 3 mpencraBieHsl — cleAyroline
oboznauenne: a) 1 — moeepxHocth (1 HM, 1-3
ATOMHBIX CIIOS); 2 — yIIbTpaTOHKas ruieHka (ot 1 g0
10 aM, 3-30 aTOMHBIX CJIOEB); 3 — TOHKAas TUICHKA (OT
10 am 10 1 MM, 30-300 aTOMHBIX CIIOEB); 4 — 00BEM;
0) 1 - 1 - agcopOupoBaHHBIN CIOW; 2 - OKCHIHBIN
cioit (1-10 muxpon); 3 - mepexonHslit yposens (10-
30 HM); 4 - TEXHOJIOTUYECKH CION (HECKOIBKO MM);
5 — o6bem meTarmia.

M a M a M o M o M o
Li 1.2 In 1.3 Cd 2.5 Pr 2.5 Ac 4.2
Na 1.1 TI 1.7 Hg 0.9 Nd 2.9 Th 6.5
K 0.9 Si 20.4 Cr 8.5 Sm 3.6 U 5.1
Rb 0.9 Ge 14.8 Mo 11.3 Eu 3.7 Np 3.9
Cs 0.8 Sn 2.9 W 331.7 Gd 4.0 Pu 1.1
Be 49 Pb 19 Mn 5.4 Th 4.1 Am 4.0
Mg 3.7 Se 2.1 Tc 9.6 Dy 4.5 Bk -
Ca 3.7 Te 7.2 Re 13.7 Ho 6.8 - -
Sr 3.7 Cu 5.2 Fe 5.6 Er 8.0 - -
Ba 3.1 Ag 4.8 Co 6.2 m 6.8 - -
Al 4.3 Au 51 Ni 7.1 Yb 1.3 - -
Ga 2.3 Zn 2.9 Ce 2.1 Lu 8.9 - -
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Pucynok 3 — [ToBepxHOCTB, TOHKAS IUICHKA, IIOKPBITHE, 00beM TBepaoro tena [11] (a);
€CTECTBEHHBIH MTOBEPXHOCTHBIN ciioi Metaia [12] (6)

Pucynok 4 — Tpu Tuna noBepXxHOCTeH: CHUHTYJIIpHBIE (aTOMHO-TJIaaKue) - 1,
BUIIMHAJIbHBIE (CTYNEHYATHIE) - 2, HECUHTYJISpHBIE (qud(dy3HbIE) MOBEPXHOCTH — 3

CymecTByeT HECKOJIBKO METOJOB TOIYyYeHHUS
ATTI [14]: 1 - XUMUKO-MEXaHHUYECKOE TOJIMPOBAHUE;
2 - OTXKUT B BaKyyMe; 3 - SIIUTaKCUaJIbHBIE METOIBI;
4 - TepMUYECKOE BHITIAXHBAHUE; 5 — pacKallbIBaHUE
KPHUCTAJJIOB B CBEPX BBICOKOM BaKyyMe.

Ilpn packanplBaHUM MOHOKPHCTAJUIOB B Ba-
KyyMe IO TIOCKOCTH CIIAHOCTH MOTYT 00pa3oBbI-
BaTbCSl TPU THUIA TIOBEPXHOCTEH: CHHTYISApHEBIE
(aToMHO-TNIa/IKWE), BUIMHAIBHBIE (CTYIIEHYATHIE),
HECUHTYISIpHBIE (T y3HBIE) TOBEPXHOCTH (pHC. 4)
[5, 6].

Ha cuHrynspHBIX TOBEPXHOCTAX MEPEXO] OT
TBepAOH hazsr K napooOpa3Hon dbaze
OCYILIECTBIISIETCSL B Tpelesiax OJIHOTO CIos, Ha
BUIMHAIBHBIX — TMEPEXOJ OCYIIECTBISCTCS depes3
HECKOJIBKO IUIOCKOCTEH, OTIECNEHHBIX MOHOATOM-
HBIMH CTYIIEHbKaMH, a Ha AU} y3HOHHBIX — TEPEX0A
OT TBEPAOro Tejda K ImapooOpasHod  ¢ase
OCYILIECTBIISIETCSI Ha TPOTSDKEHHH  HECKOJIbKUX
aTOMHBIX cjioeB. OZJHAaKO TOJILKHA CJIOSI HEM3BECTHA.

Msl Oynem paccMaTpuBaTh IOBEPXHOCTHBIN
CJIIOM KaK aTOMHO-TJIAJIKYIO IOBEPXHOCTb. Mojenb
3TOTO CJI0s MpeAioKeHa B padorax [15, 16] (cmoTpw,
HIDKE).

Meapb uccienoBaHUA
B Hacrosmieit pabore mnpemmaraeTcss MOICIH

ONpE€aACICHUA TOJIMIUHBI IMOBEPXHOCTHOI'O  CJIOA
MCTAJIJIOB X KBAHTOBAad CTPYKTYypa 3TOT'O CJIOA.
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3a OCHOBY MOJIENIM MBI BO3bMEM HaIlll PaOOTHI
[15, 16], rae mis TonmumHbI oBepxHOCTHO ciosi R(1)
TBEPJIOT'0 TeJa MPEe/UIoXKEeHa ypaBHEHHE:

R() =£-0.17-107%9(0), €))

rzie B = rae koapduument S = 1 (xkr/m*) a1.% M.

VpaBuenne (1) moka3pIBaeT, YTO TOJIIMHA
MTOBEPXHOCTHOTO CJI0S @TOMHO-TJIAJIKOTO KpHCTajia
(6e3 yuera mepoxoBarocti moBepxHoctH) R(I)
OTIpeeNeTCs OJTHUM ($yHIaMeHTaIbHBIM
napaMeTpoM — aTOMHBIM OOBEMOM 3JieMeHTa (v =
M/p, M — monsipHast Macca, p — IIOTHOCTb SJIEMEHTA),
KOTOPBIH IEPHOANIECKU U3MEHSIETCSI B COOTBETCTBHUE
¢ taomuner J.M. Menneneea. CxeMaTHYECKH 3Ta
MOJIENb MTOKa3aHa Ha puc. S a.

TonmuHa TOBEPXHOCTHOTO CJIOST HEKOTOPBIX
METAaJUIOB [TOKa3aHa B Tabiuue 2.

B ta6un. 2 sxupHbIM BeIZienenns MeTauibl ¢ AT,
coryacHo Tabnunbl 1. B ckoOkax Tabi. 2 BBIACICHBI
KoJmyecTBa MOHocioeB Metawia — N = R(l)/a (a —
MOCTOSTHHASI KPUCTAIUTMYECKOM pemeTkn). 13 tadim. 2
u puc. 5 6 cumemyer, uto AI'TI Habmomaercs B
Mmetamax ¢ 1 <n <6, a ILIII umeer mecto npu N > 6.
Ha puc. 5 6 mokazaHo, 4TO caMblii HIKHHUH PAA
3aHUMAET yIJIepo, y KoToporo N =1 (s anmasa) u
N =3 (mns rpaduTa), BHIYUCICHHBIC 110 YPaBHEHUIO 1.
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Pucynok 5 — Cxema MeTaiia: HAaHOCIION — Me30CII0i — o0bpeMHas daza (a);
MIEPUOTNICCKOC U3MEHEHNE aTOMHOTO 00beMa 31eMeHTOB (0)

Tabauna 2 — ToamuHa MOBEPXHOCTHOTO CJIOSI YUCTHIX MeTaioB (M)

M R(I), nm M R(I), nm M R(I), nm M R(I), nm M R(I), nm

Li 2.2 (6) Sr 5.9 (10) Sn 2.8 (5) Cd 3.4 (11) Fe 1.2 (4)

Na 45(11)| Ba 6.6(13) | Pb 3.1(6) Hg 1.8 (5) Co 1.1 (4)

K 7.7 (15) Al 1.6 (4) Ce 2.8 (5) Cr 1.2 (4) Ni 1.1(3)

Rb 10 (18) Ga 2.0 (4) Te 3.5(8) Mo 1.8 (5) Ce 3.6 (7)

Cs 12 (20) In 2.7 (8) Cu 1.2 (3) W 1.6 (5) Pr 3.5 (10)

Be 0.8 (3) TI 2.9 (8) Ag 1.7 (4) Mn 1.1(2) Nd 3.4 (9)

Mg 2.4 (7) Si 2.0 (4) Au 1.7 (4) Tc 1.4 (5) Sm 3.4 (9)

Ca 4.4 (8) Ge 2.4 ((4) Zn 1.6 (6) Re 1.5 (5) Eu 5.0 (11)

W3 Ttabm. 2 cmemyer, dro  TOJNIIWHA
HOBEpPXHOCTHOTO ciosi MetasuioB R(I) umeer pasmep Ha peakCUPOBAHHOM HOBEPXHOCTH
ot 1 BM 10 10 HM, KpoMe 1e3us, T.e NpeACTaBIAloT  HabmoxaeTcs W3MEHCHHE MEKIIIIOCKOCTHBIX

co0oit HaHOCTPYKTYpY (puc. 5 a). Eciau oOparutcs
puc.3 a, 1o caoii R(lI) = moeepxHocTs +
yJIBTpATOHKas TUIeHKA. Pa3mepHbie 23 eKThl B ciioe
R(I) ompenensitorcsi BceM KOJUISKTHUBOM aTOMOB B
cucteMe  (KOJUIGKTMBHBIE  TIPOIECCHI).  Takue
pasMepHble 3G GeKThl  HAOIIOAAIOTCS TOJIBKO B
HAaHOYACTHLIAX W  HaHOCTpykTypax [17]. B
HaHOCTpyKTypHOM ciioe R(l) ¢ aromamu umcThIX

METaUVIOB  MPOUCXOMUT  PEKOHCTPYKIHS WA
penakcanus, CBsI3aHHAas c MIEPECTPONKOMN
MOBEpXHOCTH (puc. 6) [5].
- a |-
838888831 000000000
500006 0l:— 000000000
y' 000000000
@00 0o 000000000
penakcanus
| 2a —| a
OO0 OO OO . .. "
® 0060 ©
000000000
(I) (E_O 00O 000000000
- a

PEKOHCTPYKIHA

Pucynoxk 6 — I[Ipeobpa3oBaHne MOBEPXHOCTH MeTajia

paccTosHUil C, a Ha pPEKOHCTPYUPOBAHHOW e
MOBEPXHOCTH MOXKET H3MEHSATHCS PACIOI0KEHHUE
MPUTIOBEPXHOCTHBIX atroMoB a (puc. 6). J[us
moBepxHoctei T'TIK meramoB (takux, kak Al, Au,
Ni) xapakTepHbl mpouecchl penakcaiuu, a OLK
MetasuioB (Fe, W, Mo) — mpotieccbl peKOHCTPYKITHH.
Croit R(I) SIBJISIETCSL HEYINOPSAI0OYECHHON
HaHOCTPYKTYpPOH, TIZl€ BO3HHUKAIOT 3HAYUTEJIbHbBIC
BHYTPEHHHE  HANpsDKEHWs,  NPUBOIALINE K
BO3HHKHOBEHHUIO JHUCIOKAIMK W HaHoTpemuH [18].
[TosepxHocTHed cioii R(l) mpencrasmser coboit
CHHEPreTHYECKYl0 CcHUCTeMy, (yHIaMeHTaJbHbIE
CBOMCTBa KOTOPOW TOJABEPKEHBI CAMOPETYIUPO-
BaHUIO U CAMOOPTaHU3AIUH.

I[Tpu h = R(l) npoucxoaur ¢pazoseiii nepexox |l
poma (mo DOpeHdecTy), Ile MPOUCXOAUT CKAYOK
TEII0eMKOCTH (puc. 5 a). 1ot 3P PeKT paccCMOTpeH
Hamu B pabote [19].

Cunoii R(Il), koTopBIii HA30BEM ME30CTPYKTYpPOii
(puc. 5 a), mpocTHpaeTcs IPUMEPHO 10 pasMmepa h =
9 R(l), rne naunnaercst oovemHas ¢asza. C 3Toro
pasmepa (< 9 R(l)) nHaumnaroTcsi pa3MepHbIe
ad ekt apyroro tuna. OTInYHe ME30CTPYKTYP OT
HAHOCTPYKTYp M OOBEMHOW (ha3bl 3aKiovaeTcs B
TOM, YTO TOJIKO B 3THUX CHCTEMax HaOIIOAaoTCs
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duukkep-yme1 co cniektpom tuna 1/f° [20]. Coit
R(Il) ormocurcs K  HaHoMmarepuamam. Ilox
HaHOMaTepHuajJaMH MPHHATO MMOHWMATh MaTepHAIIbL,
OCHOBHBIE CTPYKTYPHBIE 3JIEMEHTHI KOTOPBIX HE
MIPEBBIIAIOT HAHOTEXHOIOTHIEeCKOH TpaHuIibl ~ 100
HM, IO KpaifHeii Mepe, B 0OqHOM HarpasieHun [21].
Psn wuccnenoBaTeneil BhICKa3bIBa€T MHEHHE, YTO
BepxHU  mpexen  (MakCHUMalbHBIA  pa3Mep

nepeHoca, pasMepaMu JOMEHOB/IIOMEHHBIX CTEHOK,
nuametpoMm nemin dpanka-Punma amnd cKoIbKeHUs
quciaokanuit u T.11. [22]. 3xauwnt B cioe R(Il) momkHo
OBITH MHOTO pa3MEpHBIX 3(PQEKTOB, CBSI3AHHBIX C
Temmeparypout (puc. 7 a), maraeTusmom (puc. 7 0),
ONTUKOH (pHUC. 7 C) ¥ IPYyTHMHU CBOMCTBAMH.

Takum oOpa3om, MeTayul MpeAcTaBisieT coO0oi
CTPYKTYpYy: HAHOCJIOM — Me30cioil — oO0beMHast

AJIEMEHTOB) I HAHOCTPYKTYP IOJDKEeH OBITh CBsA3aH  (pasa, KOTOpbIE  OTIMYAIOTCA  MEXIy COoOOHU
C HEKMM KPUTHYECKHM XapaKTEPHBIM MapaMeTpOM: 3aBHCHMOCTHIO BCEX (PM3NIECKHX CBOWCTB.
JUTMHOM CBOOOIHOTO MPpOo0era HOCUTENEH B SBICHUSIX
Taxpumian of Janwe sumne AT ——o -uY‘ ~
he B e ] 1L
s 0 n
o J . > DT v
! : 3 oe ; e P,
Rt £ os =
w : L
o w0 =04 _/\
e 200 4 e W
02/ Neen
mw ¢
L2
" - "W [ a0 o >
Tow soww of measaryeths Ax A 10 0 10 a0 50 r.om 2 1 20 X £ 050
a) 0) B)
Pucynok 7 — PazmepHast 3aBuCUMOCTb TemrepaTypsl Au (a) [23],
temrnepatypsl Kiopu Tc [24] (6), momMuHecueHIMN oKeuaoB [25] (B)
222
KBaHnTOBasi CTPyKTypa HAHOCJIOSI MeTaJL1a hem“n )
"2m,l?’

CHavaya Mbl oOpatuMmcsi K pabore [26], rae
MIPUBOIUTCS KpaTKui 0030p pe3yabTaToB
WCCIIE/IOBAHNN KBaHTOBO-Pa3MEpHBIX S(P(PEKTOB B
TOHKHX IJICHKaX MeTauioB (Au, Ag) Ha MTOBEPXHOCTH
tyromiaBkux merawioB (W(110), Mo(110)) u d-
metaimoB (Ni(111)), HaumHast ¢ CyOMOHOCIOWHBIX
MTOKPBITHH ¥ JIO TOJIIIMH ITOPSIKA IECATH MOHOCIIOCB,
MOJYYEHHBIX METOJIOM (OTOIIEKTPOHHOU CIIEKTpPO-
CKOTIHMH C YTJIOBBIM Pa3pelieHueM.

U3 puc. 8 cienyer, 4TO KBAaHTOBBIE COCTOSHUS
cepebpa M3MEHSIOTCS CTYIEHYAThIM CIIOCOOOM ISt
OCHOBHBIX BeTBel. B MmoHnocnoe (1ML) B ciektpe ®O
HaOIIIO/JaeTC OJTHO KBAHTOBOE SP-COCTOSIHME IIpH
sHepruu ~ 4,2 3B. OcTanbHbIe KBAHTOBBIE COCTOSTHUS
oOycnosiieHsl  d-cocrostaussMu.  [ljis  0OBsICHEHUS

cnektpoB @D B pabore [26] wucmonb3yercs
pacmupenHas  ¢a3zoBas MoJieNib, Tpaduueckoe
pemeHne  KOTOpOW  JaeT  yJOBJIETBOPUTEIHHOE

COrJIacue € AKCIEPUMEHTOM. TaM ke MOKa3aHo, YTo
npu tonmuHax ~ 15ML cnextp @O mepexomuT B
HEIPEPBIBHBIN CHEKTP.

B Gonee no3nuel padote [27] Takke NOTYUYESHBI
aHajoruusnele [26] pesynbTaTel. OJHAKO, 3/1€Ch
paccMaTpUBACTCS IBIKECHUE YACTHIIHI B OJTHOMEPHON
MPSMOYTOJILHOW MOTEHIIMAIBHOHN sIME C OECKOHEUHO
BBICOKUMH «CTCHKaMU», H3JI0KEHHOMY BO BCEX
y4eOHHKaX I10 KBAHTOBOM MEXaHUKE. YPOBHH
sHepruu En B Takol siMe paBHBI:
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rje N — YKCIO KBAHTOBBIX COCTOSIHUM OJHOMEPHOIt
MBI (TuTeHKH); L — ToimmuHa 3TOM IieHKH. Ecmun
yuecth, uto L = R(l), a n = R(l)/a (a — nocrosinHas
KpHUCTAIUTMYECKOH penieTkn), To ¢popmyna (2) Oyner
BBITJISJICTh TaK:

h?m2n?

Epn=o—
" 2mga?’

(3)

rae n =1, 2, 3... Eciin y4ecTh, 4TO HaMH MOJTydeHa
dopmymna [15, 16]:

Mn=A01—¥9,mn<r<mm,
(4)
R(I
A(T):AO 1-% ,0<T<R(I),

rae A(r) — ¢pusrueckoe CBOMCTBO HAHO- U ME30CIIOS;

Ao — pusnUeckoe CBOWCTBO 00beMa; I' = Z (puc. 5 a).

Ecau npunsite A(r) = En — ypoBHIO 3HEPTHH, TO MPU
1-R(D/R(I) + r=exp[-(R()/R(I) +r)]  Oymer B
manocimoe En(r) = En/exp[-(R(D/R(I) +r)]. TTocne
9TOr0 ypoBeHb En, To ectb mpu I = 0 u nipu 1 = R(I)
Oyner pasHo: En(r = 0) = En/e; En[r = R(1)] = En/e5.
VpoBenb E, yMeHbIIaeTcst Ha MOBEPXHOCTH MeTalia
B 2,72 pasa, a Ha rpanune ciaos R(l) — B 1,65 pasa.
Bce aT0 mokaszano Ha puc. 9 a. B me3ocioe ypoBeHb
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En G6yner 3aBuceTs no Gopmyne 1 B ypasuenuu (4), = En(1/e%°) = En u ypoBens 3Hepruu 6yaeT BbITIAAETH
npu 3tom 1-R(1) = exp(-R(1)/r). Torma Ex[R(1)/9R(I)]  Ttak, kak Ha puc. 9 0.

Ag(111)/W(110)

[\l\v;p(’ T ‘; T K. \ T T T ¥ T Th

\L Sps

228
(/

5

N

Intensity, arb.units

Binding energy E — Fg, eV Binding energy E — Ef, eV

Ha yacTtu & BBIGOPOYHO 1MOKA3aHO OT OJIHOTO JI0 TPEX CHEKTPOB Ha POPMHUPYEMBbIii MOHOCIION B MOJIHOM JIMana3oHe
cymiectBoBanus sp-ud-coctosanit. Ha wactu b mpesncraBieHbl HeMpepbIBHBIC H3MEHEHHS CIIEKTPOB B JMANA30HE SP-
COCTOSTHHUH, MOKa3bIBAIOIINE TUCKPETHOCTh ()OPMUPOBAHUSI TMKOB KBAHTOBBIX COCTOSIHUI [26].

Pucynok 8 — Cepun ¢poroanextponHbix (PD) crieKTpoB, U3MEPEHHBIX 110 HOPMAJIH K TIOBEPXHOCTH B IPOLIECCe
HanbuteHus wieHoK Ag(111) Ha moBepxHOCcTh W(110), moka3siBaromtyie (GOpMUPOBAHNE COOTBETCTBYIOIINX CIICKTPOB
KBaHTOBBIX COCTOSIHUH KaK Sp-, Tak U d-XapakTepa Ipy H3MEHEHUH TOJIIWHBI HAIBUIIEMON TICHKH

E(r) : E(r) <
1 .._"L. En[\l'é 4 n
- ‘_.. w2 !
Ele4—"—a 4
0 A} L] L] o T T T T T
1 2 3 R(l), nm R 1 2 3 4 5 R
a) 0)

Pucynok 9 — 3aBUCHMOCTb YpOBHSI dHepruH En, KoTOpOe npomnopunonansHo gucity Jlopermna [28],
B HaHocJoe (a) u B Me3ocioe (0).
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W3 dhopmyn (3) u (4), a Taxke u3 puc. 9 cienyer
KBaHTOBasi CTPYKTypa IOBEPXHOCTHOTO HAHOCIOS,
KOTOpass MOXeT ObITh MPEJCTABICHA YPOBHSIMHU
Jlannay (puc. 10).

E(l;,n)

n=3

n=1

K

K

x
kn]" 'Z"

-

0)
Pucynok 10 — KBasuauCKpEeTHBIN CIEKTP 3JCKTPOHOB B

KBaHTOBOM siMe (a); pacrpeneseHre IEKTPOHHBIX
COCTOSIHUH B IMITYJIbCHOM TIpocTpaHcTBe (0) [27]
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W3 ypaBHenus (3) ciieayeT, 9TO YPOBHU SHEPTUU
En HaHOCITIOS OTMpeACAIOTCS OAHUM (DyHIAMEHTAIb-
HBIM TIapaMeTpPOM — IMOCTOSIHHOM KPHUCTaJUTMYECKOMN
pEIIeTKH MeTala d:

2

—37 1
E, =10 —. (5)
a
[TocTostHHAs ~ KPUCTAIMIECKOW  peIeTKH  d

usmensiercs B cioe R(l) u3-3a peKOHCTPYKIIMK MIIH
pellakcanuy MOBEPXHOCTH Metauia (puc. 6). OT1o
3HAQUUT, YTO  MOHOCIOM  MeTalla  MOXKHO
IPE/ICTABIATh KaK KBAHTOBBIC HUTH (MJIN KBAHTOBBIC
TIOCKOCTH) ¢ 3Heprueit En. Kak Tonpko mapamerp a
nepecracTt U3MCHATHCA, CIICKTpP KBAaHTOBbIX
COCTOSIHMM MEPEXOqUT B HENPEPHIBHBIA CIEKTp, [Ie
JUIL METaJula BBIMOJHSIOTCS KJIACCHYECKUE 3aKOHBI
Hpyne—Jlopenma [29].

Hanocnoit R(l) npencrasiser cob6oit o E, (1
Bcex A(r) u3 ypaBHeHus (4)) CTyNeHYATy0 QYHKIIAIO
(puc. 9), KOTOpYIO HETPYAHO NMPUBECTU K UHTETPATY
Jle6era [30], urpatomieMy BayKHYIO POJIb B KBAHTOBOU
teopun [31]. B uacTHOCTH, KBAaHTOBBIE HHUTH B
narocioe R(I) MOXHO TpakTOBaTh Kak COJHTOHBI
(puc. 11) [32].

Ha puc. 11 (BBepxy) a) MpeCcTaBICHO pa3BUTHE
nois BO BpeMeHH. Habop nmHHMI u300pakaer
KOHQHUTYpallu  TOJNS B TOCIEAOBaTEIbHEIC
nmpoMexxyTkn Bpemenn. Ha puc. 11 (BBepxy) 0)
N300paKeHO pAacCHpeqesieHue DHEPruh, COOTBET-
CTByIOIllEE JaHHOW KoH(purypauuu mois. B
HavalabHBIN MOMCECHT BPEMCHU COJIMTOH u
AQHTUCOJIUTOH JIBIKYTCS .HAaBCTpedy IpYyr JApYyry,

npUYeM aHTHCOIUTOH JIBWXKETCs ObicTpee W,
CJIEZIOBAaTEIbHO, MMEET  OOJIBIIYyI0  3HEPTHIO.
CTonKHOBEHHE JBYX BOJH NPUBOOUT K HUX

AHHUTWIAINH, a HEPTUA WX HEMEIJIEHHO WIET Ha
pOXJEHUE HOBOM COJIMTOH-aHTUCOJIUTOHBIOW Mapbl.
Takoe oIHOMEpHOE IT0JIe Ha3bIBAETCS MOJIEM CHHYC-
l'opnona. Berogy BHE 00macTw, 3aHATONW COTUTOHOM
W AHTHCOJIMTOHOM, TIIOjJi¢ TNPUHUMAET 3HAYCHHE,
COOTBETCTBYIOIIIEE HYJIEBOW SHEPTHH.

Ha puc. 11 (BHM3y) mOKa3aHO, 4YTO U3-3a
JUCIEPCUU  aMIUIMTyAa OOBIYHOW BOJIHBI IIPH
JIBUKCHHH YMEHBIIIACTCS M PACILIBIBACTCS, U B KOHIIC
KOHIIOB BOJIHA IIOJTHOCTBIO Mcue3aeT. ConutoH (0) —
3TO BOJIHA, KOTOpas HE IUCCHIIMPYET, IOCKOJIBKY
JUcTiepcusi  TojaBleHa  apyruMu  3ddekramu
BOJIHOBOTO jBMKEHUs. CONHMTOH TPENCTaBIISCT
c000i#1 CTyCTOK SHEPTUH, KOTOPBIA MOXKET JIBUTATHCS
OT TOYKH K TOYKE, HO HE MOXKET paclpeaeTuThCs 110
BCEMY ITPOCTPAHCTBY.

Boree mompobHO O  comuTOHE
03HAKOMUTHCS B MOHOTpaduu [33].

B pa6ote [34] Ha ocHOBE MOAM(PHUITIPOBAHHOTO
onHoMepHoro ypaBHenus [lIpenunrepa npousseneHa

MOXXHO
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OLICHKA SHEPrHH CBS3M COJMTOHA OT ero pa3mepa b
BOJIM3M NOBEPXHOCTH MeTayuia. beuio momydeno, 9To
En ~ 1/b? v ipu a = b coBmagaer ¢ ypaBuenueM (5).
Otcroma crneayer, uro Haunociaoi R(l) wmeramna
MpeacTaBisieT co00i HEMMHEHHYI0 HaHOCTPYKTYDY,
KOTOPOM IIpUCyLIa AHU30TPOMHSL.

B pabote [18] Hamu moka3aHO, YTO HAHOCIOH
R() MeTajula ~ TOABEP)KEH  3HAYUTENbHBIM
BHYTPCHHUM HAINPSDKCHUSM, KOTOPBIE BBI3BIBAIOT
Ooyipioe 4KciIo Je(EKTOB M HAHOTPEUIMH. OTH
nedekTsl MOTYT B METaJlIe MPEeBpaIaThes (IOMHMO
COJMTOHA) B KpayqWoOH, Nake NpPH KOMHATHOU

JIMCCHIIATHEHAR BOXRA

R

temneparype [35]. Kpaynnonsl, KoTopble OTHOCATCA
K TONOJOTMYECKMM COJNUTOHaM, B MeTaulax
SBISIFOTCSA OUCHb MOJBIKHBIMH, HHOI'ZA
CBEPX3BYKOBBIMHU (0OecneunBasi MacconepeHoc) Io
CPaBHEHHIO C JpPYTUMH TOYCYHBIMH Je(EeKTaMH.
TeopeTnyeckn METOJOM MOJIEKYJISIPHOW NHHAMHMKHU
nokaszano Ha ['LIK meTtanse (Meap 1 HUKENb), 4TO MIPH
X CHJIBHOU nedopManuu KpayauoHHas KOHpHUTy-
pamust Tama (110) cOOCTBEHHOTO MEXI0Y3€ITBEHOTO
aToMa OKa3blBaeTCsl CTa0MIBHOH B  IIMPOKOM

nramnaszone temmeparyp [35].

i

4] y X —
m‘w

Pucynok 11 — ConuTOH U aHTUCOIUTOH MOXO0XH HA HAIMIPABICHHBIE B IPOTHBOIOI0KHBIE CTOPOHBI CKIIAJKH B
CTPYKTYpE TI0JIsl; HEM3MEHHOCTH BOJIHBI OTpaHWYEHa INIaBHBIM 00pa3oM JUCIIepCHel, poreccoM, 61aroaaps KOTOpoMy
TapMOHUKH, UMEIOIINE Pa3IMYHbIC JUTMHBI BOJIH, PACTIPOCTPAHSIOTCS C PA3IMYHBIMU CKOPOCTSIMH [32]
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Pucynok 12 — Jlokanm3arus koie6anuii aToMOB AUCKpeTHOTO Opr3epa B wiockocTH [111] B 'K mean (a); nmokazumms
SHEPIUH AUCKPETHOTO Opm3epa TeMIiepaTypHbIe KpHUBbIE oapeneTok Pt (qwepHsril iBeT) n Al (cepsrif Bet) mpu
B3aHMOJICHCTBIM KPUCTATIIMIECKO# peweTky craBa PtsAl ¢ yactunamu ¢ sneprueit 1 3B (6) [37, 38]

OOpatuMmcst  Temepb K  KOPIYCKYJISIPHO-
BOJIHOBOMY Jtyann3My. KBaHTOBBIC HUTH B HAHOCIIOE
R(I) u cam HaHOCIONW MOMHO MpPEACTABUTH Kak
Hanouactuiy auametpoM  R(I). CoorercTBHe
MOBEPXHOCTHOTO  CIIOS  TBEPAOro  Tejla  €ro
HaHoYacTHe ObUTO mpeiokeHo AWM. PycaHoBbIM B

pabore [39]. Ilo ero MHeEHHIO, ecClid pa3Mmep
HAHOYACTHIBI COU3MEPHM C TOJIIUHOM MMOBEPXHOC-
THOTO CJOSl, TO Takas HAHOYACTHLA HE MOXKET
CoJiepKaTh BHYTpH ce0sl 00beMHYI0 Pazy. YTOUHUM
nmonxon A.M. PycanoBa B crnemyromel pemakiiuu:
€CJIM pa3Mep HaHOYACTHUIIBI COM3MEPUM C TONLIMHOM
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MOHOCJIOSI TBEPJOTO TeJa, TO Takas HAaHOYaCTUIA He
MOXKET COJepXaTh BHYTpU ceds oObeMHyI0 (a3zy.
IMpuBenem mpumep: anmas copep:kur B ciaoe R(I)
OJIMH MOHOCJOH yriepoja 1o ypaBHenuto (1);
rpadeH IpeacTaBiIseT OauH Ciioi rpadura. 3HAYHT,
BCE OHHU TPEACTABIAIOT COOOM HaHOYACTHIBHI Oe3
o0beMHON  (azpl, MOITOMY O IUIABICHUH H
MpeaIUIaBIeHUH Y anMasa U rpad)eHa He MOKET ObITh
1 peun 0e3 dKCTpeMaJbHBIX YCIOBUH (B YaCTHOCTH,

-

a 0

BBICOKHX JIAaBJICHUI U BBICOKUX TeMIepaTyp). Pazmep
TaKOW HaHOYACTHIBI OyIeT paBeH IOCTOSHHOW
KPUCTAJNIMYECKOMN PEIIeTKH.

Ecnmu ke pasMep HaHOYacTHLBI OOJbIIE
TOJNIIIUHBI  TIOBEPXHOCTHOTO  CJOSi, TO BHYTPH
HAHOYACTHIIBI TIPUCYTCTBYET CETh KBAHTOBBIX HHUTEH
(KBaHTOBBIX TUIOCKOCTEH) M peYb MOXKET HATH O
TUTABJICHUW U TPEAIUIaBICHUU Kpuctamwia (puc. 13)

[40].

G é

Pucynoxk 13 — [1napieHre HAHOYACTHIIBI: & — HCXO/IHAS HAHOYACTHIA; O — HAHOYACTHIIA TIPU TEMIIEPAType TUIaBICHHS
noBepxHOCTHOTO ¢J10st Tsm (cimoit R(1)); B — HanouacTuiia mpu npomesxytouroit temmeparype (cioit R(I1)) Tsm<T<Tm; T
— pacIuTaBjIeHHas HAHOYACTHIIA [TPU TEMIIEpaType TiaBieHus Ty [40]

IImaBnenue TBEPABIX TCJI O6LI‘IHO HaA4YMHACTCA C
00pa3oBaHMsI TOHKOTO CJIOSl «KBa3MKUAKOCTH» Ha
MOBEPXHOCTH TPU TEMIIepaType HIKE TOYKH HX
00BEMHOTO TUIABICHHUS. ITOT 3(PQEKT Ha3BIBAIOT

TaKXE MMOBCPXHOCTHBIM IJ1aBJICHUEM HIIn
npenmiaBieHueM  (premelting).  IlpennmaBnenne
TBEpABIX  TeJ  OCTaeTcs  IOKa  BOIPOCOM
AUCKYCCUOHHBIM, IMOCKOJIBKY Pa3HBIC ABTOPLI

MPUICPKUBAIOTCSA  MPOTHUBOMOIOKHBIX — CYXIACHUN
[41]. Dro cBs3aHO ere ¢ TeM, YTO JO HAMIMX PaboT
[18, 19] He Hayuyuauch €IIe YETKO OIpeaeisiTh
TOJIIIMHY TIOBEPXHOCTHOTO CJIOS TBEPIBIX TellL
[Ipenmnasnenue ObUIO 3amMeueHo B Hadane 19 Beka
@®apaneeM Ha Kpuctaulax Jpga. Puc. 14 a
MOKa3bIBaeT, 4To MpeamiaBieHue B Hanocioe R(I)
MPOMCXOJUT CTYNEHYATHIM CIIOCOOOM, a B ME30CII0e
OHO BBITJISLITUT Tak (puc. 14 6).

B mesocnoe R(Il) ctpykTrypa Heckoibko uHasi,
gem B HaHocnoe R(I) u oObemHO# (ase, u3-3a
pasnuums B pasMepHBIX 3ddekrax (puc. 9 6). Orto
HarJsIIHO IPOJIEMOHCTPUPOBaHO B padote [42], rae
OKCIEPUMEHTAIILHO ~ UCCIIEIOBAHBI  3aBHCHMOCTb
YAETBHOTO  CONPOTHBIEHHS © KO3 duiueHTa
OTPaKEHUS OT TOJIIUHBI TUICHOK METAaJIOB.

Ha puc. 15 MeTo10M BaKyyMHOT'O OCaXKICHHS Ha
MOJIMMEPHON  TOJJIOKKE  BBIpAIlleHbl aMOp(HbIC
IUICHKH cepedpa, MM, 30J10Ta U Kelle3a TONIUHON
6-60 uM, T.e. TonmmHo#i 6osbie R(I), HO B mpenenax
ciost R(Il), mosTomy crynenvaras CTPyKTypa 3THX
3aBHCHMOCTEH He HaOIoJaeTcs, KaKk 3TO BHJHO U3
puc. 8. dusuka Me30cTpykTyp [43, 44] oTnuuHa OT
(U3MKK HAHOCNIOS, TJE NPOSBISIIOTCS KBaHTOBBIC
s¢dextel. O Helt Mbl OymeM roBopuTh mozxe. Kak
TETePh BIMSIFOT MOHOCIIOH TBEPOTO Tela Ha CBOMTBA
00beMHON (pa3pl? DTOT BOMPOC OCTAETCS IOKa
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HeHucclaeqoBaHHBIM.  PaccMOTpuM, B KadecTBe
npumepa, rpadut (puc. 16 a).

Ta T K

50

40 4—a
20 —

20 4 —a

3 4 5 R(l)

R(l) 1 2

Pucynok 14 — [Ipeannasienne MeTaIOB:
B Hanocsoe R(1) (a); mesocmoe R(I) (6)
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PucyHok 15 — 3aBUCHUMOCTb y€IbHOM IPOBOJUMOCTH OT
TOJIIIMHBI IUNIEHOK Pa3JInYHbIX MeTaIoB: 1 — cepebpo; 2 —
Mejlb; 3 — 30J10T0; 4 — kKele30 (a); TeOPeTUIeCKue
(cTIIOTIHEIE KPUBBIE) U IKCTIEPIMEHTAIBHBIC (3HAUKH)
3aBHCHMOCTH KO3 PHUIIHEHTA OTPAKEHUS OT TOIIIUHBI
IUICHKX: 1, CBETIIBIE KPYKKH — cepedpo; 2, CBETIIbIC
KBaJ[PaTUKH — MeJlb; 3, CBETIBIE POMOHKH — 30JI0TO; 4,
TEMHBIE KPYKKH — KEIe30.

0)
Pucynok 16 — Kpucrammdeckast CTpyKTypa
rpadura (a) u rpadena (6)
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Pucynok 17 — M3meHeHHe MaKCUMaJIbHOTO aTOMHOTO
HanpsKeHus (KpacHas JIMHUS) U MAaKCUMaJIBHOTO
CpeIHEeTO JaBJICHHUS (3eNieHast JIMHUS) B 3aBHCUMOCTH OT
KosMuecTBa cioeB rpadena (a) [49]; 3aBucumMocTb
KO3 PHUIIEHTA TETUIOMPOBOIHOCTH IDICHOK,
COCTaBJICHHBIX U3 HECKOJBKUX TPACHOBHIX CIIOCB,
ot ux uncia (6) [50]

I'paduT gapnsercs ammoTporrHOH MoupuKanueit
yraepoga ¢ aromHod wMaccor 12,0107 rt/monb,
WI0THOCTBIO 2,26 r/cM® u  sp?-rubpuausanueii
aToMoB yriepoaa [45]. OH oTHOCUTCA K CIOHUCTBIM
kpuctaiwiaM. Ecium ormenuts y rpadura OOuH
MOHOCJIOH, TO moiy4aercs rpaden (puc. 16 0),
00J1a/1a101UM YHHKAJIbHBIMH CBOMcTBaMu [46]. Eciu
ucnons3oBath Qopmyiny (1), To s rpadura
MOJTy4yaeM, YTO IOBEPXHOCTHBIA CIIOW COCTaBIIAET
R(1)a=0,9 (3) am u R(I)c =2,46 (3) um [47, 48]. Utax,
rpa¢pur obmamaer 3  MOHOCIOSIMH, KOTOpBIE
MOITBEPKCHBI IKCIIEPUMEHTATBHO B paborax [49,
50] (puc. 17).

O0a pucyHKa HarisagHO MOKa3bIBAIOT, YTO CIIOH
R(I) mnsa rpadura conepkut 3 clos, YTO TOBOPUT O
CIIPaBEIMBOCTH TpeIOKeHHOW Hamu mozaenu (1).
Boubire Tpex cnoes rpadeH npeppamaercst B rpagut
Y 3HaYCHUS BEJTMYUH Ha puc. 17 mepecTaroT 3aBUCETh
OT YHCJIa CIIOEB.

IMepBoiii MOHOCHON Tpaduta — rpadeH, uMeeT
MpPOYHBIE KOBaleHTHBIE o-CBsi3u C-C B IIOCKOCTH
rpa)€HOBOTO JIUCTA B COYETAHUH C T-DICKTPOHAMHU
BHE €ro OIpeAeNseT yHHUKaJIbHbIE (hu3HKO-
XMMHYECKHE CBOIcTBa rpadeHa, Takue Kak OombIias
TeopeThieckasi yjaenbHas MoBepxHOcTh (~ 2600
M?/T), BBICOKAs MOJBMKHOCTE HOCHTENEH 3apana (~

103



KBaHTOBaA CTPYKTypa NOBEPXHOCTHOIO CN0A METaNN0B

200000 cm?B-c), Beicokuii Moayas HOnra (~ 1000
I'Tla), TeruoBas mpoBoguMocTh (~ 5000 Bt/m K),
onTHYecKas mpo3pavHocTh (~ 97.7%), MexaHmdecKas
MPOYHOCTH | T. 1. [45-50].

JByxcrnoitHplii ~ TpadeH  OoTIMYaeTcs  OT
omHOCHIoOWHOTO TpadeHa u rpadura. OH aKTHBHO
uccnenyercs [51] B cBs3U ¢ ynpaBisieMol MUPUHON
3aMpelieHHol  30HBI. AHAJIOTOM JBYXCJIOHHOIO
rpadena sBusiercs rpaden CroyHa-Yansca wiun SW-
rpadeH, Mo CTpyKType Ooiee CTaOWIBHBINA, YeM
rpaden [52].

Tpexcnoitaprii TpadeH oTiamdaeTcss OT ABYX
MTOCIICTHAX TTOABMYKHOCTRIO M ITPOBOIUMOCTHRIO [53].
OcoOeHHOCTh TpPEXCIOHHOTO TpadeHa COCTOUT B
TOM, YTO TOCIIE €r0 KpPY4YeHHs IO Maru4ecKum
YIJIIOM y HEro BO3HUKAeT CBEPXIPOBOINMOCTD,
KOTOpasi BBIJEPKUBAET MarHUTHBIE MoJis B 2-3 pasza
npesblaome  npegen  llaynmm s cnuH-
CUHTJIETHOTO CIIapuBaHus [54].

Takum 00pa3oM, Bce MOHOCIIOM B HaHOCIOE
TBEPOTO Tela CYHIECTBEHHO OTJIMYAIOTCS B
COOTBETCTBHH C WX DHEPIreTHYECKOM IOJOXKEHHEM,
BEIP2KEHHOTO HA PHC. 9 a ¥ CIeAYIOMNX YPABHEHUSIM

1) - ).

3aKkiIoueHne

Hanocmoit R(I) my1st 60mbIIMHCTBa METAIIIOB HE
npesbimaet 10 HM 1 IpeacTaBisieT cO00H KBaHTOBYIO
Hanoctpyktypy. Cmoii R(Il) mpencrasiser coboii
ME30CTPYKTYpY HE TMPEBBIMIAIOIIYIO0 JIS METAIOB
pa3mep B 100 HM, KoTopas 1o ["aifTinepy oTHOCHUTCS K
HaHOCTpyKTypaMm. OTnnyne Me30CTPYKTyp  OT
HAHOCIIOSI  3aKJIOYaeTcsi B TOM, 4YTO Y HHX
HaOMOJar0TCsl Apyrue pasmepHble 3((eKTs, HO
NPUCYTCTBYeT (Da3oBasi KOTEPEHTHOCTb M Pa3HbIC
Me3ockommaeckue AP HEeKThl, KOTOPHIM MBI ITOCBSITUM
CIIEYIONIYIO CTaThIO.

BbaaropapHocTn

I[aHHaSI Hay4YHasd CTaTbAa OHY6J'II/IKOBaHa B
paMKax BBIMOJIHEHHS TPAHTOBOTO (PMHAHCHPOBAHUSI
Ha 2024-2026 romet WPH Ne AP32488258
«Pa3paboTka WHHOBAIIMOHHOW TEXHOJOTHH IOIY-
YeHUS rpadeHa HUHTEPKAJSAIUCH rpaguta
MUKPOKJIACTEPHOU BOJIOW 1 MOAM(PHUKAIIHS TpadeHOM
BTCII xepamukm» (uccrnemoBanue (UHAHCHPYETCS
MOH PK).
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EFFECIENCY OF SIMULATING DECAY HEAT IN THE CORIUM OF A NUCLEAR REACTOR
BY THE OHMIC HEATING METHOD

Most commonly, in consequence of a severe accident at a nuclear power plant (NPP) followed by a
meltdown of the reactor core, corium is formed. Decay heat is one of the features of it and highly affects the
thermal field of the entire corium. Thus, taking into account the decay heat is a central to physical modeling
of severe accidents. For this reason, methods for simulating decay heat must meet at least two requirements
of physical modeling: intensity and uniformity of heating throughout the entire volume of the melt.

This paper provides studies on the efficiency of using ohmic heating as a method for simulating decay
heat in a corium prototype during experiments at the LAVA-B test-bench. Melt heating data using an ohmic
heater was obtained by computer modeling based on a software package ANSYS. To assess the efficiency of
using ohmic heating, the obtained calculation parameters were compared with the parameters of other
existing methods for simulating decay heat in the melt under similar conditions, such as induction heating and
plasmatron heating.

Key words: corium, LAVA-B test-bench, decay heat, ANSYS, ohmic heating method.

M.K. Ckakos?, B.B. baknaros?, I'.C. Hypnaucosa?*, K.O. Teneybekos??, A.C. Akaes?, M.K. bekmynanH>.
YATTbIK A4PONBIK OpTanbik, KypyaTos K., KasakcTaH
ZKP YAO PMK «ATOM 3HEPTUACHI MHCTUTYTbI» duamnanbl, KypuaTtos K., KasaxkcraH
3«Cemel KanacblHbIH LLakapim aTbiHaafbl yHuBepcuTeTi» KeAK, Cemelt K., KasakcTaH
*e-mail: nurpaissova@nnc.kz

AQponbIK peakTop KOPUyMbIHAAFbI Kanablk SHEPrUAHbI OMAbIK, Kbi3ObIpY S4iCIMEH MMUTAUMANAYObIH,
THimainiri

DAeTTe, peakTopAblH 6enceHai aitmMarbiHbIiH banKybiMmeH Bipre sKypeTiH aTom a1eKTp cTaHumackiHaa (A3C)
ayblp anaT cangapbiHaH Kopnym — B6anKblFaH AAPOJbIK OTbIH PEAKTOPAbIH KYPblAbIMAbIK MaTepuanaapbiMeH
apekKeTTecKkeHae nanga 6onaTbiH Kypaeni Kocna — naiga 6onaapl. OHbIH, cMNaTTaManapbliHbiH Oipi — ByKin
KOPUYMHbIH, *Kbl/ly ©piciHe alTap/bIKTal acep eTeTiH Kanaplk aHeprua 6eny 6onbin Tabbinaabl. Jemek, Kanabik,
SHEPrus LWbIFbIHBIH ecenKke afy ayblp anaTTapAbl GU3MKaNbiK MoAeNbAey MNpouecTepiHAe wewyli pen
atkapagbl. Ocbl cebenTeH Kanablk SHEPruaHbl UMUTaLUMANAY aicTepi dU3MKaNbIK MOAENbALYAIH KeM AereHae
eKi TanabblHa calkec Kenyi kepek: DafKbIMaHblH, OYKIN KenemiHAEer *KblyAblH KapKblHAbIbIFbIH KAMTamachl3
eTy »KaHe bipKenki Tapany.

byn makana LAVA - b cblHaK cTeHAZiHAeri 3KCnepuMMeHTTep KesiHae KOpym MnpoToTUniHAE blablpay
KbIYbIH MOoAenbAey a4ici peTiHAe OMAbIK Kbi3AblpyAbl NangananyaplH, TMIMAINIT Typanbl 3epTTeynepai
yCbiHaabl. OMAbIK KbI3AbIPFbIWTbI MNaiganaHbin  6anKkbpiMaHbl  Kbi3Abplpy Typanbl Aepektep ANSYS
bargapnamasnblK KanTamacblHa Heri3genreH KOMMbIOTEPAiK MoOAenbAey apKblibl anbiHAbl. OMAbIK,
KbI3AblpyAbl NanganaHyabliH TMiMAiNiriH 6aranay ywWiH anblHFAH ecenTey NapameTpaepi yKcac Kafgannapaa
6anKkbiMaza blablpay *KblAyblH MogenbaeyaiH 6acka aa 6ap agictepiHiH napameTpaepiMeH CanbICTblpblAAbI,
MbICa/bl, UHOAYKUMANDBIK KbI34bIPY KIHE NAa3MaTPOHAbI Kbi34blpy NpoLLeccTepi.

TyMiH cezaep: kopunym, JTIABA-B KOHAbBIPFbICHI, Kanablk aHeprmsa, ANSYS, omapiK Kbi3ablpy a4ici.
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3pPEeKTUBHOCTb UMUTALLMM OCTAaTOYHOIO SHEProBbIAENEHNA
B KOPUYME AZePHOro peakTopa MeTOA0M OMWYECKOro HarpeBa

Kak npaBuio, B CNeACTBMM BO3HMKHOBEHMA TAXKENOM aBapuM Ha aTOMHOM anekTpocTaHummn (A3C),
KOTOpan CONpPOBOMXKAAETCSA pacniaB/ieHeMM akTUBHOM 30HbI peakTopa, 06pa3yeTcs KOPUYM — C/IOXKHAA CMeCh
MaTepmanos, Korga pacniaBfeHHOe fAAepHoe TOMAMBO  B3aMMOAEMCTBYET C  KOHCTPYKLMOHHbIMM
matepmanamm peaktopa. OAHMM M3 €ro XapakTepUCTMK ABNAETCA OCTAaTOYHOE 3HEprosblaeneHne, 4To
AOCTAaTOMHO CWMAbHO BAMAET Ha TenaoBoe nosae BCero Kopuyma. CnegoBaTeNbHO Y4YeT OCTAaTOYHOro
3HEProBblASNEeHNS UTPaET KAYEBYIO PO/b B NpoLeccax GM3MYeckoro MOAEeNMPOBaHNA TAKENbIX aBapuii. 1o
3TOM NPUYMHE METOoAbl MMUTALLMM OCTAaTOYHOrO 3HEProBblAENEHNA AO/KHbI COOTBETCTBOBATb KaK MUHUMYM
ABym TpeboBaHUAM GU3NYECKOrO MOAENMPOBAHUA: MHTEHCUBHOCTM M PAaBHOMEPHOCTM Harpeea no BCEMy
obbemy pacnnasa.

B naHHOWM paboTe nsydyaetcs abdeKTMBHOCTb NPUMEHEHNS OMUYECKOTO HarpeBa, Kak MeToaa MMUTaLmMm
OCTaTOYHOrO 3HEeProBblAeN1eHNA B MPOTOTUMNE KOPUYMA BO BPEMA NPOBEAEHMA SKCNEPMMEHTOB Ha YCTaHOBKE
JIABA-B. [laHHble Harpesa pacniaBa npu npUMeHeHnn OMUYECKOro HarpesaTe i Obln NoJyYeHbl METOA0M
KOMMbIOTEPHOTO MOAENMPOBaHMA Ha 6a3e nporpamHoro komnsaekca ANSYS. s oueHkM 3ddeKTUBHOCTU
NPUMEHEHNA OMMYECKOro Harpesa Obl10 MPOBeAEHO CPaBHEHME TMOJYYEHHbIX MNapPaMeTPoB pacyeTa C
napameTpamm Apyrmx CyLLeCTBYHOLIMX CMOCODOB MMUTALIMM OCTAaTOYHOIO 3HEPTOBbIAE/IEHNA B pacnaaBe npu

dHAJIOTNMYHbIX YCZTOBNAX, TAKUX KaK, VIHLI,yI-(LI,l/IOHHbIVI HarpesB 1 Harpes nNJ1asmatpoHamu.

Kntoyesble cnosa:
OMMWYEeCKOro Harpesa.

Introduction

As it is known, during a severe accident at a
NPP, the reactor core melts and a corium is formed,
consisting of a mixture of the reactor core and
structural materials. Decay heat is a feature of corium,
which is described by long-term heat release, even
after the cessation of radioactive decay in the melt [2].
This occurs due to the transition of fission product
nuclei to a more stable state, as a result of which a
significant amount of energy is released. Hence, when
conducting experiments on physical modeling of
severe accidents at NPPs, it is important to take this
feature into account, since it affects the overall
thermal field of the melt.

There are several experimental installations in
the world that simulate the decay heat in a corium
prototype (a mixture of uranium dioxide natural
enrichment, zirconium oxide, zirconium and steel).
The purpose of such experimental installations is the
same - to study the nature of interaction between
corium prototype (corium) and the structural
materials of the melt trap. However, methods for
simulating decay heat are different. Thus, at the
installation of a series of NEA-MCCI experiments,
the principle of direct passage of electric current
through the melt was used as a simulator of decay

Kopuym, ycTaHoBKa JIABA-b, ocTaToyHoe 3HeprosblaeneHue,

ANSYS, meTopa

heat, and the experimental test-benches VULCANO ,
LAVA-B, VESTA, VESTA-S, BETA, COMET,
COMETA, SICOPS use induction heating. Along
with this, in a series of MOCKA experiments , the
decay heat was modeled using the reaction of
thermite mixtures [3-7].

Research object and methods

Of the settings listed above, it is necessary to
note the LAVA-B test-bench [8], which is operated
at the Institute of Atomic Energy Branch of the
Republican State Enterprise ‘“National Nuclear
Center Republic Kazakhstan” and provides the
opportunity to conduct experiments with a corium
prototype. The external view of this device is shown
in Figure 1 (a). The test-bench consists of two main
parts - an electric melting furnace (EMF), in which a
burden with a volume of up to 60 kg is melted using
the induction method, and a melt receiver (MR), into
which the melt from the EMF is poured from a height
of about 1.7 meters. The MR is an experimental
section with an internal volume of 5.3 m?, in which a
melt trap with thermocouples is installed.
Constructive scheme of melttrap with refractory blocks
is shown in Figure 1 (b).

109


mailto:nurpaissova@nnc.kz

Effeciency of simulating decay heat in the corium of a nuclear reactor by the ohmic heating method

This test-bench was used for conducting
experiments to study the interaction between corium
and structural elements of the reactor (reactor vessel,
containment shell, etc.). Depending on the specifics
of the experiment, induction and plasmatron heating
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Figure 2 — Temperature field of the melt trap model with induction (a) and plasmatron (b) heating methods

The results of computer modeling showed that
the plasmatron heating method, although it helps to
achieve higher temperatures, however, creates a large
temperature gradient throughout the entire volume of
the melt, heating it locally at the location of the
plasmatrons. The induction method creates a more
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methods were used to simulate the heat decay in the
melt [9-10]. Using computer modeling in the ANSYS
software package, the heating parameters of the melt
and trap elements were determined for each method

(Fig. 2).
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uniform heating pattern, and at the same time, due to
the skin effect, for the most part, only the side surface
of the corium is heated [11] . In addition, the heating
temperature of the melt directly depends on the skin
effect, the thickness of which depends on the inductor
power. It turns out that to heat the melt to a certain
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temperature using the induction method, it is needed
a more powerful source of electricity than is required
for other methods. As is evident, both methods have
some disadvantages and are not always suitable for
conducting experiments with corium, where the key
factor is creating uniform heating throughout the
entire volume of the melt and achieving a high
temperature. Thus, it would be impossible to study
the interaction between corium and melt trap
materials, where parts of the trap be made of
electrically conductive materials. In addition, with the
materials of the reactor vessel bottom model, the use
of the induction method as a way to simulate the
decay heat in the melt would also be impossible, since
the inductor will heat not only the melt, but primarily
all parts of the melt trap and the bottom model,
thereby distorting the thermophysical parameters of
the experiment.

In [12], a comparative analysis of all known
methods for simulating decay heat in a corium
prototype was implemented . It has been shown that
one of the optimal methods is ohmic heating.

The purpose of this study was to determine the
efficiency of using the ohmic heating method as a
simulator of decay heat in a prototype corium in
comparison with induction and plasmatron methods.
To achieve this goal, the computer modeling method
was chosen as the main tool.

The thermophysical model for calculations was
created in the ANSYS software based on the design
of an experimental melt trap (see Fig. 1 (b)), which
was used in one of the experiments at the LAVA-B
test-bench. A specially designed ohmic heater was
used as a thermal heating simulation method. Figure
3 shows a computer model of a melt trap with such a
heater.

1, 3 - concrete, 2 - sand, 4.5 - zirconia disks, 6 - corium, 7 - tungsten heater.

Figure 3-View of a computer model of a melt trap with an ohmic heater

The heater parameters are presented in Table 1.

It should be noted that one of the main
advantages of a spiral heater is that its geometric
parameters can be changed depending on the specifics
of the experiment to provide the desired heating
pattern scenario.

Table 1 - Parameters of the spiral heater

Options Values
Diameter of tungsten wire spiral, mm 10
Length, mm 2497.3
Internal radius of the spiral, mm 94
Number of turns 8
Surface area, mm 3 1.3804*10°
Volume, mm 3 3.4473*10°

To compare the chosen method of simulating
decay heat with the above studies of the efficiency of
using plasmatron and induction heating methods, the
dimensions and materials of the trap, as well as the
initial conditions and all other parameters will be
identical:

- Initial corium temperature: 2511 °C;

- Melt composition: uranium dioxide (UO;) -33
kg, zirconium (Zr) -15 kg, zirconium dioxide (Zr0,) -
3 kg, steel 12X18H10T -9 Kkg;

- Heater power: 35 kW;

- Heating time: 30 minutes;

The thermophysical parameters of corium and
tungsten are presented in Tables 2 and 3, respectively.
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Table 2 - Thermophysical options of corium [9]

Temperature, K Heat capacity Thermal conductivity, Density, kg/m?
J/kg-K W/(mK)
373 326.25 12.63 5451
573 357.4 11.66 5420
773 380.6 11.67 5387
1073 390.7 12.23 5342
1273 398.7 13.5 5299
1573 412.8 14.6 5243
Table 3 - Thermophysical options of tungsten [13]
Temperature, K Heat capacity Thermal conductivity, Density,
J/kg-K W/(m+K) kg/m?
300 132.4 162.8 19260
500 138.3 145.9 19210
700 141.9 130.2 19150
900 145.7 120.2 19100
1200 152.2 1135 19010
1400 157.1 111.2 18950
1600 162.5 110.1 18890
1800 166.0 109.0 18820
2000 174.7 108.3 18720
2200 181.6 107.2 18620
2400 189.1 106.8 18520
2600 197.6 107.4 18420
2800 207.0 108.8 18320
3000 217.8 107.5 18220

Results of computer decay heat modeling in the
melt at the LAVA-B test-bench

Based on the results of computer modeling, data
on the thermal field of the trap and melt were obtained
when using an ohmic heater as a method for simulating
decay heat in the corium. The maximum and minimum
temperatures of the melt when heated by the ohmic
method were 2748°C and 2443°C respectively.

As Figure 4 shows, the temperature field of the
corium is distributed evenly throughout the entire
volume. The maximum and minimum temperature
indicators of the melt when heated by the ohmic
method were 2721 °C and 2486 °C respectively.

To compare the intensity and uniformity of
heating of the melt when using an ohmic heater,
plasmatron and induction methods for simulating decay
heat, a comparison was made of the distribution of
temperature values over the melt cross section for each
of the methods (Figure 5).

Figure 5 shows that during ohmic heating of the
corium, the difference in temperature of the melt in the
center and near the walls of the trap is relatively small
(about 300 °C), and the distribution pattern of the
thermal field of the corium melt more uniform
compared to the data of plasmatron and induction
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heating. In addition, the temperatures achieved by
ohmic heating are significantly higher than those
achieved by induction heating. In addition, by changing
the internal radius of the heater, it is possible to obtain
a more uniform temperature field (temperature
distribution in the volume of the corium).
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Figure 4 - Temperature field of the MR
when heated by the ochmic method
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Figure 5 - Graph of distribution of temperature values in the melt when heated by plasmatron,
ohmic and induction methods [10]

Figure 6 presents a graph of changes in corium
temperature values (average over volume) over 30
minutes when the melt is heated by the ohmic method.
Over a heating period of about 8 minutes, the average
temperature drops to a critical level of 2244 °C. The
sharp temperature drop can be explained by the process
of heat transfer from the melt to the walls of the trap,
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which are at room temperature before draining it from
the EMF. In such a short time, the corium prototype
melt does not have time to receive a large amount of
heat from the heater due to its low thermal
conductivity. Further, according to the calculation

results, a uniform increase in the average temperature
is observed to 2352 °C in 22 minutes.

1000 1200 1400 1600 1800

Time, s
Figure 6 - Graph of changes in the volume-averaged temperature of the corium during ohmic heating
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Conclusion

This paper presents the results of computer
modeling in the ANSYS software of the process
simulating decay heat in the corium at the LAVA-B
test-bench using the ohmic heating method. The
distribution of the thermal field in the volume of the
melt has been established. In comparison with
plasmatron and induction heating methods, the study
shows the efficiency of using ohmic heating to
simulate the decay heat in the corium when studying
the processes of an beyond the vessel accident at a
NPP when the corium is localized in a melt trap. The
calculation results showed that when an ohmic heater
(spiral shape) is used to simulate decay heat, the melt

is heated more uniformly compared to induction and
plasmatron methods.

An important advantage of the ohmic method is
the variability of the heater design. Due to its
variability, the ohmic method can be used in many
experiments to simulate a severe accident at a NPP,
since it allows one to change the nature of melt
heating, changing the geometric parameters of the
heater and its location in the trap
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INSTABILITY OF MECHANICAL EQUILIBRIUM IN NON-IDEAL GAS MIXTURES

To describe phenomena caused by the spatial heterogeneity of density, as well as the processes of natural
gas purification, separation and enrichment of gas mixtures with certain components, it is necessary to take
into account not only diffusion processes, but also convective currents that arise in the presence of a
concentration gradient. Under certain conditions, in multicomponent gas mixtures, a violation of the stability
of mechanical equilibrium is possible, i.e. a transition from a stable diffusion process to a convective one is
realized in the systems under consideration. The use of linear stability analysis permits to determine on the
plane of partial Rayleigh numbers the boundary of the transition of the diffusion process to convective, as well
as the values of the thermophysical and geometric characteristics at which this transition is possible. When
using this approach to describe experimental data obtained for gas systems containing components with
pronounced non-ideal properties, discrepancies are observed. Therefore, the purpose of this work is to
develop a method for determining the boundary of loss of stability of mechanical equilibrium in non-ideal gas
mixtures. To achieve this goal, the mathematical model describing the change of regimes uses an equation of
state in virial form. Based on the developed approach, stability maps were obtained for the CsHg + CO, — N,O
and CsHg + N,O — CO; systems. A comparison of the calculation results with experimental data showed that
the proposed technique could be used to determine the conditions for changing mixing modes in three-
component gas mixtures containing components with real properties.

Key words: diffusion, convection, instability of mechanical equilibrium, stability theory, nonideal gases.
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Naeanabl emec ra3 KocnanapblHAaFbl MEXaHWUKa/bIK TeH-TEHAIKTIH, OPHbIKCbI3AbIFbl

TbIfbI3AbIKTbIH, KEHICTIKTIK DipKenKi emecTiriHeH TyblHAafaH KybbinbiCTapbl, COHAan-ak Tabusn raszbl
TasapTy, ras KocnanapblH 6enrini 6ip KOMNoHeHTTepMeH 6oy KaHe 6albiTy NpouecTepiH cMnatray YLiH
AnbOy3naAnbIK NpouecTepai faHa emec, COHbIMEH KaTap KOHLUEHTpauusa rpaaveHTi 6onfaH Kesge nanaa
H6onaTblH KOHBEKTMBTI afblHAapAbl Aa eckepy KaxeT. benrini 6ip Kardannapaa KONKOMMOHEHTTI ras
KocCnanapblHAa MeXaHWKabIK Tene-TeHAIKTIH OPHbIKTbINbIFbI BY3blybl MYMKIH, SFHWU KapacTbIpbl/biN OTbIpFaH
Rynenepae TypakTbl AMDPY3UANBIK NPOLECTEH KOHBEKTUBTIrE Kelly Ky3ere acblpbinagbl. OpHbIKTbIIbIKKA
CbI3bIKTbIK Tanaayabl KongaHy Paneigid napuman caHAapblHblH, a3blKTbiFbIHAA AMDDY3UANLIK NPOLLECTIH,
KOHBEKTUBTIre eTy LeKapacblH, COHAan-aK 0Cbl ayblCy MyYMKiH 601aTbIH KblYOU3MKaA/bIK KIHE FTEOMETPUANbIK,
cvnaTTamanapblH MaHAEPIH aHbIKTayFa MYMKIHAIK bepeni. KypambliHAa Maeanabl emec KacuetTepre ue
KOMMNOHEeHTTepi Bap ras xkynenepi ywiH anbiHFaH TaXKipUbENiK AepeKkTepai cMnaTTay YLUiH OCbl TaCiNAi KONAaHY
KesiHae calkecci3aiktep bankanaasl. COHAbIKTAH, By XYMbICTbIH MaKcaTbl MAganabl eMec ra3 KocnanapbiHaa
MeXaHMKanblK Tene-TeHAiK OPHbIKTbIAbIFbIHbIH, *KOFaNy LeKapacbiH aHblKTay aaicTemeciH »Kacay 6o0nbin
Tabblnaabl. KoMbinFaH MaKcaTKa KeTy YILiH peXxumaepaiH, e3repyidH cMnaTTanTbiH MaTeMaTUKabIK MOAeNbe
Ky TeHaeyi BUpnanaplk Typae KongaHblnaapl. 93ipneHreH tacingin, HeridiHae CsHg + CO; — N2O kaHe CsHg +
N,O — CO; xyMenepi yLwiH OPHbIKTbINAbIK KapTanapbl anbiHAbL. EcenTey HaTUMKenepiH Taxipnbenik AepekTepmeH
CaNbICTbIPYAa YCbIHbIFAH SICTEMEHI KYPaMbIHAA HAaKTbl KACMETTepre ne KOMMNOHeHTTepi 6ap YILKOMMNOHEHTTI
ras KocrnanapblHAa apanacy pPeMMAEPiH ©3repTy LWapPTTapbiH aHbIKTay YLWiH KonaaHyfa 601aTblHbIH KOPCETTI.
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YCTOMUYMBOCTb MEXAHNYECKOTO paBHOBECKA B HENAEANbHbIX Na30BbIX CMECAX

Lna onucaHua AsneHuit, 0bycnoBNEHHbIX NPOCTPAHCTBEHHOW HEOAHOPOAHOCTbIO MAOTHOCTM, a TaKKe
NPOLLECCOB OYUCTKM MPUPOAHOro rasa, pasdesneHua U oboralleHMA rasoBbiX CMeceil onpeaeneHHbIMU
KOMMOHEeHTaMM HeobXoANMMO YYUTbIBaTb HE TONBKO ANbdY3MOHHbBIE MPOLLECCHI, HO M KOHBEKTUBHbIE TEYEHMUS,
BO3HMKalOWMe MNpU  HaAWMYMKU  TpagmMeHTa  KoHueHTpauuu. [lpy  onpeaeneHHbiX  YC/IOBUAX B
MHOFOKOMMOHEHTHbIX Fa30BbIX CMECAX BO3MOXKHO HapyLLEHWE YCTOMYMBOCTM MEXAHNUYECKOTO PaBHOBECKA, T.€.
B paccMaTpMBaeMbIX CUCTeMax peanusyeTca nepexos OT ycTonumsoro aAnddysmoHHOro npouecca K
KOHBEKTMBHOMY. Mcnonb3oBaHMe JMHEMHOrO aHaiM3a Ha YCTOMYMBOCTb MO3BOAAET Ha MAOCKOCTU
napumanbHblx Yncen Panea onpeaennTs rpaHuuy nepexoda Andpdy3MoHHOro npoLecca Ha KOHBEKTUBHBLIN, a
TaK»Ke 3HaYeHMA TenNoPU3NYECKUX U TEOMETPUYECKUX XapPaKTEPUCTUK, MPU KOTOPbIX 3TOT NEPEX0, BO3MOKEH.
Mpn MCNonb30BaHWMM AAHHOTO MOAXO4A A4 OMWUCAHMA 3KCMEPUMEHTANbHbIX AAaHHbIX, MOAYyYeHHbIX ANA
rAa30BbIX CUCTEM, COAEPMKAWMX KOMMOHEHTbI C APKO BbIPAXEHHbIMM HeuaeasbHbIMKM  CBOMCTBAMM,
HabntogatoTes pacxoxkaeHua. MosTomy Lenblo AaHHOM paboTbl ABAAETCA pa3paboTka MeToAMKM onpeaeneHms
rpaHWLUbl NOTEPU YCTOMYMBOCTM MEXAHWYECKOrO PaBHOBECMA B HEWAEaNbHbIX a30Bblx cmecax. [na
OOCTMXKEHMA NOCTaBAEHHOW L/ B MaTEMATUYECKOM MOAE M, OMUCHIBAIOLLEN CMEHY PEXMMOB, MCMO/b3yeTcA
YypaBHeHMe COCTOAHUSA B BUpPUAnbHOM dopme. Ha ocHose paspaboTaHHoro noaxoaa ansa cucrem CsHg + CO; —
N,O n CsHs + N,O — CO; nonydveHbl KapTbl ycTonumsocTn. CpaBHeHWe pe3ynbTaToB pacyeTa ¢
3KCMEPUMEHTAIbHLIMW JaHHBIMM MOKA3a10, YTO NPeANoXKeHHas METOAMKA MOXKET BblTb MCMOb30BaHa AA
onpeaeneHna yCaoBUIM CMEHbI PEXMMOB CMELIEHNA B TPEXKOMMOHEHTHbIX Fa30BbiX CMECAX, COAepMKallmx

KOMMOHEHTbI C peasibHbIMM CBOMCTBAMM.
KnioueBble cnosa: Anddy3ma, KOHBEKLMS,
YCTOMUYMBOCTY, HEMAEa IbHbIe rasbl.

Introduction

Solving problems of mass transfer in chemical
technology (for example, in the synthesis of ammonia
from natural gas, purification of natural gases,
separation and enrichment of gas mixtures with
certain components), as well as understanding natural
phenomena caused by the spatial heterogeneity of
density (“salt fingers” in the ocean, the presence of air
pockets in the atmosphere, etc.) is associated not only
with molecular transport, but also with convective
currents that arise during mixing in some
multicomponent gas systems.

The mutual influence of components on each
other in multicomponent gas mixtures (in particular
three-component ones) under certain conditions leads
to phenomena that do not occur in ordinary binary
diffusion. An example is problems in which
molecular diffusion results in the mechanical
equilibrium instability of the mixture with the
subsequent initiation of natural convection, which
noticeably intensifies the total mass transfer [1].

HEYCTOVIHMBOCTb MeXaHN4eCKOoro paBHOBECKA, TeOopUA

Experiments on studying multicomponent mixing in
gases at elevated pressure and the diffusion of a
mixture of solution vapors into an inert gas have
recorded convective flows leading to a synergistic
effect associated with a significant increase in the rate
of mixing of the system components. The peculiarity
of the observed change in the “diffusion -
convection” modes is the fact that it is not realized
under traditional conditions corresponding to the
thermal problems of Rayleigh-Benard [2-4] and
Rayleigh-Taylor [5-7], but occurs with an initial
hydrostatically stable stratification, which involves a
decrease in the mixture density with height. In this
case, the process of diffusion instability depends on a
number of conditions and parameters, for example,
pressure, concentration, temperature, viscosity,
geometric dimensions of the diffusion channel, etc.

[1].

Diffusion instability refers to phenomena
similar to convection caused by the “double
diffusion” [8-10]. To describe this class of
phenomena, one can apply linear stability analysis
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[11], in which the state of a three-component gas
mixture is described by a system of hydrodynamic
equations, which includes the Navier-Stokes equation
of motion and the conservation equations for the
number of mixture particles and components. The
indicated system of equations must be supplemented
with an equation of medium state in the form p = p(c3,
¢2, p), T = const. As a result of solving this system of
equations for a certain geometry of the diffusion
channel and taking into account the corresponding
boundary conditions, a boundary relation is obtained
for monotonic instability with two critical Rayleigh
numbers [12]. In this case, the loss of stability of
mechanical equilibrium and the occurrence of
diffusion instability is analyzed by the position of the
experimental partial Rayleigh numbers relative to the
stability lines on the plane of partial Rayleigh
numbers (Rai;, Raz). As a rule, such a comparison
shows satisfactory agreement between experimental
and theoretical data. However, for mixtures
containing components with real properties (for
example, CO,; N0, CsHg), discrepancies are
observed in the various stages of combined
multicomponent mixing. In [13], by experimentally
studying the pressure and concentration dependence
of the interdiffusion coefficients in the systems CsHs
— COy, C3Hs — CHy, it was found that the dependence
on pressure differs from traditional kinetic concepts
[14]. Similar trends were found for the solubility of
CO; in aqueous of NaCl [15]. Significant differences
were noted in the diffusion coefficient of CO; in
brines at different NaCl contents compared to Stokes-
Einstein predictions [14]. In particular, a significant
decrease in the diffusion coefficient was observed at
high CO; concentrations. It was shown in [16] that as
the  pressure increases, the density and
thermophysical  properties of CO; change
significantly compared to those calculated in the ideal
approximation. Other features of combined mixing
are reflected in reviews (see, for example, [17, 18]).
One of the reasons for the identified inconsistencies
is the application of the assumption that gases are
ideal.

This paper proposes a technique for solving the
problem of stability in isothermal three-component
gas mixtures containing components with real
properties based on the use of a virial equation of state
with one virial coefficient.

Materials and methods

Consider an isothermal three-component gas
system CsHg + CO; — N,O or C3Hg + N,O — CO»,
containing components with real properties. The
gases under consideration are characterized by the
different types of symmetry [19], which affects their
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diffusion properties during the mixing process, as
well as the change in the density of pure gas
depending on pressure [20], which is shown in Figure
1. In accordance with Figure 1, the densities of the
gases under study change nonlinear as pressure
increases. Up to a pressure of 1.6 MPa, CO; is the
lightest in the system under consideration. At
pressures above 1.6 MPa, CO, becomes heavier
compared to N.O. Nitrous oxide has the highest
density up to a pressure of 0.65 MPa, and above this
pressure the heaviest component is propane. This
behavior of the density of the real gases under
consideration affects the nature of the occurrence of
convective flows.

‘ 0. Lﬁ m-

a)

o. kg'm’

7. Pa

b)

Figure 1 — Dependence of the density of CsHs, CO; and
N20O on pressure at T = 298.0 K:
1-CsHs, 2 - CO2, 3- N0

To describe the behavior of real gases, we will
use the virial equation in powers of volume [21]:

v _
RT

1+%+\%+\%+..., (1)

where Bo, Co, Do are the virial coefficients depending
on temperature, p is the pressure, V is the volume, R
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is the universal gas constant, T is the temperature.
Equation (1) can be converted in terms of
number density to the following form:

Tp:1+Bn+Cn2+Dn3+..., 2)

nkT

B C
where B=—2,C=—2D=—2,...,
NO NO NO
Avogadro number. When only the first virial
coefficient is taken into account, Equation (2) is
transformed into the following form:

No is the

n+__P _g. 3)
B KB

Solving Equation (3), one can obtain:

2
n-P_PB =no(1—p—8j, @)
KT (kT) KT

where ng = p/kT.
The component density can be determined using
the following formula:

Com| P __PB
N U S

where mg is the mass of one molecule.
The density for a three-component mixture is
found according to the formula:

p p’
Phnix ( RT ( RT )2 mlx] , (6)

«[em +(1-¢,—c,)m, +c;m, |

where m; is the molar mass of the i-th component, c;
is the concentration of the i-th component, index 1
corresponds to COz, 2 — N0, 3 — CsHs,

By = C2B, +(1-c,—C,)’ B, +C2B, + )
+2€,C,B,; +2(1-c¢, —¢;)(c,B, +¢;By;)

The dependence of the interdiffusion coefficient
(IDC) of gases on density can be presented in the
following form:

0
Dij = Di? £ ) (8)
yo,

where Di? is the interdiffusion coefficient under

normal conditions, p° and p is the density of the
mixture under normal conditions and experimental
pressure, respectively. Taking into account formula
(6), the expression for the IDC subject to the real

properties of the components is written in the
following form:

7Y% 1
Dij = Di(j)ﬂ(_j B’ 9)
Pollo) 1 Pmix
RT

where p, po, p, T are the pressure and temperature
under normal and experimental conditions.

The mathematical description of the occurrence
of convection is based on the analysis of a system of
equations  of  continuum  mechanics  for
multicomponent systems with respect to small
perturbations [4]. The macroscopic motion of the
isothermal ternary gas mixture is described by the
general system of hydrodynamic equations, which
includes the Navier-Stokes equation, the conservation
equations of the number of mixture particles and
components.

Taking into account the condition of
independent diffusion, in which for the isothermal gas

3
mixture Y j =0;
i=1
equations has the following form [11, 12]:

p[%UJr(ﬁVﬁ)}:

=-Vp +qV2ﬁ+(%+ijdiVﬁ+p§,

3
D ¢ =1, this system of
i=1

on .
—+d v)=0,
8t+ |v(nv)

oc. .
— 4+ vVc =—divj., 10
at 1 JI ( )

h= _( D;,Vc, +D;, Ve, ) ,

)= _( D;1VC1 + DSZVCZ )

Here U is the vector of weight-average velocity;
V is the vector of number-average velocity; p is the
density; p is the pressure; # and & are the shear and
bulk viscosity coefficients; ¢ is the free fall
acceleration vector; n is the number density; t is the
time; c; is the concentration of the i-th component; ],
is the vector of the diffusion flux density of the i-th

component; D; are the practical diffusion

coefficients, which are determined through the
interdiffusion coefficients (IDC):
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D — Dis [Clez +(Cz +C3) D12]

11 D ’
D =— C1D23(D12 — D13)
12~ D '

DL — D, [Cz Dy; + (Cl + Cs) D12]

22 D ,
D* _ _C2D13(D12 - D23)
21 — D |

D= C1D23 +02D13 +CSD12'

Equations (10) are supplemented with the
equation of medium state:

p:p(cl, cz,p), T =const.

When solving the system of Equations (10), the
method of small perturbation was used [4], which
assumed the concentration of the i-th component c;
and the pressure p to be represented as follows:

ci=<ci>+cl, p=<p>+p,

where < ¢; >, <p> are the constant average values
taken as a reference point.

Considering that for L » r (L and r are the length
and radius of the diffusion channel, respectively), the
differences between the perturbations of the number-
average and weight-average velocities in the Navier-
Stokes equation will be insignificant [12], and also
assuming that the non-stationary disturbances of
mechanical equilibrium are small, neglecting
guadratic members in terms of the perturbations, and
choosing the appropriate scales of measurement units

(the distance is d, the time is dz/v, the velocity is
Dzz/d , the concentration of the i-th component is

Ad, the pressure is p,vD,,/d?), one can obtain a

system of equations of gravitational concentration
convection for the perturbed values in dimensionless
guantities (primes are omitted):

oc -
Pr,, El — (uez ) = rﬂVch + % rlzvzcz ,

oc -
Pr,, 6_'[2 —(Ue,)= %rﬂvzcl +Vie,, (11)
ou

e —Vp+ VU +(Ra,r,C, + Ra,c, )€, ,

divi =0,
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where €, is the unit vector in the z-axis direction;
Pr,=v/D; is the diffusion Prandtl number;
Ra, = g4 Ad*/vDj isthe partial Rayleigh number;
v, =D;/Dj, are the parameters determining the

relationship  between the practical diffusion

coefficients;  f. :—i(a—pj ;. A€, =-Vc,
pO aci T
(subscript 0 refers to the average values).

Solving the system of Equations (11) for a flat
channel with mass-impermeable walls made it
possible to obtain, in terms of Rayleigh numbers, a
boundary relation that determines the change in the
“diffusion — convection” modes in the form [12]:

T, (1—irlszal +[z‘1l —irnj Ra, =
A A, (12)

= 74 (711 _712721)’

where Y= RaY* , 1.e. Y= (Ra1T11K1 + Ra2K2)1/4 :

A
. [1_/1?712} . _(711_2721)
=1 N2

- ’ 2 1
(73 —73572) (73— 7357)

A; is the partial concentration gradient of the i-th
component.

In accordance with Equation (11), the partial
Rayleigh numbers for the flat channel with mass-
impermeable walls can be determined as follows:

3
8033
vD,, p\ Oc; )\ Oz

3
Ra, = 94 1[@}(8&)
vD,, p\ oc, )\ 0z

where a and b are the thickness and width of the
diffusion channel.

For the case under consideration, the partial
concentration gradient of the i-th component can be

(13)

oc, .
represented as A :—a—'. Then the ratio A4i/Ao,
z

taking into account Formulas (13), is determined as
follows:

ﬁ: Ra,z, op/0c, _

A, Ra, dp/dc, 9
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After substituting Equation (14) into (12), one can
obtain:

Ra,|1-7,, %) 0c, +
0p/0cy

+Ra, [1—’1—2—8/)/601 J =,
7, Op/c,

=y [1_ 1'12121]
T
The mixture density, taking into account
equations (4), (6) and (7), can be represented as:

(15)

/B, +¢C;B, +CiB, +

p=ny|1-n,| +2¢c,c,B, + 2c,c; B + | | * 16
+2¢,C,B,,  (16)

*(c,Am, +C,Am, +m;)

where Am; = m; —mg, Amz = m; — ms. Since the gases
under consideration have almost equal molecular
masses, we assume that Am; = Am, = 0.

Differentiating expression (16) with respect to ¢1
and ¢; and taking into account that ¢z = 1 — ¢1 — ¢z,
one can obtain:

0
a—:=n§m3(83—81),
ap 2

z=n0m3(B3—Bz).

(17)

Substituting Equations (17) into (15), one can
obtain the following expression for the stability line:

Ral[l—rzl By BZ]+

BS_Bl

(18)
1, By— B,

=y (1_ T2l j
I

+Ra, [1—11—2—83 —B, ] =,

The second virial coefficients depend on
pressure, therefore, in contrast to the consideration of
the stability problem for ideal gases, the position of
the stability line (18) will also depend on pressure.

Results and discussion

Figure 2 shows the stability map at p = 0.28 MPa
for the system 0.804 CO; + 0.196 CsHs — N0,
experimentally studied in [22]. The MM line
corresponds to the first perturbation mode n = 1, and
the M1M; line was obtained for the n = 3 mode, which
characterizes a change in the type of convective flow.
The region lying below the MM line corresponds to
diffusion I, and the area above this line refers to
convection Il with the different types of motion. In
the area between the MM and M:M; lines, a current-
countercurrent movement is observed, and above the
M:M; line there are two currents and two
countercurrents.

In Figure 2, the sign “x” marks the point
corresponding to a pressure of 0.28 MPa, at which, as
experimental studies have shown, a violation of the
stability of mechanical equilibrium is observed in the
system under consideration and subsequently a
convective process is realized in the system.
According to experimental data, at a pressure of 1.20
MPa, the maximum intensity of the convective
process is observed in the system under
consideration. In Figure 2, point 8, corresponding to
this pressure, lies near the line MiM;. Thus, the
calculation results for the system 0.804 CO + 0.196
CsHs — N0 are consistent with the experimental data
given in [22].

Figure 3 shows the calculation results for the
system 0.812 N,O + 0.188 C3Hg — CO,. The stability
lines shown in Figure 3 were obtained at a pressure
p=0.3 MPa. According to Figure 3, the points
displaying experimental data for the system 0.812
N>O + 0.188 CsHs — CO; are located in the first
guadrant of the stability map. This indicates that the
density of the mixture 0.812 N,O + 0.188 CszHs is
greater than the density of the pure CO, component.
Point 5, corresponding to a pressure p = 0.8 MPa, lies
near the M:M; line, which corresponds, as
experimental studies have shown [23], to maximum
mass transfer.

Comparison of the calculation results shown in
Figures 2 and 3 indicates that when nitrous oxide is
located at the top, a change in the type of convective
flow occurs at a lower pressure than when a mixture
of propane and carbon dioxide is located at the top.
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Figure 2 — Regions of diffusion | and convective mixing Il for the system 0.804 CO; + 0.196 CsHg — N20O.
The points correspond to the following pressure values:
1-0.23;2-0.30; 3-0.40; 4-0.50; 5-0.60; 6 — 0.80; 7 — 1.00; 8 — 1.20; 9 — 1.40 MPa

R_.x.::,
M;
]U}NJ\"
E00T .
H F
6001
.
/]
4001
s
2007 . 4
M *
. 3
. EI 1 1 1 1 1 1 1 1 1 1
U\EDU 400 600 800 \QO 1200 1400 1600 1800 2000 2200 R'f.-Hs
I M M

Figure 3 — Areas of diffusion I and convective mixing Il for the system 0.812 N,O + 0.188 C3Hg — CO..
The points correspond to the following pressure values:
1-0.30; 2-0.40; 3-0.50; 4 - 0.60; 5 —0.80; 6 — 1.00; 7 — 1.50 MPa
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Conclusion

The stability of mechanical equilibrium in
isothermal three-component gas mixtures containing
components with real properties is studied
numerically. It is shown that to determine the areas of
stable diffusion and convection, as well as the
conditions under which the stability of mechanical
equilibrium is violated when non-ideal gases are
mixed, it is possible to use the equation of state in
virial form with one virial coefficient in the
mathematical model that describes the occurrence of
convection. For the flat diffusion channel with mass-
impermeable walls, a method for determining the

position of the stability line has been developed.
Analysis of the obtained stability maps and their
correlation with experimental data shows that the
proposed technique can be used to study changes in
the nature of convective flows when mixing nonideal
gases.
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