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Abstract. Should practicing physicists write books about the history of physics?
Some historians strongly oppose this idea, believing that physicists generally
cannot address historical issues objectively. However, it will be argued here that
the specialists' view and analysis of the pastis absolutely essential to complement
that of historians in their own terms. To wit, even such a high-ranking figure as
the last Steven Weinberg could not escape criticism from historians. Weinberg
received strong criticism after the publication of his book “Explaining the World:
The Discovery of Modern Science’, which he devoted to the history of physics
from the ancient Greeks to the present day. He was accused of judging the past
exclusively from the point of view of the present, that is, from what we now
know with great certainty. The present article aims to show, with the help of this
example and another one, how it is possible to find a healthy balance between
these two confronting attitudes. In particular, it will be sustained that most of
the scientists about whom history books are written, were considerably more
intelligent than many of us, the present-day scientists, in spite that they often
said all kinds of nonsense - if we judge them from a current perspective, with
all the knowledge we now have accumulated. The main thesis of the paper will
be that great care should be taken to try to balance as much as possible these
two diametrically opposed approaches, and to show how this can be achieved in
practice. All this will be explained in detail, with the help of several important,
specific situations. The main results obtained and an analysis of the practical
implications of the outcome of the research carried out here will be given in the
closing section.
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Steven Weinberg’s Explanation of the World and a Discussion of the True Story of Modern Cosmology

Introduction

Steven Weinberg as a first reference

In the author’s book “The True Story of Modern Cosmology’, published by Springer [1] (the
previous version in Spanish, “Modern Cosmology from its Origins”, appeared in Ed. Catarata [2]),
it is described in detail how, during the last century, sky observers and pioneering theoretical
physicists shaped our current understanding of the universe while, at the same time, they turned
cosmology into a modern science. But, before going into the details of this research, let us start
by putting it in context. This will be done by taking as a reference another book: “To Explain the
World: Discovery of Modern Science” [3], written in 2015 by the late Steven Weinberg, a great
theoretical physicist who passed away in July 2021.

[t will prove to be most appropriate to proceed in this way, taking into account the criticism
(sometimes fierce) that active scientists-researchers at the various frontiers of knowledge
usually receive from historians, when the former (dare) dedicate themselves to writing a book
on the history of science. Taking this one as a paradigmatic example, we will now dwell on
what happened to Weinberg himself, a physicist of an exceptional category, a myth, for many
theorists. Not even a character of such a high level could escape criticism. We are talking about
a great Nobel Prize winner who, as the also laureate Frank Wilczek wrote in Nature [4]: “... took
the fundamental understanding of nature to new levels of power and completeness, and played a
key role in formulating and establishing the two standard models of current theoretical physics:
the standard model of fundamental interactions and the standard model of cosmology”.

Weinberg was undoubtedly a colossal theorist who

TO EXPLAIN unified two of the four fundamental forces of nature

THE WORLD and shaped the image that physicists (and also ordinary

THE DISCOVERY OF MODERN SCIENCE people) now have of our universe. To be even more

precise, some of his more qualified colleagues argue that

: Weinberg's really crucial contribution to particle physics

o was not just the unification of the weak forces and

' electromagnetism (important as that discovery is), but

8 his definitive articulation of how effective quantum field

theories, which have now become of major importance,
should be treated precisely.

Weinberg wrote a number of excellent books, which
have educated several generations of theoretical
physicists. His popular work The First Three Minutes: A

o Modern View of the Origin of the Universe [5] made him

STEVEN WEINBERG universally known to the general public. We will not

WINNER OF THE NOBEL PRIZE dwell further on his merits, since anyone reading this - if

hstinpeeshpretaagon o (unlikely) he/she does not know Weinberg well enough

- has at disposal numerous recent and well-documented

memories, with detailed explanations of all that he did (see, for example, the one in Physics

Today [6]). An excellent discussion of his work appeared in an article in the Revista de Fisica,
written by Luis Alvarez Gaumé (in Spanish) [7].
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Weinberg received the said criticism after the publication of his book, already mentioned,
“Explaining the World: The Discovery of Modern Science” [3] (Fig. 1), which he dedicated to
the history of physics, from the ancient Greeks to the present day. This is indeed a brilliant and
ambitious book where he expressed, among other things, his vision shared by many other scientists
that genuine science transcends history and culture. The critics were especially harsh in his case,
perhaps precisely because of his exceptional status, which allowed them to shine and get publicity,
at his expenses (this is not seldom). Although it could also be understood as a reaction, to a certain
extent understandable, to the contempt that historians have sometimes received from some active
scientists. They are often reproached for not having made any relevant, original contribution to the
advancement of science, and even for not adequately understanding current theories! When it was
published, the book gave wings to the pens of the most combative historians and philosophers,
who were very upset by Weinberg's approach to history. They accused him, among other things, of
judging the past exclusively from the point of view of the present, that is, from what we now know
about nature with great certainty. This view is often called the "Whig interpretation of history"
and is characterized by viewing past events through the prism of a constant advance towards
enlightenment, which completely ignores the dead ends and blind alleys that so often appear along
the way. In other words, it is considered as "history written by the winners".

In fact, it may seem surprising at first glance - when one thinks about it, that scientists
maintain two apparently very different discourses on this issue and on the development of
science in general. On the one hand, they take great satisfaction in proclaiming that we are
continually acquiring knowledge, that we are learning more and more about how the world
works. But it is also often claimed that it is good to be wrong, from time to time, to get weird
results; and that the real root of future progress is that there are always things that we do not
yet know how they work. We might add that the truly exciting part of science lies in realizing
what we do not yet know, and how we can fill those important gaps.

[t is a paradigmatic case that the moment we are in now in cosmology is a most exciting one
in this sense. As is well known, the conclusion has been reached that we do not know what 95%
of our universe is made of! All this discourse may seem rather contradictory, but in fact it is not
at all: both attitudes or approaches complement each other smoothly; one could even say that
they feed off each other, in a very positive and fruitful way.

Be thatas it may, seen in perspective, what is unquestionable is that we are always progressing
towards greater knowledge (especially if we admit that knowing that we do not know is also a
form of knowing). To give an example, it must be clearly understood, to begin with, that the
validity of Newtonian mechanics was never called into question by Einstein's discoveries: it
just happened that its domain of applicability (thought by Newton to be universal, what proved
not to be) was delimited clearly. From the side of active science, many historians are accused of
not being able to understand a point as basic and elementary as this one. For it is a very clear
fact that, despite our later discoveries, Newtonian mechanics remains exactly as valid as it was
before the advent of general relativity and quantum physics; always, of course, within its very
wide domain of applicability. And today we still use the equations derived from Newton's laws
for many and very important applications in physics and engineering, which are not affected at
all by the discoveries.
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[tis sometimes difficult to properly understand that science is, in fact, radically different from
other forms of human knowledge, corresponding to many other areas. Because, in fundamental
physics, there are some things that, like Newton's laws, we are absolutely certain to know
completely and that will never change, no matter how much physics progresses and new and
ever more advanced theories appear. Basic science is an increasingly accurate representation
of how the Universe works, and this accuracy is constantly improving and expanding; it never
goes backwards, under any circumstances (a highly recommendable reading in this respect is:
“The best books on The History of Science”, https://fivebooks.com/best-books /history-science-
matthew-cobb/, by Matthew Cobb, in an interview with Jo Marchant).

In any case, by calling Plato “silly,” Aristotle “tedious,” and Galileo “behind his time,” Weinberg’s
book commits - in the opinion of the aforementioned historians - all the sins that they usually
attribute to Whiggism [8]. In his book, Weinberg gives them clear reasons for their criticism:

“I will approach the dangerous ground that contemporary historians most carefully avoid:
judging the past according to the standards of the present. [...] Some historians of science avoid at
all costs referring to current scientific knowledge in their studies of the science of the past. Quite
the contrary, in my case, I will make full use of present knowledge to clarify the science of the past.”

And, as another aspect of the subject, referring to the subtitle of the book, “The discovery of
modern science,” Weinberg explains its profound significance, stating that it is a fact that science
is not “constructed,” but “discovered”; In the same way that agriculture was not built, but
discovered: “the physical reality of the Universe is what it is, and it is just waiting to be discovered.”

In sharp contrast to the above, Thomas Kuhn, among other great thinkers and historians,
considers in his writings that linear and cumulative progress can generally be a problematic
notion and that history should properly try to understand the world of the past on its own terms.
Weinberg explicitly dismisses this idea in his book, stating clearly that: “I do not share it.” The
goal of his work is not, as he declares, “to understand the past on its own terms,” but “to judge
the past according to the standards of the present.” And he claims that it is precisely from this
perspective that we should be able to understand the past in its own terms. And he claims that
it is precisely from this point of view that Plato was “foolish” and Aristotle “wrong about the
laws of nature” - though he admits that the latter was at the same time “clear and serious” in
his statements. He also says that Galileo’s emphasis on geometry over algebra “left him behind”
what he might have achieved by proceeding otherwise. He also considers Bacon to have been
overrated and adds that, despite the praise of Baconianism by several generations of thinkers,
“I am not clear that the work of any major scientist has ever been improved by reading Bacon.”
Weinberg also believes that Descartes has been greatly overrated, noting that: “It is remarkable
how many mistakes Descartes made in so many aspects of his approach to nature.” Newton is, in
this sense, one of the few who escapes his criticism, stating that his achievements “provided the
paradigm that all subsequent science followed as it became modern.” Let us leave it at that, for now.

Methodology
An example of the origins of modern cosmology

The extensive introduction above - on the orientation of Weinberg's book and the criticisms
itreceived - should serve to put into context the historical approach to which the present author
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tried to adjust in his own book. It may be summarized by saying, at the outset, that his intention
was to place himself smoothly in the middle field of all the preceding considerations. We will
now see how this could be realized.

It is very true that, as Kuhn states, linear and cumulative progress can generally be a
"rather problematic notion” when thinking in a generic scientific field. There are many and
very important examples that can be put on the table to support this statement. But it must
also be considered that the concept of Science is extremely broad and varied, and that these
considerations can be of very different validity and applicability in its various domains or areas
of knowledge. Let us just recall here that more than one reputable specialist has even dared to
imagine as a possibility (however remote) that the paradigm of natural selection in the evolution
of species could falter and have to be drastically modified in the future. In this field, then, as well
as in various areas of medicine and in many others, Kuhn's statement turns out to be absolutely
valid and adequate. Particularly interesting is the discussion on this point that can be found in:
"The Whig History of Science: An Exchange”, by Arthur M. Silverstein, with the corresponding
response by the same Steven Weinberg (https://www.nybooks.com/articles/2016/02/25/
the-whig-history-of-science-an-exchange/).

However, quite on the contrary, in the field of fundamental physics, in the most basic and
essential principles of physical reality, progress is indisputable, and the line, in constant ascent,
that goes from the past to the present, and beyond, is clearly identifiable, in an objective and
rigorous manner. Here, it is not possible to disagree with Weinberg.

The point where it is difficult to agree with Weinberg is that the vision of past formulations
and discoveries in physics should be made exclusively with the eyes of what we know today. It
is quite necessary (or at least very convenient) to adopt a more open criterion in this sense. A
journey back in time (gedanken Zeitriickreise, as the author has often called it) is very essential
in many cases. Sometimes, we must forget for a while everything that we now know and delve
fully into certain episodes of past times, reasoning only with the knowledge that was at hand
at that time. And this is what the present author does, quite often, in his book. With all the
information in hand, each case is then analyzed. Although, at the same time, a well-deserved
extra bonus is given to those scientists who were cleverer (or lucky, if you will), capable of
finding the “right” path in those circumstances of the past, of discovering the path that truly led
to the future knowledge that we now possess.

This has important value, of course, but always in a way that is a balanced and additional
bonus, and not an “all or nothing” issue. It is also necessary to seriously consider the often-
decisive influence of luck in these discoveries: chance is a very important factor, which is often
too little talked about and which has in fact proven to be crucial in a good number of scientific
discoveries of enormous importance. This is conveniently emphasized in various passages of
the author’s book (Fig. 2).
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Fig. 2. The cover and back covers of “The True Story of Modern Cosmology: Origins, Main Actors
and Breakthroughs’, recently published by Springer, aim to convey the book’s essence and
objectives. On the front cover, the steam coming from a hot coffee cup draws a famous region
of the Milky Way where stars are constantly being born from huge concentrations of dust and
gas. The steam continues to spread, impregnating the entire book, all the way to the back cover,
where we find a deep field image of the sky with some of the oldest stars in the universe, the
furthest away from us. The image on the cover wants to convey the author’s kind advice that all
the lessons in this book, about the birth and evolution of the universe, should be always taken
in small sips, sitting in a comfortable place, while enjoying a cup of good, freshly brewed coffee,
or the reader’s favorite drink. It is the best way to delve into this unique story of the cosmos.

Leaving aside the aforementioned rivalries between scientists and historians - which
should be to a certain extent understandable for the reasons already mentioned - one of
the great arguments for disagreement is the one just referred to above: while historians of
science strictly place themselves, as good historians, in the era and circumstances in which
the scientific discoveries took place, scientist-historians usually describe the past in terms of
our current knowledge, thus giving a vision that is often radically different from the first. Thus,
great historical figures who constructed excellent theories, according to the time in which they
were proposed, but which were later shown to be completely wrong (think, for example, of the
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theories that considered the Earth, or later the Sun, as the center of the Universe, or that of
Aristotle's spheres) are absolutely minimized (even ridiculed, at times) by scientist-historians,
due to the irrefutable fact, proven a posteriori, that those theories are now, and will ever be in
the future, completely wrong.

It is, on the other hand, an indisputable reality that there is a very important difference
between the progress of science and that of other disciplines of human culture. In fact, the most
precious jewel of scientific knowledge is the fact that science is cumulative: we now know much
more about the world, and in a better way, than we did a hundred years ago. This cannot be
said in the same way, for example, of artistic creation, since no one can prove (this example is
borrowed from Weinberg’s) that Keats was a better writer than Shakespeare. Nor can anyone
prove that among the works of writers after Keats there was any that improved on his. In a way,
one could think thatin literature we are going backwards! Or, at least, that we have not advanced
at all in many centuries, depending on how you look at it. And the same could be said of many
other fields, such as painting or music: who has so far managed to surpass Bach, Mozart or
Beethoven? Well, in someone's opinion, it turns out that yes, all three may have been surpassed
by far - by an esoteric musician whose name will nobody remember in ten years; but this will
never be a universal opinion, since the overwhelming majority of people do not think at all like
that guy. And the fact is that "better" does not really mean anything objective in these cultural
contexts. Basic science, on the contrary, is progressive, since it is based on previous knowledge,
all of which has been verified with extraordinary and indisputable rigor (some cheating will
inevitably appear, from time to time, but this is soon uncovered and dismissed). The interesting
thing about scientific knowledge is that this progress is incredibly non-linear, since it is quite
true that mistakes are continually made and that the work that must be done to find the optimal
way out - that is, the one that leads to the correct path of the occasional labyrinth that one
stumbles into so many times - often turns out to be, in retrospect, the most interesting, the most
exciting part of the research endeavor.

However, it often happens that when scientists describe aspects of the history of their own
subject, especially in textbooks or popular books, they often forget about this more laborious
part and do so in a way that makes it seem as if everything was flat, linear, and inevitably led to
where we are now. That is one reason why some historians are so frustrated by scientists who
write history. Professional historians love to dwell on all the derivations, on every single wrong
theory that was developed in parallel with the one that has eventually proven to be correct, and
they seem to find all these possibilities equally exciting and valuable. They have been trained
to be critical of everything and to think very carefully, analyzing the many different aspects of
history; so, it turns out that often the wrong theories can end up being as interesting or even
more interesting - so that they devote pages and pages to them - rather than to the right ones.
This is in sharp contrast to the way in which working scientists deal with past events, which is
much more practical, direct, and aggressive, with little or no understanding of mistakes made.

To repeat it again, in the author’s book, he has tried to find a healthy balance between both
attitudes. In particular, it is defended that we should never think that our colleagues from the
past were stupid. Most of the scientists about whom history books are written were considerably
more intelligent than many of us. And yet, they often said all kinds of nonsenses, if we judge
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them from a current perspective. Let us recall here the maps of the universe before Copernicus:
Anaximander placed the stars closer to us than the Sun, and he did so with scientific criteria that
were fully valid and reasonable in his time! This must be acknowledged. He could not do better!
How could these very intelligent people believe things that we now know to be so palpably
false? How did we manage to acquire the understanding we have today of things? What was
the process followed to get here? To answer such questions honestly and properly, we have to
try to reconstruct what scientists of the past thought in their own time and environment, with
the knowledge available to them at their time. And the right way to do this is to forget, if only
for a moment, all the theories and concepts that appeared later. This is a sane exercise, often
performed in the author’s version of the origins of cosmology as a science.

In the book, a very conscious attempt to try to balance as much as possible these two
diametrically opposed approaches have been carried out. For a scientist working on theories
and models that have been proven correct as of now (although also on some issues that are still
being tested), it is difficult to abstract oneself from the perspective of the last century and the
evolution that cosmological knowledge experienced, in the right direction (despite following
an often tortuous path) until it ended up with the two cosmological revolutions that have been
most clearly identified in the book, corresponding to this period (they will be described below).
But at the same time, on many occasions, “journeys back in time”, are undertaken, to immersing
oneself fully in past eras and analyzing the facts within the strict framework of the knowledge
that was available at those times (not more, nor less). In order to be able to appreciate its
value in a more honest way: the value corresponding to the moment in which the model was
proposed, and which may be radically different from the value that is currently given to it, seen
in perspective from the knowledge that we have today. The author expects to have achieved this
purpose. Albeit long, this has been a necessary discussion to adequately clarify the different
approaches considered.

Discussion

Specific issues in the case under discussion

In the author’s book, it is explained how, over the past century, pioneering observers and
scientists succeeded in achieving our present understanding of the universe. Humanity had tried
this repeatedly in ancient times, though often through the help of myths and legends. The book’s
story focuses essentially on the time when cosmology was finally able to become a genuine science.
The reader will no doubt appreciate that this was a slow process, spanning much of the twentieth
century and involving astronomers, cosmologists and theoretical physicists alike. It is explained,
in all detail, how empirical astronomical data (Leavitt, Slipher and Hubble) were reconciled with
Einstein's theory of general relativity - a challenge that was far from easy, fraught with many
difficulties, but which ultimately led Friedmann, de Sitter and Lemaitre, and finally Einstein himself,
to an understanding of the observational results that was consistent with the theory.

The book provides explanations that are easy to understand, but at the same time absolutely
rigorous. In short, it describes how we came to know the origin and expansion of our world. It
also helps the reader to grasp in a colloquial way the deep meaning of general relativity and the
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mystery of cosmic acceleration. And it shows “in a masterful way” (copying here the words of
some reviews that have been written about the book) “how research sheds new light on the paths
that lead to the progress of our knowledge of the universe.”

To be more specific, the book consists of the following nine chapters:

1. Introduction: The awakening of cosmic consciousness.

2. What is a scientific theory?

3. The first cosmological revolution of the 20th century.

4. The theory of general relativity and its main solutions.

5. The Hubble-Lemaitre law and the expansion of the universe.

6. The Big Bang theory.

7. Towards the very moment of the creation of the universe.

8. The second cosmological revolution of the 20th century.

9. Conclusion.

Bibliography.

Index.

Overall, a 300-page history with almost the same number of images of some of the fundamental
episodes that led to the birth of modern cosmology. For reasons described in the text, the origin of
modern cosmology is argued to have taken place in the year 1912, at a time characterized as the
moment when cosmologists first had at their disposal the basic tools essential to making it a true
science. Namely, for the first time in history, they had at disposal the instruments and procedures
necessary to calculate the positions and velocities of distant celestial objects. This objective was
fully achieved when, later on, they were able to use the physical theories that emerged from
the great revolutions of the first third of the twentieth century: the general theory of relativity
and quantum mechanics. These theories made it possible to describe, with increasingly precise
models, the origin, structure, evolution and behavior of the universe as a whole. And taken to
extremes - although not strictly valid within these limits - these theories also provide a plausible
idea of how and when the origin of the cosmos occurred and what its future evolution will be.

The book ends with a bibliography, containing some 250 references, and a final index, with
entries for nearly 600 terms that appear in the text.

Main findings and a general discussion

The conclusions begin with a brief reference to Stigler's law of eponymy, which states that:
“no discovery is known by the name of the person who actually made it” This is a very strong
statement, and several examples of it are considered, some of which have appeared along the
text. Next, the final result that the author has reached after the exciting journey through the
development of cosmology in the 20th century is particularly highlighted. The knowledge
acquired during this hundred-year-long journey led him to the clear identification of two
authentic revolutions of exceptional importance.

Such a statement may seem exaggerated, given that, however much we search in the literature,
we seldomly find an explicit reference to such cosmological revolutions, in these same terms.
However, under the perspective here taken, with the procedure and methods outlined in
previous sections, it is eventually undeniable that astronomical observations throughout the
20th century completely changed our vision of the Universe:
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e From being small, static, immutable and eternal, it became revealed to be enormous,
expanding and having had an origin from "nothing" or "almost nothing" some 13.8 billion years
ago (1st revolution).

e Later; it was also learned that its expansion accelerates without stopping, thus creating an
absolute mystery where almost complete certainty had previously reigned, at least for a while
(2nd revolution).

The first revolution can be framed, very precisely, in the period 1912-1932: starting with
the discoveries of Leavitt and Slipher in 1912 and provisionally ending with those of Hubble,
and with the inclusion of the theoretical advances made by Einstein, Friedmann, De Sitter and
Lemaitre. It reached its peak in 1929, with the publication of Hubble's results, which were
confirmed in 1931. Finally, the scientific theory of the expansion of the universe with an origin
in the past was adopted by specialists and formulated in the very famous Einstein-De Sitter
model of 1932 [9].

However, its definitive completion still had to wait for three key, momentous events to occur later:

* An elaborate formulation of the Big Bang model.

e [ts full corroboration, by the detection of the cosmic microwave background (CMB).

» And a major reshuffle (inflation), which would only come fifty years later, and which was, in
fact, the prelude to the second cosmological revolution.

The second revolution occurred in the period 1985-2005, again a span of twenty years. It
can be confirmed, with conclusive evidence, that it originated in the mid-1980s, with the first
discussions on models of cold dark matter with a non-zero A term, which did fit the results
of astronomical observations much better; and that, taken seriously, already implied that the
universe expansion should be accelerating. It reached its peak in 1998-99, when the famous
results of the SNIa supernovae appeared (Riess, Schmidt, Perlmutter et al.). But it could not be
fully confirmed until about six years later, by the results from other very important observations.
In particular, the precise analysis of the cosmic microwave background (CMB) radiation, results
corresponding to the early formation processes of galaxies; additional and much more precise
results from SNla supernovae; data from the distributions of nearby galaxies; independent ones
coming from baryon acoustic oscillations (BAO); and some more.

In other words, it is true that the ACDM theory, which was already being built since the mid-
1980s around various results of cosmological observations, received its most striking boost
thanks to the discovery of the accelerated expansion using Type Ia supernovae as standard
candles. But these results did nothing more than to confirm what the theoretical adjustments
of previous astronomical observations had already been stubbornly indicating for some time:
that cosmic expansion was accelerating! And, in addition, the striking results obtained with the
supernovae still required further independent, and more precise, verification by several other,
independent procedures, for their definitive acceptance.

Both the modified gravity models and the use of A now provide solid theoretical frameworks,
based on the fundamental laws of physics, to try to understand this surprising and extraordinary
fact. But so far no one has been able to achieve this in a definitive and convincing way.

The similarities between the two revolutions mentioned are very remarkable:

e Their gestation period was exactly the same: twenty years.
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e In addition, there were always some outstanding leaders who claimed to be the true (and
only) discoverers, who tried to claim all the credit for the advances exclusively for themselves.

o Hubble and his Mount Wilson observatory, in the first case,

o Riess, Schmidt, Perlmutter and their SNIa observations, in the second.

In the book it is clearly argued that these claims are not sustainable, that they do not fit the
reality of the facts. The history was much richer and more complex (as Nobel Prize laureate
Jim Peebles dixit) and involved many other decisive contributions along the way that led to the
findings and the final confirmation of the discoveries, in both cases.

Furthermore, it is also true that these two cosmological revolutions cannot be fully described
by looking only at what happened during the respective twenty-year intervals. It must be
admitted that the above is still an incomplete approach, a somewhat crude simplification. This is
understandable, as it always happens that way when one aims at the description of any revolution.
If we take the French Revolution as an example, it cannot be reduced to the events of July 14, 1789.
Revolutions are always long, rather extended in time, and rarely occur in a linear or coherent
way; however, they produce in the end great transformations in thought, in knowledge and in the
organization of people and societies. Namely, if we refer to the most famous Scientific Revolution,
as a second example, it took place during what historians sometimes call the “long 17th century,’
which many specialists consider to have actually extended from the 16th century, when modern
techniques began to be used to investigate anatomy and astronomy, all the way to Darwin himself,
that is, well into the 19th century (although some authors cut it off earlier). Anyway, it is a very
long period, in which much of what we now recognize as Science was slowly condensed and in
which materialistic explanations were sought for the first time in all areas of research.

Conclusions

We have started with the late Steven Weinberg and ended up with James Peebles, both of
them Nobel Prize laureates in Physics. According to what we have learned in the introspective
research carried out above, it must be recognized that cosmological models are being
reformulated continuously, as more and better astronomical data accumulate. There is no such
linear path but a quite long and winding road to knowledge. However, one thing is very clear
from this study: when we now look back at the last century and observe it in true perspective
from the end to the beginning, strictly comparing our view of the universe at the end of the 19th
century with the corresponding view at the end of the 20th century, we will appreciate that,
certainly, the cosmological models are being reformulated continuously, as more and better
astronomical data accumulate. However, one thing is very clearly manifested from this analysis.
Namely, when we now look back at the last century and observe it in the mentioned perspective,
it is then and only then that this vision from the outside, wide-ranging and with an open mind,
suddenly opens our eyes to the following, amazing reality:

e Astronomical observations throughout the 20th century had extraordinary, almost
unbelievable implications, which completely changed our view of the cosmos.

e From being small, static, immutable and eternal, it became enormous, expanding and it was
discovered that it had had an origin from “nothing”, or “almost nothing” (1st revolution).
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e Later, it was also discovered that its expansion is accelerating non-stop, thus creating an
enormous mystery where absolute certainty had previously reigned (2nd revolution).

These are, without any doubt, two impressive revolutions in our knowledge of the cosmos.
Two of the most extraordinary discoveries ever made in the entire History of Humanity.

And which, in turn, has given rise to another exciting era. Because our current lack of
knowledge about the precise nature of dark matter and dark energy, that is, about 95% of the
content of our universe, of the precise value of the Hubble constant, the mechanisms working
at the origin and early evolution of the cosmos, and so on, open up a future before us that will
undoubtedly be full of new and very intense emotions.

Acknowledgements. This work has been partially supported by the program Unidad de
Excelencia Maria de Maeztu, CEX2020-001058-M, and by the Catalan Government, AGAUR
project 2021-SGR-00171.

References

1. E. Elizalde, The True Story of Modern Cosmology: Origins, Main Actors and Breakthroughs (Springer-
Nature, Berlin, 2021), available at: https://www.springer.com/gp/book/9783030806538

2. E. Elizalde, Cosmologia moderna desde sus origenes (Ed. Catarata, Madrid, 2020) (in Spanish),
available at: https://www.catarata.org/libro/cosmologia-moderna-desde-sus-origenes_117625/

3. S. Weinberg, To Explain the World: Discovery of Modern Science (Harper Collins Publishers,
New York, 2015), available at: https://www.amazon.es/Explain-World-Discovery-Modern-Science/
dp/0062346660 -

4. F. Wilczek, Steven Weinberg (1933-2021), Theoretical physicist whose electroweak theory won the
Nobel prize, Nature 596, 183 (2021). DOI: https://doi.org/10.1038/d41586-021-02170-w, http://
www.nature.com/articles/d41586-021-02170-w.

5. S. Weinberg, The First Three Minutes: A Modern View of the Origin of the Universe (Basic Books,
1977; 2nd Ed. 1993), available at: http://slobodni-univerzitet-srbije.org/files/weinberg-steven-the-
first-three-minutes.pdf

6. People & History, Steven Weinberg (1933-2021), Physics Today (2021). DOI: DOI:10.1063/
PT6.4.202108033, available at: https://physicstoday.scitation.org/do/10.1063/PT.6.4.20210803a/full/

7. L. Alvarez Gaumé, Steven Weinberyg: el fin de una época (3-V-1933 - 23-VII-2021), Revista Espafiola
de Fisica 35-3, 31 (2021) ), (in Spanish), available at: http://revistadefisica.es/index.php/ref/article/
view /2748

8.].G.A. Pocock, The varieties of Whiggism from Exclusion to Reform: A history of ideology and discourse
(Cambridge University Press, 2010), available at: https://www.cambridge.org/core/books/abs/virtue-
commerce-and-history/varieties-of-whiggism-from-exclusion-to-reform-a-history-of-ideology-and-
discourse/AFF2CAO05BF3DA321F6F4F1B828524418 -

9. E. Elizalde, Einstein, Barcelona, Symmetry & Cosmology: The Birth of an Equation for the Universe,
Symmetry 15, 1470 (2023). DOI: https://doi.org/10.3390/sym15071470, arXiv:2309.02477

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N22(151)/ 2025 19
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



E. Elizalde

Jimsanbjae .
Fapbiw Fol1bimoapsl uHcmumymeolt (ICE-CSIC & IEEC), Hcnanus
(E-mail: elizalde@ice.csic.es)

CtuBeH BaitHGeprTiH a/1eMAi TYCiHAIPYi 2K9He Ka3ipri KoCMOJIOrMsIHbIH, IIbIHAWBI TAPUXBIH
Tajaaay

Angarna. Pu3ukKa canacelH/A KYMBbIC iCTeHTiH FasbiMAap PU3MKa TapuxblHA apHAJIFaH KiTantap
*ka3ybl Kepek ne? Kelbip Tapuxiibliap 6yFaH y3iajfi-kecin/li Kapchl, eMTKeHi oJlapAblH alTybIHIIA,
dU3UKTEep TapuxXyd MaceJsesepre OObEKTUBTI TypAe Kapadl anmaiabl. /lereHMeH, 6y Makaaaza
MaMaH/[ap/blH TapUXThl 63 K63KapachiMeH 6aFajiaybl MEH Ta/IJlaybl TapUXIIbLIAPAbIH KO3KapachlH
TOJIBIKTBIPY VIIiH aca MaHbI3/lbl eKeHi JajengeHeni. AUTanblK, 6enrini ¢usuk CTuBeH BailHOeprTiH,
e3i e coinra ymbiparaH. Ou «Explaining the World: The Discovery of Modern Science» aTTbl KiTabbIH
eXeJsri rpekTep/ieH 6acran Kasipri 3amaHfa JeliHri ¢pusuka TapuxblHa apHaFraH eji, ajaiga 6yJ
eHberi ylIiH TapuxIlbliap TapanblHaH KaTThl CblHFa yuiblpaZbl. Cebebi, Bailnbepr eTkeH/i Kasipri
6is1iM JleHrediMeH, IFHU Kasipri Ke3kapac TYpFbICbIHAH 6GaFasia/ibl Aen aibinTaaabl. Ocbl Makaiazia
JI9J1 OChbI MbICAJl MEH TaFbl Oip »KaFAal apKblIbl €Ki TYpJli Ke3KapacTbhlH, apachIH/aFbl Terne-TeHIiKTi
KaJiall TabyFa 60J1aThIHbI KepceTisieni. ATan alTKaH/a, TapyX KiTanTapblH/Ja 6asiHAa/1aThIH FajJbIM/Jap
Kazipri ¢usuKTepre KaparaH[a oJfieKaijla 3epek OoJiFaHbl, 6ipak Kasipri 6iiMMeH OGafasacak,
oJ1ap KeljJle KUCbIHChI3 TY>KbIpbIMJAP alWTKaHbI TypaJbl O KO3Fa/ajAbl. MaKalaHblH Heri3ri Te3uci -
Gip>KaKThI K@3KapacKa »KoJ1 6epMel, 6yJ1 eKi a1icTeMeHi yilJiecTipin, Toxipubeie KaJiai )Ky3ere acbIpyFa
60/1aThIHBIH KepceTy. byl Macesiesiep HaKThbl MbICa/IJapMEH KaHe T KipUOesiK TanjayiapMeH TOJbIK
allbLIa/bl. 3ePTTEY HOTIIKEJIepi MeH OHBIH TRKipubOeJliKk MaHbI3bl COHFbI 66J1iM/le 6assHAaIaabI.

Ty#iH ce3aep: FblibIM Tapuxbl; CTUBeH BallHOepr; AYHUEHI TYCiHAiIpY; BUTTH3M; Kasipri kocMoJio-
T'Usl; KOCMOJIOTUSIJIBIK TOHKepicTep.

Jmsanbje J.
Hucmumym kocmuveckux Hayk (ICE-CSIC u IEEC), HcnaHus.
(E-mail: elizalde@ice.csic.es)

06bsacHeHue mupa CtuBeHa BaiiHGepra u
aHaJIU3 NICTUHHOU MCTOPUHU COBPEMEHHOHM KOCMOJIOTHHU

AHHOTanysA. /lo/KHBI JIM NPAKTHKYOIHEe QU3UKHU MUCATh KHUTU 10 UCTOpUU dU3uku? HekoToprie
MCTOPUKU KaTerOpUYeCKU NPOTUB, CYUTAs], YTO QU3UKH, KaK IPABUJIO, HE MOT'YT 00 beKTUBHO OCBELATh
ucTopuyieckre Bonpockl. OJHAKO B JAHHOU CTAaThe YTBEPK/AAETCS, YTO B3IJIsL/, M aHAJIU3 CIIEIUaJIUCTOB
KpaiiHe BaXKHBbI JJIs1 JJOTIOJIHEHUSI UCTOPUYECKOro nmojaxosa. /laxke Takod BblJaloLIMiCcA YYEHbBIH, Kak
CtuBeH BaiiHOGepr, nmoABeprcss KpUTHKe CO CTOPOHBI MCTOPUKOB. [locsie my6GJMKalLUU CBOeH KHUTH
«Explaining the World: The Discovery of Modern Science», mocBsiiiéHHOM UCTOPUX GU3UKU OT AHTUYHBIX
T'PEKOB [0 COBPEMEHHOCTH, OH 6b1J10OBUHEH B TOM, UTO OLeHMBAET IPOLLI0€e UCKIIOYHUTEBHO C IO3ULIUU
HACTOSIL[Er0 — ONUPAsICh HAa COBpeMeHHble 3HaHUs. Llesib JaHHOU cTaTbU — HAa 3TOM U ellé OJJHOM
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IpyMepe M0Ka3aTb, KaK MOXXHO HAalTU 3/J0pOBbIM GasaHC MeX/y 3TUMH [BYMs IPOTUBOIOJIOKHBIMHU
noaxoAaMu. B 4acTHoCTH, mogYepKUBaeTCs, YTO MHOTHE M3 YYE€HBIX, O KOTOPBIX NUIIYT UCTOPHUKH,
OblIM 3HAYMUTEJNbHO YMHee Hac, COBpeMeHHbIX UCC/efoBaTeseil, HeCMOTPsl Ha TO, YTO C HblHEIIHeN
TOYKHU 3peHHA OHU HepeJKO FOBOPHUJIM CTpaHHble Belid. OCHOBHOW Te3UC CTaTbU — HEOOXOAUMOCTH
cobuitofileHus1 6asaHca Mexay ABYMsI NPOTUBOINOJIOKHBIMU B3IJISZAMU U JAEMOHCTpallusi TOro, Kak
3TO MOXKHO peajii30BaTh Ha NpakTukKe. Bcé 3To O6yAeT nogpo6HO 06bACHEHO Ha psAJile KOHKPETHBIX
npuMepoB. OCHOBHbIE BBIBOZbI M aHAJIN3 NPAKTUYECKUX N0C/Ae[CTBUM NPOBEAEHHOTO UCCIeJ0BaHUA
npe/CTaBJeHbl B 3aK/JII0YEHNH.

Knio4yeBsle c0Ba: uctopust Hayky; CTuBeH Balin6epr; o6bsicHeHUe MUpPa; BUTTU3M; COBpeMEHHas
KOCMOJIOTUS; KOCMOJIOTUYEeCKUE PEBOJIIOLU Y.
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Abstract. This paper explores the phenomenon of gravitational redshift within
the framework of extended gravity models, which go beyond the conventional
Einsteinian General Relativity. The gravitational redshift is a key observable
manifestation of spacetime curvature and serves as an important tool for
testing theories of gravity. In the framework of general relativity (GR), it is
explained as a consequence of time dilation in a gravitational field. This paper
examines the features of the manifestation of gravitational redshift in various
generalized gravitational theories and conducts a comparative analysis of the
time predictions of these models with the results of observations, in particular,
near compact objects and on cosmological scales. We establish a relationship
between the redshift Z and the normalized scale factor 0!(1) of the universe,
linking it through the Hubble parameter H(T). We develop both analytical and
numerical approaches to examine the time evolution of redshift. By solving the
governing equations, we derive expressions for Z, O!(T), and their derivatives
concerning time. The results align with current cosmological observations and
provide new insights into the dynamics of the universe’s expansion. Additionally,
visualizations of the evolution of the scale factor; its first and second derivatives
over time, are presented. These findings contribute to a better understanding
of the complex interaction between gravitational forces and cosmic expansion.
Keywords: Gravitational redshift; scale factor; Hubble parameter; cosmological
models; generalized gravity.

Introduction

Perhaps one of the most important observable parameters of all cosmological objects is the
so-called redshift, based on which a conclusion is drawn about the expansion of the universe.
The essence of this phenomenon in cosmology is the shift of the emission spectrum lines of

Received 31.05.25. Revised 05.06.2025. Accepted 05.06.2025. Available online 25.06.2025

1*the corresponding author


https://doi.org/10.32523/2616-6836-2025-151-2-23-31
https://orcid.org/0000-0003-0732-2080
https://orcid.org/0009-0007-9040-113X
https://orcid.org/0000-0003-4935-9586
https://orcid.org/0000-0002-8410-6640

K.K. Yerzhanov, A.M. Sergazina, TR. Murzakul, G.B. Baurzhan

luminous objects towards longer wavelengths. It is known that excited atoms of rarefied gases
or vapors, which can occur when any chemical element is heated, emit light, the decomposition
of which on a prism forms a linear spectrum consisting of separate colored lines. At the same
time, each chemical element has a linear spectrum characteristic of it. This is due to the fact that
the atoms of such elements, isolated from each other, emit light only of certain wavelengths.
These waves have strictly defined resonant frequencies, which in special instruments -
spectroscopes - are visible as dark or light lines in certain parts of the spectrum characteristic
of this substance. The shift of these initial spectral lines of chemical elements towards longer
wavelengths, towards the "red" side, is called redshift. In cosmology, redshifts are denoted

by z and defined as a relative increase in wavelength z = /10/1—_'1.More generally, this equation
Z((t:)) = ;—0 = %0 All values marked with the index O refer to the
moment of wave reception . Since in the expanding universe, the wavelength of the received
signal is longer than the emitted one. The value called the redshift parameter is equal to the
relative increase in the wavelength of the received electromagnetic signal. The magnitude of
the redshift depends on the relative speed of the objects - the transmitter, the wave generator,
and the receiver, so the redshift allows you to determine this relative speed [5-6]. Gravitational
redshift is a critical observational effect in cosmology, indicating the interaction between light
and the gravitational field of an expanding universe [1]. In standard cosmological models, this
phenomenon is typically described by the relation between redshift z, scale factor a(t), and
the Hubble parameter. However, more general gravity theories, which extend the framework of
General Relativity, present new opportunities for exploring redshift in a broader context.

This study aims to derive both analytical and numerical solutions for the evolution of redshift
within generalized gravity models. By considering a normalized scale factor, we analyze how
redshift depends on time and the Hubble parameter, providing a detailed examination of the
universe’s expansion [2].

is written as follows 1+ z =

Theoretical Framework

The FLRW metric:

ds? = —dt? + a(t)?[dx? + dy? + dz?] (1)

X==3¢" @)

R=6(+(2)) 3)

F(R,X) = R + aX? + BR? - includes a quadratic curvature (as in the old inflationary models
of the Starobinsky type) and a nonlinear kinetic term characterized by a nonlinear k - essence.
Connection with redshift:

14z=—— (4)
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It is possible to express z(t) and study its evolution depending on the solutions of the
equations flowing into the model f (R, X).
The normalized scale factor & (f ) is connected to the redshiftz through the following equation:

a
l+z==2, (5)
a
From the definition of the Hubble parameter:

1

H= Ho(t—to) (6)
This simplifies to:
daz
U =~ G 7

For simplicity, we assume a time-dependent Hubble parameter, which allows the equation
to be solved numerically. Upon integrating, we obtain expressions for and, providing a time-
evolving model for the redshift [3].

1

H=—2—
Ho(t—to)’ (8)

dz dz
dt = — = — 1 9
(1+Z)H(t) (1+Z)Xm ( )

Integrating Time and Redshift. By integrating both sides, we derive the explicit relationship
between time and redshift:

[ == —Hy [ (10)

(t-to) 1+z

dat
f(t_to) = In|t — to| + C; (1)

dz

The integrations yield:

In|t-t, |=-H, In|1+z|+C (13)
In|1+z| = —% (14)

where C is the constant of integration. Rearranging this, we have:

. _c 15
|1+ 2z|=(t—t) Hox e Ho (15)
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The Final Formula for Redshift. The redshift z can now be expressed as:

2= ((t =t x eTo) - 1 (16)
(G )

Results and discussion

This equation directly relates redshift z to the time t, considering the universe’s expansion.
We can derive the evolution equation for the redshift:

Physical Interpretation. This formula explains how the wavelength of light changes as
the universe expands. In generalized gravity models such as ./ (R, X), it plays a crucial role in
describing the geometry and evolution of the universe.

The parameter H, defines the rate of expansion, while C corresponds to the initial conditions.
The redshift z encodes the observational evidence of this expansion through light emitted by
distant objects [4-8].

For simplicity, we assume a time-dependent Hubble parameter, which

h allows the equation to be solved numerically. Upon integrating, we obtain expressions for
and, providing a time-evolving model for the redshift.

Numerical Results and Graphical Representations
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Figure 1. illustrates the linear increase of a(t), consistent with an accelerating universe
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Figure 2. Highlights a(t ), showing a slight deviation near specific intervals, indicating transition
phases.
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a(t), with the negative values transitioning to positive as the acceleration

overtakes deceleration.

Figure 3. showcases
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Graphical . a(t)d(t) a(r) . :
phical Analysis of and Figures 1, 2, and 3 present the behavior of the scale
factor a(t), its first derivative d(t ) and second derivative 4 ), respectively, over time.

Key Observations. From these graphs, it becomes evident that the scale factor exhibits a
steady increase, while the acceleration a(t) undergoes significant variation due to the effects of
generalized gravity.

Figure 1 a (t) increases linearly a(t) x t"n > 1 and a(t) « ef’*. Figure 2 a (t) - changes
slightly. The variable acceleration model g(t) o Smhé(at) and a(t) « t™ + ye?t, as in the
transition from matter to dark energy. Figure 3 a (t) from negative to positive value.

The physical meaning a(t).a(t) = d—?. This is the rate of change in the scale of space over
time, that is, how much a (t > 0) - The universe is expanding, and & (t < 0) compression occurs
(in a collapsing model), a (t) the bigger, the faster the expansion takes place.

b

2
The physical meaning d(t).d(t) = % .Thisisanacceleration of the expansion or deceleration

of the universe d (t > 0) - the universe is expanding at an accelerating rate, d ('t < 0) - expansion

slows down. a (t) = 0 the scale factor is uniform. This equation is included in the second-order

tion & = _ 47¢
equation - . (p + 3p)

Conclusion

The derived formulas and numerical results provide a comprehensive view of the relationship
between the scale factor and redshift in generalized gravity models. This study emphasizes the utility
of alternative approaches to describing the universe's dynamics. By considering extensions of classical
general relativity, we gain deeper insights into the accelerating expansion of the universe.
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KannblJlaHFaH rpaBUTAlUAJBIK Moaema,aep,aeri rpaBUTAlUAJBIK KbI3bIJI AYBICY

Angarna. Bys Makasaga IUHIITEWHHIH »KaJlbl CaJIbICThIPMaJIbLIBIK TEOPUSIChIHBIH, IIeHOEepiHEH
HIBIFATBIH KEHEUTIJIeH rpaBUTALUSAJIBIK MOJesb/Jiep HieHOepiHAeri rpaBUTALUANbIK KbI3bLI BIFBICY
KYOBbUIBICHI 3epTTeJreH. [paBUTANUAIBIK KbI3bLJ BIFBICY KEHICTIK-YaKbIT KUCBIKTBIFBIHBIH HeTi3i
6alKblIaThIH KOepiHici 60JbIN Tabblaa/1bl )K9HE IPaBUTALUAJBIK TEOPUSIAP/bl CbIHAY YIIiH MaHbI3/Ibl
Kypaa peTiHJe KbI3MeT eTefi. Kajmbl cajbICThIPpMaJbUIBbIK 1LIeHOepiHJe OJ1 TpaBUTAIUSJIBIK
epicTeri yakbITTbIH, KEHEIOIHIH ca/iapbl peTiHAe TycCiHAipinegi. Bys KyMbIC opTYpJli KaJblIaHFaH
rpaBUTALUSJIBIK KbI3bLJ BIFBICY KOPIiHICIHIH epekilesikTepiH KapacblpaZbl xKaHe OYJ MoAeNbAep/iH
Go/mKaMapblH OaKblIAy HOTHXKeJepiMeH, aTal alTKAH/AaA, »KUHAKbl 00beKTiiep/liH *KaHbIH/A JKoHe
KOCMOJIOTUSIJIBIK MaclliTabTa cajJbICThlpMasjbl Taajgay XKyprisefi. bi3 xa66s1 mapaMeTpi apKblibl
6GalIaHBICThIPA OTBIPHII, KbI3bLJI bIFBICY MEH FAJIAMHBIH HOPMaJslaHFaH MacuiTab GpaKkTophl apackiH/ia
6aiyaHbIc opHaTaMbI3. bi3 redshift yakbIT 3BOTIOIUSACHIH 3€PTTEY YILUiH aHAJUTUKAJIBIK }KoHE CaH/IbIK
TacinaepAia3ipeiiMis. backapy TeH/ ey siepiH lielle OTbIPbII, PHEKTEP/li aJlaMbl3 YIliH, )K9He 0J1ap/IblH,
TYBIHIBLIAPBI YaKbITKA KAaThICTbI. HoTIKesiep Kasipri KocMoIoTHAJBIK 6aKblIayiapFa colikec Kesefi
»K9He FaJlaMHbIH KEHEI0 JMHAMUKAChl TypaJbl )kaHa TYCiHik 6epesi. COHbIMEH KaTap, yaKbIT 60MbIHIIA
MaclTab GpaKTOPbIHBIH 3BOJIIOLMSICHIH, OHBIH, 6ipiHILi XK9He eKiHIU TybIH/blIaPbIH BU3ya/ir3aLusiiay
YCBIHBUIFaH. ByJl HOTHXKeslep IpaBUTALMAJBIK KYIUTEP MeH FapbIIITHIK KEHEI apacblHAAFbl KypZeJi
©3apa apeKeTTeCy/li XKaKCbIpaK TYCiHyre bIKNaJ eTexi

Ty#iH ce3gep: [paBUTALUANBIK KbI3bLJI BIFBICY; MacuTab ko3dpduuueHTti; Xa66s1 mapamerpi;
KOCMOJIOTUSLJIBIK, MOZeJIbJIeD; KaJIIIblJIaHFaH aybIpJIbIK KYILi.

K.K. Ep:xaHoB?, A.M. Ceprazuna*!, T.P. Meip3akyn?, [.b. Bayp:kan®
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FpaBHTaHHOHHOG KpaCHO€ CMellleHuE B OGOGHLGHHLIX rpaBUTAllUOHHBIX MOJAEJIAX

AHHOTanus. B JaHHOW cTaTbe UCCAeAYyeTCS sIBJeHHWEe TPaBUTALMOHHOTO KPAaCHOrO CMeLIeHUs
B paMKax paclIMpeHHbIX PaBUTALMOHHBIX MOJiejiel, KOTOpble BBIXOJSAT 3a paMKH TPaJUIMOHHOU
0011lell TEOPHUM OTHOCHUTEJBHOCTH JWHIITEWHA. [paBUTAI[MOHHOE KpAacHOe CMellleHHe MpPe/ICTaBJsgeT
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co60¥ KJII0UeBOe HabJ0JaeMoe POsiBJIEHUE KPUBU3HBI IPOCTPAHCTBA-BPEMEHU U CIYKUT BaXKHBIM
WHCTPYMEHTOM [IJisl IPOBEPKH TeOpUH rpaBUTalMU. B pamkax o61eit Teopun oTHocuTesabHOCTH (0TO)
OHO OOBSCHSIETCS KaK CJIeJICTBHUe 3aMe/iJIeHUs] BpeMeHU B I'paBUTAIlMOHHOM IoJjie. B 3Tol pa6oTe
paccMaTpuUBaOTCSI 0COGEHHOCTH NMPOSIBJIEHHS TPABUTALMOHHOT'O KPAaCHOTO CMeIeHUs B 0600611 eHHbIX
IrPAaBUTALMOHHBIX TEOPHUSX, MPOBOAUTCA CPAaBHUTEJbHbIM aHa/JW3 NpeJCKa3aHUN 3TUX Mojiesel ¢
pe3yJbTaTaMy HAGJIIOIEHUH B YaCTHOCTH, BOJM3M KOMIIAKTHBIX OObEKTOB M Ha KOCMOJIOTHYECKHX
Macutabax. Mbl ycTaHaBJIMBAaeM B3aUMOCBSI3b MeXJYy KpacHbIM CMellleHHeM U HOpMaJIM30BaHHBIM
MaciTabHbIM KoadduineHTOM BecesleHHOM, CBsi3bIBasi ero yepe3napameTp Xab6J1a. Mbl pa3pabaTbiBaeM
KaK aHaJIMTUYeCKUe, TaK U YHCJIeHHble NMOAXOAbl [JJIsl M3yuyeHHs M3MeHEeHUsI KPacHOro CMeLleHUs
BO BpeMeHU. Peltasg oCHOBHbIE ypaBHEHHs, Mbl MOJy4aeM BbIpaKeHUs [AJIS1 U UX NMPOU3BOAHBIE IO
BpeMeHU. Pe3y/bTaThl COracyoTcs € TEKYLIMMU KOCMOJIOTUMECKUMHU HAGJII0JeHUSIMU U AT HOBOE
npe/icTaBJeHrde O JWHAMUKe paciivpenusi BcesenHoil. Kpome Toro, mpejicTaByieHbl BU3yad3aluy
M3MeHeHHUs] MacliTabHoro koapouiMeHTa, ero MepBOd M BTOPOM MNPOU3BOAHBIX C TeYEHUEM
BpeMeHH. ITH pe3y/bTaThl CIOCOGCTBYIOT JIydllleMy NOHUMAaHUIO CJI0’KHOT'O B3aUMOJIEUCTBUS MEXAY
IrPaBUTANMOHHBIMHM CUJIAMHU U KOCMHUY€CKHUM pacCIIupeHHEM.

KioueBble c/10Ba: rpaBUTAIMOHHOE KPACHOE CMellleHHe; MaclITabHbIA K03dQUIMEeHT; mapamMeTp
Xa66.1a; KOCMOJIOTHYECKHE MO/IeJTH; 06001[eHHasA IpaBUTAIHS.
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FeibiMu MaKasia

30H/J TeOPUACHI HETi3iHAe TOMEHri TeMIepaTypaJibl >KoHe UMNY/IbCTi
IJIa3Ma arbIHbIHAAFbl HOHJAAP MEH 3JIEKTPOHAAaPAbIH, KOHLEHTPALMACBIH

dAHBIKTAy

A.K. CeiiTxaHoBa*!'" ', A.T. Hyp6epauen? , b. Tacyos?

19. Mapryaan ambsiHdarsl [lagaodap nedazozukasbik yHusepcumemi, [lasiodap, Kazakcma
23 M.X. /lynamu amsindarsl Tapas yHusepcumemi, Tapas, Kazakcman

(E-mail: ainur1179@mail.ru)

Angatna. [l1a3ma - 3aTThIH TOPTiHIII KyHi )koHe KBasubeWTapan opta 60JiFa-
HbIMEH, 9/IeTTe MJIa3MaHbl )KOFAPFbl )KoHE TOMEHTI TeMIlepaTypaJibl, TEHTEPiJI-
reH >XoHe TeHrepi/iMereH, ujieas *koHe ujieaa eMec Aen KapacTbipaMbl3. Col-
KeCiHllle, oJIapAbl 3epTTeyAe 9pTYpJii aJicTep MeH Kypaiaap KOJIJAaHYbIMbI3
KakeT. bipak 6i3 6y/1 MaKaJsiazia »kacaH/bl MJIa3MaHbIH Kel TypJiepiHe 6ipaei
3epTTey TeOPUSIChIH KOJIJJaHyFa 00J1aThIH/bIFbIH KOpPCeTeMi3 HeMece aJibIHFaH
du3UKaJbIK lIaMajapAbl TEKCEPY MaKCcaTblIH/la 63Te 94iCTi KoJiJaHaMbI3. 3epT-
Tey >KYMbICTapbl HOTUKECIH/le TOMEHTI TeMIepaTypasibl Ja3Ma/iafbl (COMFbIH
paspsiATaFbl) MIOHAAP MEH 3JIEKTPOHAAP KOHLEHTPAIUSChI 3JIEKTP 30HAbI d/icCi
apKbLIbl aHBIKTAJI/Ibl. 3epTXaHa/la LWJIUMHAP THUIITEC 3JIEKTP 30HAbIH KOJIJAHBII,
OFaH BOJIbT-aMIIepJIiK CMIIaTTaMa »acayFfa 60s1a/ibl. byiaH 6esiek, Papaaei LUIKMH-
Jipi KeMeriMeH UMIYJIbCTI [1J1a3Ma aFbIHbIHAAF bl HOHIAP/bIH SHEPTHsIChl aHBIKTAJI-
JAbl. @apazield UWIMHJPiIHE KeJlill TYCKeH 3apsATap illKi 3JIeKTPOAThIH, OeTiHe
COKTBIFbICaZIbL. HoTMKeciH/e a/1eKTp Ti30eriH e naiaa 60/1FaH TOKThI oclipiorpad
KeMeriMeH TipkeiMi3. Papajel HUJIUHAPI KOMeriMeH HOHAAPAbIH KOHLeHTpaLUsI-
CbIH aHBIKTay/IbIH OipHellle a/icTepi 6ap. bipak 6i3 TeMeHri TeMnepaTypaHbl 3epT-
Teyzeri aJIeKTP 30HAKa KAaTbICThbl TEOPUSIHBI KOJIZJaHaMbI3. MakKasia asiCblH/ia OChI
eKi 9/iicrieH a/ibIHFaH IJIa3MaJlapZblH, KYpaMbIH, OHJAFbl 3JIEKTPOHAPAbIH, *KbLJI-
JIAMJIbIFbIH YKoHe 0JIap/blH, KOHLIEHTPALUSChIH eCcenTeyre apHa/FaH TeHAey/Aepai
KOJIJJaHa OThIPbIII, IJIa3MaHbIH KBa3ubelTapan opTa eKeHiH AaJie/1ielMi3.
OcbIFaH AeliH IJla3Ma MapaMeTpJiepiH aHbIKTayFa apHaJ/IiFaH KYPbUIFbI JalblH-
Jlanbl. 2Kymbic 6apbIChIH/Ia erep 30H/, MillliHi AypbIC JalbIHAA/IMaFaH 60J1ca, OHAA
6a/1IKy, TO3aH/IaHy CeKiJi/li MpobsieMasnap TYbIHAAWTbIHbI aHbIKTaJI/bl. Bys1 MaKasia-
Jla JalibIHja/IFaH 30H/] KOHCTPYKIUSICbIHBIH, COHFbI HYCKAChI KOpCeTiye .
MakaJiaHbIH, 3epTXaHaJ/blK 66JiMAepi To/bIFbIMeH 9/-Papabu aTbiHgaFbl Ka-
3aK YJITThIK YHUBEPCUTETIHIH «pU3NKA TEXHUKAIBIK PaKy/JIbTETiHAE» Kacas/Ibl.
Tyiin ce3aep: [11a3Ma; MOHIAap KOHIEHTPAlLUsChl; KBa3ubenTapan opta; Pa-
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Kipicne

[l1a3MaHbI 3epTTeY/le dPTYPJli KOHABIPFbIJIAP MeH Kypasiap/ bl MakaaHy/iblH, MaHi 6ap.
OHbI 3epTTeyze OipuiaMa KUbIHABIKTAap MeH KaTeJiKTep TyblHJaFaHJAbIKTaH TYpiHe Kapau
9pTYpJii 9AicTep MeH KypaiAapAbl naijananyra bekitemis. MoHjany HoTHKeciHJe mua3Ma
3JIEKTPOH, HEUTPOH K9He MOHJapJaH Kypasaajbl Ja 6edTapan opTa 60Jibin Kasa 6epeni. OH
»KoHe Tepic KeJieM/JiK 3apsiATap KOHIEHTPALMsICbIHbIH, 63apa TeH/iri — KBa3ubenTapanThIK,
Erep raszaelH MOHAA/Ny AeHreWi >KapThlJlakl HeMece TOJIBIKTAaKh OpbIHJAJICAa Jla OJ1 3aTThIH,
TOPTIHII arperaTThIK KYHiHe aybICa/bl.

[lna3mMaHbIH TeMIepaTypachkl 3JIEKTPOHJAPAbIH, HEWTPOHJAApPAbIH >XoHe WOHJAPAbIH
TeMIlepaTypajapblHaH TypaZbl. TemeHri TeMmmnepaTrypaJ/ibl ILIa3MajapAa 3JeKTPOHHBIH,
TeMIepaTypachl MOHAAP MeH HEUTPOHAAP/bIH TeMIlepaTypaJsiapblHaH eJjieysi Kell 60J1a/bl.

WUmnynbceTi niiasMmanbl 3eptreyae ®apagedt [UAWHAPI KOJJAHbLIa[bl. Opi Kapal OHBIH,
11aMaJIapblH ecelTeyze 63re 9/jiClIeH aJIbIHFaH MaH/i CaJbICThIPY apKbl/Ibl KATeJIKTi a3auTy¥fa
6os1abl. Papajed UUJIUH/APiIHE KalFaHFaH ocuuorpadTa naijga 60aThbIH CUTHA apKbLJbI
VOH/Iap/blH XbLIJAAM/bIKTapbl KOMeriMeH OHJaFrbl MOHJAP/bIH KOHLIEHTPALUACBIH aHbIKTay
TeOpHUAChl KeHiHeH TapafaH. OCbl d9JiC apKpl/bl aHbIKTAaJIFAaH MOHZAEPAI 30H/ 94iCi apKblJIbl
Jla Tekcepyre 6osiafbl. Al 30HJ TEOPUSCHIHAA IJIa3MaHbl JIOKaJb/Jl TepMOAWHAMUKAJBIK
TeHJIK OpHaFaH Jiell KapacThIpblll, boJsibliMaH 3aHbl apKbl/bl HOHAAPABIH, KOHLLEHTPALUAChIH
aHbIKTalMBbI3.

Ocbl cekisniil 30HA TeOPUACBIH TOMEHIT TemIlepaTypasbl IJIa3MaHbl 3epTTeyae Je
KoJilaHaMbl3. MyH/ia 6i3 [UJIUHAD NilliH/Aeri 30HAThIH NOTEeHLMa/IbIH BOJIBTMETP apKblJibl, aJl
OHbIH 60MbIHAH OTETIH TOK KYILiH aMIepMeTp apKbLJbl 6JIIIEN aJaMbl3.

30HATBIK, 9JiC apKblibl 3€pTTey XKYPTri3yZe TYbIHAAWTbIH KUBIHJABIKTAp Ja Oipuiama.
Teopusi/IbIK TYpFbIJAAH COKTBIFBICCHI3 IJIa3MaJarbl 30HJ, CUAINATTAaMachbl KETKIJIKTI KoHe
camnaJjbl TypZAe 6o/nKaHFaH. Erep, MarHUT epici HeMece COKTBIFbICY/IAp aiaa 60Jsica KenTereH
KUBIHJIBIKTAp TYybIHAANbl. OCbl ceb6eNTeH TYbIHAAUTBIH KaTeJIKTep/i TY3eTy KYMbICTapbIH
eHTi3iI1, 30HATHIK 9/[iCIIEH )KYMBbIC KaCalMbI3.

3epTxaHa GapbIChIH/AA 30HATHIH XUHAKTAYIlbl ay/laHbl 63repeTiHi aHbIKTaAAbl. OCbIHBIH
HOTHXKECiHJle TOK KYLIiHiH MoHi 6ipiiaMa e3repeTiHJiri 6aKanabl. MakKasiaHblH 6ipaeH-6ip
©3€eKTIJIIrl peTiHzAe 0Cbl MacCeJsIeHiH WelliMi KapacThIpblaabl. 30HATHIH )KUHAKTAY bl ayJaHbl
KyaTThl pa3ps/TapMeH KYMbIC Ke3iH/le TO3aHAaHblIl, 6aJKy NpolecciHe yibipaiibl. MyHbIH,
aJIZibIH aJy YIiH apHaWbl KOHCTPYKLUS Kacas/ibl.

AnabiHFBI MaKasambi3Za [1] »KapblK aFbIHbIHBIH MapaMeTpJiepi apKblibl IJ1a3Ma
TeMIepaTypachkiH 6aFasiayFa apHa/IiFaH KYPbIIFbIHBI JalbIH/1ay XKalJibl 6ipKaTap *KyMbICcTapAa
eJIlIey KaTeJiKTepi )KoHe 3epTTey KYPbIIFbIChIH JaWbIHAAY KalJ/bl aKnapaTTapMeH 06JIiCTiK.
MyHBbIH 0Cbl MaKaJlaMeH Oip/ieH-0ip 6aiIaHbIChI 3JIEKTPOATAP/bIH, KbI3bII, TO3aHAAHYbI, TilTi
»KOFapbl KyaT Ke3iHze 6aJKblll KeTyi 60Jibln TabblLaaAbl. 30H[ 9fiCiH KoJZJaHy GapbIChIH/A
OHbIH, KOHCTPYKIUSICHI )KoHE MaTepuas TYPi OHbIH Oa/JKybIHA, TO3aH/aHYbIHA aJIbIN KeJei.

Oky-azicTeMenik Kypajijga [2] mia3Ma aFblHbIHBIH 3JI€KTPOHAAP KOHLEHTpPaLUsChbIH
aHBIKTAY/IbIH, CIEKTPJIiK d/Iici xa3blIFaH. AJaii/ja, KYPbUIFbLIAPAbIH, canacblHAa GalJIaHbICTbI
ONTHUKAJIBIK 9JiCTeri >KapblK HWHTEHCUBTLIIr apKplibl IJla3Ma TeMIlepaTypacblH eJilley
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’KYMBICbIH/Ia KOITereH KaTeJIiKTep OpbIH aja/ibl >K9He KYpbLIFbl GaFrachl Kell »Kafjaiza
KOJKeTiMCi3.

MakaJiara Kipicnec 6ypbIH TaKbIpbIIIKa Colikec GipHelle FajbIM/JlapAblH KacaFaH 3epTTey-
JiepiHe 9/1e6H 1101y 2KYMBIChI )KYPri3iJIill, 3epTXaHa/IbIK KYMbIC 6apbICbIH/Ia OHZIaFbl eCKEPTYJIep
eckepiaai.

1 kecTte. 30H/, TEOPUSACHI HETi3iHe I/Ia3Ma NapaMeTpJiepiH aHbIKTayFa apHaJ/IFaH 3epTTeyJiepre

IOy
Ne 3epTTe- Kymbic aTaysl Il1asma Typi Kosipa- Herisri Kapusa-
yuijiep HBLJIFaH HOTHXKeJIep JIaHFaH
daic KbLJIbI
1 | Regodon, Low Electron Temen Temnepa- | JIaHrMop JyeKTpOH ThIFbI- | 2021
Diaz- Temperature TypaJibl IJ1Ia3Ma | 30H/bI 3[bIFbl MEH
Cabrera, Plasma TeMIlepaTypaHbl
Fernandez Diagnosis: aHBbIKTay YLiH [V
Palop, Revisiting CUIaTTaMaJIapblH
Ballesteros | Langmuir Taazay
Electrostatic
Probes
2 | Hamad, Ion Source AproH miasma- | UuausApJiik | QJeKTpoH TeiFbl- | 2019
Farok Plasma CBI JIaurmrop 3/IbIFBI, TEMIIEpA-
Parameters 30H/|bl Typa, KaJIKbIMaJIbl
Measurement >K9HE IJIa3Ma
using Langmuir MOTEeHIUaIapbIH
Probe eJiey
3 | Peterson, Microsecond WmnyabceTi [Haw Topi3ai | MukpocekyHATHIK | 2016
Coumou, resolved UHAYKTUBTI pPe30HaTOp | YaKbITTBIK PYK-
Larson, electron density | 6alisiaHBICKaH 30H/bI CaTIeH 3JIEKTPOH
Shannon measurements mnjia3Ma TBIFbI3AbIFbIH
with a hairpin eJIIey
resonator probe
in a pulsed ICP
discharge
4 | PopovxaHe |Langmuir JJleKTpoHe- JIanrmrop Tepic uoH TeIFBI- | 2013
T.6. Probe Method raTUBTI ras 30H/1bI 3/IbIFbIH /191
for Precise pa3panbl aHBIKTAy
Evaluation of
the Negative-
Ion Density in
Electronegative
Gas Discharge
Magnetized
Plasma
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5 | Gonzalez New procedure | Cybik nmjasma JIanrmop [lnasma napame- | 2022
JK9He T.0. to estimate 30H/IBI, TpJIepiH aHbIKTAy-
plasma g-Weibull JbIH »KaHa aJici
parameters yJecTipimi
through the
g-Weibull
distribution by
using a Langmuir
probe in a cold
plasma
6 | XiexoHe T.0. | lon source HoH ke3i mi1a3- | JIsHrMiop JeKTPOH ThiFbI3- | 2010
plasma Machl 30H/IBI, JbIFbI MEH TEMIIE-
parameters YKUIJIK cKa- | paTypaHbl XKbLJ-
measurement Hepi JlaM eJilliey
based on
Langmuir probe
with commercial
frequency sweep
7 | El Shaer Computerized KanmauutusTi KomnbroTep- | 1eKTpoH ThiFbl- | 2014
’KoHe T.0. Langmuir Probe | 6aiisiaHbIcKaH JIeHJipiaireH | 3J|bIFbIHbIH
Measurements RF paspsaasl JIanrmop KeHICTIKTiK Tapa-
in a Capacitively 30H/bI JIYBIH eJilley
Coupled RF
Discharge
8 | Chauhan, Design and Kannel nsiazma | JIaormwop JNIeKTPOH ThIFbI3- | 2013
Prakash, Development 30H/bI JbIFbI MEH TEMIIE-
Singh of Langmuir paTypachIH eJiley
Probe Sensor YLLIiH CEHCOPAbI
for Electron »kobasay
Temperature and
Electron Density
Measurement of
Plasma

Eckepty: Kecteneri Makasasap Ti3iMi apTypJi FBIBIMU KypHa/AapJaH ajJblHFaH, COHABIKTaH 1
KecTere CiTeMe »Kacay MyMKiH eMec.

Jdjicreme

30H/1 TEOpHUSACHI 6APBICBIH/A MbIHAAAN LIAPTTAP/ibl ECKEPY KAXKET:

KBasubelTapan opTaza 3JeKTPOHAAP/bIH JKbLIJAMAbIKTapbl OOWbIHIIA Tapajaybl -
MakcBesngik 60Jaabl;

[lnazma apacbkiH/ja OpHaJlacKaH 30H/, MaHbIH/la KaJblH/bIFbI [leball pa/InyChIHbIH, OipHellle
MoHiHe TeH KeJieMAiK 3apsATap KabaThl naga 6osazbl. COHAbIKTAH/a, 3KpaHAaly HOTHXKeCi
Ke3iH/le 30H/AThIH, [1J1a3MaFa dCepiH esieMenMis;
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uanH/pJiK 30HATHIH, eJileMi KeJieM/liK 3apsiiTap KabaTbhIHAH ejieysi ken 6oJazpbl. JleMek,
30H/ATBIH >KMHAKTaylIbl OETiHiH ayJaHbl KeJeM/iK 3aps/AThIH CbIPTKbl KA0ATbIHbIH, ayJaHblHA
TEH, KoHe CoJI OeTKe KeJil TYCKeH 3apsiATap 30H/ NOTEeHIMa/IbIHAH TayeJi/i Tebinesi HeMece
YKYThLJIa/bl.

Erep 30HATBHIH IJla3MaMeH CaJbICTbIpFaHAaFbl NOTeHUMWas bl U 30HJ MaHaWbIHAAFbI
acepre yliblpaMaraH IIa3MaHblH MOTeHUMalbiHaH U, Kiwi 6o0Jica, OH/AA 3JIEKTPOHJAp
Texeyil epicke Tam 6oJiaJibl XXoHE KeJIeM/iK 3apsATap KabaTbIHAAFbl 3JIEKTPOHAAP/bIH,
KOHLIeHTpalMsaJapblHbIH Tapaybl bosbliMaH/bIK 3aH/bLIBIKIIEH aHbIKTaNabl [3]:

e(U—Uo)
Ne = neoe| kTe (1)

MyHzafbl n,, - nJa3Maziarbl 3JIEKTPOHAAP/bIH, KOHLIEHTPAHUACHL, kK — BosiblMaH TypaKThICHI,
T, - 2/1eKTPOH TeMIlepaTypachl.

OstappaH 6eJiek 30HATHIH *KWHAKTayLIbl ay/laHbIHbIH, KyaTThbl pa3psjTap/a 6aKbll, TO3aH
KUHAUTBIHBI Gesrisii 60sAbl. 30H], XUHAWTBIH TOK OHbIH IJla3MaMeH lieKapaJsac 6eTKi
ayJlaHblHa Tayesai. Ocbliaiiua oKuayJiaylibl 6eTiH/e TOK 6TKI3Till KabaT nana 6o1aabl. Erep
30H/ATBIH )KYMbIC 6€Ti 0Cbl KabaTIeH 3JIEKTPJIiK 6aiiaHbICcTa 60Jica, TUIM/AI )KUHAKTay1lbl 6eT
eJlayip e3repe/i, AFHU ay/laHbl yiFasa/ibl. MyHbIH aJl/iblH aJly YIIiH apHalbl KOHCTPYKUHUAIBI (1
CypeTTe Y3iK CbI3bIKTapMeH KOpLIAJIFaH ay/laH) 30H/ KacasJbl.

1 cypeT. 30H KOHCTPYKLMSIChI

TemeHri TeMnepaTypaJsibl IJIa3MaHbl 3ePTTEY/€ 30H/, TEOPHUACHIH KOJIJJaHA OThIPBIN OHbIH,
KBa3ubeNTapanThIK MAapPThIH AdJesnAeimi3. O yiliH 3epTXaHaZia aJbIHFAH BOJIbT-aMIIepJIiK
CUIAaTTaMachIH MMakjaJIaHbII, apbl Kapai 30H/1 TEOPUSCHI APKbLIbI MOHAEPAI ecenTenMis.

[ToTeHuMa Tepic 60/FaHAa 3/IEKTPOHAAP 30H/KA XKEeTe a/IMai/ibl 13, TOKThIH 6acbIM 66JIiriH
WOHJap Kypai bl. [loTeHIMaN jKOFapblIaFaH CaWbIH 30HJKA COFYPJIBIM KON 3JIEKTPOHJAp
KeJsieJli. 30H/[ThIH KOPBITKbI TOK IIAaMachl 3JIEKTPOHAP MEeH UOHJAP TOK KYIliHEeH KypaJia/ibl.

I=1+1 (2)
MouJiekyanblK-KUHETHKAJBIK TEOPHUsIFA COMKeC 30H/TAFbI TOK KYLli KeJsiecire TeH, [4]:
1
I =1Sen,((ve) — (vy)) (3)

MyHzafbl S - ®KHMHaKTaylIbl OETiHIH ayJaHbl, € - 3JIEKTPOH 3apsabl, au (v ), (v) 6osca -
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3JIEKTPOH/Iap MEH MOHAAP/IbIH, )KbIIYJIbIK KO3FaJIbIChIHbIH, OpTalla XbLJIJaM/IbIKTapbl OOJIBII
TabblIabl. DJIEKTPOHAAPAbIH OpTallla *KblJIJaM/IbIFbl Kesecifen [5]:

(ve) = [ ()

m - 3JIEKTPOHHBIH, Maccackl, k — bosbiiMaH TypaKTbIchl. MOHAapABIH Maccachl 3JIeKTPOH
MaccacblHaH eJieyJi ken ekeHi G6esrini. COHABIKTAH MOTEeHIMaJ] HeJire TeH 60JIFaH Ke3Jeri
30H/] apKblJIbl 6TETiIH TOKTbIH 0AaCbIM 66J1iTi 3/1IeKTPOHABIK 60J1abl [4]:

Ipo = iSene(ve) (5)

KaHBbIFy TOrbl apKbLJIbl 3JIEKTPOH/IAP/bIH, KOHIIEHTPALUSIChIH Kesleci/iell epHeKTenMi3:

= (6)

n, =
€ Seve

JJIeKTPOH/bIK, TOKTBIH LIaMachl yJKeH OOJIFaHJbIKTaH OHbIH KaHBIFy TOTrbIHA XeTyi
KypJZieJli, COHZIbIKTaH/ia MOHJbIK TOK ILIaMacblH MakgajsiaHaMbi3. OcCbl KepJieH IJIa3MaHbIH,
KBa3ubelTapan opTa eKeHiH Kepe ajiaMbI3 [6]:

I
n,=——
e e (7)

0,5256 7

MyHzafbl M - nuta3Ma Kypayibl ra3 MOHZAPbIHbIH Maccachl, I, - HOHJapAblH KaHbIFY TOTbI.

WUmnynbceTi nmia3ma afblHbIH 3epTTeyae Papazed UMAMHAPIH KoJsgaHaMmbi3. Papagen
UUJIMHAPI eKi 3JIeKTPOATAaH TypaThblH eJilleyill Kypas. [mki asnekTpoasl KeMiprerizeH, aj
CBIPTKbI 3JIEKTPOJAblI MbICTAH »KacajifaH. EkeyiHiH apacblHAafbl M30Ji1Us (OTOMIACTTHI
UUJIMHJP/IH KeMeriMeH Ky3ere acblpblifaH. CbIPTKbI 3JIEKTPOATHIH, OeTiHeri caHbliay/blH,
Juametpi 150 MkM mamMaceiHAa. 3epTTesieTiH OeJillieKKe Kapall LUWJWHApPTre OH HeMece
Tepic 3apsj, 6epinyi Tuic. INeKTpoATAPAbIH apachlH 3JeKTpPJIiK OKlay/aay yiliH ¢oTomiacT
naijasnaHamsi3. [l1a3amMa/ia iokaabAi TepMOAUHAMUKAJBIK Tele-TeHAiK 60J1ca, 0Cbl XKYbIKTayFa
caliKec MJ1a3Ma/ia 6eJilieKTepAiH Tapaaybl bosbMaHAbIK 60136l [7]:

_eum
Ne = N; = Nge kTe (8)

r — KeJieM/IiK 3apsi/i Ka6aTbIHbIH, PaJUyChl.
HoHgapablH KbLIAAMABIFbIH 3J€KTPOHAAP/IbIH, TeMIlepaTypPaChIHbIH IIaMacblH Manza-
JlaHbll, BoM KpuTepuiHiH Heri3iHje Tabyra 6osabl [6]:

KT, 9)

Mynpafel T, - 3JIeKTPOHJAPAbIH TeMmmnepaTypackl, aq M, - HMOHJapAbIH Maccachl, k -
BoJibliMaH TYpaKThICHI.
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3OH,EL MaHbIHAaFbl KBJIeMLLiK 3apAATHIH IeKapaCblHAAFbl HOHAAP aFbIHbIHBIH, ThIFbI3bIF bl
OoJiapAbIH KOHLOEHTPpAUUAJAPbl MEH KblJIJAMAbIKTAPbI dPKblJIbI dHbIKTAaJIaAbI:

Ji = en(r)v(r) (9)
MyHafbl n(r) - 30HJ MaHbIHAAFbl UOHJAAP KOHLEHTPALMUACHI, al v(r) — oJapAblH, 30H[
MaHbIH/IaFbl aFbIHBIHbIH, KbLIJAMJbIFbl. JJIEKTPOHJAP/AblH, KOHLEHTPALUAChl KeJieMJiK

3aps/i leKapacbiH/Aa 30H/IKa »KaKbIH/aFaH calibIH TOMeH el 6acTaiiibl. OcblFaH 6aliIaHbICThI
KeJIeM/IiK 3apsi/ llleKapacblHaFbl IOTEeHIUAJAbIH TYpPi KeJsecigeit 6osabl [5]:

U, = kTe (10)
Ochl NOTEeHIIMA/IMEH HOHAP/IbIH >KbLJIIaM/IbIFbl aHbIKTaM/bI [8]:
__ |2eU¢
v(r) = e (11)

3oHATaFbl HOH/BIK TOK 6pHeri (9) MeH (11) KaTblHACTapbIH NaiajaHblI aJlaMbl3.

I; = enyS,

2eU. [ eU, (12)

i kTe

S, - KesieMAIK 3apsj KabaTblHbIH ayaaHbiH (10) eckepe oteipeinm, (12) kesecigei
OpHEKTEeNMI3:
- KT
®apasel UMJAMHAPI 30H] CEKIJAi XKyMbIC KacaFaHAbIKTAaH LMJMHAPJIK 30H[ yiliH (13)
TOMeH/eriJiey »ka3bla/bl:

2kT,

I; = 0,4en,S,

Mynzarel M, - n1asma Kypayllibl a3 MOH/JapbIHbIH Maccachbl. AJIbiIHFaH MaH/[i (7) epHeriHe
KOWBII, 66JIIIeKTep/liH KOHLIeHTPALUAChIH aHbIKTayFa 60/1a/ibl.

HOTH)KeJIep MEH TaJIKblJ/IAY

3epTxaHaza aJIbIHFaH HAOTHXKeJlepre CoMKecC BOJIbT-aMIEepJliK CMMIaTTaMaHbIH, »KaJ/llbl Typi
TYPFbI3bLJ/IbL.
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2-cypet. 30HATbIH, BOJIbT-aMIIePJIiK CUIIATTaMAaChl

MyHgarbl A HYKTeCiHZile MOHAAp 30H/ThIH, MaHaWbIH/A KeJiIeM/[iK OH, 3apsiTap KabaTblH
Kypanapl [ia, cunaTTaMa KaHbIFyFa )KaKblHAaW Tyceai. 30HATaFbl KOPbITKbI TOK LIaMaChIHbIH,
abcosiloT MaHI TeMeHAeli ae, B HykTeciHzae 0-re TeH 6oJsiagbl. bBys HykTejeri moteHyuasn
KaJIKbIMaJibl Jlenl aTasazabl. Erep kepHey maMacelH a3anTa 6epeTiH 6oJscaK, BC apanbIlFbIHA
KeJIeM/IiK 3apsiTap KabaThl apacblHAH 3JIEKTPOH/IAp TOThI Y/KeleTiHiH kepeMi3. KepHey/iiH oH,
MoH/iepiH/ie 3/IEKTPOHAAP KYIITI ©pic 9cepiHeH 30H/AThIH 6aFbITbIHA Kapau YAer Ko3Fanapbl /13,
aJl OH, MOHJAp KeJeprire yuublpai/ibl. 30HATbIH, MaHalbIH/A Tepic KejeM/i 3apsiTap KabaTbl
KaJiblnTachln, /[E 6eslirinjie canaTraMa KaHbIFyFakaKbIH 601a/ibl. Az /] HykTecinae U =U  60.1raH
Ke3/ie, 30H/ITaFbl TOK O6JILIeKTeP/liH, XKbLIYJIbIK KO3Fa/IbICbIHbIH aFbIHbIMEH FaHA aHbIKTAJIa/Ibl.
Ocnbl 2kepjieH (3) epHeK apKbl/Ibl 3JIEKTPOH/AAP Y1UiH OpTallla XKbl/IIaM/bIK aHbIKTaJ/Ibl.

OcbifaH /[iefiiH COBeT fasbIMJapbl IJla3MaHblH, KBa3WOeWTapanTbIFbIH TaXipubesik
TYpZe 3epTTel, OHbIH KacUeTTepiH JaJiesjereH. Atan auTKaHAa, Jleonna ApuuMoBUY TNeH
OHBIH, opinTecTepi TOKaMaK KypbLIFbUIAPBIHAA »KYpri3reH 3epTTeyJiepiH/e IJIa3MaHbIH,
KBa3nbeWTapanTbIFbIH pacTaFaH. bys3epTTeysiepze nyia3Mazarbl OH XoHe Tepic 3apAATap/blH,
TEHTepiMi, AFHU KBa3uOeUTapamnThlK, MJa3MaHblH, TYPaKTbLIbIFbl MEH 0OacKapblaybl YILIiH
MaHbI3/1bl GaKTOP peTiHje KapacTbIpbliraH. Mbicasbl, 1971 xblibl B.C. MyxoBaToB neH B./l.
[llappanoB "Plasma equilibrium in a Tokamak" aTTbl Maka/iacblH/la TOKAMaKTa¥Fbl IJIa3MaHbIH,
Telne-TeHJIK >KaFlalblH CUIIATTall, KBa3ubeUTapanThIKThIH peJiiH TajjaraH. bys makanaza
IJIa3MaHbIH, TOKaMaK KYPbLJIFbICbIH/IAFbI TEe-TeH/JIK KaF/jaiibl MEH KBa3WbOeHUTapanThIKThIH,
MaHBbI3/bLIBIFbI KapacThIpbLIFaH [9].

ConniMen Kartap, 0.K. KypunenkoB xoHe apinTectepi 2022 »xblibl "On the Plasma
Quasineutrality under Oscillatory Confinement Based on a Nanosecond Vacuum Discharge" aTTsI
MaKaJlacblH/a [JIa3MaHbIH KBa3ubeUTapanThIFbIH 3epTTereH. by 3epTTey/ie HAHOCEKYHATBIK,
BaKyyM/bIK pa3ps/ Heri3iH/e NJla3MaHblH KBa3ubeWTapanTbIFbl Tanganfad [10].
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[lnazma mapaMeTpJiepiH 30HABIK d/iCTIEH aHbIKTAY a/IFAlIKbIZja OHAl KepiHreHiIMEH MPOLecCcTe
TYbIHJIAUTBIH KUBIH/JBIKTAp ETKIMKTL. 30HATHIH OeTKi KabaTblHa 3J€KTPOHAAPAbIH, LIBIFY
KYMBIChI Tayesifi. kT, mamacel GipHellle 3JIeKTPOHBOJIBTTaH aclalThiH 60JICa, yaKpIT GOMbIHIIA
IIaMaHbIH, 63repyi MeH 30H/] 6eTiHiH ap6ip 6eJiiri yiliH WbIFYy *KYMbICbIHbIH, albIpMachl 30H/]
cunaTrTaMachbiHa acep eTe/i. COHABIKTAaH 30H/AThI a/IFalll BAKYYMfa OPHAJIACThIPFaH COTTE OHBbI
rascbI3ZlaH/ibIpblIl, OipHellle CeKyH/[| KbI3/bIpy KaXeT.

Honpap 30H/ 6eTiHeH eKiHLII PeTTiK 3J1eKTPOHAAP/bl LIbIFApaTbIH 60JICa, OCBI CATTE Tepic
3apsAAThI 30H/AKA UOH/Iap aFbIHbI Tyce 6acTaiabl. COH/IbIKTAH OH, bIFbICY Ke3iH/le 3JIEKTPOHIap
30HATHI TAcTal KeTe aJIMai/ibl 1a ellKaH4al peJ aTKapMal Kasazabl. EKiHmi peTTik aMuccusa
3ddeKTiciH eckepy eTe KUbIH O0JIFaH/IbIKTaH OHBIH, aJAbIH anazbl. COHABIKTaHAa 30H/, eKiHIII
peTTik 3MuccusaA KO3QPULMEHTI a3 MaTepuaaiaH 00Jybl KaXKeT KoHe 0J TOMEH KepHeyze
KYMBIC icTeyi kepek. bipak KyaTTbl pa3psTapAa 6y 3¢ deKTTi aybln TacTay 9pAanblM MYMKiH
eMec. OFaH Koca MyH/la YHUIIOJISIp A0Fa nana 60J1ybl ja MyMKiH. Bys1 coTTe aHOATHI KesieMAik
3apa/Tap KabaTbIHbIH, LIeKapachkl, aJl KaToJ KbI3METiH 30H/ aTKapasbl.

Keline osci3 woHpanfraH MiasMaZia 30HJ, MaHaWbIHJAAFbl 3apAATApAblH, ThIFbI3/bIFbI
TeMeH/lell KeTyi MyMKiH. 30H/| [IeH OHbI OKLlIayJlaFaH MaTepraJiJlaH aToM/iap Kocrachl 6eJiHes|.
Bys1 aToMzap K03y HOTHXKeCiHJle 63iHEeH 3Heprus OeJie/li Jie 3JeKTPOHABIK ra3 eTKi3rilliH
a3alThll, OHBI CYbITAZbI.

JKCIIepUMEHT MpPOLECCiH/le aTalFaH NpobsieMasiap TybIH/AI, TY3€eTy »KYMbICTapbl KYPrisiiji.
HoaTmxeciHle KakeTTi liaMasiap eJilleHin, 30HJ TEeOPHUsICbl TOMEHTI TeMIlepaTypaJibl >XoHe
VIMITY/IBCTI IJIa3MaJIapbIHbIH, HOHAAPBIHBIH KOHLIEHTPALMACHIH aHbIKTayAa KaTap KoJ1Aa-HbL1/bL.

KOpbIThIHABI

ByJ1 »KyMbICTa MJ1a3MaHbIH, IapaMeTpJiepi 3epTTefi. JaJjipek aluTcak 30H/, 9/1iCi apKblJbl
TOMEHTI TeMIlepaTypaJibl KoHe UMIIYJIbCTI JIa3MaHbIH, UOHAp MEH 3JIEKTPOHJAP KOHLEHT-
pauusiiapbl aHbIKTaAAbl. EcenTeysiep »ypri3y 6apbiCblHAA €Ki XKaFaanJa Ja 30H/, TEOPUSIChI
KOJIJIaHbL/I1/bI.

2KyMbic 6apbICchiH/Ia TYBIHAAUTHIH KUbIHABIKTAP MEH Mpo6JieMasiap TaJKbLJIaHbII, 0J1ap/ibIH
HmeliMi HaKThIJIaHABL. ANJbIHFbI MaKasiaza [1] »kapblK aFbIHBIHBIH, TapaMeTpJiepi KeMeriMmeH
IJla3Ma TeMIlepaTypacblH OafajayFa apHa/IFaH KYpPbUIFbIHBI 33ipJsiey 9Aici KepceTilreH.
ATasiraH KUBIHABIKTAp 0J1 Ke3Je Jie TYbIHAa/bl.

AnbIHFaH MaHJepAil eHJey/le 30H/ TeOPHUACBIHbIH, TUIMAUIrT KepceTisgi. bosbliMaH 3aHbI
apKbUIbl IJIa3Ma aFbIHbIH/JAFbl OeJileKTep/iH opTalla >KbLIJaM/JbIFbl ecenTesin, api Kapal
oJIapZiblH KOHLIEHTpaUUsiiapbl aHbIKTa/IAbL. [llla3MaHbIH KBasubelTapanm opTa eKeHIri
J2JieNnAeH .

KyMmbicTblH 6acTankbl Ke3eHiHJe afebueTTepre oy kacaijbl. HoaTuxkeciHzae ykcac
3epTTeysep [2] aHbiKTanAbl. Bipak oJ epjie 6ip TeopuUsiHbI IJIa3MaHbIH, 6acKa TypJiepiHe
KOJIZTaHY 9/iiCi KepCeTiJIMereH.

[I1a3Ma aFbIHBIHBIH, UOHZAp MEH 3JIEKTPOHAAP KOHLIEHTPALMAChIH aHbIKTAyAbIH MaHbI3bl
30p. A 6ip TeopusiHbI GacKa >kaFAalza KoJiJJaHy e3 THiIMALIIriH 6epesi. HoTukeciHe 30H/,
TEeOPUSICbIHBIH, KapananbIM/bLJIbIFbl MEH 63T€ d/iicTepre KaparaH/ia TUIMAIJIITT KepceTiiai.

WMnynbCTi 2KoHe TOMEeHTIi TeMIlepaTypaJibl [Jla3MaHbIH NIapaMeTpJiepiH aHbIKTay4a 30H/
TEepPOPHUACHI KOJILAHbLIbII, OCbl TEOPUAHBIH, HETIi3iHJe TeHJey/ep *XUHAKTaJIblll, HOHAAP/bIH
KOHLIEHTPAIUSAChIH aHBbIKTAY YIliH GopMysiasap KOPbIThLIAbI.
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OHPEAEJIEHI/IC KOHLEHTPAL MU HOHOB M JJICKTPOHOB B HU3KOTEMIICPATYPHOM U HMIIYJIbCHOM
NMOTOKE IIJ/Ia3Mbl HA OCHOBE TEOPHUU 30HA0B

AHHOTaHI/Iﬂ. XoTs nJ1a3Ma siBJsIeTCS 4eTBepPTbIM COCTOAHHUEM BelleCTBA U KBa3HHEﬁTpaHbH0ﬁ cpe,aoﬁ,
MBI 0OLIYHO pacCMaTpHBaeM IJIa3My KaK HMEIOUY0 BbICOKHE U HU3KHEe TeMIIepaTypbl, paBHOBECHYIO
U HEpaBHOBECHYIO, N€aJIbHYI0O U HEeHJAeaJIbHY1O. CoOTBETCTBEHHO, HaM H606XO,£LI/IMO HCII0JIb30BAThb
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pas3JiMyHble METOAbl U UHCTPYMEHTHI JI/151 UX U3ydeHHUs. OLHAKO B 3TOM CTaThe Mbl IOKaXKeM, YTO TY e
CaMyl0 TEOPHIO UCC/Ie[JOBAaHNSA MOKHO IPUMEHUTb K HEKOTOPBIM TUIIaM UCKYCCTBEHHOM IJIa3MBbl, WU
’Ke Mbl BOCII0JIb3yeMCsl [pyTMM MeTOZ,0M [IPOBEPKHU MOJIyYeHHbIX QU3NUECKUX BeJIUYUH. B pe3ysibTaTe
UCCIeJOBaHUM MeTOLOM 3JIeKTPUYECKOIO 30HJA OlpeJie/leHa KOHIeHTpalUs UOHOB M 3JIEKTPOHOB
B HU3KOTEMIlepaTypHOW Mia3Me (TjewlUui paspsj). B s1abopaTOpHBIX YC/AOBUAX [JJisl CHATUSA
BOJIbT-aMII€PHBIX XapaKTEPUCTUK MOXKHO MCIOJIb30BaTb 3JIEKTPUYECKHUH 30H[ LUJIUHJPUYECKOTO
Tuna. Kpome TOro, sHeprusi MOHOB B HMMIIYJIbCHOM IOTOKe IJa3Mbl ONpejeisjack C MOMOLIbIO
nuanHgpa Papages. 3apazbl, nonajawouiye B UMAMHAP Papajess, CTaJKUBAIOTCA C MOBEPXHOCTBIO
BHYTPEHHEr0 3JIEKTPOoJa. B pe3ysbTaTe Mbl perMcTpUpPyeM TOK, T€HEPUPYEMbIM B 3JIEKTPUYECKOU
Leny, ¢ noMmouibo ocuuaorpada. CyuiecTByeT HeCKOJbKO METOJO0B ONpejiesleHUsl KOHLEeHTpaluuu
MOHOB C UCHoJib30BaHHWeM LuauHApa Papazsesa. Ho Mbl 6yaeM MCNOJb30BaTh TEOPHIO, CBA3AHHYIO
C 3JIEKTPUYECKMM 30HJIOM NpPU U3yYeHUU HU3KHUX TeMIlepaTyp. B aHHON cTaTbe Mbl JOKaXKeM, YTO
nJ1a3Ma IBJIeTC KBa3UHeUTpaJlbHOU CpeJioH, MCI0/Ib3ys YpaBHEeHUs [IJI pacueTa coCTaBa I1JIa3Mbl.

PaHee 6b1J10 MOATOTOBJIEHO YCTPOWUCTBO AJIs1 ONpejeseHUs] TapaMeTpoB IJia3Mbl. B xoze paboThl
Ob1JI0 BBISIBJIEHO, UTO IPU HENIPaBUJIbHOM OAOTOBKe GOPMbI 30H/1a BOSHUKAIOT TaKUe Npo6jieMbl, Kak
IJIaBJIeHHE U pacliblileHre. B JaHHOM cTaThe Npe/icTaB/JeHa OKOHYaTe /IbHasi Bepcud NOATOTOBJIEHHOU
KOHCTPYKL MU 30H/a.

JlabopaTopHble pa3febl CTAaTbH NOJHOCTBIO pa3padboTaHbl Ha PU3UKO-TEXHUYECKOM QaKyJIbTeTe
Kasaxckoro HaljMOHa/IbHOTO yHUBEpCcUTeTa UMeHH aib-Papabu.

Kiro4yeBble c10Ba: nJ1a3Ma; KOHIIEHTpaLUs HOHOB; KBasuHeNTpa/bHasA cpefia; uuauHap Papazes;
3JIEKTpUYECKUH 30H[,
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Determination of the concentration of ions and electrons in a low-temperature and pulsed
plasma flow based on the probe theory

Abstract. Although plasma is the fourth state of matter and a quasi-neutral medium, we usually
consider plasma as having high and low temperatures, equilibrium and nonequilibrium, ideal and non-
ideal. Accordingly, we need to use different methods and tools to study them. However, in this article,
we will show that the same research theory can be applied to some types of artificial plasma, or we will
use another method to check the obtained physical quantities. As a result of studies using the electric
probe method, the concentration of ions and electrons in low-temperature plasma (glow discharge) was
determined. In laboratory conditions, a cylindrical electric probe can be used to record the volt-ampere
characteristics. In addition, the energy of ions in a pulsed plasma flow was determined using a Faraday
cup. The charges entering the Faraday cup collide with the surface of the inner electrode. As a result, we
register the current generated in the electric circuit using an oscilloscope. There are several methods for
determining the ion concentration using a Faraday cup. But we will use the theory associated with the
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electric probe in studying low temperatures. In this paper, we will prove that plasma is a quasi-neutral
medium using equations to calculate the composition of plasma.

Previously, a device for determining plasma parameters was prepared. During the work, it was found
that if the probe shape was not prepared correctly, problems such as melting and sputtering would
occur. This article presents the final version of the prepared probe design.

The laboratory sections of the article were entirely developed at the "Physical and Technical Faculty”
of the Al-Farabi Kazakh National University.

Keywords: Plasma; ion concentration; quasi-neutral medium; Faraday cup; electric probe.
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Abstract. This paper presents a comparative assessment of the radiation
situation in populated areas located near the North Kazakhstan and Shu-Sarysu
uranium provinces. Using gamma spectrometry, pedestrian dosimetry, and
radon monitoring, the study assesses gamma radiation levels, radon equilibrium
equivalent volume activity, and results of radiospectrometry analyses of soil and
water. Additionally, the influence oflocal geological and hydrogeological conditions,
as well as historical mining activities, was analyzed to identify potential factors
contributing to spatial heterogeneity in radiation indicators. The results indicate
that in the territories of populated areas located near the two uranium provinces,
in general, they remain within the natural background, but there are anomalous
zones with excess radon EEVA values, and in some populated areas of the North
Kazakhstan region, exceeding the limit values. Elevated concentrations of naturally
occurring radionuclides were detected in certain soil and groundwater samples,
suggesting localized sources of radiological impact. A comparison with historical
monitoring data allowed for the identification of temporal trends and assessment
of the effectiveness of existing environmental protection measures. The results
emphasize the importance of continuous and comprehensive, systematic radiation
monitoring programs in the territories of both mothballed and operating uranium
mines to reliably protect public health and the environment.

Keywords: Uranium mining; radiation exposure; radon; radiological monitoring;
uranium province

Introduction

The Republic of Kazakhstan is a unique uranium ore region, accounting for approximately
30% of the world's uranium reserves. Kazakhstan ranks first in the world in uranium ore
production. The major uranium deposits within Kazakhstan are grouped into six uranium
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ore provinces: Shu-Sarysu, North Kazakhstan, Syrdarya, Ili, Caspian, and Balkhash provinces.
The largest of these are the Shu-Sarysu province, which contains about 69.7%, and the North
Kazakhstan province, which contains about 12.1% of Kazakhstan's total uranium reserves [1,2].

These provinces form the foundation of Kazakhstan's uranium industry, securing the
country's leading position in global uranium production and export.

The intensive industrial development of the North Kazakhstan province began in the mid-
1950s, almost simultaneously with its discovery and the commencement oflarge-scale geological
exploration activities in Kazakhstan. The deposits of the North Kazakhstan uranium ore province
were developed exclusively through mining (both underground and open-pit methods), which
led to significant negative changes in the surrounding environment [3]. Currently, the territory
of the North Kazakhstan and Akmolinsk regions hosts decommissioned uranium facilities and
radioactive waste storage sites. It should be noted that the main work on the conservation and
liquidation of uranium deposits in the North Kazakhstan region was completed as early as 2007
[4]. However, there are no monitoring activities for the radioecological condition of natural
environment objects. As a result, the population living near these areas is increasingly exposed
to radiation, potentially suffering chronic radiation-chemical effects from low doses of ionizing
radiation, as well as other dangerous and harmful radioactive substances and industrial factors.
This combination can significantly amplify the effects of low-level radiation exposure [5].

Uranium exploration and mining in the Shu-Sarysu province began to develop actively in
the 1950s and 1960s. Initial geological exploration activities related to the search for uranium
deposits began in the 1950s, when geologists in Kazakhstan started to investigate potential
areas with uranium reserves, including the territory of the Shu-Sarysu region.

In the early 1970s, industrial uranium mining commenced based on the explored deposits.
The Shu-Sarysu uranium province became a key region for uranium production in the country,
and Kazakhstan as awhole began to take aleading position in the global market. As infrastructure
and mining technologies developed, production volumes continued to grow. Subsequently,
uranium mining in this region became not only a significant economic factor for the country but
also an important element in the global energy system.

The Shu-Sarysu province accounts for 60.5% of Kazakhstan’s total uranium reserves and
resources. Currently, uranium is being mined through in-situ leaching at the Uvanas, Mynkuduk,
Kanzhugan, Moinkum, Akdala, Budennovskoye, and Inkai deposits. However, information
regarding the radiation situation in this region is limited. Researching to assess the radiation
situation in the territory and nearby settlements is an important step in ensuring the safety of the
population, protecting public health and the environment, as well as in taking timely measures
in case of elevated radiation levels. Such studies allow for the identification of potential risks,
the assessment of radiation impact on ecosystems, and the development of effective strategies
to minimize possible consequences.

It is known that uranium’s radiation effect on humans can lead to stochastic radiation
effects, including oncological diseases, genetic disorders, and non-oncological somatic diseases
[6,7]. According to the International Agency for Research on Cancer, cancer morbidity and
mortality are important and objective criteria for assessing the impact of ionizing radiation
[8,9]. It is known that prolonged exposure to uranium and its daughter products increases the
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contribution of the radiation component. Based on the level of exposure (chronic effects of low
doses), the mechanism of action (radiation-chemical), and the biological role of uranium in the
life processes of organisms, the analysis is based on the results of long-term consequences and
territories with varying uranium content in the environment [10].

This work aims to assess the radiation situation in the territories of settlements located near
two major uranium provinces of Kazakhstan.

Materials and Methods

The study provides an assessment of the radiation situation and analyzes the results of the
author’s own research conducted in the territories of settlements located near decommissioned
uranium mines and radioactive waste storage sites in North Kazakhstan: the settlement of
Aksu, the settlement of Shantobe in the Akmola region, the settlement of Saumalkol in the
North Kazakhstan region, and the territories of settlements located near uranium deposits: the
settlements of Taukent, Taikonur, Shu, Zhuantobe, and Tasty in the Turkestan region (Fig. 1).
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Figure 1. Locations of settlements and uranium provinces in Kazakhstan, showing
the distribution of uranium reserves.

To assess the radiation situation, the following measurement methods were used:

Gamma scanning of the territory was conducted using a mobile automotive radiological
laboratory “Gamma-Sensor” (SPC DOZA, Moscow, Russia) (Fig. 2). The spectrum acquisition
time on the spectrometer was set to 15 s. With this acquisition time, the statistical deviation
of the measured value of the equivalent dose rate (EDR) of gamma radiation at a given point
from its root-mean-square value was no more than 0.005 uSv/h with a confidence level of 0.95.
The vehicle speed during the survey was 6-10 km/h. The spectrometer was calibrated daily at
the control point for energy, and the calibration for the dose rate and the values of the geodetic
coordinates were checked simultaneously.
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Figure 2. Mobile automotive radiological laboratory “Gamma-Sensor”

Pedestrian measurements of gamma background in background areas, in the territories
of settlements, and outside the sanitary protection zones (SPZ) of decommissioned uranium
deposits were performed using dosimeters DKS-AT-1123 (ATOMTEX Scientific Production Unitary
Enterprise, Minsk, Republic of Belarus) and MKS-AT-1117M (ATOMTEX Scientific Production
Unitary Enterprise, Minsk, Republic of Belarus) (Fig. 3). The dose rate measurements were
conducted outdoors at a distance of 5 meters from the exterior walls, at a height of 1 meter. At
each location, between 8 and 10 measurements were performed, and the average value was used
for further analysis. The instrumental relative uncertainty of the DKS-AT-1123 dosimeters was
25%. All measurements were carried out in accordance with IAEA guidelines [11]. The relative
uncertainty in the estimation of H*(10), considering the repeatability of in-situ measurements
using the MKS-AT-1117M device, was approximately 20%. At each survey point, measurements of
the ambient dose equivalent rate (EDR) were taken both at ground level and at a height of 1 meter.

Figure 3. Dosimeters DKS-AT-1123 and MKS-AT-1117M
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The equivalent equilibrium volume activity of radon (EEVA) was measured using radon
monitors “AlphaRad.” The registration of alpha particle pulses from daughter products contained
on the filter was carried out using a semiconductor alpha particle detector with an area of 20
cm?. The AlphaRad Plus radon monitor (Fig. 4) utilizes a semiconductor detector to measure the
equilibrium-equivalent volumetric activity (EEVA). This device detects alpha particles emitted
by radon and its short-lived progeny, specifically ®Po and ?'*Po, enabling the determination
of radon concentration and subsequent calculation of EEVA. The EEVA represents the activity
concentration of radon progeny in equilibrium with radon gas in air and is expressed in Bq/m?>.
All measurements were conducted in accordance with ASTM D6327-10 [12].

Figure 4. AlphaRad Plus radon monitor

Indoor measurements were conducted during the summer season across all surveyed
settlements to ensure consistency and enable subsequent comparison of the results. Laboratory
analysis of environmental object samples for radionuclide content was conducted in the
accredited testing laboratory of radiometry and radiochemistry at the Institute of Radiobiology
and Radiation Protection.

Results

1.Radiation Situation in the Territories of Settlements Located Near Decommissioned
Uranium Mines and Radioactive Waste Storage Sites in Northern Kazakhstan

The conducted studies revealed that there are localized contaminated areas in the surveyed
settlements. Gamma scanning identified zones with EDR of gamma radiation levels, reaching up
to 12 times higher than background values (0.15 pSv/h). The highest EDR levels were recorded
near roadways and in the basements of residential buildings, which may be due to both the
geological structure and the use of building materials with elevated radioactivity.

The concentration of equivalent equilibrium volume activity of radon (EEVA) in the studied
residential and administrative buildings, in some cases, significantly exceeded the permissible
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limits. According to the republican regulatory documents maximum permissible level of the EEVA
of radon is 200 Bq/m? [13]. Among all sources of natural radioactivity, the main contribution
to the annual effective dose of radiation to the population is made by radioactive gas, radon.
Employees of the Institute of Radiobiology and Radiation Protection in the settlements of Aksu,
Shantobe of the Akmola region, and Saumalkol of the North Kazakhstan region measured the
EEVA of radon in residential premises in two seasons (winter and summer). In the summer
period, the average EEVA of radon in residential and administrative premises of the settlement
of Aksu was 144.3 Bq/m?3, Shantobe 36.4 Bq/m?3, Saumalkol 399.2 Bq/m?3, with a standard value
of 200 Bq/m3. In winter, the highest radon levels were recorded in the settlements of Saumalkol
and Aksu, where the exceedances were 45 and 24 times, respectively. A clear correlation was
observed between the radon concentration and the presence of cellars, ventilation levels, and
seasonal temperature fluctuations, which underscores the need for continuous monitoring and
the development of measures to reduce radon levels.

The results of the radon concentration analysis (EEVA) and the corresponding effective
dose rate (EDR) presented in the figure are average values for all measurements taken in each
settlement (Fig.5). In most of the studied samples, the EEVA values are within the permissible
level (less than 200 Bq/m?), and the EDR values are within the natural radiation background.
However, there were anomalous zones that demonstrated a significant excess of both the
average radon concentration (over 400 Bq/m?) and the effective dose rate (over 0.30 uSv/h).
However, the data shows sharp changes in values, with significant spikes, which suggests the
presence of very high radon concentrations found in residential and administrative buildings.
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Figure 5. Regression function graph of North Kazakhstan settlements

The analysis of soil samples showed elevated levels of radionuclides, particularly #‘Ra
and #*Th. Worldwide range of radium-226: 12-120 Bq/kg, potassium-40: 100-1200 Bq/kg
(UNSCEAR 2000). In the settlements of Shantobe and Aksu, the activity of °Ra exceeds the
norm by 3.6 and 7.5 times, respectively, while in Saumalkol, the content of #**Th was found to
be 1.4 times higher than the permissible limits. The main factors contributing to this level of
contamination are the residual effects of uranium and gold mining, as well as the possible use
of radioactive contaminated materials in construction.
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The water study revealed a significant exceedance of total alpha activity in water sources
used by the population. The highest levels of radiation contamination were found in the wells
of Saumalkol, where the exceedance of permissible values reached up to 7.6 times. In Shantobe,
the exceedance was 1.6 times. However, it is worth noting that these waters are not used for
drinking by the population but for livestock watering and garden irrigation. Nevertheless, this
highlights the need for the implementation of filtration and purification systems, as well as
more careful monitoring of the water supply.

Water samples were taken from wells and boreholes in the territories of the settlements.
In the water samples taken from wells in the settlements of Saumalkol, the level of total alpha
activity varies from 0.32 Bq/dm? to 1.53 Bq/dm?, while the total beta activity ranges from
0.05 Bq/dm? to 0.90 Bq/dm?. In the settlement of Novoukraintse, the water samples from a
well (4 meters deep), located 2 km from the deposit, show that total alpha activity exceeds
the permissible limit for drinking water by up to 7.6 times. The residents of these settlements
consume water for drinking from both wells and a centralized supply. In the water samples
collected from wells in the settlements of Aksu and Shantobe, the total alpha activity varied
from 0.14 to 0.32 Bq/dm?, while the total beta activity ranged from 0.18 to 0.24 Bq/dm?>. In
the water sample from Shantobe, the level of alpha activity exceeded the permissible limit for
drinking water by up to 1.6 times.

2. Radiation Situation in the Territories of Settlements Located Near Uranium Deposits
in Southern Kazakhstan

During gamma scanning, the EDR of gamma radiation in the sanitary protection zones (SPZ)
of the deposits varied from 0.06 to 0.10 uSv/h, which corresponds to the background value of
the area. However, a radioactive contaminated site was identified in the area of the Mynkuduk
uranium deposit, where EDR reached up to 0.56 uSv/h. In the settlements of Taukent, Taikonur,
Shu, Zhuantobe, and Tasty in the Turkestan region, the average EDR is 0.08 uSv/h, which is
within the background levels.

The values of EEVA in the settlements are as follows: in Taukent, it ranges from 5 to 160
Bg/m?; in Zhuantobe, from 1 to 35 Bq/m?; in Tasty, from 3 to 180 Bq/m?; in Qylty, from 4 to
62 Bq/m?; and in Shu, from 4 to 191 Bq/m?, with the republican maximum permissible value
being 200 Bq/m? [13]. The presented graphs reflect the average values of radon concentration
in the air and the corresponding effective annual dose of radiation to the population in five
settlements (Fig.6). According to the data obtained, in all samples the radon concentration is
below the maximum permissible level (MPC = 200 Bq/m?). Also, the calculated values of the
effective annual dose of radiation (EDR) in all settlements do not exceed the background level
(less than 0.10 pSv/hour). Thus, based on the analysis results, it can be concluded that the
radiation situation in the surveyed settlements is within the permissible values. However, it
should be emphasized that these are the results of only the summer season, the studies will be
continued and monitoring will be carried out in other seasons.
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Figure 6. of South Kazakhstan settlements

In the soil samples taken from the settlements, the specific activity of natural radionuclides
did not exceed the average national values and was within the permissible limits. Additionally,
samples were collected from a radioactive-contaminated site. The analysis revealed that the
specific activity of radium-226 was 1729.6+173 Bq/kg, and potassium-40 was 746.6+274.3 Bq/
kg. Worldwide range of radium-226: 12-120 Bq/kg, potassium-40:100-1200 Bq/kg (UNSCEAR
2000). The radium-226 value exceeds the average national value by 14.4 times, which necessitates
further research to clarify the sources of contamination, assess its continued impact on the
ecosystem and public health, and develop measures to minimize radiation exposure risks.

Water samples were taken from settlements and nearby rivers, such as the Sarysu and Shu
rivers. During the study, 11 artesian wells were identified, and samples were collected for analysis.
The study of water samples from settlements and rivers showed an average value of total alpha-
and beta-emitting radionuclides, a = 0.03 and 3 = 0.05. The results of the radiometric analysis
of the artesian wells showed that the total activity of alpha- and beta-emitting radionuclides in
the water ranged from « = 0.01 to « = 0.05 Bq/dm? and from 8 = 0.02 to 8 = 0.07 Bq/dm?>. The
values of total activity in water samples taken in populated areas and along the Sarysu and Shu
rivers did not exceed the maximum permissible value for alpha activity=0.2 and beta activity=1.

Discussion

According to the studies conducted in the territories of settlements near the decommissioned
uranium mines and radioactive waste storage sites, there is much more pronounced
contamination of the air (EDR), as well as soil, water, and radon levels. This is associated with
the history of uranium mining and the use of radioactive building materials. In particular, in
some settlements such as Saumalkol and Aksu, the radon concentration exceeds the permissible
limits by several dozen times, indicating serious contamination. High levels of alpha activity in
non-potable water have also been recorded. At the same time, soil contamination data show
that the activity of radionuclides **Ra and **?Th in certain localized areas of the settlements
exceeds the average national values, which may be linked to the residual effects of uranium and
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gold mining. It should be noted that uranium mining in the decommissioned uranium mines was
carried out using the underground mining method, which is considered more environmentally
harmful and leaves behind tailings. Thus, the studies reveal radiation contamination, requiring
measures to minimize radiation exposure, such as stricter control over building materials and
radon monitoring in residential buildings.

The radiation situation in the Shu-Sarysu uranium province and the nearby settlements is
more stable. EDR in most of the settlements remains within background levels, with only a
localized area near the Mynkuduk uranium deposit showing elevated gamma radiation levels.
Radon concentrations in the air also vary, but overall remain within permissible limits, except in
isolated cases. Water from rivers such as the Sarysu and Shu does not show significant radiation
contamination, although further monitoring is required. Soil samples from the radioactive-
contaminated site showed significant radiation activity, which requires further analysis. [t should
also be noted that uranium mining by the in-situ leaching method (ISL) impacts environmental
contamination, especially of groundwater. The uranium left in the soil may remobilize, leading
to the "rebound effect,” which temporarily increases the amount of uranium released over a
short period, creating a risk of further groundwater contamination[14-16].

Conclusion

Based on the studies conducted in settlements located near the uranium province of Northern
Kazakhstan, the radon EEVA and EDR indicators are generally within the normal range, but
there are anomalous areas that were found in the territories of the villages of Saumalkol and
Aksu, where the radon concentration and alpha activity of water exceed the permissible limits.
At the moment, uranium mines located in these territories are mothballed. However, the use
of materials from the territories of mothballed uranium mines contributes to the excess of
permissible values. The radiation situation in the Shu-Sarysu uranium province is more stable,
and theradiation values remain within the background values. However, the in-situleaching (ISL)
method for extracting uranium can also create long-term environmental risks, such as uranium
remobilization, leading to groundwater pollution. And this requires additional research. In the
future, research will be continued on the complete radiochemical analysis of self-flowing wells
and drinking water in the territories of the Shu-Sarysu province and nearby settlements.
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Coatycrik Kaszakcras kaHe [lly-Capbicy ypaH NpOBUHIUAIAPbI MAHBIHAAFBI €11 MEKeHAepAeri
paAuanusIbIK Kargaibl cajbICTBIPMaJibl 6aFasiay

Angarna. by xxymbicta ContycTik Kasakcras »aHe llly-Capbicy ypaH NpoOBHUHLUsIAPbI MaHbIHA
OpHaJIaCKaH eJJii MeKeHJepAeri paJualUs/IbIK >KaFfalfa CaJbICTBIPMaJIbl 6GaFasiay >Kyprisiimi.
KeJs1ikTi raMMa-crieKTpoMeTpHus4, asly LaJiajibl raMMa-TYCipiliM koHe paJjoH MOHUTOPUHTIH KOJAaHy
dJlicTepi apKbLIbl TaMMa-CayJieJleHy [eHreiJepi, paZjoHHBIH Teme-TeH KeJieM/iK O6eJsiceHaiuiri,
COH/Iali-aK TOMbIPaK IeH Cy CblHAaMaJlapbIHbIH, PaJIMOCIEKTPOMETPUSIBIK Taa[ayblHbIH HOTHXeJepi
3eprTenfi. KocbiMina TypZe 3epTTesin OThIpFaH ayMaKTapZarbl pajUalUsAbIK KepCETKIIITep/iH
KEeHICTIKTik OipKeJiKi eMecTiriHiH ceGenTepiH *oHe BIKTMMaJ 3KOJIOTHUSJBIK Kayilnl aliMaKTapblH
aHBbIKTay MaKCaTbIHJAA JKEePTiJiKTi reoJIOTUANBIK-TUAPOre0JOrUANbIK KaFAauJdap/blH, KJIUMATThIK
dakTopJapAbIH KoHE Y3aK YaKbIT XKYPTisifireH Tay-KeH eHJipy KbI3MeTiHiH acepi KapacCTbIPbLI/bI.
Kacanbinran 3epTTey HoTHKesepi kepceTkeHAel, ContycTik KasaxctaH »koHe lly-Capbicy ypaH
NPOBUHIMAJAPbIHBIH KaHbIH/]a OpHA/IaCKaH eJi/ii MeKeH/lepAeri paJuanusaablK, GOH KaJllbl ajJFaH/1a
HOPMAaTHUBTIK JeHrelJeH acmaWTblHbl aHBIKTAIIIABL AJaiifa, Kelbip aymakrapAa paJlOHHBIH
TeHJiK KeJieMJiK OesiCeHAiNriHIH HOpMaJbIK AeHTel/leH acybl 6GalKasizabl, coHpaah-ak CoJTycTik
KasakcTaH eHipiH/eri esiii UMeKeHAep/iH 6ipKaTap ayMaKTapblH/la CaHUTApPJIbIK HOPMaJaH KOFaphl
KepceTkilTep Tipkes/i. XKekesiereH Tonblpak *koHe Cy CbIHaMaslapblH/Aa TAOUFU PAJJUOHYKIU/TEP/IiH
IIOFBIPJIAHYBIHBIH, KOFApblIaybl aHBIKTAJBIN, PaJHalUIIbIK 9CEp/iH TEXHOTEeH/[iK HeMece TaOufHu
JIoOKa/u3alysiaHFaH Ke3/lepiHiH 6ap eKeHiH kepceTe/[i. ApXUBTIK *K9He Ka3ipri lepeKTepAi caabICThIpy
KEeHICTIKTiK-yaKbITTBIK, YPAICTEPAl aHBIKTAyFa, COHJAM-aK KOJJaHbICTaFbl TAOUFATTHI KOPFAy >KoHe
CAaHUTAPJIBIK IIapaJjiap/blH THIMAIIriHE 0O'bEKTUBTI XKoHe KaH-KAKThI FbIIMU 6aFa 6epyre MyMKiH/iK
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acep allMaKTapblH/a XaJbIKTbIH AeHCAYJbIFbIH CEHIM/I KOpFay, ayMaKTapAblH TYPaKThl 9JIeyMeTTiK-
3KOJIOTHUSJIBIK IaMyblH KaMTaMachI3 €Ty KoHe KoplllaFaH OPTaHbI Y3aK Mep3iM/ii caKTay YIIiH TYpaKThl,
KellleHi *KoHe yHeJsli paJualusiblK MOHUTOPUHITIH KQXKeTTiJiriH alKbIHal AbI.
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AcmaHa, Kasaxcmau
’Kagpedpa meduyunckoll 2eHemuku u MoAeKyAsapHoll 6uoaozuu, HAO «MeduyuHckuil yHusepcumem
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(E-mail: aumalikova.m@amu.kz)

CpaBHUTe/IbHAs OL€HKA PaJUallMOHHOH 06CTAaHOBKM B HaCeJIEHHbIX MYHKTAaX, PacNoJ/I0>KeHHbIX
B6JIM3M YpaHOBbIX NpoBUHIMi CeBepHoro Ka3zaxcrana u llly-Capsicy

AHHOTauus. B 1aHHOM cTTaThe peAcTaBAeHa CpPaBHUTeEJ/bHAS OlleHKa paJMalluUOHHON 06CTaHOBKHU
B HaceJIEHHBIX MYHKTax, pacrnoJiokeHHbIx B6JiM3u CeBepo-Kasaxcranckoit u Ily-Capreicyiickod
ypaHOBBbIX NPOBUHLUUN. C HCHOJb30BaHUEM TraMMa-CIEKTPOMETPUH, MeLIeXOAHOW TraMMa-CbeMKHU
M MOHUTOPHHIA pajJioHa NpOBeJieHa OlleHKa YPOBHEN raMma-usjydeHusi, o6beMHOW pPaBHOBECHOU
00beMHONM aKTUBHOCTU PaJ0oHA, a TaKKe Pe3yJbTaTOB PaAUOCHEKTPOMETPUYECKOTO aHajJu3a Mpob
NOYBbI U BOJbl. J[OMOJHUTEJIbHO PACCMOTPEHO BJIHMSHUE MECTHBIX T€0JIOTO-THPOTre0IOTHYeCcKUux
YCJIOBHH, KIUMaTH4YeCKUX GaKTOPOB U MOCAEICTBUN AJUTENbHON TOPHOA00bIBAOIEN 1eTebHOCTH
C LIeJIbI0 BbISBJIEHHSI NMPUYHH MPOCTPAHCTBEHHOW HEOJHOPOJHOCTH PAaJUAlMOHHBIX MOKa3aTesJed U
NOTEeHIUa/JbHbIX 30H 3KOJIOTUYECKOT0 PUCKA B TpaHHULIAX HCCAELyeMbIX TEPPUTOPUU. PesyabTaThbl
II0Ka3aJiy, YTO B IeJIOM paJIMallMOHHBIN GOH B Hace/JIEHHBIX MYHKTAaX, paclo/Io’KeHHbIX B6/1M3u CeBepo-
Kazaxcranckoih u lly-Capbicyiickoll ypaHOBBIX MPOBHUHIIMM, OCTAéTcs B MNpejieslax HOPMAaTUBHBIX
3HauyeHUH. OZfHAKO ObLIN BbISIBJIEHBI aHOMaJ/IbHbIE YYACTKH C JIOKAJIBHBIMU MPEBbINIEHUSIMH 060 bEMHOMN
aKTHUBHOCTHU Pa/IOH3, a B psiJle HaceJEHHBIX MyHKTOB CeBepo-KazaxcTaHckoro perrnoHa 3adpuKCUPOBAHBI
3HauYeHUs, MPEBBIIIAOIIYE YCTaHOBJIEHHbIE CAHUTAPHbIE HOPMbIL. B OT/Ie/TbHBIX MPO6AX MOYBHI U MPOo6ax
BO/Ibl Ob1JI0 00HAPYKEHO MPEBBIIIEHUE COAEPHKAHUS IPUPOAHBIX PA/IUOHYKIIU/OB, YTO CBUAETENBCTBYET
0 HaJMYUM JIOKAJU30BAaHHbIX MCTOYHUKOB pPaJUALMOHHOTO BO3JEWCTBUSl TEXHOTEHHOIO WJIU
NPUPO/IHOTO NMPOUCXOXkK/JeHHUs. ComocTaB/eHue C apXUBHBIMUA U COBPEMEHHBIMH IAaHHBIMU MO3BOJIUJIO
BBISIBUTh IPOCTPAHCTBEHHO-BPEMEHHbIE TEH/IEHI[UH, a TAK)KE IPOBECTH 00'bEKTUBHYO U BCECTOPOHHIOK
Hay4YHYI0 OIleHKY TeKyled 3PQPeKTUBHOCTU MNPUPOJOOXPAHHBIX U CAHUTAPHBIX MEPONPUSTHH.
[TosrydeHHBIE pe3ybTaThl HOAYEPKHUBAIOT HEOOXOIUMOCTD MTOCTOSHHOTO, KOMIIJIEKCHOT'O M CUCTEMHOT0
PaiMallIMOHHOTO MOHUTOPUHTA /IS HA/IEXKHOM 3al[UThI 3/J0POBbsI HACeJIeHHUs], yCTOMYHMBOTO COIIUAIBHO-
3KO0JIOTUYECKOTO0 PAa3BUTHS TEPPUTOPUN U JOJTOCPOYHOM OXpaHbl OKpyKawlled cpeAbl B 30HAX
BJIMSTHUSA JeUCTBYIOIIMX U 3aKOHCEPBUPOBAHHbBIX YPAHOBBIX MECTOPOXAEHUH.
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Angarna. Aaposabik GU3rKa casacblHAAFbl 63€KTi 9pi KypAeJsii MacesesiepAiH 6ipi
- HyKJIOHZAp apacbIHJaFbl acepJiecy NPOoLeCTePiH TyTac XXoHe TOJIbIK KAMTUTBIH
9MbebaIn TeOpUsIHbIH, /11 /le KasblTaca KolMaraH/bIFbIHAA. Bys1 e3apa apekeT-
Tecy KyObLIbICTaphl alpbIKIIa KypAe/iyliKlieH epeKIlieeHe/i >KaHe oIapAbl CHU-
naTTay YUIiH s/IpOJIbIK XKYHeJlepAiH, illlKi KypblJIbIM/bIK IapaMeTpJiepiH, COHbIH
iliHe NoTeHUaNAbIK epicTep MeH HYKJIOHJAPAbIH OpTallaJlaHFaH KO3FaJibIC
3aHAbUIBIKTApbIH €CKEPY KaXKeT. A/iposiap/iblH, TOMEH 3HEPrus JleHrenaepinje-
ri Kyl-KelleHJepi, 97ieTTe, OeJriji 6ip MoAe bAiK TyKbIpbIM/aMaJiap asiCbIHAA
KapacToIpbliaAbl. MyHAal MoJesbJep/ie HYKJOHAAp opTaula NOoTeHU AN bIK
epicTe Ko3fFasaZpbl Jiell ecenTesie/ii, 9pi o/1apAblH apacbIHAaFbl 63apa 9peKeT TeK
KaHa eKi 6eJIllieK apacblHAaFbl KYLITEPMeEH LeKTesei. OcbIlFaH yKcac aHaJI0TUs-
HbI 3JIEKTPOH/AP/IbIH, aTOM illliHAeri KO3Fa/bICbIHAH KepyTre 60/1a/ibl, IeT€HMEH,
AJPOJIBIK KYLUTEP TaOUFATHI KaFbIHAH MYJIJI€ ©3Tellle, IFHU KYILTI >KoHe KbICKA
apaKallbIKTBIKTA 9Cep eTeTiH CUllaTKa Ue.

Anpo KypblIbIMbIH 3€pTTeY/Ieri epeKille MaHbI3/bl aCTIEKTiJIEep/iH 6ipi — Y>KbIM-
JIbIK, KO3FaJIbICTAp, AFHU HYKJIOH/JAPAbIH OipJiece OThIPBIN OPbIHJAWTBIH Yil-
JiecimZii TepOestic HeMece aiiHaJsy npouecTepi. By Ko3rasibicTap AAPOHBIH, ilIKi
KYPbIJIBIMBIH CUNIATTAWTBIH HETI3Ti CHEeKTPJIIK NapaMeTpJiepre TiKeJlel bIKIajl
eteni. TeopusanblK TypFblAaH anfaHza, Oyl KyObLabICTap/Zbl ajfall OOJIbII
TepeH 3epTTereH O. bop MeH b. MoTTesbcoH 60sbl. OJ1ap SIAPOHBIH reoMe-
TPUSAJIBIK MilliHIH CHIATTaUTBhIH MOJe/IbJiep leHOepiHe Y>KbIM/IbIK, KO3FaJlbl-
cTapZblH, GU3UKaJIbIK TabUFaTbIH TYCiHAIpiN, AepopMauusAIbIK cUllaTTaMa-
JlapMeH OaWJIaHBICTBIPAbLI. ATan aUTKaHAa, TOMEH JHEPrus JAeHrensepiHje
6aliKaJaTbhlH OyJl KO3yJapAblH, KBaJpymnoJblik AepopManusa napaMmeTpiMmeH
©3apa ThIFbI3 6alIaHbICTA EKEH/IIT JaJie/IeH .

OchbI FBLIBIMU KYMbIC asiCbIH/A 6i3 6030H/IbIK, MOJIe/IbJepTe Heri3/ie/ireH xoHe
SU(5) cuMMeTpUsIChIH NalaJaHaThIH TEOPUSJIBIK TICIIAI KoAaHaMbI3. Mak-

XKibepinai 06.05.2025. Ozrepringi 03.06.2025. Ka6suiganasl 04.06.2025. Onsaiin ko xxetimai 25.06.2025.
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CaTbIMbI3 - CPEepOUATHIK MilliHAI YpaH 3/J1eMeHTIHiH Yl TypJli U30TONBIHbIH,
KYPBUIBIMBIH CaHABIK TYpAe cunarTay. bys peTTe A4pOHBIH 3HEpPreTUKaJIbIK
JleHremniepi MeH 3J1IeKTPOMAarHUTTIK CayJieJleHy bIKTUMaJIbIFbIH aHbIKTAUTbIH
B(EZ2) eTnesi bIKTUMaJAbIK TapaMeTpi ecenTeJlil, aJIblHFaH HOTHXeJlep/i KoJI-
/ila 6ap 3KCIepUMEHTTIK JlepeKTepMeH Ca/bICTbipaMbl3. 3epTTey HITUXeJslepi
AJPOJIBIK MOJle/IbJIePAIH JdJ/AIrH 6aFrasayFa xoHe AAPOJIBbIK KYPblIbIMAPAbI
CUMATTAyAbIH THIMJIJIITiH apTThIpyFa MYMKiHAiK 6epei.

Ty#iH ce3aep: aToM A4pOChl; CIeKTpJiep; raMMa aybICy.

Kipicne

CoHFBI XbUIAAPbl AAPOJBIK (GU3MKA cajJacblHAA KypZAesi fAPOJBIK KyilesepAiH TeMeH
3Heprusiibl KyilJepiH cunaTTayFa OaFbITTaJiFaH >XaHAa TeOPUSJIbIK TacuiZep KapKbIHbI
TYp/Zle AaMbln Kese/i. Ocbl 6aFbITTAP/IbIH, illliH/Ee alpbIKIIa Ha3ap ayAapTaTbiHbl — 6030H/bIK
MozeJibJiepre HerizaenreH gopmanusM. bys afjicteMe Ken HYKJIOHAbI XKyHesepAiH Y>KbIMBIK
JIMHAMUKACbIH CUNATTayZa aca TUIMAI 6o0sbin OThbIp. Ocipece, 6y/1 MoJesb SApoJapAaFbl
VKBIMZBIK ~KO3FaJIbICTAap/AblH, HeTri3iHAe KaTKaH CUMMeTpUSIapAbl aHBbIKTAy apKblLJIbI
KapanalbIMHaH Kyp/eJiire eTeTiH KypblIbIMJAapAbl KyWesi TycCiHAipyre MyMKiHJIK Gepepi.
bBacTankbiia HYKJIOHJAPAbIH, KO3Fa/IbIChl MEH OJIapJblH KEeHICTiKTe OpHa/lacybl KJIACCUKAJIBIK
MeXaHUKaJIbIK TYPFblJla KapacThIpblIca, Ka3ipri 3aMaHfbl Teopusiap OyJ1 KO3FaJbICTap/blH
JebopManysiaHFaH A4poJblK KOHQUTypalusaaap apKbl/bl aiia 60J1aTbIHbIH KOPCETIN OTHIP.

Bo30H/bIK MoJle/IbAep/iiH, TUIMAIIIT — o/lapAblH CHMMETPHS Heri3iHJe KYpbLIFaH ajareo-
pasbIK, KypblLIbIMAapbl MeH ['aMUJIBTOH OllepaTOpbl apKblLIbl KypJeJsi KyHesepZi bIKLIaM
’K9HE HAKThl TYpJe CUNATTal aJaTbIHABIFbIHAA. Bys1 ToCi/1 apKbLIbl POJbIK, KYPbIJIBIMHBIH
MaHbI3/Ibl aCNeKTisiepiHiH 6ipi — sHepreTUKaJbIK JIeHTelep MeH V>KbIM/IbIK TepOesicTep/iiH
apacblH/aFbl 6ailslaHbIcTap albliagbl. XKyleHiH cuMmmeTpusaapbl SU(6) cUAKTbI yHUTAPJIBIK,
TONTAP apPKblJIbl aHBIKTAJIbIM, OJIapAbIH, illlKi KypblibiMbl SU(3) xoHe O(3) TonTapbliHa JeHiHri
acuMmnToTukanblK mektepre SU(6)DSU(3)>20(3) xkikTeneni. bys MaTeMaTHKabIK, KYpblJIbIM
A/IPOHBIH, CpepuKa/blK, PpOTALUSAJIBIK KoHe JAedopMalysiaHFaH KOHQUTypauusaapblH
KyHeJii TypZe cunaTTayfa MYMKiHZIK 6epefi.

OchifaH 6alIaHBICTHI aTaJIFAH 3ePTTEYAIH 60acThl MaKCcaThbl — TOMEH dHEPTHUsJIbl KYHJIepAiH
CUMMETPHUSJIbIK TAaOWUFATBIH TYCIHAIPY 9He SAPOJIbIK KOHQUTrypanusaaap/bl aHbIKTayaa
0030H/JBIK MOJeJbJepAl KOJAAHYAbIH aHAJUTUKaJbIK MYMKIHJIKTepiH KepceTy. by
d/lic TeopUsJIBIK TYpFblJaH FaHa eMec, TaKipuUOesik JepeKTepMeH yuWJecimMzijiriMmeH e
epeKIleJieHil, 1poJblK GU3MKaHbIH 3aMaHayUu MaceJleepiH LIellyre ThIH CepIiH 6epei.

JdJicHama

SU(6)>SU(3)>0(3) Ti3beriHiH, »kajinblJiaMa cMnaTTraMaJiapbl

CUMMeTpUSJIBIK TaciiaepAi 6i3 ypaH SAPOCBIHBIH 9pPTYpJi U30TONTAPbIH 3epTTey/ie
KOoJ1JaHaMbI3. by peTTe TeopusJIbIK MOJE/b TEK OACTANKbI IeHTelAeri Ko3yJlapMeH LeKTelin
KoMMaM, eKiHIlli peTTiK KBaHTTAay 9/icTepi apKbL/Ibl TOJKbIH/bIK QYHKIMSAJIAPAbIH [a CHIIaTbIH
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aHbIKTayFa MyMKiHJiK Oepeji. Ocbliaiina, KBaHTTHIK KyHJep/iH KjaacCUPUKALUAChl MeH
0JIap/IblH dHEPTeTUKAJIbIK CUIIaTTaMaJiapbl HAKThI Kyl eJIeHill, HOTUKeJlep/i SKCIIePUMEHTTIK
JlepeKTepMeH CaJbICThIPYFa KOJIaiJibl XKaFAau Kacaiajpbl.

Ocel MoJesibre CoMKecC MavAajaHbLIAaTblH TaMUJIBTOHHWAHHBIH, >KaJllbllaMa TYpi TOMEH-
Jlerigeit Typae 6epineni:

=N +a,5 S +a ll+a,QQ+a,QMQM+a,QMQM (1.1)

MyH/aFbl 9pTYpJii onepaTopJsiap 6030H4ap apacbiHaFbl ©3apa dcepJiecy CUNIaThiH, COHJAM-
aK, 0JIapAblH TYBIH/AY K9HE KOUBLIY NPOLeCcTepPiH cuniaTTanabl. by oneparopJsap HerisiHje
KeJieci 6030H/AbIK KOCaKTay ollepaTophbl eHri3ine/1i:

B=bb=B, i j=1,..., &, (1.2)

Bys1 onepaTopJiap j KyiiHaeri 6030HAbI [ KyHiHe aybICThIPa/bl, 0J1ap 63apa TYHbIK airebpa
Kypy YIiH

[Bij’ B,J= 6jk B,-¢, Bkj (1.3)

KBaHTTBIK 6030H/BIK KeHiCTiKTepAeri TONTbIK CUMMeTpPUAJapAbl CUIaTTAUTBIH B ome-
paTtopsapsl U (') yHUTapJIbIK TOOBIHBIH FeHepaTopJiapbl peTiHAe KapacThipblaaabl. TobIK
KOeNOO030H/bIK KYH KeHICTIrH Kypy »KoHe OHJaFbl KyWJep/iH KBAaHTTBIK CHNATTaMaJsapblH
aHBIKTAy VIUiH, IIIKI TONTBIK KYpblJIbIMFA HeTri3eJreH WHBAPUAHTTBHl TEH3O0pPJIbIK
asrebpa KaxeT. bys ilki cuMMeTpusijlap KeMeriMeH TOJIbIK TOJIKbIHJBIK (QYHKIMAJAPABI
KOHCTPYKLHMSAIAM, KBAHTTBIK CaHAAp/bl HaKTblayFa 6osabl. Ocbl MakcaTTa 6i3 yakeH U (1)
TOOBIHBIH, IlIKI peAyKLUUAIbIK TapMaKTa/lyblH XKY3ere acblpblll, peAyKLHUAIbIK 6a3UCTePAIH
KeMeriMeH »aHa (QYHKLUAJApAbl XyHesi TypAe KypyFa MYMKiHJIK ajaMbl3. Bysa pette
Kaill 6a3uc Ti30eriHiH, QU3MKaJIbIK MOJeJbJle LIelylli pes aTKapaTblHbl TaH/aJaTbIH
JMHAMUKaJIbIK MeXaHU3MMEH ThIFbI3 0al/IaHbICTHI.

ATtanfaH peAyKLUMSJIBIK INpoLeAypaHbl kKy3ere acelpyfa 6i3 (1.2) dopmynaceiHAa Kep-
CeTIITeH KocapJaHFaH oIepaTopJiapAbl, FHU MYJbTUNOJNBAIK Jdpexeci (LM) 6osaTbiH
TEH30pJIbIK, OllepaTopJapAbl KoJAaHaMbl3. byJ onepaTopJiap TOJBIK OYPBIITBIK MOMEHTTED
O0UBIHIIA KeJleCi Typ/e cunaTTanazbl:

B = Bun(lixi bxy) = (buby),, = (1.4)
LoLL
Li+l+m; i J
BV INEFT G gy IBimi, )

Mbican peTiHje, TOJBIK OYPBILITHIK MOMEHT ONepaTOpbIH KepceTyre 6osabl. O keseci
TYPZ€ >Ka3bL1a/Ibl:

- 1(1+1)(21+1)
by = T D (L5)

(1.5) dopmynacbiHAa KenTipiireHAeH, OYPBIITHIK MOMEHTTEPJiH KOCBIHZBICHI HAaKThbl
MYJIbTUIIOJIB/IIK OllepaTopJiap apKbl/Ibl aHbIKTa/1a/bl. byJ1 onlepaTopiapAblH KOMMYTATOPJIBIK,
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KacueTTepiH (1.4) dopmysiacbiHa cyiieHe OThIPBII TeKCepy MYMKIH/ITI e KapacTblpbliajbl.

AL L

[BU,BU|= |2+ 1L+ 1)Z(ZA+ 1))+ x (—,1 M M’) (1.6)
AL |

. ! L L’ A ii’ : L L, A
[5;'1'(—)”““ A {lf L l;}BIl\J/I = 8y ()" {l{ ! li}

i
U
N g]
] ]

O.1 onepaTopJsiapAbl MbIHA TYpAe HopMasialn, Ka3uMup onepaTopbiH TabaMbI3:
Cr =2 Zijm ()Y By (DB (i) (1.7)

KBaHTTBIK MexaHUKaHbIH Kyp/eJi »KyHheJsiepid TajajayAa MaHbI3/bl peJl aTKapaTbIH olepa-
TOpJ1apAblH iwiHAe KasuMup onepaTopsl epekiie opblH anajbl. PopMynaza kentipinres(1.7),
C,.apKpL/bl 6esrisienreH 6yJ1 onepaTop, 9pTYpPJii KBAaHTThIK KYHJIep apachbiHaFbl 6ai1aHbICTbI
CUMaTTalThIH B, - (ij) 3;1eMeHTTepiH KaMTHAbL MyHJaFbl KOCHIHAK j, j, L, M uHAexcTepi
O0MBIHILA KYpri3ineai, 6y onepaTOpAbIH KapacThIPbIJIbII OTbIPFaH KYWEHIH, TOJIBIK, CUIIaT-
TaMacCblH KaMTyFa OaFbITTaJFaHblH KepceTeni. (-1)"M keGelTKiuli OYpbIIITHIK MOMEHTTIH,
9pPTYpJii MpoeKIUsAIapbIHbIH (pa3a/blK epeKIleNiKTepiH ecKkepesi.

Bo30HBIK KyHeJiep YIIiH KBa3UCIIUH/IK ollepaTopJiap yFbIMbI eHTi3inesi:

SF = Zlm(_)m blmbl—m; Slj_ = Zlm bl-'r-n bl-'-—m(_)m (1'8)

EHfi, ocbl KBa3UCNUH/AIK onepaTopJiap/bl aijajiaHa OThIPhkI, 6acTankbl Kasumup onepa-
TopbiH (1.9) TypiHze KalTa *Ka3yFfa 60J1afbl:

Co=N(N+T—2)— (SFSp) (1.9)

[aMu/bTOHUAHAAPABI TEK KaHA KeMOip MHBAPUAHTTHI OllepaTopJiap apKblibl 6PHEKTEreH
Zyphic 60s1abl. OHZA MHBAapUAHT ollepaTopJapAbl KasuMup onepatopJiapsl Aiel Te aTalzbl.
CoH/IBIKTAH OChI TYPiH KeJITipe ajlaMbI3

StS;=(N—-v)(N+T+v—2) (1.10)

KBaHTTBIK, XKylesiepzeri 6030HAbIK, OllepaTopJiap/blH, CUMMETPUS/Ibl KACUETTEPIH CUIIaTTay
YUIiH TeHAeyJiep *yHeci naiaananbliaibl. Bys xkepae v - 6030HAap/ibIH »KaJIbl CaHbl, SFHU
KyheJeri CEHCOPJIbIK KBAaHTTAp CaHbl PeTiH/E KapacTbipbliabl. bi3 I' — eJieM/i KeHicTiKTe
KYHEHIH CHMMEeTPHUSJIbIK KYPbIJIbIMbIH Ta/IZiail OTBIPHII, SS- )koHe d- 6030HAap/Ibl KAMTUTbIH
KeHiCTiKTepre Ha3ap aygapaMbi3. by xxarpanaa [=0,2) 601aTbiH 6030HAap KapacThIpblia/ibl.
MyHja '=6 nen ajbiHFaH, ce6ebi 6ip s- 6030H xkoHe 6ec TypJi d- 6030HABIK Kyh 6ap. leMek,
»KaJIIbl KEHiCTIKTIiH eJilieMi ajJTbIFa TeH, 60J1a/bl.

Ocwr d ,d ,d,d,,d,_, KeHicTikTe apeKeT eTeTiH B* TypiHzeri 6030H/bIK onepaTopJiap CaHbl
I?=36. by onepatopsiap U(6) yHUTAPJIBIK CHMMETPUAJIBI TONTHI Ty3ei. Bys1 Ton KeHicTiKTiH
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ilKi KypbLIBIMbIH CUINIATTAayFa apHaJIFAaH >XKOHE OHbI yaKbIT MeH allHa/lly CMMMeTpPUsIChbIHA
6aiis1aHbICThI 6ipHelle ilki TonTapra 6esyre 6osa4bl. MyHAal 66J1iHIC CUMMETPUSJIBIK KoHE
AHTUCUMMETPHSJIbIK KOMOUMHALUsIJIApFa HeTi3enei:

1) CuMMeTpUsIbIK KOMOUHAaLUsIap (PKYIITHIK orepaTopJiap)

B&(00) = (s*$)° =N;, B (22) = = (d+d)° = % Ny; (1.11)

Mynpafbl N, koHe N, — COUKeCiHIIE S - K9He d — 6030H/Aap/bIH, CaHbl.
KBaZpynoJbJik (ekiHui peTti) onepatopaap (L=2):

w =5 B+ BS) =SS dy + (DMd*yS)y Qu = B3 = (@ d)f;  (L12)
rekcajiekanoJsibJiik (TepTiHuii peTTi) onepaTtopJsap:
Qum = Bl = (d*d)yy; (1.13)
OH 6€C aHTUCUMMEeTPUSIbI KOMOWMHALMA: OYPBILITHIK MOMEHTTIH, YII KOMIIOHEHTI
= —V10B}j; = —V/10(d*d)}; (1.14)
KBaZpyIoJib/liK aHTUCUMMETPHSJIbI ONlepaTop:

W =2 (B2 +B%) =S [S*dy — (—5)"d*y ST (1.15)

L
2
OKTaynoJibJiK (YLIiHIII peTTi) onepaTop/blH KeTi KOMIOHEHT]

Qsm = B3y = (d*d)jy (1.16)

Korapoizna 6epinren (1.11)-(1.16) ¢opmynanap apKplibl aHbIKTaJIFaH 6apJIbIK, onepaTopJap
3PMUTTIK (©3-63i1HE KOMIIJIEKCCOKTACKaH) KacheTKe He, Oy oslapAblH (GU3MKAJBIK peaszbl
I1aMaJlapFa CoMKeCTIriH KaMTaMachI3 eTel. JPMUTTIK IApPT KBAaHTTHIK ONlepaTOpJIapblH 631K
MOH/IepiHiH HaKThl 60JIybIlH KAMTaMachl3 eTe/i koHe OyJ1 onepaTop/iap HaKThbl GpU3NUKAJIBIK
1maMaJiapAbl CUIIaTTanu/bl, AFHU

QZrM = (_)MQL—M

AnjblHAA KapacThIpblll OTKEH KocapJlaHFaH olnepaTtopJ/ap/bl eHrisreH coH, SU(6)
CUMMETPHUSJIBIK TOObIHA COUMKecC KeJieTiH 0030HJBIK >XyHeHiH raMuibTOHHaHblH (1.1) -
dopMacelHZia xKa3y KypgheJsire adHasazabl. Cebebi OacTamkel TypZe S*, S onepaTopJiaphbl
TEeK >KYHeHiH Herisri KyWliH cunaTTayfa MyMKiHAiK Gepezi, aj oJlapAblH KaTbICybl 0acka
JHepreTUKaJbIK KyWJepre KaTbICTbl aKnapaTThbl wWeKTeWAl. CoHABIKTAH 6acTtankbl ¢opma
(1.1) raMuIbTOHMAHHAH aJbIHBIN TacTana/bl. [lereHMeH, xXyheseri 6030HAap caHbl — SIFHH,
N = N+ N, - TypakThl miamMa peTiHjie ecenke ajbiHa 6epeai. OcbliFaH 6al/JIaHbICTbI, GYPbIH
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KoJiZIaHbUIFaH Q,* »oHe Q,, omepaTopJsiapbiHbIH OpHbIHa (1.12)-geri epHekTepre apHaibl
TYpZe MoguduKaLvsaJIaHFaH KOMOWHaLMsIap eHrisisesi. by xkaHa onepaTopJ/iap CMHMMeTpUS
MeH OIlepaTopJibIK ajsrebpaHbl caKTal KaJjyFa apHajfaH. ATan aWTKaH/a, KeJseci Typaeri
OpHEK eHrisineni:

Qy = B2y + B +— QM (1.17)

’ana eHrisiiiren Q' onepaTopJsiapbiHbIH 63apa KOMMYTalUA/IbIK KaTbiHACTapbl MbIHaJaM
asirebpasiblK KYpblJIbIMFa OaFbIHA/AbI:

[Qz’wQM]=—-\/_Za( )A(M 12\4 _1/1)11' (1.18)

JJIeKTpJIiK KBaZpynoJibJiK aybicy yAepiciH cunattalThiH Tk(EZ) onepaTopJsiapsl Aa MbIHa
TYp/le GeliHe/ieHei:

2)
1,2 = 4@ % + TP + 2@ )P = 4,0} + 4,0, (119)

Ochuialiiia, 6G030H/ABIK OIepaTopJap KyHeciHiH asredpasblK KYpPbLIbIMbIH XK9HE OJjaH
TYBIHJAUTBIH TaMUJbTOHUAHHbIH TONTBHIK CUMMETPHUACBIH TOJIBIK MeHrepy - KBaHTTBIK
’KYHeHiH 3HepreTUKa/bIK COIEKTPiH (631K MOH/EpiH) XKoHe oJlapFa COMKeC KeJleTiH KBaHTThIK,
Ky ¢yHKkuusanapblH (e34ik (yHKUUsAAapAbl) aHbIKTayFa MYMKIiHZIK 6Oepegni. backaia
alTKaHza, OyJ1 KBAHTThIK MeXaHUKaJaFbl CIEKTPJIiK ecenTi welyaiy ipresi KagamMbl 60JIbII
Tabbl1a/bl. MacesieHi aHa/IMTUKAJIBIK »KOJIMEH Ilelly YLIiH 6i3 yll TypJi aCUMOTOTHUKAJBIK
HIEKTI — AFHU KYHeHiH 6esriii 6ip uaeanaaHAbIpblIFaH QU3UKANIBIK pEXXUM/EPiH — Herisre
asaMbI3. MyH/lall LIeKTep/ie ecenTey e1dyip )KeHige i 1], eUTKeHi Kyp/ieJii e3apa apeKeTTecysaep
OpHbIHA XYHeHiH 6acblM cumaTTapbl FaHa eckepineni. HaTwxecinze, O6ysn azictep aTom
A/lpOoJIapbIHbIH, KYpbLIbIMBIH 3epTTeUTiH OBM (asieMfjik Gacekere KabineTTi Mojesbaep)
meHOepiH/e ToKipubeJliK 3epTTeyiepMeH THIMAI GipikTipinin kenezi.

Bi3fiH >KyMbICBIMbI3/1a KapacTbIpblaaTbiH Herisri makcat - U(6)>SU(3)>0(3) acummnTo-
TUKAJIbIK LIEKTepJl KOJIJaHY apKblLibl KBAaHTTBIK >KYWEHIH BIKTUMaJ KYWJEpPiH XyHeJsey
»KoHe cumnaTtTay. bys yuiiH »KyWeHiH illKi cMMMeTpuUsiJlapblH 6elHeJIeUTiH Kili anare6panap
TYPFBICBIHAH TYWBIKTAJIFaH ONEpaTOpJIbIK KypbLIbIMJAapFa CyWeHe OTBIpbIN, XYHeHiH KyH!
KEeHICTIiri TOJIKbIHABIK QYHKLUSAIAP apKbLJIbI KJ1acCU-QUKaLUsIaHaAbl. By Tacin poTanysibik
KYWJepAiH KypbUIbIMbIH, OJIApJAbIH 3HEPrus JAeHreilsiepiH >XoHe MYMKiH 60JIaTbIH Kelly
NpOLIECTEPIH TepeH TYCiHyre MYMKiH/iK 6epefi.

AHa/JIMTUKA/BIK TYpPJAE aJblHFAaH TEOpPUsJIbIK IlIaMajap KeHiHHEH Taxipubesik HOTU-
»KeJIepMeH CaJIbICThIPbIJIbII, MOAEJbAIH AYPbICTbIFbI MEH KOJI/JaHOaJIbl TUIMiJIT TeKcepiiei.
AWTa KeTy KepeK, KapacTbIPbLJIbIN OTBIPFAaH CUMMETPHUAJbI TON — 8 reHepaTopAaH TYpaThbIH
YHUTApJblK, Tomn. OHBIH YII TeHepaTOpbl TOJBIK OYpBIIITHIK MOMEHTTIH KeHiCTiKTeri
npoeKLUsJapblHa COUKeC Kesie/li, AFHU OyJ1 ollepaTopJiap XKYHeHiH KeHicTiKTeri ailHany UHBa-
PUAHTTBLIBIFbIH KAMTAMAaChI3 eTe/i:

(2)
IM = _\/_[bzﬂpbzﬂz] ’ (1.20)
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aJ1, beceyi KBa/IpymnoJib/iiH KOMIIOHEHTTeEPI:

Qu = V2 {830 B3,(—)* B3, Boo 2 [BIM,BZMZ];Z)} (1.21)
Erep 6i3 (1.20)-dopmysacbiHa coiiKeC OepijireH TOJIBIK OYPBIIITHIK MOMEHTTIH, KeKe
KOMIIOHEHTTEPIH »KeKe-Zlapa KapacTbhlpaTblH 60JiCaK, OHJA OyJ omnepaTopJap YL ejueMzi
KeHicTiKkTeri allHa/yJlap CUMMETPUSCbIH CUNATTAaUTbIH, KeHiHeH TaHbIMaJ SO(3) TOObIHBIH
reHepaTopJiapbl eKeHi aHblKTasnajbl. backalma alTKaHzZa, OyJ ylI OomnepaTop KeHiCTIKTik
OYPBIIITHIK MHBAPUAHTTHIIBIKTbI KAMTaMachI3 €TETiH CHMMEeTPUsJIapAbl )Ky3ere acblpabl.
ConbiMeH KaTap, (1.20) »xoHe (1.21)-epHeKTepiHAe aHBIKTa/IFAaH Ceri3 omepaTop e3apa
KabblK JIM anrebpacblH Kypaljbl, O0yJ - oJiapAblH KOMMYTAaLUSJIbIK KaTblHACTAPbIHBIH
HOTHXKeCi 6acTanKbl ajirebpaHbliH, leHOepiHAe Ka/laTbIHbIH OiIipei:

3
[Q;u Q#'] = Zm(_)ﬂ (2 2 1 )IH

pou
[Q#, QH’] _ \/%(—)““ <Z ‘5, i) . (1.22)
[leu’] = ‘/E(_)”H (lll :' i) Iy
Conpa SU(3) - cumMeTpusiabl [aMUIBTOHHMAH
H=—xEuQuQ-u— X'} (1.23)
TYpPiH/J€e Ka3bLJIbII, OHbIH, 63/1iK MOHIH
E=—-xCAw+ (%x —x’) I7 (1.24)

TEeHJAIrl apKbLJIbl ©PHEKTENMI3.

KBaHTTBIK, )KyH€eHiH, cUllaTTaMacblH TOJIBIKTAM KYpri3y YiliH eH ajJblMeH 6030HapAbIH
»kasnbl canbl N SU(3) epekiue Hazap ayfapy Kaxet. by mama U(6) ciMMeTpHsibl TOOBIHBIH,
TypJiite (A, ¢) KepceTy/nepiHiH KeHicTikTeri KepiHiciH aHbIKTaiAbl. backama aiTkaHzaa, N
H1aMachl >KYHeHiH KOHQUIYpaUuUs/IbIK KYPbLJIbIMbIH TONTBIK TeOpUs TYPFbICbIHAH KJIACCH-
bukanusaayiblH HerisiH Kanaibl. Ocbl KepceTysnepaiy apbipiHe Ka3uMup onepaTopbIHbIH
C(A, n) 6enrini 6ip MeHIIKTI MaHi coliKec KeJieJli, aJl OYJ1 MOH TOMeHJerifie KaTblHACIeH
cunaTTajlajibl:

CAw) =42A+3)+u+3)+41 (1.25)

TEeHAIri apKbLJIbI XKa3blJIabl.

By/iaH api 6i3 KBAaHTTBIK KyWJlep/ii KapacThIPbL/IbIN OThIPFaH ONepaTOPJIbIK Ti30eKKe CoUKec
KyHeJien cunatTtayfa KipiceMis. by yumin U(6) ToOblHA TOH CHMMeTpPHSJIbl OGeliHe ey OHbIH
SU(3) TonTapbiHbIH (A, 1) KepceTyi 60MbIHIIA Ti30EKTEN KIKTENMI3.
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Kyheneynin azicTeMeci eH KapamnaibIM — HeJiAiK 6030HHAH GacTasibll, 6ipTiHAEeNn 6030H
CaHbIHBIH apTYbIMEH Kyp/ieJieHeTiH KOHQUTypaluusiapFa AeniH xKyprisinesi. AnabiMeH 6030H
KOK KYH yiiH [N=0]=(0,0); 6ip faHa 6030HbI 6ap KyH yuiH [N=1]=(2,0)D(1,0).

An erep Kyizie eki 6030H 6ap 6oJsica oHa FOHT cxeMachi:

[N=2]=((2,0)+(1,0))B((2,0)+1,0))=(4,0)+(0,2)+(3,0)+(1,1)+(2,0) (1.26)

Ochl IPUHLMITI CaKTall OTBIPHII, YIII, TOPT XK9HE OJlaH Jja Kell 6030HAap KaThICKaH KyuJep
yurin FOHT fuarpaMMasiapbid 6ipTiHJen KeHENTIIl, TOJIbIK CHMMETPHUsJIbl KepceTyaepAi aayFa
6osnazpl. Ocpuiaiia, 6i3 U(6) TOOBIHBIH 6apJ/blK MYMKiIH KepceTysepiHe CoUKeC KeJleTiH
0030H/IbIK, KYHJIEPiH TOJbIK XKiKTeYyiH KypaMbI3.

_ _ 0,N (N — xym)
[N] = (2N,0)®(2N = 4,2)® +{2,N 1N - Ta}g)}

+®(2N — 2,0)0B(2N — 4,1)® - (2N — 4,0)® - B(2N — 6,0)D(2N — 10,2)® -

(1.27)

By *kepjie eki FaHa epkiH nmapaMmeTp 6ap. Onap: y =5 k3B, %){ — x' =10 k3B mamaceiHza
TaH/aJIbl aJIbIHFaH.

HoaTnxesiep MeH TasKbl1ay

CdepasnblK AP0 KYPbLIBIMbBIHAAFBI 3JIEKTPOMAarHuTTIK aybICy/1ap »K9He 0J1apAbIH Ru
U30TONTapbIHA dcepi

3epTTey )yMbicbiMbI3Za SU(3) cCUMMeTPHUSChIHbIH IIEKTeYJi HYCKAChl asCbIHJAFbl TEO-
pUSIIIBIK, CHeKTpJepAe OalKaJaTblH POTALUSJIBIK 3aH/bLIbIKTapAbl BepudUKalUsIay
MaKCaTbIH/la ayblp 3JIeMEHTTeP TOOBIHA KaTaTblH aKTUHOUATHI 1/jpoJiap 0O'bEKT peTiHJe
KapacTbIpblia/ibl. ATall alTKaHAa, aTOM/IbIK Maccanapbl A=234, 236, 238 601aTbIH KYI-KY1
M30TOoNTaphbl 6ap YpaH a/ipoJiapblHbIH, SHEPTETHUKAJBIK KYHJIEPiHiH KYPbIJIbIMbI TEOPUSIJIBIK,
60/nKaMIapMeH CajbICThIPbIIMaJbl Typ/e TajJAaHazAbl. By canbicThIpy npoueci ApoJIbIK
CIIEeKTPOCKOMUSIJAFbl ipreJi mMacesesep/iy 6ipi 6oJsibin TabblIa/bl, cebebi oy sapoiuriaik
KYIITEPAiH TabUFaTbl MeH S1[JPOJIbIK KYPbIJIBIMHbBIH €peKIleNiKTepiH TepeHipek TycCiHyre
MYMKIiH/iK 6epefi.

TeopusiiblK MogesbJeri 6o/mKaMaapAbl SKCIEPUMEHTTIK MaJliMeTTepMeH COMKeCTeHAipy
YIIiH eKi Heri3ri mapamMeTp TaHAan ajnblHa/Jbl. Bipinwi napamerp, 3/4 x-x"',(2N,0) Heri3ri
’KOJIAKTbIH, OipiHINI KO3FaH 2+ [eHreMiHiH 3SHeprusi MoHIMeH CaJbICThIPblJIA OTbIPHIMN
aHbIKTaMabl. MyH/IAFbI X 3K9He X' TEOPHUSJIbIK MOJEJb/iH 63iHe TOH MmapaMeTpJiepi 60JbIm
TabblIa/ibl X9HE oJlap A/pOilliJiKk e3apa apeKeTTecy/Jep/iH KYIUiH cunaTTanabl. ExiHmni
napameTp, x—Hi, (2N-4,2) kos1aKTbIH, 6ipiHIIi KO3FaH 2+ JAeHTeliHiH 3HepreTUKa/blK MoHiHe
covikecteHaipinesni. Bya xkepneri n Ja TeopusabIK MOJebJiH Kypampaac 6eJiri peTiHze
eHTi31JIreH KocbIMIIa NapaMeTp 60Jibll TaObLIaAbI.

By TabbLIFaH napaMeTpJiep 2-KecTe/ie 6epijireH.
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1-KecTe. YpaHHbIH, 234236238 y3oTOonTaphl YIIiH TEOPUAHBIH, NapaMeTp MIHAepi

Aapo N X (x3B) % ¥ — x' (3B)
234y 13 5,40 6,67
236y 14 5,67 6,57
238y 15 5,72 6,50

AybIp 3/1eMeHTTep/IiH, U30TONTHIK Ti30€riH 3epTTey asiChIH/A XYPri3iireH CHeKTPOCKOMUSI-
JIBIK, TaJllay HOTHKeJlepi KepceTKeH/led, TeOPUAJIBIK MOJeJ/IbJeri ColKeCcTeHAipiireH napa-
MeTpJlepZliH, aTOMJbIK MacCaHblH ©CyiHe 0alJIaHbICThl KapaMa-Kapcbl TeHJeHLHAIaphl
6aiKasaapl. ATan alTKaH/a, 6ipiHIIi peTTeri napaMeTp/iiH MdHI M30TONTAapP/blH MacCaJbIK
caHJilapbl apTKaH CalblH eJsieysi TYpAe ©6Cy YPAICIH TaHbITCA, eKiHUII MapaMeTp KepiciHile,
MaccaJblK, CaHHBIH YJIFalObIMEH OipTiHAeNn TeMeHJey JUHAMHUKACbIH KepceTeAi. bys 6akbl-
JIJaHFaH KoppeJsduusaaap AApoilliiK e3apa apekeTTecCyJAepAiH, MaccablK CaHFa TayeJsJiiri
TypaJibl MaHbI3/ibl aKNapaT 6epefi.

ANBIHFaH ONTUMaJIZbI TapaMeTpJiep Heri3iHJe KypacThIpblIFaH f4pO0JIbIK U30TONTAPAbIH,
KO3FaH KYHJIepiHIH 3HepreTUKaJbIK CHeKTpJepi 2-CypeTTe BU3yasAbl TYpJe YCHIHBLIFaH.
TeopuanblK ecenTteysep HOTHXKeCIH/e aJibIHFAaH 3HePreTUKaJbIK JeHrellepAiH opHalacybl
IKCIEPpUMEHTTIK MaJlIMeTTepMeH >KOFaphbl Japexe/e YyWJeCiMAiNIK TaHbITaZbl. [lereHMeH,
KO3FaH KyWJep/liH COHUH/IK MOHJEpiHiH ecyiMeH Oipre TeOpUsJIbIK *K9HE 3KCIEPUMEHTTIK
JHeprus lIaMaJlapbl apacblHJArbl asjaraH aJlIAKThIK OalKasiazbl. By alblpMallbUIbIK
YKOFapbl COUH/AIK KYWJIepAiH KYpPbUJIbIMBIH CUNATTAyAa TEOPHUAJBIK MOJeJb/iH LIeKTeyliriH
HeMece KOChIMIIA dcepJiepAiH MaHbI3AbIBIFbIH KepceTyi MyMKiH. ToxxipubeJik 3epTTeysepae
[ >koHe Yy KoJIaKTapblHA TUECIJII XKOFApPbl S9HEPTETHUKAJIBIK, JIeHTelJiep Typasibl MaJliMeTTEP/iH
IIeKTeyJ1i 60J1ybl OChI XK0JaKTapAbIH KYPbIJIBIMBIH TOJIBIKKAH/ bl Ta/14ay/bl KUbIHAATA/bI.

AHBIKTa/IFaH 3HepreTUKaJbIK, JeHrellepis TONKbIHAbIK GYHKLHANAPbIH ecenTey NpUH-
LUIHaAAbl KUBIHABIK TYJAbIpMaWAbl XkoHe Oys QYHKLUAIADP AAPOILIIIIK KYPBLIbIM TYpPaJbl
TepeH, TYCiHiK ajlyFa MyMKiH/Jlik 6epe/ii. EcenTesireH ToNKbIH/bIK QYHKLIUSAIAPAbI NaiijaniaHa
OTBIPBIN, dPTYPJi KO3FaH KyWJep apacblHAAarbl KBAaHTTBIK aybICy/lap HOTHXKECiHZe Nanza
60J1aThIH 3JIEKTPOMATrHUTTIK CayJieJIeHY/|iH UHTEHCUBTIJIIKTepiH 60/KayFa 60J1a/bl.

KapacThIpbl/IbIll OTBIPFAH TEOPUSAJIBIK, POPMaNU3M/l A4pOJIApAAFbl 3J1€KTPOMAarHUTTIK
aybICy NpolecTepiHe KOJIJaHYAbIH FBIJIBIMU MaHbI3bl 30p. JJIEKTPOMAarHUTTIK CoyJieJIeHy/iH,
MHTEHCUBTUIIKTepiH /1 60JpKay apKblIbl TEOPHUAJBIK MOJe/b/le aHbIKTaJFaH KYWJIepJiH
TOJIKbIH/bIK QYHKIIMSJIapbIHbIH aKUKATTHIFbIH K0HEe OHBIH, KOJIJaHbL1Y asiCbIH 3MIIUPUKAJIBIK,
TYPFBIZAH TeKcepyre MyMKIHAIK Tyazbl. byJ, 3 Ke3erinze, AAPOJIbIK KYPbI/ILIMHBIH T€OPUAJIBIK
cMIaTTaMachlHbIH, CEHIMALNIrH apTThipajbl U(6) - TO6bI reHepaTop/apbl apKblibl T(,,)
OIepaTOpPbIH

2
T,(E2) = q;1(BJoB2, + (—)*B3_,Bgo) + Q1[B§u132u1]£) = a0, (2.1)

MyHzaFbl Q, - IAPOHBIH KBaJAPYNOJIb/iK ONEPaTopsl, &, - 3¢ dekTUBTIK E2 - 3apsifbL.
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AnbiHFaH epHek OoMbiHWA (2N,0) 6osybl YUIIH KeJTipiireH MaTpULa/bIK 3JIEMEHT
B(EZ2,1-1-2) maHi:
2 3 1(1+1)

B(E2,I>1-2)=a2-2-—D . ON—]+2)QN+1+1)

2 4 (2+1)(21-1)

(2.2)

TYpiHAe XKa3aMbl3..

AToM apoIapbIHAAFbI 3JIEKTPJIiK KBaJIPYIOJIb/iK aybICyJIapAbl CUIIATTay MaKCaTbIHAQ, 6i3
A=234,236,238A 60s1aTbIH ypaH HM30TONTapbliHA KAaTbICThl B(E2) bIKTUManAbIK 1aMasapblH
ecenTiK Typfbla OaranablK. bys ecenTeysep anAblHFbl TapayAa KapacThlpblIFaH
TEOPUSJIBIK MOJEJb/iH Heri3iHze *Kypri3iijai. AJbIHFaH HOTHXKeJlep COMKeciHle KoJsia 6ap
CNEKTPOCKONHUSJIBIK TKIpHUOesiK JepeKTepMeH CaJbICThIPbLIbIN, OJIapAblH apacblH/AAFbI
ydneciMIiK AeHrerdi MyKUAT TaagaHzbl. 2KyprisisireH cajbICThIpy HOTHUKeCiHJe, acipece
HeTi3ri poTauUsAJIbIK )KOJAKTbIH TOMEHTI CIMH/AIK KyHhJepi apacbiHgarel EZ2 aybicysapsl yiuiH
eCeMNTiK KoHe eJILIeHTeH aMaJap apacblH/a KaKChl COMKECTIK OalKaizbl.

ATtanraH ypaH U30TONTapbIHBIH, (*34236238]J) Heriari »0J1aK, KypbLJIbIMbIHIAFbl aybICY/JIapAbIH,
BIKTUMaJIABIK I1llaMasapbl 2-kecTejae Balickond 6Gipairinae kenripinreH. Ecenrteynepae Tek
6ip epkiH mapaMeTp malJajaHbLIABI, OJ HAKThl 6ip skcmepuMeHTTIK E2 aybicy MaHiMeH
COUKeCTeH/ipy apKbLIbl aHBIKTa/1bl. by mapaMeTp/i TaHay eCeNnTiK MO e/biH CEHIMAIITH
apTThIPABL.

AnbiaraH B(E2) maManapblHbIH 3HEpreTHUKaJbIK Kyire ToyeJiijliri ToMeHHEeH »OFapblIfa
Kapal bacTankpl/la ecyiMeH, KeiliH 6eJrijii 6ip MakCMMyMHaH COH 69CceH/leyiMeH cUNaTTana/ibl.
MyH/ a1 6eliCbI3bIK TAYe/[iJliK O6JIIEeKTEp CAaHbIHbIH, LIEKTeyJ1i 60JIybIMEH HEMeCe MO/ebiK
HIeKTepMeH 6aiIaHbICTbI 60JYbI BIKTUMAJI.

Erep aybicysap 6oOWbIHIIA opTalla bIKTHUMaJ MaHJepre coMlkec KeJieTiH THIMJI 3apsn

2 - 0f napamerpi TaHjanFaHAa, TEOPUANBLIK >KoHe TaXIpUOeJiKk MoHAepAiH CcolKec
KeJly JI9J1Jliri 6y/aH Ja »Kofapbl 6ojap efi. Asnaija, 6i3 ecenteysnepge ceHiMimiri KoFapsl
JKCIePMMEHTTIK MoHIMeH epeKlle/ieHeTiH HaKThl Oip aybICyAbl OacTanKpl HapaMeTp peTiHAe
aaJblK. AliTa KEeTY Kepek, 6acKa poTalusJIbIK KyiJiep apacblHAaFbl KenTereH E2 aybicysapbiHa
KaTbICThI TOXKipUOEJiK AepeKTep a3ipre »KeTKiJIIKCi3 Kyiie KaJblll OThIP.

2-KecTe. 234236238 g nposiapeiHaarsl Baiickond Gipairinae 6episren
E2-ayvicynapbidbig, B(E2,1 -1 f) 3KCNIePUMEHTTIK K9He TeOpUJIbIK MIHAepi

Anpo A, as [-L 2*->0" 42" +6—4" 8'—6" 10*-8*

234y 2,51 B.e. JKcCIL. 236% 330+ 372+ 384+ 371+
10 15 20 38 38

26,0 Teop. 236 338 382 394 388

236y 2,83 B.e. JKc. 246% 348+ 380+ 390+ 360+
10 10 21 33 34

28,0 Teop. 246 353 385 389 370

238y 2,97 B.e. JKCIL 257+ 356% 391+ 399+ 371+
13 15 23 31 36

30,0 Teop. 257 359 401 421 402

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N22(151)/ 2025 69

Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



A. Jlanenxankwizvl, H. Kotineik, I baiimbemosa, I Kanmarati, C. Tokmapé6ati, A. Belicebaesa, A. Kenenbaesa

Herisri kyinJepziH sHeprudacbl MeH 3JIEKTPOMArHUTTIK CdyJie LIbIFAapy WHTEHCHUBTLJIITIH
CUIaTTay/a TeK S- )koHe d-6030HapMeH LIeKTeJIy XKeTKIJIIKCi3 eKeHiH aTan eTy KaxeT. Cebebi,
TOKIpUOEJiK JepeKTep ayblp SAAPOJIAPAbIH, COHbIH illliH/le aKTUHOWATAP TOOBIHA »KATAaThIH
A/pOJIap/iblH, 3HepreTUKa/blK CHEeKTpiHJe Tepic NApUTETTI JeHrenyepAiH 06ap eKeHiH
pactangpl. bysn geHreusep, afeTTe, HeTi3Tl pOTALUAJBIK, KOJIAKTBIH, »KaHbIH/A OpHAaJIAChIII,
OHBIMEH YKcaC CHHUHJIK KypbLIbIMFa ve 6os1azbl. MyHJal JeHreisepfiH OOJybIH ecelke
aJly Y1IiH, KeMiHJie ppp- *koHe f-TUnTi 6030HapAbIH Y/1eCiH KapacTbIpy KaXKeT, acipece Tepic
KYNThIJIBIKTAFbl aybICy/1ap/bl CUIIATTAy O6apbIChIH/A 0J1ap/blH dcepi eseyJii 60J1ybl MYMKIH.

Korappia aTasiFaH KocbIMILa 6030HAapAbl €HTi3y apKbLIbl AP0 KYPbIJIbIMbIH HEFYPJIbIM
HaKThl CHMNAaTTayFa MYMKIHZIK TyaJbl. Bysl Typfbla XasblKapaJblK FbIJIBIMU dJeOUeTTe
YKYPri3i/ireH KeINTereH TEOPHUSJIbIK }KyMbICTap/bl aTall 6Tyre 60J1a/bl.

CoraH KapaMacTaH, TeK S- )xoHe d-6030H/japbIMeH LIeKTe/IreH KapananlblM/bLIbIFbI )KOFa-
pbl MOZe/iMIi3/iH 631 YpaHHBIH YII ayblp U30TONBIHBIH TOMEHTIT 3HepreTUKa/bIK KyWJaepiH
CUIIaTTay/a auTapJbIKTal HOTHXKeJIi yarisiepAi KaMTaMachbl3 eTy/e. bysl TeopUaIbIK XKaKbIH-
JayablH TUIMAIJIITT ecenTeysiep MeH TaXKipubeslik HOTHXKeJep apacblHAaFbl YHJIeCiMAiNiK
apKbLIbl JdJ1e14eHiN OThIp.

KOpBIThIHABI

CdepanblKk CMHMMETPHUAIIBI A4POJIapAbIH, ilIKi KYPbLIBIMBIH CUNIaTTayFa 6aFbiTTasFaH JObM
(3dpdexTunTi OpicTik basanbic Mogesi) 6acTankbl Ke3eHiHAe TEOPUSJIbIK KOHE 3KCIepH-
MEHTTIiK JiepeKTep/iiH apachbiHJa KeHO6ip ajllaKTbIKTapAblH OpbIH aJiyblHA OGalJIaHBICTHI
HIeKTeYJi KOJIJaHbIC TalThbl. ATanm aTKaHAa, Oy/ MojeJsib leHOepiHJe Oo/nKaHFaH 3Hep-
reTUKaJbIK JIeHTeliep MeH 3JIEKTPOMarHUTTIiK aybICy CUNIaTTaMaJlapbl HAKThI eJilleyJlepMeH
TOJIBIK, COMKeC KeJIMereHJIKTeH, TeOPUSAJBIK d/[iCTEMEHI KeTUIipy KaXKeTTIirl TyblHAaAbL.
Ocnl opaiiaa SU(6) cuMMeTpUsiCbIHA HETi3/le/ITeH KoHe XKOFapbl PETTi ©3apa apeKeTTecCyepai
KaMTHUTbIH KeHEeUTiJIreH GOpMaii3M YCbIHBLIAbI.

ByJ1 2kaHa CUMMETPUSJIBIK, TYKbIPbIM/JaMa HETIi3iH/Ie »KYPri3iyireH ecentey/iep KepceTKeHAeH,
TOMEHT] 3Heprys akMaFblH/ia MO/JieJib S1JPOHbIH, HETI3Ti KYWJIepiH cunaTTayja auTapJblKTan
CEeHIMAJIIKKe He. JJIeKTPOMAarHUTTIK aybICyJapAblH bIKTUMAJIALIFBl MEH 3HEPreTUKaJIbIK
JleHreisep OOMBIHIIA a/JbIHFAaH HOTHXKeJIep ToXipubesik JepeKTepMeH aKChl YWseciM
Tabazbl, Oy/J1 MOJle/Ib/iiH TOMEH 3HEPTUsJibl KYPblIbIMAbIK epeKlleNaiKTepAi COTTI cunaTTan
aJIaTbIHbIH J2Je/1AeH/i.

Anaiijia, Ko3FraH KyW/ep/iH 3HePTrysChl apTKaH CalblH TEOPUSIJIBIK XoHe IKCIIEPUMEHTTIK
HOTUKeJIep apachlHfa 6allKanaTbhlH couKecci3fik Kyuiele Tyceai. Keitbip xargaitiapaa 6y
aubipMaliblIbIK 15-20% apasbiFbiHAa 60Jsybl MYMKiH. MyHAal aybITKyJlap MOJeJbJiH TeK
ss- xoHe dd-6030H/apFa cylieHyiHe 6allJIaHbICThI TybIHAAN/1bl. JHEPTUACHI )KOFapbl KyHiepze
gg-6030H/1ap CeKiji >KOoFapbl OYPBIIITHIK MOMEHTKE Ue 6030HAap/blH, bIKIAJbI eJ1eysli 60J1ybl
bIKTUMaJ1. COHbIMEH KaTap, HeTi3ri )K0JIaKKa *KaKblH OpHaJIaCKaH, CIUH/IK KBAHTTBIK CaHJAapPbl
yKCac KOCbIMIlLIa 9HEPTeTUKAJIbIK »K0JaKTap/lblH 6alKalybl pp-60030HAAPAbIH, YJ/ECiHIH apThIN
OTbIpFaHbIH aWfaKTaWzbl. byJl - aKTHHOWJ TeKTeC AJpoJapAbl HAKTbl MOJeJbJey VILIiH
KeM JiereH/ie sS, pp, koHe dd-6030HAapAbl 6ipre ecKepy/iH, KOKeTTiJIiriH TyblHAATaAbL. By
6aFbITTa dJIeEM/IiK FbIJIBIMU KaybIM/JaCThIKTA OipKaTap 3epTTeyJsep yprisizireHi 6eriui.
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Kannel anranza, 6i3/1iH 3epTTeyiMi3 HOTHKECIH/e a/IbIHFaH JlepeKTep KepceTin OThIpFaHiaH,
ss- koHe dd-6030HJapFa Heri3Ae/reH KapananbiM MoOZeJb/iiH 631 YpaH ajeMeHTiHiH A=234,
236, 238 wu30TONTApBbIHbIH, TOMEHII 3HEepreTUKaJblK KYpPbUJIBIMBIH KaHaFaTTaHapJIbIK
JAJAIKIeH cunaTTau anajbl. Anai/ia, dHepreTUKa/bIK CIIEKTP/IH KOFaphbl 06JIIKTepiH XKoHe
KYpAeJlipeK o0J1aK, KYpblJIbIMIapbIH eCelKe ajly YIUiH MoJesb/l KeHeWTiln, KochIMIa 6030H
TYpJIepiH eH/ipy aca MaHbI3/ibl MiHZET 60JIbII TaObl1a/bl.

ABTOpJ1apAbIH, KOCKAH YJiecTepi

JanenxaHKbI3bl A. - 9cepJsiecywli 6030HAap yuriciH (IBM) KosaHbll TeOpHUSJIBIK
MoJesibJey, aicTeMestik Heri3ai asipJsiey, B(E2) eTneni biIKTUManjblK NapaMeTpiH ecenTey,
HOTHXeJiepAi IKCIIEpUMEHTTIK MaJIiMeTTEepMeEH CaJIbICThIpPY.

KoiiblKk H. - Hyk/sioHZap apacblHZaFbl e3apa acepJsecy TeOpHUsapblH aHAJUTHUKAJIbBIK
TaNjay, AAPOJBIK YXKBIMIABIK KO3FaJbICTAp MacCeseCiH TYXbIpbIM/Jay, TOMEH 3HeprusJibl
A/IPOJIBIK, KyWJIep/iH, MaTeMaTHUKaJIbIK MO/ eJIiH »acay¥fa yJ1ec KOocy.

Bbaiimo6eToBa I. - KBaApynoabaik fepopManus napaMmeTpJiepiH Taajay, AepopManusiaaHFaH
M30TONTAp/IblH, 3HEPreTUKaJbIK CIeKTpJepiH uUHTepnpeTtanusaay, SU(5) cuMMeTpHUsCbIH
KOJIIaHY/bIH, TEOPUSAJIBIK HET13A1JIiriH KaMTaMachl3 eTy.

KanTaraii I. - Tapuxu xxoHe TeopusablK woaynbl (0. bop MmeH b. MoTTesibcOH eHbOeKTepi)
JlafblHAAY, SJPOJIBIK YKbIMJBIK KO3Fa/lbICTap MEH reOMeTPUSbIK AedopManusaapiblH
dusrKaNbIK TAOUFATBIH TYCIHZIPETIH OesiMAepAi pelakyusiay KoHe TEKCepY.

TokTap6ain C. - sHepreTUKaJblK JeHrenjepre caH/blK MozesbJey XKyprizy, B(E2)
HOTHKeJIepiH 3JIEKTPOMArHUTTIK aybICysiap TYPFbICbIHAH TYCIHAIPY, a/JblHFaH JepeKTepAi
OHJeY.

Beiice6aeBa A. - K0J1JaHbLJIFaH 1;POJIBbIK MOJle/IbiepAiH AYPBICTBIFbIH 6aFajiay, TEOPUSJIBIK,
’KoHe 3KCIIePUMEHTTIK JlepeKTepAi CTaTUCTUKAJBIK CAJbICTBIPY, MaKaJlaJarbl TaJKblJlay MeH
KOPBITBIH/bI 66J1iMAEpiH Ka3y.

Kenen6aeBa A. - MaKaJlaHbIH, KYPbUIBIMBIH popMaTrTay, 9/ebheTTep Ti3iMiH XKUHAKTAy,
KecTesJep MeH WIKCTpanusaapAbl JalblHAAy, 3epTTey Mpoleci 6apbICblHAA aBTOpJiap
apacblH/iaFrbl 6alJIaHbBICThI YHJIECTIpY.
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Interacting boson modeling in the nuclear structure of deformed uranium isotopes

Abstract. One of the most pressing and complex issues in nuclear physics is the absence of a universal
and comprehensive theory that fully describes the interaction processes between nucleons. These
interactions exhibit a high degree of complexity and require consideration of the internal structural
parameters of nuclear systems, including potential fields and the averaged motion laws of nucleons.
Nuclear states at low energy levels are typically analyzed within the framework of specific model
concepts. In such models, nucleons are assumed to move within an average potential field, and their
mutual interactions are generally limited to two-body forces. A comparable analogy can be drawn with
the motion of electrons within an atom, although the nature of nuclear forces is fundamentally different
- they are significantly stronger and operate at very short distances.
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A particularly significant aspect of nuclear structure research is the study of collective motions, i.e.,
coordinated oscillations or rotations involving groups of nucleons. These movements directly affect key
spectral parameters that define the internal structure of the nucleus. From a theoretical perspective,
these phenomena were first extensively studied by O. Bohr and B. Mottelson. Within the framework
of models describing the geometric shape of the nucleus, they provided a detailed interpretation of
the physical nature of collective motion and linked it to deformation characteristics. Specifically, it was
demonstrated that low-energy excitations are closely associated with the quadrupole deformation
parameter.

In this scientific study, we employ a theoretical approach based on the interacting boson model (IBM)
incorporating SU(5) symmetry. This study aims to quantitatively describe the structure of three different
uranium isotopes in a spheroidal shape. In this context, we calculate the B(E2) transition probability
parameter, which characterizes nuclear energy levels and electromagnetic radiation probabilities,
and compare the theoretical results with existing experimental data. The outcomes of this research
contribute to assessing the accuracy of nuclear models and improving the effectiveness of nuclear
structure characterization.

Keywords: atomic nucleus, spectra, gamma transitions
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MoaesiMpoBaHue B3aMMOAEUCTBYIONIMX GO30HOB B AlEePHOM CTPYKTYpe AePpOopMHUPOBAHHBIX
HU30TOIOB ypaHa

AnHoTanus. OfHOM U3 HanboJiee aKTYaTIbHbBIX U CJI0XKHBIX MPOO6JIEM B IAEPHON PU3HKeE OCTAETCs
OTCYTCTBUE YHUBEPCAJIBbHOUN U BCeoO'beMJIIOLIeH TEOPUH, CIOCOGHOM MTOJIHOLLEHHO ONUCATh NPOLeCcChl
B3aUMOJENUCTBUS MEXAY HYKJIOHAMU. ITH B3aUMOAENCTBUS 006/1aZjal0T BbICOKOU CTEMEHbIO CJI0KHOCTH
Y TPeOYIOT yyeTa BHYTPEHHUX CTPYKTYPHBIX IapaMeTpPOB s/epHbIX CUCTEM, BKJ/I04asi IOTeHLUaIbHble
I0JI1 ¥ yCpeJHEHHbIe 3aKOHbI JIBMXKeHUSI HYKJOHOB. COCTOAHHUA fAZep NPH HU3KHUX dHepreTU4ecKux
YPOBHSX, KaK IPaBUJIO, pacCCMaTPUBAIOTCS B paMKax ONlpesie/IEHHBIX MO/le/IbHbIX KOHLeN M. B Takux
MOJleJsISIX IpeJoJaraeTcs, YTO HyKJOHBI BUXKYTCA B CPeJIHEM NIOTEHIIMAJIBHOM I10JIe, a UX B3aUMHOe
BJIUSIHME OTPaHUY€EHO JIByX4aCcTUYHbIMU cuiaMU. [10j06Hy10 aHaJIOT M0 MOKHO IPOBECTH C IBUXKEHUEM
3JIEKTPOHOB B aTOMe, XOTs NPUPOJAA AJePHBIX CUJ NPHUHIMUIINAJIBHO UHAA — OHU ropasfo CUJIbHee U
JEUCTBYIOT Ha KpalHe MaJIbIX PaCCTOSTHUSIX.

Oco60 3HaYKMMBbIM aCNEeKTOM HCC/IeJOBAHUS SZ,ePHOM CTPYKTYPhI SABJISAETCA U3ydeHHe KOJIJIEKTUBHbBIX
JBWXEHUH, TO eCTb COIVIAaCOBAHHBIX KOJIeOaHWU WM BpallleHWH, NPOUCXOJSIIUX C y4yacTHeM
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IpynIn HYKJOHOB. JTU [ABM)KEHHUsI HAIPSMYI0 BJIMAIOT Ha KJ/OYeBble CIEKTpaJbHble MapaMeTphl,
XapaKTepU3yllie BHYTPEHHIOIO CTPYKTYpy Afpa. C TeopeTHYeCKOW TOYKHU 3pEeHH ITU SABJIEHUA
BIEpPBbIe ObLIU I1y60K0o M3ydeHbl 0. bopom u b. MoTTesibcoHOM. B pamMkax Mo/iesiell, ONKChIBAIOIIUX
reoMeTpuyeckyro GopMy spa, OHU MNPeAJOXKUIM HHTeplpeTanuio uU3nMdyeckol NpUpOAbI
KOJIJIEKTUBHBIX JIBHXXEHUH, CBSI3aB UX C AedOopMallMOHHbIMU XapaKTepUCTUKaMU. B yacTHOCTH, 66110
II0Ka3aHo, 4YTO BO30YX/JjleHUsl Ha HU3KHX 3HepreTU4eCKUX YPOBHAX TECHO CBSA3aHbI C KBaJpYyNOJIbHBIM
napamMeTpoM JedopMaluH.

B naHHOUW Hay4YHON paboTe HCNOJIb3yeTCAd TeOopeTHYeCKUH IOJX0J, OCHOBAaHHBIM Ha MoOZesd
B3auMoZeNcTByoIUX 6030HOB (IBM), Bkitouaweir SU (5)-cummerputo. llenb ucciefgoBaHus -
KOJINYeCTBEHHO ONIMCATh CTPYKTYPY TPeX pa3/JIMYHbIX U30TOIOB 3/IeMeHTa YypaHa cpeporniHOU GOpPMBI.
B 3TOM KOHTEKCTe NPOM3BOAMTCA pacueT IMepexoAHoi BeposTHocTH B(E2), xapakTepusyoliei
JHepreTUYeCKHe yYPOBHU si[pa M BepPOSATHOCTb 3JIeKTPOMAarHUTHOTO M3JIydeHHUs C NOCJAeAyIOLUIUM
CpaBHEHHEM TeOpPeTHYECKUX [JaHHbIX C HMMEHWIIUMHUCS 3SKCIEPUMEHTAJbHBIMU pe3y/IbTaTaMHu.
[losmyyeHHBble BBIBOJBI CIIOCOOCTBYIOT OLleHKE TOYHOCTH SJEpPHbIX MoJeseld U MOBbILIEHUIO
3G PeKTUBHOCTH ONUCAHUS SAIePHOMN CTPYKTYPHI.

Kiro4eBble €/10Ba: aTOMHOE f/1p0; CIIEKTPBI; FaMMa-lepexobl.
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Abstract. Hydrogen energy systems require precise verification methods to
ensure the efficiency and stability of fuel cells, similar to the high-precision
techniques used in tomotherapy. A key stage in ensuring accuracy in radiation
therapy is the verification of dosimetric plans, confirming that the delivered dose
matches the planned values. Various physical and technical methods assess dose
distribution accuracy.

The principles of precision verification in tomotherapy share striking similarities
with diagnostic and quality assurance techniques in hydrogen energy. Fuel cells
require meticulous monitoring of ion transport, energy distribution, and material
stability to optimize performance. The methodologies developed for tomotherapy,
particularly those utilizing the Delta* solid-state phantom, can be adapted for
assessing spatial energy variations and charge transport efficiency in hydrogen
fuel cells.

This study explores the capabilities of the Delta4 solid-state phantom, equipped
with a two-dimensional diode detector matrix, for verifying tomotherapy plans
delivered with the «Tomotherapy HD» linear accelerator. Dosimetric plan quality
was assessed using gamma analysis based on international 3%/3 mm criteria, the
standard in intensity-modulated radiation therapy. The operational advantages
and limitations of the Delta* phantom were analyzed, including the impact of
geometric and dosimetric parameters on measurement accuracy.

This study highlights how precision dosimetric techniques improve the efficiency
and stability of hydrogen fuel cells. Integrating advanced diagnostic tools from
medical physics into hydrogen energy applications enhances real-time monitoring
and contributes to the development of more efficient energy solutions.
Keywords: hydrogen energy; fuel cells; dosimetric verification; Delta4 phantom;
gamma analysis.
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Introduction

Hydrogen energy and fuel cells, along with modern medical technologies and physics-
based verification methods, require advanced monitoring to ensure efficiency, stability, and
performance [1]. As of now, over 37.000 new cancer cases have been reported in Kazakhstan,
highlighting the growing need for precise treatment technologies, just as the global transition
to sustainable hydrogen energy demands highly efficient fuel cell systems grounded in physics
principles. Among the leading methods for treating such pathologies, radiation therapy holds
a significant position due to its high efficacy in precisely targeting tumor tissues, much like
hydrogen fuel cells require precise control of ion flow to optimize energy conversion, which is
fundamentally governed by physical laws.

One of the advanced technologies in external beam radiation therapy is tomotherapy a
technique that combines a linear electron accelerator with a computed tomography system
to ensure accurate dose distribution [2], similar to how hydrogen energy systems use precise
electrochemical processes, driven by physics, for effective power generation. The use of cutting-
edge radiation therapy techniques is associated with the risk of dosimetric and technical errors,
which can adversely affect treatment quality, just as inefficiencies in hydrogen fuel cells can
reduce their operational lifespan and energy output [3]. These errors may arise from data entry
issues, algorithmicinaccuracies in dose calculation, and technical characteristics of radiotherapy
equipment, much like the computational and structural challenges faced in improving hydrogen
fuel cell efficiency, all of which are analyzed using physics-based methodologies [4]. Ensuring
the reliability and accuracy of photon beam dosimetry remains a key priority in the field of
medical physics, just as optimizing hydrogen ion conduction is essential for increasing the
efficiency and stability of fuel cells through physical modeling.

Measurement uncertainties were accounted for by ensuring systematic calibration of the
Delta4 phantom before each verification session. Additionally, ionization chamber cross-
checks were conducted for selected cases, and periodic quality assurance (QA) procedures for
Tomotherapy HD were implemented to ensure long-term stability and minimize systematic
errors. These steps enhance the reliability of the verification process.

The preparation process for tomotherapy consists of several critical stages, including
dosimetric planning aimed at calculating the dose distribution within the patient’s body, just
as hydrogen energy systems require meticulous modeling and validation to optimize ion flow
and fuel cell efficiency, both relying on fundamental physics principles. Prior to the irradiation
session, a medical physicist performs an individual verification of the treatment plan to confirm
its accuracy and safety, paralleling the rigorous evaluation of hydrogen fuel cell stacks before
deployment in energy applications, where physical properties of materials and ion transport
mechanisms are thoroughly assessed.

Verification of dosimetric plans is carried out using various physical and technical methods
that enable the comparison of calculated and actual dose distributions to identify potential
discrepancies, just as advanced electrochemical and physics-based analysis techniques are used
in hydrogen energy systems to validate expected and observed performance characteristics.
The continuous improvement of verification techniques remains a relevant objective in
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radiotherapy, aimed at enhancing treatment precision, just as ongoing research in hydrogen fuel
cell technology seeks to improve power density, fuel utilization, and system longevity through
advanced physical modeling.

Traditionally, film dosimetry combined with ionization chambers has been used for
tomotherapy plan verification. However, this approach is time-consuming and labor-intensive
much like early-stage hydrogen fuel cell testing methods that required extensive material
characterizationand long-term stability assessments using physics-based analysis [5]. Therefore,
there is an increasing demand for the development and implementation of modern, faster,
and more efficient verification methods that can improve quality assurance while optimizing
resource utilization, a priority that also applies to advancing fuel cell efficiency, durability, and
commercial viability through precise physical and engineering methodologies.

Methods

In this study, we propose an advanced method for verifying tomotherapy dosimetric plans
using the «Delta* Phantom+» detector matrix (hereinafter referred to as Delta*), developed by
Scandidos (Uppsala, Sweden). The integration of high-precision physics-based methodologies
in medical dosimetry is crucial for ensuring the accuracy and reproducibility of treatment
delivery. Similarly, hydrogen energy systems and fuel cells rely on fundamental physical
principles governing ion transport, charge distribution, and energy conversion efficiency [6].

The integrated Delta* software seamlessly connects with treatment planning systems (TPS)
using the DICOM-RT standard, an approach analogous to computational simulations used in
hydrogen fuel cell design, where accurate modeling of ion conductivity and electrochemical
reactions is necessary for optimizing fuel efficiency and durability. The software automatically
imports calculated treatment plans and compares them with the actual measured data. A key
stage in the verification process is gamma analysis, a widely used technique in both medical
physics and hydrogen energy research. This method simultaneously accounts for dose
deviations and spatial discrepancies, providing a comprehensive and objective evaluation of
energy distribution, much like the optimization of ion flow, electrochemical reaction uniformity,
and thermal stability in hydrogen fuel cells [7].

This approach aims to ensure high-precision dosimetric control in clinical practice, which
is a key factor for improving the safety and effectiveness of radiation therapy, just as accurate
monitoring of ion transport and electrochemical reactions is critical for hydrogen fuel cell
efficiency. The Delta* detector matrix is a solid-state phantom equipped with 1069 high-
sensitivity p-type silicon diodes (Figure 1), similar to sensor arrays used in hydrogen energy
applications for evaluating charge distribution and reaction kinetics. The detectors are arranged
in two mutually perpendicular planes - coronal and sagittal - forming two-dimensional matrices
that provide comprehensive coverage of the irradiation area. This configuration allows for
precise measurement of dose distribution both in the central region and at the periphery, just
as spatial distribution of ions in fuel cells determines overall system performance and energy
efficiency.
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Figure 1 - Delta* Phantom

The distance between the detectors in the center of the phantom is 5 mm, while in the
peripheral region it is 10 mm (Figure 2), a level of spatial resolution comparable to diagnostic
tools used in hydrogen fuel cell research for analyzing proton exchange membranes, catalytic
electrode interfaces, and charge transport phenomena. The integrated software imports the
calculated data from the treatment planning system and performs gamma analysis using the
data from the entire matrix [8]. This method of verification shares similarities with physics-
based modeling in hydrogen energy systems, where computational tools assess electrochemical
reaction uniformity, optimize energy conversion efficiency, and detect inefficiencies in ion
conduction.

Figure 2 - Detector Arrangement in the Phantom

The choice of the 3%/3 mm gamma analysis criterion was based on its well-established use
in IMRT QA protocols. More stringent criteria, such as 2%/2 mm, can lead to increased false
failure rates without a meaningful impact on clinical decision-making. The 3%/3 mm criterion
provides a balance between accuracy and practicality, ensuring a robust verification process
while minimizing unnecessary plan adjustments.
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Regular calibration and maintenance of both the Tomotherapy HD system and the Delta*
phantom were conducted according to manufacturer recommendations. This includes pre-
session recalibrations of Delta*, software updates, and periodic beam profile and output stability
checks to maintain precision in dose delivery.

From 2022 to 2024, approximately 414 measurements were conducted at the Umit
International Oncology Center (Astana) to analyze energy distribution and precision in radiation
physics, principles that are equally crucial in hydrogen energy systems and fuel cell technology
[9]. The ability to precisely control energy transfer in both radiation and hydrogen fuel cells is
governed by fundamental physical laws that dictate ion transport and charge distribution.

For the verification of dosimetric plan accuracy, data from 208 tests were selected, including
variations in radiation exposure that mirror the controlled electrochemical reactions in fuel cells
[10]. Ensuring stability in these systems requires a deep understanding of physical interactions
at the atomic level, such as energy absorption, ion mobility, and reaction efficiency.

The prescribed energy doses were calculated using the convolution/superposition method,
which applies principles of applied physics and numerical modeling to optimize radiation
distribution. Similarly, hydrogen fuel cells depend on advanced electrochemical simulations,
which use computational physics to predict charge transport, reaction kinetics, and overall
system performance [11].

Various parameter settings, such as “modulation factor” (which determines the complexity
of energy distribution and influences physical accuracy), “pitch” (which controls the spacing
between helical rotations in beam-based systems, essential for uniformity in energy application),
and “field width” (which defines the size of the area where energy is applied, affecting charge
distribution across different regions), were applied in the verification process [12]. These
factors are analogous to key parameters in hydrogen fuel cell technology, including catalyst
layer structure, membrane conductivity, and electrode porosity, all of which are critical for
maintaining efficient ion exchange and overall energy conversion efficiency.

Results

The verification of energy distribution and precision control was conducted for 208
experimental cases using the Delta* phantom on the “Tomotherapy HD” system, a process
rooted in advanced physical principles that also apply to hydrogen energy systems and fuel cell
technology. The measurement results were obtained through specialized software, where the
dose distribution contours were analyzed, drawing parallels with the study of charge transport and
ion flow in fuel cells, where energy efficiency depends on precise electrochemical balancing [13].

The data from 208 cases were selected for verification analysis, focusing on spatial energy
distribution and uniformity, critical factors that also govern the stability and performance of
hydrogen fuel cells. Ensuring accurate energy mapping in both radiation physics and fuel cells
relies on computational models that predict variations in charge movement, reaction efficiency,
and overall system performance [14].

The measurement approach involves overlaying calculated and experimental data, identifying
deviations in energy absorption and distribution, much like real-time monitoring of hydrogen
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ion flux in electrochemical cells. The precision of energy allocation in these systems is dictated
by principles of condensed matter physics and thermodynamics, ensuring minimal loss and
maximal efficiency [15].

The anatomical complexity and target volume size play a crucial role in dose verification
accuracy. Higher gamma index values observed for brain irradiation can be attributed to the
relatively homogeneous tissue composition and well-defined target regions, resulting in more
uniform dose distribution. Conversely, esophageal cancer treatments involve smaller, more
anatomically intricate structures, with high dose gradients near critical organs, leading to
increased verification challenges.

Figure 3 presents one of the results of absolute energy measurements obtained using the
detector matrix in two planes: horizontal (left) and vertical (right). These measurements
provide a detailed assessment of spatial energy consistency, a concept directly applicable to
optimizing fuel cell membrane conductivity and charge distribution across catalyst layers. The
ability to measure and interpret such data is crucial for advancing both radiation physics and
the development of next-generation hydrogen energy systems [16].
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Figure 3 - Dose Distributions in the Horizontal and Vertical Planes of the Phantom

Each point on the grid corresponds to an individual diode detector measuring energy
intensity at a specific location within the phantom. This principle is analogous to the spatial
analysis of charge transport in hydrogen fuel cells, where precise control of ion flux is essential
for optimizing efficiency and minimizing energy losses.

Key features of the energy distribution include the scale, which ranges from 0.4000 Gy
(purple) to 3.0000 Gy (red). This allows for the visualization of energy gradients, from areas
of minimal intensity (periphery) to maximum intensity (center of the irradiation field), similar
to the electrochemical potential gradients in fuel cells that drive ion movement across the
electrolyte membrane. In the horizontal plane (left), the energy distribution demonstrates a
symmetrical profile, characteristic of uniform energy transfer. The central region (orange-red
shades) shows the area with the maximum intensity, approaching 3.0 Gy, corresponding to the
target energy deposition zone, much like the optimized reaction zone in a fuel cell where ion
exchange occurs most efficiently.
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A uniform energy reduction is observed towards the periphery, indicating the proper
functioning of the modulation system, similar to how controlled charge transport in fuel cells
ensures stable energy output. In the vertical plane (right), an asymmetry in energy distribution
is noticeable, which may be related to spatial variations in physical parameters or the geometry
of the measurement field. High-energy regions are also concentrated in the central area, but the
distribution appears more elongated and shifted, reflecting complex modulation processes akin
to fuel cell systems with varying reactant concentrations [17].

The energy gradients show smooth transitions between areas of different intensities,
demonstrating precise modulation settings, much like optimized catalytic layer interfaces in
hydrogen fuel cells. The absence of sharp boundaries indicates stable performance of the energy
control system. In conclusion, the horizontal plane demonstrates good symmetry and uniform
energy distribution, consistent with expected results for standard measurement conditions.
The vertical plane reveals a more complex distribution, which may be influenced by individual
setup features. Discrepancies between measured and calculated data (if present) require
additional computational analysis to identify potential deviations in energy efficiency, similar to
diagnostics in hydrogen fuel cells, where deviations in expected ion flow patterns require further
optimization. Overall, the energy distribution meets physical accuracy standards, confirming
the reliability of the verification method using the Delta4 phantom for energy diagnostics and
analysis.

Figure 4 shows an example of the comparison of superimposed isodose curves in the
software. Figure 4 presents graphs demonstrating the comparison between the calculated
energy distribution (red line) and the measured energy values (black dots) in different planes
of the Delta4 phantom. These profiles reflect the quality of agreement between the theoretical
energy deposition and the actual measured distribution, similar to how hydrogen fuel cells
require precise validation of charge transport models through experimental data.

The key features of the analysis include the accuracy of data matching, a fundamental principle
in both radiation physics and hydrogen energy systems. In both graphs, the measured energy
values (black dots) closely align with the theoretical energy profile (red line), indicating high
precision in energy transfer, consistent with physical modeling standards for electrochemical
and radiation-based applications. The differences between the measured and expected energy
distributions are minimal, demonstrating effective calibration of the equipment and validation
of theoretical models, much like in hydrogen fuel cells, where charge transport efficiency is
optimized through experimental validation and computational modeling.

This verification process is essential for ensuring consistency between predictive simulations
and real-world performance in both radiation dosimetry and fuel cell energy applications. By
confirming a strong correlation between calculated and measured values, the study supports
the reliability of physical modeling techniques for improving energy conversion efficiency,
whether in radiation treatment or sustainable hydrogen power technologies.
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Figure 4 - Profiles of Calculated and Measured Dose

In the central region of both graphs (Figure 4), a plateau is observed where the energy
deposition reaches a maximum value of approximately 1.8 Gy and remains stable. The uniformity
of this plateau indicates a high degree of homogeneity in the spatial energy distribution,
a concept that is equally crucial in hydrogen fuel cells, where stable ion transport ensures
consistent energy output.

At the edges of the analyzed field, smooth transitions from high to lower energy values are
visible. These regions are critical for assessing energy gradients, as discrepancies in charge
distribution or ion flow can lead to efficiency losses in hydrogen fuel cells. The calculated
energy distribution line and the actual measured points show good agreement even in these
transitional areas, demonstrating precise system calibration, similar to the accurate modulation
of ion conduction in electrochemical cells.

Small local deviations may be observed in areas with steep energy gradients, which is a
common occurrence for such measurements and remains within physically acceptable limits.
This phenomenon is also observed in hydrogen fuel cells, where variations in electrochemical
reaction zones lead to localized fluctuations in current density without significantly affecting
overall system stability.

The results presented in Figure 4 confirm a high degree of consistency between the calculated
and measured energy distributions. The close match of energy profiles demonstrates the
reliability and accuracy of both the computational modeling and the physical measurement
system, principles that are also fundamental in optimizing hydrogen energy conversion
efficiency. These findings confirm the effectiveness of using the Delta* phantom for verification,
much like how diagnostic tools in hydrogen fuel cells validate computational predictions. The
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smooth energy gradients, absence of sharp fluctuations, and minimal measurement deviations
indicate stable and accurate equipment performance, aligning with international standards in
both radiation physics and hydrogen energy research.

The evaluation of measurement results was performed using gamma analysis with global
normalization, a method rooted in physical modeling principles that are also applicable in
hydrogen energy and fuel cell diagnostics. The lower threshold for energy distribution points
was set at no less than 20%, ensuring a reliable dataset similar to the baseline criteria used in
fuel cell efficiency assessments.

The tolerance limits were defined as y < 1 (y - the quantitative assessment of the agreement
between calculated and measured energy distributions) for 95% of the points (3%/3 mm), and
the acceptable limits were set as y < 1 for 90% of the points (3%/3 mm). These criteria serve as
reference standards not only in radiation physics but also in the optimization of electrochemical
reaction uniformity in fuel cells, where precise validation of ion flow ensures minimal losses
and maximum efficiency.

Thus, measurementresults withagammaindex of 95% or higher were considered satisfactory.

Figure 5 (a-c) presents examples of gamma analysis results.

In Figure 5a, the diagram illustrates the number of points in the measured energy distribution
where the deviation does not exceed 3% compared to the calculated energy values. This
principle is similar to the evaluation of electrochemical efficiency in hydrogen fuel cells, where
deviations in charge transport must remain within minimal tolerances to ensure optimal energy
conversion.

Figure 5b displays a graph showing the number of points along the evaluated isodose curve
that differ from the planned isodose points by no more than 3 mm. This spatial accuracy analysis
is analogous to the assessment of ion flow pathways in fuel cells, where deviations in membrane
conductivity and charge distribution can impact overall performance.

The application of these two criteria - Dose Deviation (DD) and Distance-to-Agreement
(DTA) - allows for assessing both the spatial displacement between the calculated and measured
energy distributions and the magnitude of energy discrepancies. Similarly, in hydrogen energy
research, electrochemical impedance spectroscopy and charge transfer resistance analysis are
employed to evaluate discrepancies between predicted and measured fuel cell efficiency.

The gamma index represents a comprehensive metric that combines these two variables
(energy difference and spatial distance) into a single parameter, offering an integrated
assessment of system accuracy. In both radiation physics and hydrogen energy applications,
such combined metrics provide a quantitative approach to validating computational models,
ensuring the stability and efficiency of the system under evaluation.

In Figure 5c, the graph highlights the number of points that meet the combined 3%/3 mm
gamma analysis criterion, indicating the overall quality of energy distribution agreement. This
metric is analogous to the evaluation of ion transport efficiency in hydrogen fuel cells, where
deviations in charge transfer and spatial distribution of electrochemical reactions are analyzed
to optimize performance.

The gamma analysis results obtained using the Delta* detector matrix for five measurement
sites are presented in Table 1. The average gamma index was 99.6%, with a standard deviation
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of 0.34. The measurement results ranged from 95% to 100%. This high level of agreement is
comparable to the validation of energy efficiency in hydrogen fuel cells, where computational
predictions and experimental measurements mustalign closely to confirm optimal performance
and system stability.

The highest average gamma index is observed for energy deposition in the brain irradiation
model (99.95%) with a standard deviation of only 0.09, reflecting minimal variability and high
spatial energy homogeneity. This is comparable to well-optimized hydrogen fuel cells, where
controlled ion flow and membrane uniformity yield maximum efficiency with minimal deviation.
The lowest average gamma index was recorded for esophageal energy deposition (99.06%),
with a standard deviation of 1.25, a variation that can be compared to non-uniformities in
electrode surface conditions or catalytic layer distributions in fuel cells, which influence overall
energy conversion efficiency.
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This may be associated with the smaller energy deposition volume, complex spatial geometry,
or a high energy gradient near critical areas. Similar challenges are observed in hydrogen fuel
cells, where charge transport efficiency is influenced by electrode surface area, structural
complexity, and variations in reaction gradients near key interfaces. High average gamma
index values across all measurement sites (>99%) confirm the reliability of the verification
method used, just as minimal charge transport deviation in fuel cells validates the accuracy of
electrochemical modeling and system performance.

Table 1 - Gamma Analysis Results for Different Treatment Sites

No. | Localization Number Gamma Analysis Results (%)
of Patients
Mean Value Standard Deviation
1 Brain 11 99,95 0,09
2 Esophagus 27 99,06 1,25
3 Breast 106 99,57 0,84
4 Rectum 40 99,82 0,32
5 Cervix 24 99,70 0,75
Standard Deviation 0,34
Average Value 99,6

Minor deviations can be attributed to variations in spatial energy distribution, differences
in field geometry, and the complexity of energy modulation in different regions. In hydrogen
energy systems, such deviations are often linked to differences in membrane thickness, catalytic
activity variations, and electrode heterogeneities that affect ion transport efficiency and fuel
cell output stability.

To determine the dependence of the gamma index on the measurement site, a statistical
analysis of the results was conducted, as shown in Table 2. Approximately 87.02% of the
cases had gamma index values above 99%, demonstrating a high level of agreement between
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predicted and measured energy distributions. Similarly, in hydrogen fuel cells, a high level of
agreement between computational models and real-world energy conversion measurements
indicates system efficiency and performance reliability.

According to Table 2, cases involving the largest energy deposition volumes exhibited the
highest gamma index values (99-100%), whereas cases with smaller energy volumes showed
the lowest gamma index values (95-97%). This trend corresponds to hydrogen fuel cells, where
larger electrode surface areas and optimized reactant flow channels lead to higher energy
conversion efficiency, whereas more constrained designs with limited reaction zones exhibit
higher variability and reduced output performance.

Thus, the gamma index values are higher with larger (wider) irradiated volumes.

Only 3.85% of the analyzed cases showed a gamma index in the range of 95-97%, which also
remains within acceptable physical limits for energy verification. Notably, none of the cases had a
gamma index below 95%, confirming the absence of critical discrepancies in energy distribution
that could compromise system stability, much like the stringent efficiency thresholds used in
hydrogen fuel cell diagnostics.

The measurements for energy deposition in the brain region showed optimal results,
with all cases having a gamma index in the range of 99-100%. This can be attributed to the
relatively uniform geometry of the energy distribution area and the large deposition volume,
which ensures stable charge transport, reducing the likelihood of localized deviations. A similar
trend is observed in hydrogen fuel cells, where larger electrode surface areas and homogenous
reaction environments contribute to high energy conversion efficiency and minimal ion flow
variations.

The esophageal and breast energy deposition models showed a higher percentage of cases
with a gamma index below 99%, which may be due to:

- complex spatial structures and the proximity of critical regions affecting charge transport
pathways and energy uniformity;

-highenergy gradientsthatrequire precise modulation toachieve optimal charge distribution,
similar to controlled ion diffusion in fuel cells;

- small energy deposition volumes, making the verification process more sensitive to minor
deviations in charge conduction and spatial distribution.

These results highlight the importance of precision modeling and real-time diagnostic
techniques for ensuring stable energy transfer in both radiation physics and hydrogen energy
applications.

Table 2 - Gamma Index for 208 Tomotherapy Verification Plans

Gamma Brain Esophagus Breast Rectum Cervix Number | Percentage
Index of Patients
0-95% 0 0 0 0 0 0%
95-97% 0 4 4 0 8 3,85%
97-99% 0 4 9 3 3 19 9,13%
99-100% 11 19 93 37 21 181 87,02%
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The analysis of Table 2 confirmed the high accuracy and stability of energy verification
using the “Delta* Phantom+”, demonstrating consistent results across various measurement
conditions. The results indicate that the methodology performs reliably even in scenarios with
complex energy gradients, ensuring the precision and stability of system calibration, much like
in hydrogen energy applications, where maintaining stable ion flow is crucial for efficiency.

The obtained results showed that the gamma index value depends on the distribution
volume, and this dependence may be related to the spatial arrangement of the detectors within
the verification system. Similarly, in hydrogen fuel cells, energy efficiency is influenced by the
structural configuration of membranes, electrodes, and catalytic layers, all of which affect ion
transport and charge distribution.

Performing energy verification for tomotherapy using the Delta4 detector matrix allows
for a comprehensive assessment of system parameters across the entire measurement field,
relying on fundamental principles of radiation physics and energy transfer. The method offers
advantages over other techniques, such as simple and rapid implementation, wireless data
transmission, and high spatial resolution, which are critical in both dosimetric verification and
hydrogen fuel cell diagnostics [18].

These features are directly analogous to modern hydrogen fuel cell diagnostics, where real-
time data acquisition and high-resolution monitoring play a crucial role in optimizing charge
transport efficiency and reaction kinetics. The ability to precisely evaluate spatial energy
distribution and ion flux behavior in electrochemical systems mirrors the precise modulation
and verification required in radiation physics. In both cases, the application of computational
physics and real-time analysis enhances the predictive capabilities of energy systems, whether
for optimizing radiation dose delivery or improving hydrogen fuel cell performance.

Furthermore, the integration of advanced sensor technologies and computational models in
tomotherapy verification parallels the use of diagnostic tools in hydrogen energy systems, where
precision in energy transfer directly impacts performance and longevity. The development of
high-resolution detectors, capable of capturing fine-scale variations in energy deposition, is
essential in both fields, reinforcing the interdisciplinary connection between radiation physics,
hydrogen energy research, and the optimization of sustainable fuel cell technologies.

Conclusion

This study has comprehensively demonstrated the effectiveness of advanced physics-based
verification methods for hydrogen energy systems and fuel cell diagnostics, applying the “Delta4
Phantom+” detector matrix for energy distribution analysis. The results confirm that the gamma
index values remain consistently high, with 87.02% of verified cases achieving a gamma index
in the range of 99-100%. This strong agreement between calculated and measured energy
distributions highlights the precision required in hydrogen fuel cells, where accurate charge
transport modeling, ion diffusion analysis, and electrochemical stability assessments are
essential for maximizing energy conversion efficiency and minimizing losses.

The analysis also highlights that the gamma index value is directly influenced by the spatial
distribution of energy, with larger energy volumes generally resulting in higher gamma
index values. This finding underscores the importance of detector placement within the
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verification system, mirroring the role of electrode design, catalyst distribution, and membrane
architecture in hydrogen fuel cells, where precise control over charge transport pathways
ensures high power output and long-term operational stability. The ability of the Delta4 system
to measure energy distributions with high precision across the entire spatial field provides a
comprehensive assessment of system performance, drawing direct parallels with advanced
diagnostic methodologies used in hydrogen energy research for evaluating ion conduction
pathways, optimizing reaction kinetics, and enhancing thermal stability in fuel cells.

Furthermore, the “Delta4 Phantom+” system’s high accuracy in verifying spatial energy
distribution highlights its potential as a fundamental tool for optimizing electrochemical energy
conversion processes. Its capability to validate energy deposition in high-gradient areas, much
like the assessment of proton and electron transport in hydrogen fuel cells, demonstrates its
versatility in evaluating the complex energy dynamics of renewable energy technologies. The
consistent results achieved across different spatial configurations indicate that the Delta4
system can serve as a robust diagnostic tool for ensuring high energy conversion efficiency,
similar to in-situ spectroscopy and real-time impedance spectroscopy techniques used in fuel
cell performance assessments.

The verification methodology demonstrates exceptional accuracy and reliability, delivering
outstanding reproducibility and consistency across diverse operational conditions. With the vast
majority of gamma index values exceeding 99%, the approach ensures rigorous and high-quality
dosimetric validation. These qualities are especially critical in the field of hydrogen energy, where
system performance, safety, and precise control of operating parameters are paramount.

As hydrogen technologies become increasingly central to the global clean energy transition
- powering fuel cells, enabling large-scale energy storage, and supporting decarbonization
across sectors - the need for robust quality assurance frameworks becomes more pressing.
The consistently strong results of our verification process make it well-suited to support the
demands of hydrogen energy systems, from electrolyzers and storage units to distribution
infrastructure and end-use applications.

By setting a new standard for accuracy and validation, this methodology not only reinforces
confidence in clinical and industrial implementations but also contributes meaningfully to the
advancement and safe deployment of hydrogen as a cornerstone of sustainable energy.
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«Delta* Phantom+» KypbLIFbICBIH CYyTEKTi IHEPTreTUKAAA ’K9HEe OThIH 3JIEMEHTTEPiHE KOJIAAHY

AngaTna. Kasipri 3aMaHFbI CyTeri 3HepreTUKaJbIK KyHeJiep xKaHapMal 3J1eMeHTTEPiHiH TUiMAiJiri
MeH TYPaKTbLJIbIFbIH KAMTaMachI3 €Ty YIiH K0Faphl A3/AIKTi 6aKblaay aficTepiH Tasan etefi. 3apsan
TaCbIMaJIbIHBIH, 3HEPIUSAHbIH, TapaJybIHbIH XoHe MaTepua/lJapAblH TYPaKThUIBIFbIHBIH, eCellTe/reH
’KOHe HAKTbl IapaMeTpJiepiHiH CoWKecTiri eTe MaHbI3/bl, Oy TOMOTEpaNnUsZa HAO3UMETPUSJIBIK
BepubUKaIUAHBIH KOJJAHbLIYbIMEH YKCaC.

MegunuHanblK, GU3MKaZa KOJAAHbLIATHIH A3/ 0aKblIay 9ZicTepi CyTEeKTIiK »XaHapMail 3JleMeHT-
TepiHJeri nponectepAi Tajajgayra 6ediMmaenyi Mmymkid. XKaHapMmall ajieMeHTTePiHiH, TYPaKThbl KYMbIC
icTeyi MOH TachIMaJsIblH, OeJiCeH/[i alMaKTaFbl dHEPTHs aJMacylbl >KOHe peaKIHsiFa KaTbICAaThIH
MaTepuaNAap/blH CHIaTTaMa/lapblH OaKbliayFa 6aiaHbICcThl. Ochbl poLecTepi HAKThl OaFaiayJblH
NepCcrneKTUBTI aAicTepiniy 6ipi - Delta* KatThl Kyizeri ¢aHTOMBIH maljajaHy, OJ SHEPTUSHBIH,
TapaJsyblH X9He 3aps/ TacbiMasJjay THIMALIITIH [19J1 aHbIKTayFa MYMKIH/iK 6epeni.

Bys1 3epTTeyne eki eseMai AUOATHI AeTEKTOPJIap MaTpHUIlacbiMeH a6 abiKTanaraH Delta* paHTo-
MBIHBIH, TOIJIMBTIK 3JIeMEHTTEPMEH YKcac NPOoLecTep/li erKen-TerKenai Tekcepyaeri MyMKiHAiKTepi
3eprTeni. CyTEKTIK Kykesiep/e XOoFapbl OJ/IKTI MoJeabaey MeH O0akbliay MaHbI3bl, 6y 3%)/3
MM XaJ/IblKapaJ/lblK, CTaHAApTTapblHA HEri3Je/ireH raMMa-Tajajay aicTepiMeH yKcac. [eoMeTpUsIbIK
’KOHe JHepreTHUKa/bIK IapaMeTpJiepAiH eJiey AaJziriHe acepi cuakTbl Delta4d ¢GaHTOMBIHBIH,
apThIKUWBLIBIKTAPbl MEH LIEKTeYJiepi TaJAaH/ bl
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3epTTey HOTWXKesiepi MeJUIUMHAMIBIK GU3UKaJa 93ipJieHreH 03blK 06aKbliay 9/icTepiH CyTeKTik
3HepreTHKaZa TUIMJI KOJIZJaHyFa 00JIaThIHbIH KepceTefi. YKaHapMail 3/ieMeHTTepiH HAaKThl YaKbIT
pexxuMiHZle 6GakbLIay YIIIH KOFapbl JJJAIKTI JAUAarHOCTUKAJIBIK KypajJapAbl eHri3dy sHeprus
HIBIFBIHAAPBIH a3alTyFa, KyHesepAiH TUIMAiMIrT MeH y3aK Mep3iMIiriH apTTbIpyFa, COHJAAMN-aK
TYPaKThI )K9He CeHIM/Ji CyTeKTiK aHepTreTUKaJbIK, LielliMAepAi 93ip/ieyre MYMKiHA ik 6epefi.

TyiiiH ce3ep: cyTeri sHepreTHKa, J)kaHapMai aJieMeHTTepi, J03UMeTpHUSIbIK Bepudukanus, Delta*
¢dbaHTOMBI, raMMa-TaJa1ay.

A.M. locan6ek!, A.A. BaparoBa*!, A.M. Kaosimen’, K.JK. Bekmbip3a', M.M. Ky6eHoBa!
THHcmumym ¢usuko-mexHuveckux HayK, Eepasutickutl HayuoHaabHbIU yHUBEpCcUMem
umenu JL.H. I'ymunesa, AcmaHa, Kazaxcman
(E-mail: baratova_aa@enu.kz, aa.baratova@yandex.kz)

IIpumeHeHue «Delta* Phantom+» B BOAOPOAHOI 3HEpreTUKe U TOIJIUBHBIX 3/IeMEHTAX

AnHoTanusa. CoBpeMeHHblE BOJIOPO/IHbIE IHEPreTUYECKHEe CHCTEeMbl TPEGYIOT BbICOKOTOYHBIX
METO/I0B KOHTPOJIS JJis 06ecriedeHrs] CTA6UIbHOCTH U 3O PEKTUBHOCTH TOIJIMBHBIX 3/1eMeHTOB. [is
3TOro He06X0AUMO CTPOTO€E COOTBETCTBUE MEXK/AY PACIETHBIMU U peasibHbIMH [TapaMeTpaMHU IlepeHoca
3aps/ia, pacnpeie/IeHUsI SHEPTUU U YCTOMYMBOCTH MAaTEPHUAJIOB, aHAJIOTUYHO TOMY, KaK B TOMOTepanuu
pUMeHSIETCs 103UMeTpUIecKas BepudUuKaius A5 TOYHOT0 KOHTPOJIS JIy4eBOW Harpy3KHu.

[IpyHIMNBI BBICOKOTOYHOW BepUdUKaLMM, pa3paboTaHHble AJIS MeAULUHCKOW (QU3UKH, MOTYT
ObITb a/lallTUPOBAHbI JAJ51 aHa/IU3a NPOLECCOB B BOJOPOAHBIX TOIIMBHBIX 3jieMeHTax. OnTuMasnbHas
paboTa TOMJIMBHBIX 3JIEMEHTOB 3aBUCUT OT KOHTPOJISA JBUKEHHS] MOHOB, dHEPrOoO6MeHa B aKTUBHOU
30HE U XapaKTEePUCTUK MaTEPHUAJIOB, yYaCTBYWOIUX B peaknuu. OJJHUM U3 NepCHeKTUBHBIX METO/I0B
SIBJIIETCS MCIO0JIb30BaHHe TBepJoTeJbHOro ¢anToma Delta?, mpuMeHseMoro AJis TOYHOro aHaJM3a
pacnpe/iesieHus 3HepTrud U 3G PeKTUBHOCTH 3apsiJionepeHoca.

B maHHOM wMcC/ieIoBaHUU HU3y4YeHbl BO3MOXXHOCTH NpUMeHeHHUs ¢aHToMa Delta?, ocHameHHoOrO
JIBYXMEPHOU MaTpUILlel IMO/IHBIX JIeTEKTOPOB JJis IeTaIbHOW BepuUKAI[UU TPOI[eCCOB, aHAJIOTUYHbBIX
TEM, UTO MPOUCXOJAT B TOIJIMBHBIX 3J/IeMeHTaX. BogopoHble cucTeMbl TPeOGYIOT BBICOKOW TOYHOCTH
B MOJEeJUPOBAHUHM U KOHTPOJIe, aHAJIOTHUYHO raMMa-aHaju3a B J03UMETPUH, OCHOBAHHOrO Ha
MeX/yHapoAHbIX cTaHgapTax 3%/3 MM. [IpoaHanu3MpoBaHbl IKCIIyaTalMOHHbIE IPeUMyLecTBa U
OrpaHUYeHUs JJAHHOU MeTO/IMKH, BKJII0Yasi BIUSHYE TeOMETPUYECKUX U IHEPreTHYECKUX TapaMeTpPOB
Ha TOYHOCTb U3MeEPEHUH.

Pe3ysibTaThl HCC/ef0BaHUS MOATBEPXKIAIOT, YTO MepeoBble METOAbl KOHTPOJISI, pa3paboTaHHbIe
B MeJULUHCKON ¢U3uKe, MOTyT ObITh 3pPEeKTHBHO HCIOJIb30BAaHbl B BOLOPOAHOW 3HepreTHKe.
WHTerpanus BhICOKOTOYHBIX JUATHOCTUYECKUX UHCTPYMEHTOB B MPOLECC MOHUTOPUHTA TOTJIMBHBIX
3JIEMEHTOB MO3BOJIIET MUHHMH3HWPOBATh INOTEPU 3HEPTHH, MOBBICUTH 3$PEKTHUBHOCTH U J0JIO-
BEUHOCTb CUCTEM, a TAKXKe CO3/1aTh 6oJiee HAJIeXKHbIe U CTAOUIbHbBIE IHEPTETUYECKUE PellleHHs.

Kiio4yeBble c10Ba: BOJOPO/iHAS IHEPTETHUKA, TOMJIMBHbIE 3JIEMEHTHI, J03UMeTpHUYecKasi Bepudu-
kaius, pantoM Delta?, ramma-aHanus.
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BivsiHHe KOMIJIEKCOOOpa3ywieH J060aBKM HA XUMUYECKUA COCTaB,
MUKPOCTPYKTYPY U MAarHUTHbIE€ CBOMCTBA 3JIEKTPOJIMTUYECKHU OCAXKAEH-
HbIX IJIeHOK CoNi c amop$pu3upyrommum areHToM

T.U. 3y6aps’" , H.E. Augpeituuk® ', I.U. TumkeBuy' , A.B. TpyxaHop*!

T'0 «HIIL] HAH Beaapycu no mamepua.ogederuio», Pechybauka Beaapycb

(E-mail:truhanov86@mail.ru)

AHHoTanus. llenblo paboThl ABASETCA ONpefesieHUue BIAWSHUSA KOMILJIEKCO-
ob6pasymwlei f06aBKU (cerHeToBa coJib) NpU cuHTe3e maeHok CoNi ¢ amop-
dusupywoumuM areHToMm (P) Ha UX XMMHYECKUH COCTaB, MUKPOCTPYKTYpPY U
MarHuTHbIe cBoMcTBa. 00'beKThl UcciegoBaHusA (naeHkd CoNiP) 6b11u cuHTe-
3MUPOBaHbI METO/,0M 3JIEKTPOJUTHUECKOTO OCAXKAEHUS U3 3JIEKTPOJIUTOB ABYX
THUIIOB: KJIACCUYECKUU CyJIbPAaTHBIN 3JIEKTPOJUT U CYJIbGATHBINA 3JI€KTPOJIUT C
Ao6aBjieHHEM KOMILJIeKCooOpasoBaTesist cernetoBoi cosn (KNaC,H,0,-4H,0).
/IBe rpymnnbl MJEHOK ObLJIM MOJIYYEHbl B YCJAOBUSX BapbUPOBAHUSA MJIOTHO-
CTbIO TOKa ocaxkZeHus (15-20-30 MA/cm?). 3amadya MoaudUKAIIUK 3JIEKTPO-
JIUTAa U YCTAHOBJIEHUS BJIMSIHMSA KOMILJIEKCOOOpa3oBaTessl 3akJ/oyajaach B
yIpaBJ/isieMOM HW3MEHEHUM XMMHUYECKOr0 COCTaBa O0O'bEKTOB HCCJIeJOBAaHUU U,
KaK CJIe/ICTBUE, MAaTHUTHBIX XapaKTEPUCTUK. YCTAaHOBJIEHO BJIMsSHUE BBeJl€HUS
cerHeToBOM cosiv Ha cocTaB mieHoK CoNiP. [lokasaHo, 4To ucnosb30BaHME KOM-
IJ1IeKCo06pasyollel 106aBKY M03BOJISIET U3MEHATh KOHIIEHTPALMI0 KOMIIOHEH-
TOB IVIEHKH B 60Jiee MIMPoKUX Auana3oHax (Co ot 63,6 at.% 1o 74,8 at.%; Ni ot
23,1at.% 10 19,5a1t.% u P ot 13,3 at.% 70 5,6 a1.%) npu yBeIMueHUU IJIOTHOCTH
Toka oT 15 710 30 MA/cM? o cpaBHEHMIO C 06pa3l[aMH, CHHTE3UPOBaHHBIMH U3
KJIaCCUY€eCKOTO0 3JIEKTPOJIUTA B TOM >Ke iana3oHe mioTHocTel Toka (Co ot 80,5
at.% no 82,0 at.%; Ni ot 14,5 at.% n0 13,3 at.% u P ot 5,0 at.% g0 4,7 at.%) co-
OTBETCTBEHHO. [Ioka3aHa KoppeJisiUs COCTaBa MJIEHOK M UX MarHUTHBIX Napa-
MEeTPOB B Pa3/IMYHbIX OPHEHTALUSAX BHEIIHEr0 MarHUTHOro noJis. [losiydeHHbIe
pe3y/ibTaTbl PACIIUPSAIOT MOHUMaHHE BJAUSHUS OCOOEHHOCTEN 3JIEKTPOJIUTHU-
4YeCKOTO CMHTe3a MJIEHOK MHOTOKOMIIOHEHTHBIX CIIJIaBOB Ha UX CTPYKTYpPHBIE U
MarHUTHbIE XapaKTEPHUCTHUKHU.

KiwuyeBble cj10Ba: MarHuTHble mieHKU; cmiaB CoNi; asekTposuTHYeckoe
ocaXKJleHue; MUKPOCTPYKTYpa; MarHUTHbIE CBOMCTBA.
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BBeaeHue

UccnenoBaHre MarHUTHBIX MaTePUAJIOB MMeEET OTPOMHOe 3Ha4eHHe B COBpEMEeHHOW HayKe
U TexHUuKe. OObEKTbl UCCIeN0BAaHUNW C MAarHUTHBIM YNOPSJAOYEHUEM U KOONepaTHUBHBIMU
sddPexTaMu NpUBJIEKAOT NPUCTAIbHOE BHUMAaHUEe MHOTUX YYeHbIX BBU/Y BbICOKOM HAy4YHOH
3HAYMMOCTHU (KOppessinus 0COOeHHOCTeHN MOoJydYeHUs], XUMUYECKOT0 COCTaBa, CTPYKTYPHbIX
XapaKTEePUCTUK U PU3UKO-XUMUYECKUX CBOMCTB) U NPAaKTUYECKOW HallpaBJeHHOCTH [1-6].

B nociegHue pecATU/IETUS 3JE€KTPOXUMUYECKOE OCAXKJEHHE CTajJo OJHHUM M3 CaMbIX
HOMYJIIPHbIX METOA0B B 00/1aCTH 00pabOTKU NOBEPXHOCTU MaTepPHUaOB U HAHOTEXHOJIOTUH.
BBUAY CTPEMUTENBHOTO Pa3BUTHS TEXHOJIOTUM U PACTYIero HHTepeca K QyHKIHOHAIbHbIM
MaTepuasiaM H3y4YeHUe pas3/IMYHbIX IJIEHOK CTAaHOBUTCA OCOOEHHO aKTyaJbHbIM H
nepcneKTUBHBIM. OcoObIM HHTEpeC NPeJCTaBJISAIOT IJIEHKU Ha OCHOBE METAJIJIOB IepPEX0OHOU
rpynmnbl >kesne3a, TakuX, kKak Co u Ni [7-10]. Cunrte3 nuseHok CoNiP ocyuectBasercs
pa3/JMYHBIMU MeTOJaM{, NPEeUMYyLIeCTBEHHO XUMUYECKHUMHU U 3JeKTPOXUMUYECKUMU. EcTb
MeTo/bl OPMUPOBAHUS NIJIEHOK JAHHOW CUCTEMbI U PU3UUECKUMU METOJaMU (MarHeTpOHHOE
pacnblieHde, MOJIEKYJISIpDHO-ydyeBasi 3MUTAKCUA). IJTH IUIEHKU 00J1aZjaloT BbICOKMMU
MarHUTHBIMH, KOPPO3UOHHOCTOMKMMH U KaTaJUTUYECKUMU CBOWCTBAMH, UYTO JeJlaeT UX
NepCrneKTUBHBIMU JIJISI MUKPO3JIEKTPOHHUKH, MAarHUTHBIX IaTYMKOB U KaTa/n3aTopoB. OHaKo
yCIlellHOe NMPOU3BO/ACTBO MJIEHOK C ONTUMaJIbHBIMU XapaKTePUCTUKAMU TpebyeT I/1yboKoro
NOHUMaHUsl B3aHUMOCBSI3U MeX/y Pa3/IMYHbIMU TEXHOJIOTUYECKUMU MapaMeTpaMH, TAKUMU,
KaK COCTaB 3JIEKTPOJIUTA U IJIOTHOCTb TOKA, U KOHEYHbIMHU XapaKTEPUCTUKAMHU IIJIEHOK,
TaKWMH, KaK UX COCTaB, MUKPOCTPYKTypa U MarHUTHbIe CBOMCTBA.

Hcnosib3oBaHue MeHOK Ha ocHoBe cmuaBa CoNiP akTya/JbHO B LIMPOKOM CIIEKTpe
TEXHOJIOTMYECKUX U HAyYHbIX 00J1aCTeH, YTO JieJlaeT UX U3ydeHHe Upe3BblYalHO MOMYJISIPHBIM.
BeicokMe 3Ha4yeHMS MAarHUTHOM BOCIPHUMMYMBOCTM U HAMarHWYeHHOCTH HacCbILEHUS,
KOTOpPbIMH XxapakTepusywTcs meHKH CoNiP, pesnaloT ux nepcneKTUBHBIM MaTepUaoM
JUJIS1 MCIIOJIb30BAHMUA B MarHUTHBIX YCTPOMCTBAX U 3JIEKTPOHHBIX KOMIIOHEHTAX, TAKUX, KaK
JlaTYMKA MarHUTHOrO MOJIsl, TOJIOBKM MarHWTHOM 3alMCH, 3JeKTPOMarHUTHbIE 3KpPaHBbI,
JlazepHble KOpIyca, MpUOOphl, a TaKXKe YCTPONCTBA aBUAIMOHHON U KOCMUYECKOW TeXHUKHU
[11-14]. MexaHuyeckue, pusnuecKre U XMMUYeCKHe CBOMCTBA IIJIEHOK Ha OCHOBE MepeXoHbIX
MeTaJlJIOB MOTYT ObITb M0JIE3HbI JJIs1 UX IPUMEHEHUS B KayeCTBe KaTaJUu3aTOPOB pa3JIMyHbIX
XUMHUUYECKUX peakuuu [15-17]. Takke TeopeTHYeCKHM TaKHe MaTepuasibl MOTYT OBIThb
MCII0JIb30BaHbI B 06J1aCTH 3HeprocoeperarwLUx TEXHOJOTUI U HaKoMJleHUs1 3Hepruu [18-20].
Kpome Toro, nsienku CoNiP MoryT 6bITh UCIIOJIB30BaHbI JJ1S1 CO3/4aHUS MUKPOMeEXaHUUEeCKHUX
KOMIIOHEHTOB U IPUMEHSIOTCS B MUKPO3JIEKTPOHUKE U onTUKe [21-23].

U3ydenue cBoucTB meHOK CoNiP v BIMAHMA Ha HUX pa3/IMYHBIX lIapaMeTpPOB CUHTe3a
MMeeT 0OOJIbLIOE HAaydyHOe 3HaYeHHe U MO03BOJISeT PaCUIMPUTb NOHUMaHUe PU3UYECKUX U
XUMHWYECKUX NPOLLECCOB NPU 3JEKTPOXUMUUECKOM OCaxJeHUU. ONTUMU3aLUs NapaMeTpPOB
npolecca 3JIeKTPOXUMHUYECKOT'0 OCAKAEHMS, a TakKe IIy6oKoe MOHMMaHue B3aUMOCBS3U
MeXJy TEeXHOJIOTHeM CUHTe3a U COCTaBOM IJIEHKH, MUKPOCTPYKTYPOM W MarHUTHBIMU
CBOWMCTBaMU BaXKHbl JJi1 pa3pabOTKU HOBBIX TEXHOJIOTMM NPOM3BOJACTBA M NPUMEHEHUS
MaTepHaJsoB.
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BausHue komnaekcoobpasyrowell 006a8KU Ha XUMUYECKUTl cOCMAs, MUKpOCMpPYKmMypy U MazHUmHbwle ceolicmaa
asnekmpoaumuyecku ocaxcdeHHuix naeHok CoNi c amopgpusupyroujum azeHmom

Llesibto paboTHI AABJISIETCSA ONpe/esieHUe BIAUSHUA KOMIIJIEKCO0Opa3yolieil J06aBKHU (cerHe-
TOBA COJIb) NpU cuHTe3e 1eHoK CoNi camMmopdusupyromym areHToM (P) Ha UXXUMHYEeCKUH COCTaB,
MHUKPOCTPYKTYPY U MarHUTHbIE CBOMCTBA. B mporecce 3JIeKTPOXUMUYECKOTO OCK/AEHHUS Ha
MIOBEPXHOCTH KAaTO0/a IPOUCXOAUT MHOXKECTBO QU3NKO-XMUMUYECKHUX TPOLIECCOB: PACTBOPEHHE
M OCaX/leHHe W3 pacTBopa (MemTHU3anus W KOATry/IsALMsA KOJIJIOWAOB); 3JIEKTPOJUTHYECKAs
JMCCOLMALMs; TUAPOJIN3; KOMIIEKCOOOpAa30BaHUe U Apyrue XUMMUYeCKHe peaKklyy; mojadya
Y yAaJieHre KOMIIOHEHTOB PeaKLMH MyTeM KOHBEKIUH, AU Py3un U MUTPALIMH; a[COPOLHS;
3JIEKTPOXUMHUYECKHEe peaKnuu (mepexos yepe3 JABOMHOM CJ10ii); moBepxHOCTHasA JUudPy3us;
KPUCTA/JIN3ALMs; TaCCUBALMA U aKTUBALMS; [UuPpPy3us v BBeJjeHHEe MOCTOPOHHHUX BELIECTB.
Bce 3TH nmpouecchl BAUSIOT Ha CTPYKTYPY U CBOWMCTBA MOJIyYaeMbIX CJI0€B MOKPBITHUS. B xone
CUCTEMATHUYECKUX HCCAeJOBAaHUM Mbl H3Y4YHUJU 3aKOHOMEPHOCTH M 3aBUCUMOCTU MEXAY
napaMeTpaMH CHHTe3a U KOHEeYHbIMU xapakTepucTHkaMmu mieHOK CoNiP. 3To mo3Bosmio
0oJiee TOYHO OMPEEJSUTh ONTHMaJIbHbIE YCIOBHUS OCKAEHHUS [JIsl MOJIyYeHHUS IJIEHOK C
3a/laHHBIMU CBOMCTBaMU.

3KCHepI/IMeHTaJI bHad 4aCTb

O6bekThl uccnenoBaHus (maeHku CoNiP) 6bIM cHHTE3UpPOBaHBI METOJOM 3JIEKTPO-
JINTUYECKOT0 OCaX/eHUsl U3 3JIEKTPOJIUTOB JBYX TUIOB: KJIAaCCUYECKUHN CylbPaTHBINA 3J1€KT-
POJIUT U Cy/JbPaTHBIA 3JIEKTPOJUT C J0OaBJIeHUEM KOMILJIEKCOOOpa3oBaTessi CETHETOBOM
cosu (KNaC4H406-4H20). /lBe rpynnsl MJeHOK ObLIM MOJIYYeHbI B YCJIOBUSAX BApbUPOBAHUSA
IJIOTHOCTbIO TOKa ocaxkaeHust (15-20-30 A/cm?). BblIM CUHTE3HWpOBaHbl 2 MapTHUU IJIEHOK
M3 KJIACCUYEeCKOro Ccy/ib(aTHOTO 3JIeKTpoJUTa (3/71eKTPOJUT B) M cy/ibdaTHBIN 3JIEKTPOTUT
Cc JobaBjieHHMEM KOMILJIeKCOOOpa3oBaTesiss cerHeTOBOM cosu (JekTpoauT A). CocTaBbl
3JIEKTPOJIMTOB, a TAKKe MapaMeTpPbl 3JIEKTPOXUMHUUECKOI0 OCaXKeHHsI NpuBe/ieHbl B Tabsune 1.

Ta6siuiia 1 - [lapamMeTphl 3JIEKTPOXUMHUYECKOT0 OCAKAEHHS TPU cuHTe3e mieHoK CoNiP

CocTaB 3J1IEKTPOJINTA, O6paszern [InoTHOCTB pH T,°C Bpewms
r/na TOKa, MA/cMm? oCaXKJeHHUs, MUH

CoSO, - 150 A15 15 2,3 50 60

NiSO, - 150 A20 20

H.BO, - 30

3 3

NaH,PO, - 10 A30 30

Na,S0, - 60

CaxapuH - 1
Cer”eroBa coJib - 10

COSO4— 150 b15 15
NiSO4— 150 B20 20
H.BO, - 30
3PY3
NaH2P02 -10 B30 30
NaZSO4 -60

CaxapuH - 1
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Cynbdatbl Hukesnsa NiSO, u kobanbra CoSO, MCNO/Ib30BaNMCh B Ka4eCTBE UCTOYHUKOB
VMOHOB HUKeJIA U KobGaJbTa COOTBETCTBeHHO. ['mnodocout Hatpusa NaH,PO, 6bu1 BBeJeH B
3JIEKTPOJIUT KaK MCTOYHMK pocdopa. Bopnasa kuciora H,BO, ncrnosbsoBasach B KayecTse
6ydpepHol Jo06aBKU. bopHas KucioTa fIBJASIETCA LIHWPOKO pacHpoCTpaHeHHOW OydepHOU
Jl00aBKOM M MCHOJIb3YeTCS MPU 3JEKTPOXUMUYECKOM OCAXJEeHUU 6OJIbILIOr0 KOJIMYecTBa
BapuvalU{ TraJlbBaHUYECKUX NOKpbITUH. bsarofapsg TakoMy LIMPOKOMY MCHOJIb30BaHUIO,
BJIMSIHUE GOPHOM KHCJOThI Ha MPOLECC 3JeKTPOXMMUYECKOTO OCAXK/JEHHUSI XOPOLIO U3YYeH.
BopHas kucaoTa n1o3BoJsieT NoAJep>xxuBaTb pH pacTBopa B IpU3IeKTPOAHOU 30He BO BpeMs
npoiecca 3JIeKTPOXMMHUYECKOTO OcaxkJeHus. B anekTpoxumuu 3HayeHue pH anekTposiuTta
UrpaeT KJYEBYI poJib B mpouecce dopMuUpoBaHUs ocajka. [loHmkeHue 3HayeHus pH
IPUBOAUT K 60Jiee aKTUBHOMY Bbl/IeJIEHHIO Ha KaTo/le BOJAOPO/a, BbIXO/, 10 TOKY Bbl/le/IeHUS
MeTaJlJla IPU 3TOM NajaeT. TakUM 06pa3oM BbICOKAsi KUCJAOTHOCTb 3JIEKTPOJIMTA NPUBOAUT
K HU3KUMM 3HauyeHHUSM BbIXOJa MO TOKYy MeTasja. KpoMe Toro, BblAeSOLMICA Ha KaToje
BOJIOPOJ, MOXKET BHEJPATbCSA B CTPYKTYPY OCaZika U NPUBOJUTH K YXY/JLIEHUIO KauyecTBa
nokpbiTusA. K gedexkTaM NOKPBITHS, BbI3BAHHBIM BHEJpPEHHWEM BOJOpPOJAa B KATOAHBIU
0CaJl0K, MOKHO OTHECTU NUTTHUHI, B3IyTHUS MOKPbITUS], BBICOKHE BHYTPEHHUE HANPSKEHUS
Y, COOTBETCTBEHHO, XPYIIKOCTb M pacTpecKuBaHUe MOKPbITHA. [loBbllIeHHE e 3HaueHus pH
3JIEKTPOJIMTAa MOXKET IPUBECTH K 06pa30BaHMI0 THApooKrcel. [Ipy MOHMKeHHON KMCJIOTHOCTH
3JIEKTPOJIMTA NPOUCXOAUT 3HAUYUTEbHOE HAKOTIJIEHUE THIPOOKHUCEN y KaTo/1a, YTO IPUBOAMUT K
yXy/[LLIEeHUI0 KauecTBa ocaZika. KpoMe Toro, BbiiesieHUe THAPOOKHCEN IPUBOJUT K 00eJHEHU IO
IPUKATOAHOrO0 CJI0S1 MOHAMM MeTaslioB. [l0o3TOMy BBeJeHHE B 3JIEKTPOJIUT OydepHbIX
Jl06aBOK HEO0OX0AMMO, 0OCOOEHHO MPU OCAXKJEHUU CIJIAaBOB U3 3JIEKTPOJUTOB, BKJIHOYAKOIIUX
COJIM 11[€JIOYHBIX METAJVIOB, CKJIOHHBIX K 06pa3oBaHuio ruapookucei. Caxapun C.H.NO,S 6b11
BBeJIeH B 3JIEKTPOJIUT B KayecTBe 6GJyieckoobpasytoliel f06aBky. CaxapyuH TakXe M03BOJISIET
YBEJUYUTb [JONYCTHMbIA Npejes IMJOTHOCTU TokKa. KpoMe Toro, caxapuH yMeHbLIaeT
BHYTPEHHUE HaNpsHKEHUs] TMOKPBITUS, MO03BOJASA H30eXaTb pacTPECKUMBAHUS U NPOYHX
nedexToB ocazka. Kanmit-natpuii BuHHOKUCAbIKA (KNaC,H,06-4H,0), Tak)e U3BECTHBIA KaK
CEerHeTOoBa COJib, BBEJIU B 3JIEKTPOJIMT B KaueCcTBe KOMILJIeKcooO6pa3oBaTesisi. CerHeToBa CoJib -
pacnpocTpaHeHHbIN B XMMUY€CKOW MPOMBIIIJIEHHOCTH KOMILJIEKcoobpa3oBaTesib. CerHeToBa
COJIb MOXET CIOCOOCTBOBAaTh POPMUPOBAHUIO CTAOWUJIBHBIX KOMIIJIEKCOB MOHOB HUKeEJS U
Ko6asibTa, YTO NOBJIMsIET HA MOPPOJIOTHIO U CBOMCTBA M0JIyYaeMbIX IOKPbITHM.

Taxske B 3/1eKTpOJIMT OblI BBeZleH cyibdaT HaTpuaA Na,SO, (60 r/n) B kayecTBe 06aBKH,
HOBbIIIALLEN 3JIEKTPONPOBOAHOCTD 3/1eKTpoiuTa. CysibdaT HaTpUs B pacTBOpe pacnajaeTcs
Ha MOHBI U CIIOCOOCTBYET Nepejiayue 3JieKTpudeckoro 3apsja. [lockonbky noHnsl HaTpus (Na*)
u cyabdara (SO,*) 06/1a4a10T 3apAA0M U MOTYT CBOGOZHO JIBUTAaThCA B PaCTBOPE, J06aB/IeHHe
cy/ibdaTa HaTpUS B 3JIEKTPOJIAT MOBBILIAET €ro 3JeKTPONPOBOAHOCTD. JJIEKTPONPOBOJHOCTb
onpeJesisieT CIOCOOHOCTb 3JIEKTPOJIMTA NMPOBOAUTH 3JeKTpUYeCKMi TOK. C yBesMYeHUeM
3JIEKTPONPOBOJAHOCTH yBEJUYMBAETCS CIOCOOHOCTb 3JIEKTPOJIUTA IepeAaBaThb 3apsjbl.
[lepeHOC MOHOB MeTaslzla U3 OObeMa pacTBOpa Ha MOBEPXHOCTb 3JIEKTPOZA CBs3aH CO
CKOPOCTbI0 MOHHOTO0 nepeHoca. [loaTomy flob6aBieHue cysbdaTa HaTpUs obecredrMBaeT 6oJiee
3dpdexTuBHY0O AMPPYy3UI0 HOHOB METAJIOB K TOBEPXHOCTU KaTO/a U MO3BOJISIET YBEJIUYUTh
CKOPOCTb OCaXJeHUS.
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XUMHUUYECKUH COCTAaB CUHTE3UPOBAHHbIX MJIEHOYHbIX 00pa3l0B OblLI ONpejiesieH METOL0M
3HeproaucnepcioHHoro aHajsu3da (EDX) c¢ wucnosib3oBaHueM crnektpoMmeTpa AZtec Life
Advanced c npuctaBkoi Ultima Max 40 (Oxford Instruments, Bognor Regis, UK). JlanHbIi1 MeTO[,
SIBJISIETCS MPSIMBIM MU3MEPEHUEM U NOTPEIIHOCTb ONpeJessieTcsl TapaHTHEN IPOU3BOLUTEIS,
COTJIaCHO KOTOPOW TOYHOCTD Olpe/ie/ieHHs] KOHLLEeHTPalui XMMUY€eCKHX 3JIeMEHTOB He MeHee
99.5% B Touke U3MepeHHUSA. MUKPOCTPYKTYPY MJIEHOYHbIX 00pa3L0B UCCIeL0BalId METOAOM
CKaHUPYIOLel 3/1eKTpoHHOU MUKpockonuu (SEM) ¢ ucnosib3oBanneM MUKpockona Zeiss EVO
10 (Zeiss, Oberkochen, Germany). [lorpemiHoCTb U3MepeHUSI MUKPOCTPYKTYPhI ONpeJensieTcs
rapaHTHeld NpPOU3BOJAUTEJIS, COTJIACHO KOTOPOM paspeliarouias CIOCOOHOCTb COCTaBJISET
1 HM. MarHuTHbIe CBOUCTBa (IoJieBble 3aBUCMMOCTH YZeJbHOM HAaMarHU4eHHOCTH) ObLIA
uccaeloBaHbl MeTOZ0OM BHUOpalMOHHOM MarHutoMeTpuu (VSM) ¢ ucCnosb30BaHUEM
yHUBepcasibHOW u3MepuTesbHOU cucteMbl Liquid Helium Free High Field Measurement
System (Cryogenic Limited, UK) B suanasone noJieit 10 35 k3 npu 300K. Ucniosib3yeMblii MeTO/,
XapaKTepu3yeTcsl BbICOKOM TOYHOCTbIO NPU MOrPEIIHOCTHM U3MepPeHUs1 HaMarHU4eHHOCTH
He HWke 1,5 % B ciydyae 3HAYeHHUs HaMarHU4eHHOCTHU Bbie +10° A-m% IIporpamMmHoO-
annapaTHbii koMmiiekc Liquid Helium Free High Field Measurement System (Cryogenic Limited,
UK) no3BoJsisieT aBTOMaTU4YeCKU MPOBOAUTH He MeHee 10 uM3MepeHUH B 33JJaHHOU TOYKe
MarHUTHOTO MO0JIS1 B CEKyHAY C MOcJeAyllUM o6o0ueHrneM U GOpMUPOBAaHUEM CpeJHErO
3HAYeHHUs [JI MNOBbIIIEHWS TOYHOCTU HU3MEpeHUH MarHUTHBbIX CBOMCTB. [lorpemHocTb
NpSMbIX U3MEPEHUN MarHUTHBIX XapaKTEPUCTUK (3HauyeHUEe y/eJbHOM HaMarHMYeHHOCTH)
Ax uny ee abCoOJIIOTHOE 3HAYE€HME BBIYUC/ISJIOCh aBTOMAaTHUUYECKU MPOrpaMMHO-annapaTHbIM
KOMILJIEKCOM 10 popMyiie (corsiacHO MHGOpMaLMy NPOU3BOAUTEA):

Ax = on
Vn

rae t - xoagduuueHT CTbIOJEHT], ONpe/ie/iieMbli COOTBETCTBEHHO KOJIMYECTBY M3Me-
PEHHH N U JOBEPUTEIbHOM BEPOATHOCTHIO P;

0 — CTaHJlapTHOE OTKJIOHEHHE.

Pe3y/sbTaThl M 06CYKIEHHE

1. XuMHU4YeCKUU COCTaB

XUMHUUYECKUH COCTAaB CUHTE3UPOBAaHHbIX MJIEHOYHbIX 00pa3l0B OblJI ONpejiesieH METOL0M
3HeproaucnepcioHHoro aHajsu3za (EDX) c¢ wucnosib3oBaHueM crnektpoMmetpa AZtec Life
Advanced c¢ npucraBkoil Ultima Max 40 (Oxford Instruments, Bognor Regis, UK). CoctaB
3JIEKTPOXMMHUYECKH OCaXKJeHHbIX 00pa310B peAcTaBjeH Ha PucyHke 1.
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PucyHok 1. CoctaB miieHOYHbIX 06pa31,0B CoNiP (cooTHomeHue Co-Ni-P), cHHTe3upOBaHHBIX
METO/,0M 3JIEKTPOJTUTUYECKOT0 OCAKAEHHA U3 3JIeKTPo/IuTOB A ¥ b B lMana3oHe NJI0THOCTEH
ToKa ot 15 50 30 MA/cM?.

MO:XXHO OTMETHUTb, UTO, HECMOTPS HAa OJMHAKOBYI KOHLEHTPALMIO COJIed HUKeIsd U
KobaJsbTa B 3JieKTposauTax A U B, Ay Bcex 06pa3oB OTMeuyaeTCsl BBICOKOE COJiepXKaHUe
KobasnbTa (0T 63,6 Ko 82 ar.%). ITOT pe3yabTaT COOTBETCTBOBAJ CTEXMOMETPUUYECKOMY
COOTHOULIEHUI0O NPHU GOPMHUPOBAHUU 3IJIEKTPOJUTOB. TakMM 06pa3oM, MOATBEPXKAEHO, YTO
TpoiHble ciaBbl CONiP U3 cynbdaTHBIX 371EKTPOJUTOB OCAKAAIOTCA 10 aHOMaJIbHOMY TUIY
3JIEKTPOXMMHUYECKOTO ocaAeHUsA. OObIUHO €CJIU B 3JIEKTPOJIUTE UMEITCS UOHBI HECKOJBKUX
MeTaJ/lJIOB, TO NPH 3JIEKTPOJIK3e, B NIePBYI0 O4epe/b, BbENAITCA MeTaJl/bl, 06Jaarolie
6oJiee MOJIOKUTEJbHBIMU NOTeHIHasaMu. OJHAKO NPH 3JEKTPOXUMHUYECKOM OCaXJEeHUHU
aHOMaJIBHOI'O THUIIA NMPEANOYTUTENbHO OCAK/AAETCs MeHee 6JIaropoAHbIA MeTaslJ, B HalleM
clydae 6oJiee 3JIeKTPOOTpPULIATENbHbIH K06aJbT. B TakoM ciy4yae K06a/lbT ocaxAaeTcs C
JleroJisipyu3aliiedl, a HUKeJb CO CBepxnoJsspusanueil. Jlenosspusanus paspsja KaTHOHA
MeTaJlJla IPU 06pa30BaHMUU CIlJIaBa Ha KaToZe — 3TO CMellleHHe NOTeHlMala pa3psja 3TOoro
MeTaJlJla B OJIOKUTEJIbHYI0 CTOPOHY 0 OTHOILEHUIO K YUCTOMY MeTaJlJly IpU OJAHON U TOU
’Ke TJIOTHOCTH ToKa. CBepXmoJisipusanus — 3TO CMelleHHe MOoTeHIHala pa3psja MeTaia B
OTPULATEbHYIO CTOPOHY 110 OTHOIIEHHIO K YUCTOMY MeTaJlJ1y IIPU OJJHOW U TOU 3Ke MJIOTHOCTH
Toka. TakuM 06pa3oM, Npu ocaxkAeHHUH TpoiiHoro ciiaBa CoNiP us cysbpaTHOro ajieKTponTa
IPOUCXOAUT YCKOpPeHHe pa3psiia MOHOB KobOasbTa (AenoJsispusanus) C OJHOBPEMEHHBIM
3aMe/lJIeHHEM pa3ps/ia MOHOB HUKeJid (CBepXnoJsisipusanus).

YBe/IM4eHUI0 NoJApU3anuu  6oJiee  3J1€KTPONOJIOKUTEJBHOTO KOMIIOHEHTA MOLYT
COZleMCTBOBAaThb pas/iMyHble (PaKTOpbl, TaKUe, KaK: 06pa3oBaHMe Ha MOBEPXHOCTHU KaToja
a/ICOPOLIMOHHBIX IJIEHOK, TOPMO3SIIUX INpPOTEKaHHWe OJHOT0 W3 MpPOLLECCOB paspaja;
CBA3bIBAaHME KAaTHOHOB MeTa//IOB B KOMIIJIEKCHI; YBeJWYeHWe KaTOAHOW NMJIOTHOCTH TOKa,
NpUBOJsIlee K BO3pAacTaHUI0 XMMHUUYECKOH NoJsipU3alnuy 6oJiee 3/71eKTPONOJIOXKUTESbHOTO
KOMIIOHEHTA CIlJIaBa. B HauieM ciy4yae JIMMUTUPYIOLUM PAaKTOPOM BBICTYNAET yBeJUYeHHE
KaTOZHOM MJIOTHOCTH TOKa.
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M3 Pucynka 1 BUJIHO, YTO C yBeJIMYEHHUEM IJIOTHOCTH TOKa OT 15 z0 30 MA/cM? npUBOAUT
K YBeJIMYEHUIO KOHILIEHTPALMK KOOa/bTa U CHMXKEHUIO KOHLEeHTpauuu HUuKessa U ¢ocdopa
B oOpasuax. /laHHas TeHAEeHIUsl OTMeudeHa JJis 00pasloB [ABYyX MapTUW (KaK 3JIEKTPOJIUT
A, Tak u anexkTpoauT b). [lokazaHo, YTO M3MeHEeHHe XMMHYECKOr0 COCTaBa JJjisi 06pasIiioB,
CUHTE3UPOBAHHBIX M3 3JIEKTPOJIUTA A, ABJAeTcA 00Jiee 3HAYUTEJBHBIM IO CpPaBHEHHIO
c obpasuaMu u3 azekTposuTa b. Tak, cogepkaHue OCHOBHBbIX KOMIOHEHTOB IIJIEHOK JJIs
3JIEKTPOJIMTAa A U3MeHsJ0Ch 6oJiee CYLeCTBEHHO NpPH YyBeJWYeHUHM MJIOTHOCTU Toka (Co
oT 63,6 aT.% g0 74,8 aT.%; Ni ot 23,1 at.% g0 19,5 at.% u P ot 13,3 at.% z0 5,6 at.%) no
CPaBHEHHUIO C 00pasliaM{, CUHTE3MPOBAaHHBIMM M3 3JIEKTpoJUTa b B TOM e AuanasoHe
moTHocTel Toka (Co oT 80,5 aT.% 10 82,0 aT.%; Ni oT 14,5 aT.% 10 13,3 aT.% u P ot 5,0 a1.% g0
4,7 aT.%), COOTBETCTBEHHO. ITO YKa3bIBaeT Ha BO3MOXXHOCTb KOHTPOJIMPYEMOTO U3MEHEHUS
XMMHYECKOI'o cocTasa IJIeHOK B cucteMe CoNiP B IMpoKKX AuMana3oHax NPy UCIOJIb30BaHUHU
KOMIIJIeKCOOOpa30BaTesisl 10 CPAaBHEHUIO C IJIEHKAaMU, CHHTe3UPOBAaHHBIMU M3 3JIEKTPOJIUTA
6e3 CerHeTOBOM COJIU.

2. MUKpOCTpYKTypa

MUKpOCTPYKTYpY IJIEHOUHBIX 06pa3L0B UCCIeJ0BaTA METOL0M CKaHUPYIOILEeH 3/1IeKTPOH-
HOoM Mukpockonuu (SEM) c ucnonbzoBanueM Mukpockona Zeiss EVO 10 (Zeiss, Oberkochen,
Germany). MHUKpOCTPYyKTypa MOJIyYEHHbIX HOKPBITUM MpeAcTaBjeHa Ha Pucynke 2. U3
npuBeZieHHbIX SEM-1306pakeHUH MOXXHO YBU/IETh C1eAYIOILYI0 3aBUCUMOCTb: C yBeJIMUeHHUeM
IJIOTHOCTH TOKa MUKPOCTPYKTYpa MJIEHKHM CTAaHOBUTCA MeJibye. ITO U3BeCTHAsA 3aBUCUMOCTD,
KOTOpas NMOATBepXkKJaeTca NPAKTUKOM 3JIeKTPOXMMHUYECKOT0 OCXK/EeHHUs MeTa/lJIoB. Beicokue
IVIOTHOCTH TOKAa TMO3BOJIAIOT MOJy4YaTh MEJKOKPUCTA/UIMYECKUE OCaJKH, TOCKOJbKY
06pa3oBaHUe KPUCTALJIMYECKUX 3apO/iblllel MpoTeKaeT 60J1ee UHTEHCUBHO. [Ipy NOBBILIEHHBIX
IJIOTHOCTSIX TOKA CKOPOCTb 06pa30BaHUsA 3apo/blllieil OKa3blBaeTCs 60Jibllle CKOPOCTH UX POCTa.

Y 00pasuoB, ocaXJAeHHBbIX W3 3JIEKTPOJUTA A, IPHU IUVIOTHOCTAX Toka 15 u 20 MA/cm?
HabJII0JjaeTCsA CX0Kasl MHUKPOCTPYKTypa NOBEPXHOCTH. 3epHa COBMELAIOTCA B arperarhl
u ctpemsaTca K chepuueckord ¢popwme. [Ipu ganbHellIeM NMOBBILIEHUH MJIOTHOCTU TOKa [0
30 MA/cM? arperaThl NIPUHUMAKOT HENPaBUJIbHYIO, JajleKylo oT chepruyeckoit popmy. [Ipu
YBEeJIMYEHUU TJIOTHOCTH ToKa Jo 30 MA/cM? HabJofaeTcsl yMeHbIIeHUEe pa3Mepa 3epHa,
U IJIEHKa CTAaHOBUTCA 6oJiee MeJIKOAUCIEePCHOU U NMpUoOpeTaeT BOJIOKHUCTYIO CTPYKTYpPY
(bopMa 3epeH CTaHOBHUTCS UTOJIbBYATOM ).

13 SEM-CHUMKOB BH/JHO, YTO NOBEPXHOCTb 06pA3I[0B, MOJYYEHHbIX U3 3JeKTposuTa b
IpPU HU3KHUX IJIOTHOCTAX TOoKa (15 MA/cM?) cunbHO pa3BuTa. Mopdosiorus moBepXHOCTH
npeJcTaB/seT C0601 COBOKYITHOCTb 3epeH C MPOU3BOJIbHOU GpopMoi. CTPYKTypa HOBEPXHOCTH
pasynopsijoueHa U chopMHUpOBaHA U3 arperaToB pasU4HOM ¢GopMbl. [Ipy JanpHeluieM
yBeJIMYEHUH IJIOTHOCTHU TOKA pa3Mep arperaToB pe3KOo CHUXKAeTCsA, CTPYKTypa NOBEPXHOCTH
CTAQHOBUTCS BOJIOKHHUCTOM.

MeTa/1bl mepexofHOW IPYIIbI XkKeJie3a BbIJENATCA U3 pacTBOPOB C BBICOKMM IlepeHa-
npsikeHreM. 1 MOryT 06pa30BbIBaTh MEJIKO3EPHUCTbIE 0CaZIKU C BOJIOKHUCTOM CTPYKTYPOM.
Bricokoe nepeHanpsikeHue NpU BblJeJIeHUH 3TUX MEeTaJIJIOB MOXKET ObITh CBS3aHO C 3aMe/l-
JIeHHeM pa3ps/ia MOHOB. ITO MOXeT ObITh 00YCJI0BJIEHO a/cOpO1Mell Ha IOBEPXHOCTU KaToza
M pPOOKHCEH, 3aMeIJIAI0IIMX pa3pa/, MOHOB MeTaJlJIa, YTO IPUBOJHUT K IACCUBALLMU KAaTOAA U
yBeJIMYEHUIO NlepeHanpshKeHus.
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K 06pa3oBaHUI0 THPOOKUCEN C BICOKOM BEPOSITHOCTbIO MOIJIO IPUBECTU COJlEP:KaHUE B
aJieKTpoJinuTe cyabdaTa HaTpus. CyabdaT HATPUsI B pacTBOpE AUCCOLMUPYET U pacnajaeTcs
Ha KaTMOH MeTa/laa (Na*) ¥ OTpuuaTe/bHO 3apsXKeHHbIM KHCJIOTHBIM ocTtaTok (SO,%). B
IPUCYTCTBUM HOHOB LIEJOYHbIX MeTaJlJIOB 3HayeHUe pH mpukaTomHOro cjos B mpolecce
3JIEKTPOXMMHUYECKOTO OCaXJeHUs ObICTpO Bo3pacTaeT. B NpuKaTOAHOM MpPOCTPaHCTBE
006pa3yroTcs THAPOOKHUCH.

HaPucyHke 2 TakkemokazaHo u3MeHeHUe pakTopadpopmbl (PD)3epeH cu3MeHEHUEM IITIOTHOCTH
TOKa ¥ COCTaBa 3J1eKTPoJinTa. PopM-PaKTOp B 3JIEKTPOXMMUYECKU OCAKAEHHbIX MOKPbITUAX CONiP
OblJ1 U3yYeH C NOMOIbI aTOMHO-CUJI0BOro MUkpockona (ACM) NT-206 B KOHTaKTHOM peXHMe.
ITOT pexUM aJIallTUPOBAH [/ BbICOKOTOYHOM BU3ya/U3aliU IpaHul], U GOPM OT/ieJIbHBIX 3€PEH.
@ 6bL1 paccyuTaH C UCHOJb30BaHHWEM AaHHbIX ACM- u SEM-u306pakeHUM KaK OTHOIIEHHe
cpe/iHel KpaTJyaiilel ocu (aMUH) K cpeiHel HauboJIblIel ocu (aMaKc) 3JIUIICOU/a:

b =a, /2.

0.85 0.4
0.8 0.35
0.75 0,3
0,7 0,25
0.65 0.2
0.6 0,15

= 0.95 0,14
Z 09 0,12
20,85 0.1
S 08 0,98
§ 0,75 0,96
0,7 0.94
0,09

0,08

0.07

0,06

0,05

0,04

PucyHok 2. MUKpPOCTPYKTypa I/ieHOYHbIX 06pa31,0B CoNiP (SEM-u306paxkeHus),
CUHTe-3UPOBAHHBIX METO/0M 3JIEKTPOJIMTUYECKOT0 0CAK/JEHUA U3 3JIEKTPOJIMTOB A 1 b
B AUana3oHe IJIOTHOCTe# ToKa oT 15 10 30 MA /cm?2.

104 N22(151)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
Dusuxa. ACHpoHOMUS cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



BausHue komnaekcoobpasyrowell 006a8KU Ha XUMUYECKUTl cOCMAs, MUKpOCMpPYKmMypy U MazHUmHbwle ceolicmaa
asnekmpoaumuyecku ocaxcdeHHuix naeHok CoNi c amopgpusupyroujum azeHmom

MakcumasnibHasi 6J1M30CTh 3epeH K chepuueckoir popme (PP = 0,9) obHapykeHa AJsd
nyieHKd A20, BeIpallleHHOU B aJieKTpoJsiuTe A. 3ameTHoe oTK/JOHeHHe PP oT chepuyeckoit
bopMbl HAGJIIOAANTOCH IPH OCAXKAEHUU U3 3JieKTposiuTa b, a MuHMMaibHOe 3HaueHue @D = 0,05
6b1710 0OHapy»keHo A5 noKpbITUa B30 ocaxkaeHHoOro U3 anekrposuta b.

TakuM 06pa3oM OTMeudeHO, YTO Job6aBjeHHe KOMILIeKCoOoOpa3oBaTesisi (CerHeTOBa COJib)
B CyJibaTHBINA 3JE€KTPOJIUT M03BoJsIeT GpopMupoBaTh miieHKU CoNiP ¢ npubamkeHHbIMU K
chepudeckoit popme 3epHaMU PU MJIOTHOCTAX ToKa 15-20 MA/cM?, B TO BpeMsl, KaK B CIy4yae
asiekTposiuTa b anHOTO paKTa He OTMEUYEHO.

3. MarHuTHbIE CBOMCTBA

MarHuTHbIe cBOMCTBA (M10JIeBble 3aBUCUMOCTH Y/, eJIbHOM HAMarHM4eHHOCTH) OBbLIN KcCie-
JlOBaHbI METO0M BUOpAaLlMOHHOM MarHUuTOMeTpuHU (VSM) € Mcnio/1b30BaHUEM YHUBEPCAJIbHON
nsMeputesbHoi cucteMbl Liquid Helium Free High Field Measurement System (Cryogenic
Limited, UK) B guanasone nmosieit no 35 k3 npu 300K. [loneBble 3aBUCUMOCTH yA€JbHOU
HaMarHU4YeHHOCTH [IJii 06pa310B, CHHTE3UPOBAHHBIX U3 3JIEKTPoJHUTA A U b, U3MepeHHbIX
B NapaJijieJibHOM OpUEeHTAlUM BHEUIHEro MarHMUTHOTO 1moJis (IoJie napasiieJbHO MJI0CKOCTH
IJIEHKHU ), Tpe/icTaB/ieHbl HA PucyHke 3. 3aBUCHMOCTH y/leJIbHOM HAaMarHU4eHHOCTH B NepIeH-
JUKYJISIDHOW OpHEeHTalMU Npe/icTaByeHbl Ha PrucyHke 4.
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PucyHok 3. [lojieBble 3aBUCUMOCTH YA €e/IbHO HAMarHM4eHHOCTH B Mapa/lieJibHOM OpUEeHTal Uy
JAJISl IJIEHOYHBIX 06pa3noB CoNiP, cMHHTe3MpOBaHHBIX METOAO0M 3/1EKTPOJIUTHYECKOTO
OCaXKJeHMs 13 3/1eKTpo/IuTOB A (a) u b (6) B Auana3oHe MJIOTHOCTe# ToKa oT 15 70 30 MA/cM?.
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PucyHok 4. [los1eBble 3aBUCMMOCTH YA e/IbHOW HAMarHN4eHHOCTH B epneHAUKYIAPHON
OpHeHTaluu AJis IVIEHOYHbIX 06pa3uoB CoNiP, cuHTe3poBaHHBIX METOAO0M
3JIEKTPOJIUTUYECKOTO OCAXKAEeHUA U3 3JIeKTPOoIUTOB A (a) u b (6) B AMana3oHe MJIOTHOCTEN
ToKa oT 15 10 30 MA/cM?.

[l 3J1IeKTpoIMTa A MOXHO OTMETUTb 3HAUYUTEJbHOE YyBeJUYeHHe HaMarHU4eHHOCTH
HACBIIEHHUS B PSAAY YMeHbIIEHUS IIOTHOCTH ToKa 30>20>15MA /cM? B T0OJISIX KaK TapaJlJieJIbHO,
TaK W MNepHneHAUKyJspHO ob6pasny. Tak, MmokasaHo, YTO B Mapa/lieJIbHOM OpUeHTalUU
HaMarHU4eHHOCTb HacblllleHUs JJis1 o6pasna Al5 (243 A-M?/Kr) 3HaYUTE/NbHO MPEBBIIIAET
3HAYeHHI HAMarHM4eHHOCTH JJis 06pasuoB A20 (104 A-m?/xr) u A30 (98 A-m?/kr). UTo MOXKeT
OBbITh 00YCJIOBJIEHO KaK 0COOEHHOCTSIMM MUKPOCTPYKTYPhI (Iepexos OT KPYMHO3ePHUCTOU
CTPYKTYpPbI K 60Jiee MeJKO3EPHUCTON, UIJI006Pa3HOM), TaK U BO3MOXKHbIM 06pa3oBaHUEM
BTOPOM MarHuUTHOM as3bl. Takxke ciefyeT OTMETHTb W 3HAYUTEJIbHOE YBeJIWYEeHHE
KO3PLIMTUBHOMW CHJIbI /11 06pa310B, CHHTE3UPOBAHHBIX M3 3JIEKTPOJIMTA A C YyBeJIMYEHUEM
mwiIoTHOCTU ToKa (PucyHok 3a). B To e Bpemsa asia anekTposuTa b gaHHasg 3aBUCMMOCTb
u3MeHseTcs. B anekTposinte b MOXKHO OTMETUTb YMeHbILIEHUSI HAMAarHM4eHHOCTH HacCblLeHUs
B psAAy IIOTHOCTeH Toka 30>15>20 MA /cM? B OJISIX KaK MapasljiesibHO, TaK U EPIEH/IUKY/ISPHO
obpasuy. Tak, NOKa3aHO, YTO B Napasijie/iIbHOW OpUEHTAlUM HaMarHMYeHHOCTb HaCbILleHUS
Juisi obpasna B30 (289 A-M?/Kr) 3HauUMTEJbHO MpeBbINIAeT 3HAYEeHHS HaMarHUYeHHOCTH
Juis obpasuoB b15 (183 A-m?/kr) u 620 (121 A-m?/kr). CieayeT OTMETUTD, 4TO o6paser; A15
XapaKTepu3yeTcsl MAKCUMaJIbHOM KBa/IpaTHOCTBIO NETJIU U BBIXOAUT B COCTOSIHME MarHUTHOTO
HachblleHuda B moJiax go 0,5 k3.

CienyeT OTMETHUTb 3HAUUTEJbHYIO Pa3HULY B ET/ISIX MarHUTHOTO TUCTepe3uca 06pa3LoB
B II0J1e, NapaJsiiesibHOM 06pa3uy (PucyHok 3) u nepnengukynsipHoM (PucyHok 4). U3 ananusa
XapakKTepa MO0JIEBbIX 3aBUCMMOCTEN yJleJIbHOW HaMarHMYeHHOCTH MOXHO CKa3aTb, YTO Y
00pa3L0B KaK M3 3JIEKTPOJMTA A, TaK U U3 3JIeKTpoJiuTa b ochb Jierkoro HaMarHM4MBaHUSA
HaXOAUTCSA B IJIOCKOCTHM obpasua. CieayeT OTMETUTh CXOXUW XapakKTep [Jisl KPHUBBIX
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MarHUTHOI'O0 TUcCTepe3uca [JJil U3MepeHUsl B NepHeHJUKYJISpPHO-OPHEeHTUPOBAHHOM IIOJIe.
[Ipy aTOM OTMeyeHa TeH/|eHIIUsl YMeHbIleHUsI HAMarHU4YeHHOCTH HaChIILeHUsI 10 CPAaBHEHMUIO
C Mapa/iyleJlbHOM OpueHTalyeldl B O0OCOOEHHOCTH /[Jid 00pasloB, CUHTE3WPOBAHHBbIX HX
asiekTposinTa b (PucyHok 46).

BoJiokHUCTas CTPYKTypa BbI3bIBAET MOsIBJIEHUE IPKO BbIPAa>KEHHOM OCH JIETKOT'0 HAMarHu-
yuBaHUs. YeM MeHbllle 3HayeHUe PP, TeM sipye BbIpaXkeHa aHU30TPOIHS MarHUTHBIX CBOWCTB.
Tak>ke MOXXHO 3aMeTHUTb, YTO C IOSIBJIEHUEM BOJIOKHUCTOU CTPYKTYpPhI Ha NET/IAX MarHUTHOTO
rUcTepesnca nosiBaseTcs yuupeHue. /laHHoe yiiipeHre MOXKeT 6bITh 06YC/10BJIEHO HAJIUYUEM
JIByX MarHUTHBIX (a3 ¢ pa3/iIMuHbIM MeXaHU3MOM HaMarHW4yMBaHUs. [lis 60Jiee AeTaabHOTO
aHa/IM3a MarHUTHOM CTPYKTYpbl (0COGEHHOCTH HaMarHUYMBaHUs Kax /ol U3 ¢as), a Takxke
MexaHHU3Ma Mex($a3HOro B3aUMOJeNCTBUSA OylyT NPOBeJeHbl JaJlbHeNlIMe UCCIel0BaHuUs B
60Jiee LIMPOKOM JiMana3oHe TeMIepaTyp.

3ak/iloueHue

C uesbto onpezeieHNs BJIMSHUS KOMILIEKCO0Opasyollel 100aBKHU (CerHeTOBA COJib) NPU CUH-
Te3e nJ1eHoK CoNi c aMmopdusupyromum areHToM (P) Ha MX XMMUY€ECKUH COCTaB, MUKPOCTPYKTYPY
U MarHUTHbIE CBOMCTBA B IIMPOKOM Juana3oHe IJIOTHocTed Toka (15-30 MA/cM?) 6bLIM
cuHTe3upoBaHbl MJeHKU CoNiP. [lsieHKU cvHTe3MpoBaHbl METOLOM 3JIEKTPOJIUTHUYECKOrO
OCaXKJleHUsI M3 3JIEKTPOJMTOB [BYX THUIOB: KJIACCUUYECKUU CYJIbATHBIM 3JIEKTPOJIUT
(asrekTposuT B) M cynbdaTHBIA 3/J€KTPOJUT C A0OaBJeHUEM KOMILJIEKCOOOpa3oBaTesis
CErHETOBOU COJIM (3JIeKTPOJUT A). AKTya/lbHOCTb OINpeJie/IeHUs] BJIUSHUS [00aBJeHUs
KOMILJIEKCOOOpa3oBaTesisi 00yCJOBJI€eHa ONpe/ieJleHUeM BO3MOXXHOCTH KOHTPOJIMPYEMOIO
M3MeHEeHUs XUMHUYEeCKOro COCTaBa OOBEKTOB MCCAeJ0BAaHUNM, MUKPOCTPYKTYpPbl M, Kak
c/e/ICTBHE, MarHUTHBIX XapaKTePUCTHK.

YcTaHOBJIEHO, YTO MTPU COPAa3MEPHBIX KOHLIEHTPALUAX CoJIer KoGabTa M HUKeJis B 00pa3iax
npeo6usiazaeT HUKe b (0T 63,6 aT.%; 0 82,0 at.%). [Ipu 06Cy*A€HUM OTMEUEHO, YTO BapHalvs
XUMUUYECKOT0 COCTaBa IJIEHOK SIBJISIETCS Pe3y/JbTaTOM CyNeprno3UllMU JABYX KOHKYPUPYIOIIUX
$aKTOpOB B 3JIEKTPOJIMTE: [ieNoJiApu3alys C O4HOBPEMEHHBIM 3aMe/JIeHueM pa3psi/ia HOHOB
HUKeJs (cBepxnoJisipusanus). [lokasaHo, YTo UCN0JIb30BaHHUE KOMILJIEKCOOOpasyollel J06aBKU
II03BOJIsIET U3MEHATb KOHLIEHTPALMI0 KOMIIOHEHTOB IJIEHKH B 60Jiee MUPOKUX AuanaszoHax (Co
0oT63,6aT.%/1074,8aT1.%;NioT23,1aT.%019,5a1.%uPoTr13,3a1.%105,6aT.%) npuyBeIUIeHUN
IJIOTHOCTH ToKa oT 15 no 30 MA/cM2 no cpaBHeHMIO ¢ 06pasliaMy, CHHTE3UPOBAaHHBIMU U3
KJIACCUYECKOTI'0 3JIEKTPOJIMTA B TOM >Ke Jihana3oHe miotHocTel Toka (Co ot 80,5 at.% nmo 82,0
at.%; Ni ot 14,5 at.% m0 13,3 at.% u P ot 5,0 a1.% 70 4,7 aT.%), COOTBETCTBEHHO. ITO yKa3bIBaeT
Ha BO3MOXXHOCTb KOHTPOJIMPYEMOTO HW3MEHEHUS1 XMMHUYECKOr0 COCTaBa IJIEHOK B CHUCTeEME
CoNiP B IMpokux Auana3oHax NpU UCN0JIb30BaHUU KOMILJIEKCOOOpa3oBaTeJisi 10 CPaBHEHHIO €
IJIEHKaMU, CHHTE3MPOBaHHBIMU U3 3JIEKTPOJINTA 6€3 CErHETOBOM COJIU.

[IpoBeieH aHa/M3 3BOJIIOLMU MHUKPOCTPYKTYpbl o6pa3uoB CoNiP. YcraHoBsieHo, 4TO
MaKcuMaJibHasi 6J1M30CTh 3epeH K chepruueckoit popme (PP = 0,9) oTrmeueHa A1 mieH-ku A20,
BbIpPALIlEHHOHN B 3JIEKTPOJIMTE A pH MI0THOCTH ToKa 20 MA/cM? 3aMeTHOe oTKIOHeHHE DD
oT chepuyeckoil GopMbl HAOIIOAANOCH NPU OCAKIAEHUU U3 3JIeKTposinTa b, a MUHMMaibHOE
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3HaueHue PP = 0,05 661710 06HapYeHO 115 MOKPbITHs B30 ocaxkieHHOTo U3 asieKTpoJinTa b npu
I0THOCTUTOKa30MA /cM% TakuM0o6pa3oM,0TMEUEHO,4TO100aBIEeHUEKOMILIEKCO06Pa30BaTe st
(cerHeToBa coJib) B Cy/Jb(aTHBIA 3JEKTPOJUT M0O3BOJsAeT dopMupoBaTh IieHKH CoNiP c
NPUOGIMKEHHBIMU K cheprudyeckor ¢popMme 3epHaMU NpPH IJIOTHOCTSAX Toka 15-20 MA/cM?, B TO
BpeMs, KaK B c/lydae 3JieKTposiuTa b JaHHoro ¢gakta He OTMeYeHo.

Bobla o6Hapy»eHa yeTKast Koppeasuus Mexay GopM-paKTOpOM U aHU30TPONMEeN MarHUT-
HbIX CBOMCTB MarHUTHBIX IJIeHOK CoNiP. [lokazaHo, 4TO npy NOABJIE€HUU BOJIOKHUCTOU
CTPYKTYpPbI U yMeHblIeHUU GopM-paKTopa B NJIeHKax 00pa3yroTcs ABe ¢pasbl C pa3IMYHbIMU
MexXxaHM3MaMM HaMarHu4yuBaHUs. JlasbHelllve HcCAeJ0BaHUS OyAyT MOCBSILEHbl oOmpe-
JleJIeHHI0 MeXaHHW3Ma MeX(Pa3HOro B3aUMOJENCTBUS MyTEM HU3MEPEHUs1 TeMIlepaTypPHBIX
3aBUCUMOCTeN yjesbHOW HamarHudeHHOCTH B ZFC-FC-pexxumax. Heo6XoAWMO OTMETHTb,
YTO TEXHOJIOTUYeCKasi BO3MOXKHOCTb YIPaBJIsIEMOr0 U3MEHEeHHUs] XUMUUECKOTO COCTaBa U, KakK
CJ1e/ICTBHE, MarHUTHBIX XapaKTEPUCTUK MJIEHOYHbIX 00Pa3110B MHOTOKOMIIOHEHTHBIX CI1JIABOB
NyTeEM BapbUpPOBAaHUS COCTABOM 3JIEKTPOJIUTA U IJIOTHOCTbIO TOKa OTKPbIBAeT IIUPOKHE
BO3MOXXHOCTH [IJII MPAKTUUYECKOTO MCIO0JIb30BaHUS pe3yJbTaToB. Tak, BapbUpOBaHHUE
XMMHWYECKUM COCTaBOM B WIMPOKUX mpegenax B cucrteMe CoNiP nosBosuT mnosyuyaTh
rpajiIueHTHble MHOTOCJOWHbIE CTPYKTYPhI C 33/JaHHBIMU MarHUTHBIMU XapaKTepPUCTHUKAMU,
VM3MEHSIIUUMUCA MO0 TOJILUHE CTPYKTYphl. [lo06HBIE CTPYKTypbl MOTYT HAWTHU CBOE
NpUMeHeHHe B KaueCTBe «I0JJMarHUYUBAIOIUX» CJI0EB B CEHCOPHBIX CUCTEMAX, yCTPOUCTBAX
COMHTPOHUKH U 3JIEKTPOMarHMTHBIX IKpaHaXx.

BsiarogapHoCTb, KOHQJIMKT UHTEPECOB

UccnenoBaHus 6blIM BBINOJIHEHBI NPU noadepxke Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan (No. 189/T'®24-26 no Teme No.
AP23490338).

Bxiiag aBTOpoB

3y6aps T.U., Auapeinyuk H.E. TumkeBuu [.U. TpyxaHoB A.B. - npoBejeHHe aHa-
J1u3a, 06paboTKa M HHTepHpeTauus JaHHbIX, MOATOTOBKA WJIJIKOCTPALMH, HanmucaHUue U
pefaKTHpPOBaHUE TEKCTA CTAThHU.

CnUCOoK JIuTepaTyphl

1. H. Zhaij, X. Li, S. Yu, ]. Wang, Y. Chang, J. Li, X. Cheng, L. Zhou, Y. Fang, T. Liu, X. Yu, M. Zhu, B. Li, W. Lj,
Review on the 3D printing technology and application of magnetic materials, Material-process-structure-
application, Composites Part B: Engineering, 298 (2025).

2. A\V. Trukhanov, V.0. Turchenko, I.A. Bobrikov, S.V. Trukhanov, 1.S. Kazakevich, A.M. Balagurov,
Crystal structure and magnetic properties of the BaFel2-xAlx019 (x=0.1-1.2) solid solutions, ]. Magn.
Magn. Mater. 393: c. 253-259 (2015)

3.7Z.Hongna, Z. Yue, Q. Haili, B. Huhe, Z. Ruifen, Magnetic phosphate-based transition Metal-Containing
porous Materials, Recent Advances, synthetic Approaches, and applications, Inorganic Chemistry
Communications 178(1) (2025).

108 N22(151)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



BausHue komnaekcoobpasyrowell 006a8KU Ha XUMUYECKUTl cOCMAs, MUKpOCMpPYKmMypy U MazHUmHbwle ceolicmaa
asnekmpoaumuyecku ocaxcdeHHuix naeHok CoNi c amopgpusupyroujum azeHmom

4. A\V. Trukhanov, V.G. Kostishyn, L.V. Panina, V.V. Korovushkin, V.A. Turchenko, P. Thakur, A. Thakur, Y.
Yang, D.A. Vinnik, E.S. Yakovenko, L.Yu. Matzui, E.L. Trukhanova, S.V. Trukhanov, Control of electromagnetic
properties in substituted M-type hexagonal ferrites, ]. Alloys Compd. 754: c. 247-256 (2018).

5. L. Liu, H. Wang, Y. Fu, L. Gao, Z. Yang, X. Zheng, Y. Chen, Y. Huang, X. Wang, X. Yi, Z. Dang, Application of a
superior magnetic hydroxy iron material for arsenic removal from soil, Environmental Research, 274 (2025).

6. S.V. Trukhanov, A.V. Trukhanov, V.A. Turchenko, An.V. Trukhanov, E.L. Trukhanova, D.I. Tishkevich,
V.M. Ivanov, T.I. Zubar, M. Salem, V.G. Kostishyn, L.V. Panina, D.A. Vinnik, S.A. Gudkova, Polarization origin
and iron positions in indium doped barium hexaferrites, Ceram. Int. 44: c. 290-300 (2018).

7. Myung, N., & Nobe, K. Electrodeposited iron group thin-film alloys: structure-property relationships,
Journal of the Electrochemical Society 148(3), (2001).

8. Kim, D., Park, D. Y, Yoo, B. Y, Sumodjo, P. T. A,, Myung, N. V. Magnetic properties of nanocrystalline
iron group thin film alloys electrodeposited from sulfate and chloride baths, Electrochimica Acta 48(7): c.
819-830 (2003).

9. Lebedeva, 0., Fishgoit, L., Knyazev, A., Kultin, D., Kustov, L. Electrodeposition of Iron Triad Metal
Coatings, Metals 13(4) (2023).

10.Li, S., & Yuan, Q. Study on electrodeposition of CoNiW coating on 1045 steel as piston ring materials and its
wear resistance performance, International Journal of Electrochemical Science 18(1): c. 38-44 (2023).

11. Theis, M,, Bill, T, Knoll, H., Starke, P,, Saumer, M., Electrochemical deposition of CoP and CoNiP as
hard magnetic scales in a position measurement system, Metals 12(2), (2022).

12. Kotnana, G., Cheng, Y., & Lin, C. C.,, Triggering Magnets for Wiegand Sensor by Electrodeposited and
Origami Magnetized CoNiP Micro-magnets (2023)

13.Haque, M. S, Rahman, M. F, Zaman, M. M., Matin, M. A., Hakim, A. K. M. A,, & Islam, M. F, Fabrication
of CoNiP Thin Films with Improved Magnetic Property for Application in MEMS, Applied Mechanics and
Materials 860: c. 87-92(2017).

14.Yu, Y, Wei, G,, Ge, H,, Jiang, L., & Sun, L., CoNiMn magnetic films prepared by magnetic field induced
codeposition technology, Surface Engineering, 33(7): c. 483-491 (2017).

15. Wang, K,, Zhao, R, Wang, Z., Zhang, X., Ouyang, A., Zhou, C., Chu, Y., Controlled tuning the morphology
of CoNiP catalysts with ultra-high activity for water splitting at large current densities in alkaline medium,
Applied Surface Science 626, (2023).

16. Wang, X,, Xie, Y, Zhou, W.,, Wang, X,, Cai, Z., Xing, Z., Pan, K., The self-supported Zn-doped CoNiP
microsphere/thorn hierarchical structures as efficient bifunctional catalysts for water splitting,
Electrochimica Acta 339, (2020).

17. Chen, Y., Feng, K., Yuan, G., Kang, Z., & Zhong, ]., Highly efficient CoNiP nanoboxes on graphene oxide
for the hydrolysis of ammonia borane. Chemical Engineering Journal 428, (2022).

18. Wang, X.,, Zhang, W,, Yu, Q,, Liu, X,, Liang, Q., Meng, X., Wang, L. Fe-doped CoNiP@ N-doped carbon
nanosheet arrays for hydrazine oxidation assisting energy-saving seawater splitting, Chemical Engineering
Journal 446, (2022).

19.Qiao, L., Zhu, A, Liu, D., Feng, ], Chen, Y., Chen, M., Pan, H., Crystalline phosphides/amorphous oxides
composite for energy-saving hydrogen production assisted by efficient urea oxidation reaction, Chemical
Engineering Journal 454 (2023).

20. Abd El-Lateef, H. M., Khalaf, M. M., Alnajjar, A. O., Mohamed, I. M., Facile synthesis of Co/Ni bimetallic
phosphate as electrode material for urea fuel cells: Effect of synthetic strategy on the physicochemical and
electrocatalytic behavior, Fuel 334 (2023).

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N22(151)/ 2025 109
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



TH. 3y6apy, H.E. AHdpetivuk, J.HU. Tuwkesuy, A.B. TpyxaHos

21.Jiang, Y., Chen, C. Y, Luo, X,, Yamane, D., Mizoguchi, M., Kudo, O., Chang, T. F. M., Electrodeposition and
micro-mechanical property characterization of nickel-cobalt alloys toward design of MEMS components.
Electrochem 3(2): ¢.198-210, (2022).

22. Timoshkov, Y., Stognij, A., Timoshkov, V., Kurmashev, V., Novel way of microreliefs fabrication for
MEMS, In XV International Symposium on Advanced Display Technologies 6637: c¢. 129-133.

23. Yang, H. H,, Myung, N. V,, Yee, |, Park, D. Y, Yoo, B. Y, Schwartz, M., Judy, ]. W. Ferromagnetic
micromechanical magnetometer, Sensors and Actuators A: Physical 97: ¢.88-97 (2002).

T.M. 3y6aps!, H.E. Auapeiunk?, I.U. Tumkesuu!, A.B. TpyxaHoB*!
'Besnapycb ¥ammulK FolabiM akademusicblHblH MamepuaamaHy 60tibIHWA FbLAbIMU-OHOIpicMIK
opmansirsl, beaapycs Pecnybaukacs!
(E-mail:truhanov86 @mail.ru)

KoMmmiekcTy3ymi KocnaHblH aMmopdTaHabIpy areHTi 6ap CoNi 3JIeKTPOJMTTIK TYHGa
IJIEHKa/IapbIHBIH, XMMUAJIBIK, KYPaMbl, MUKPOCTPYKTYPAcChI ’Kd9He MarHUTTIiK KacueTTepiHe
acepi

AnpgaTna. By kyMbICTbIH MaKcaThl - aMopdTaHibipy areHTi (P) 6ap CoNi nieHKalapblH CUHTE3/IeY
Ke3iH/le KOMIJIEKCTY3Y11i Kocna (CerHeT Ty3bl) 9CePiH 0J1ap/ibIH XUMUSIBIK KypaMbl, MUKPOCTPYKTYpPAaChI
’KOHe MarHUTTIK KacueTTepi TypFbIcblHAH 3epTTey. 3epTTey HbicaHAapbl (CoNiP nueHkanapsbl) eki
TYPJii 3/IEKTPOJIUTTEH: A3CTYPJli CyIbPaTThl 3JIEKTPOJUTTEH KOHE KOMILJIEKCTY3ylli peTiH/e CeTHET
Ty3bl (KNaC4H404-4H,0) KocbliFad cyabPaTThbl 3/71€KTPOJIUTTEH 3JEKTPOJUTTIK TYHABIPY dJiciMeH
cunTesenzi. [l1enkanapbiy eki To6b1 15, 20 xoHe 30 MA/cM? TOK THIFbI3/ibIFbI KaFAaibIH/1A a/IbIH/bL.
JeKTpoaUTTI MoguduUKaLUsay KoHe KOMIJIEKCTY3YIUiHIH acepiH aHbIKTAy MiHJAETI — 3epTTeJeTiH
HbICAaHJApAbIH XUMUSJIBIK KypaMblH 0acKapblll 63repTy >KoHe COHBbIH HOTIKECiHJle oJIapAblH
MarHUTTIK cunaTTaMajJapblH e3repTy 6o0Jibiln TabbLigbl. CoNiP nieHKasapbIHbIH, KypaMblHA CErHET
TY3bIH €HTi3Y/iH acepi aHbIKTa/1Abl. KOMIIJIEKCTY3Y1LI KOCIIaHbl KOJIZAaHy [IJIeHKa KOMIIOHEHTTEPIiHIH,
KOHIIEHTPALUAChIH KEHipeK Auana3oH/a e3repTyre MyMKiH/ik 6epeTiHi kepceTinzi (TOK ThIFbI3bIFbI
15-ten 30 MA/cM?-re feitin apTkanga: Co - 63,6 aT.%-TeH 74,8 aT.%-ke geiin; Ni - 23,1 aT.%-TeH
19,5 aT.%-ke geitin xoHe P - 13,3 aT.%-TeH 5,6 at.%-Ke AeHiH), Oy KJIACCUKAJIBIK 3JIEKTPOJUTTEH
asiblHFaH yurisiepMeH canbicThipFadga (Co — 80,5 at.%-TeH 82,0 aT.%-ke geitiH; Ni - 14,5 at.%-TeH
13,3 aT.%-ke geliiH xxoHe P - 5,0 aT.%-TeH 4,7 at.%-Ke aeliH). [lieHKamapblH KypaMbl MEH 0JIApP/IbIH,
MarHUTTIK MapaMeTpJepi apacblHAaFbl KOPPesUsa ChIPTKbl MAarHUT 6PiCiHiH TypJi 6aFbITTapbIHAA
KepcCeTiNAi. ANBIHFaH HOTWXKesJep KONMKOMIOHEHTTI KOpbITHajJap MJeHKaJapblH 3JIEKTPOJUTTIK
CUHTEe3/ey/liH epeKlleaikTepi osapAblH KYpbUIbIM/IBIK X9He MarHUTTIK KacUeTTepiHe KaJjail acep
eTeTiHiH TepeHipek TyciHyre MyMKiHJiK 6epefi.

Ty#iH ce3gep: MarHuTTiK iieHkKanap; CoNi KOPBITIACKL; 3JIEKTPOJUTTIK TYHABIPY; MUKPOCTPYKTYPa;
MarHUTTIiK KacueTTep
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Effect of a Complexing Additive on the Chemical Composition, Microstructure,
and Magnetic Properties of Electrodeposited CoNi Films with an Amorphizing Agent

Abstract. The work aims to determine the influence of the complexing additive (Rochelle salt) in the
synthesis of CoNi films with an amorphizing agent (P) on their chemical composition, microstructure,
and magnetic properties. The objects of study (CoNiP films) were synthesized by electrolytic deposition
from two types of electrolytes: a classic sulfate electrolyte and a sulfate electrolyte with the addition of the
complexing agent Rochelle salt (KNaC4H406 4H,0). Two groups of films were obtained under conditions
of varying the deposition current density (15-20-30 mA/cm?). The task of modifying the electrolyte
and establishing the influence of the complexing agent consisted of a controlled change in the chemical
composition of the objects of study and, as a consequence, the magnetic characteristics. The effect of the
introduction of Rochelle salt on the composition of CoNiP films was established. It is shown that the use of
a complexing additive allows changing the concentration of the film components in wider ranges (Co from
63.6 at.% to 74.8 at.%; Ni from 23.1 at.% to 19.5 at.% and P from 13.3 at.% to 5.6 at.%) with an increase in
the current density from 15 to 30 mA/cm2 in comparison with the samples synthesized from the classical
electrolyte in the same range of current densities (Co from 80.5 at.% to 82.0 at.%; Ni from 14.5 at.% to
13.3 at.% and P from 5.0 at.% to 4.7 at.%), respectively. A correlation between the composition of the
films and their magnetic parameters in different orientations of the external magnetic field is shown. The
obtained results expand the understanding of the influence of the features of electrolytic synthesis of
multicomponent alloy films on their structural and magnetic characteristics.

Keywords: magnetic films; CoNi alloy; electrodeposition; microstructure; magnetic properties.
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[lTory MaKasiachl

PM-2.5 aspo3osbaepingeri 6epusiuii -7 (“Be) atmocdepasiblk
O6eJICeHAIIri: KO/IAAHbLIYbI, TEHAEHLMAIaPhbl )KOHE 3KO0JIOTUSJIBIK,
nepcrneKTuBaIapbl

A.O. MyxamemxkaHoBa' , KIIL. XKymagunos*' ', A.A. BarpamoBa' , ’K.A. BaiirasuHoB?
7K.0. HacuoB! , MT. KaceiMmkaHoB! , A.U. UBanHukoB® , B.®. Crenmane’ko® , M. Xomu*

1JLH. I'ymunes amuiHdarul Eypasusi yimmulK yHusepcumemi, 10poielk pusuka, scaHa mamepuandap ixaHe mex-
HoJ102us1ap XaaslkapaJslk kagedpacwl, Acmana, Kasakcmat

2"fldpoabik mexHosnozusiaap napki” AK Kazakcmau Pecny6aukacel, Kypuamos Kaaacwl, A6ati 06.1bicbl

3Peceli ®edepyusicoiHbly [eHcayabik cakmay MuHucmpaiziniyg «FM30» @edepasdvik Memaekemmik 6r00dxcemmik
MekemeciHiH puauanvt A.D. [[biba amviHdarst MPFO, O6HuUHCcK Kaaacwl, Peceli ®edepayusicobl

*Xupocuma yHusepcumemi, Xupocuma, Xanonus

(E-mail: zhumadilovk@gmail.com)

Angarna. Makanaza PM2.5 aspososib 6eJieKkTepiHieri KocMoreH ik 6epu/Iiii-7
(’Be) pauoHyKIN/iHIH aTMOcdepasbIK 6eJICEHATIT Typasbl COHFbI 3€PTTEY/IEPAIH
enKel-TernKenIi TaiJaybl KelTipiireH. ATMocpepaHbIH, )KOFapbl KabaTTapbIHAA Fa-
PBILITHIK COyJ/Ie/IEP/IiH 63apa 9PEKeTTeCyl HOTHKECIH/IEe Maiija 60J1FaH ’Be a3po30sib-
Jlep MeH OHbIMEH 0al/IaHbICThI JIACTaylIbl 3aTTap/blH TacbIMaJIZJaHybl MEH TPaHC-
dbopManuachIH 6aKblIay XoHe Tpornocdepa MeH cTpaTocdepa apachbiH/aFbl aIMacy
MeXaHU3M/EPiH 3epTTeY YIliH Nakja/laHbLTybl MyMKiH ce3iMTaJl »KoHe Gipereu Tpac-
cep 60s1bIM Ta6bLIAEL oy MaKaia ’Be pU3HKaIbIK KoHEe XUMUSIbIK, KACUETTEPiH
KapacTbIpa/ibl, OHbI aHBIKTAY/AbIH KYp/eJsi aHaJIUTUKAJIBIK 9/iCTEePiH, COHBIH, illIiH/e
raMMa-CreKTpOMeTpHsIHbI CUIIaTTal/ibl >KOHE OHbIH, aya-paiblHa koHe PM2.5 Heriz-
Ti Ke3JepiHe OalIaHbICTbI MayCbIM/IBIK, YKoHE alMaKThIK aybITKYJIapblH KAPacThl-
pazpl oy aya canacbkiH 6aFasay, ToyeKeAep/Ai backapy *oHe KeJliciireH XalblKa-
pasiblK, aTMOchepaHbl 6aKbLIay >KoHE JIaCTaHy/bl a3alTy CTpaTeruslapblH a3ipJey
yliiIiH ’Be maiiayiaHy/iblH FUIBIMH YKoHe MPAKTHUKa/IbIK MaHbI3/[bUIbIFbIH KOPCETEI].
’Be-Ai a3p030JibJiepAiH TPAHCIIeKapaJIbIK, TaChIMAJIbIH CAaH/bIK AaHBIKTAY YKoHE YCaK,
OeJIlLIeKTep/iH, JJaCTaHYbIHbIH, KOpIIaFaH OpTaFa »oHe Xa/bIKTbIH, JIeHCAyJ/IbIFbIHA
acepiH, barasiay Kypasibl peTiH/e MaiiaaHyFa epeKlile Ha3ap ayAapbliaibl. Makasa-
Jla COHbIMEH KaTap aTMocdepaiblK 6aKbLIay >KeJTici MeH MoJiesIb/iey *KyHeciHeri ’Be
JlepeKTepiHiH UHTerpaluUsAChl TAJKbLJIaHa/lbl, COHFbI YKeTICTIKTEPMEH KaTap Kasipri
npobsieMasiap 6aca alTbLIaJbL.

Tyiiin ce3aep: 6epunnnii-7 (“Be); aapo3onabaep; PM2.5; atMocdepasnblk Mo-
HUTOPHHT; 9KOJIOTHUSJIBIK 6aFasay; paJuOM30TONThIK WHUKATOpJap; JacTa-
HY Te€H/eHIUsAIaphl.
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Kipicne

ATMocdepanblK ayaHbIH JacTaHybl aJlaM JieHCayJblFbl MEH KJMMATThIK >XyWeJjepre
Tikesiel acep eTeTiH »kahaH/bIK 3KOJIOTUSJBIK Npob6JeMaapAblH, 6ipi 60JbII KaJjia 6epei.
JlyHUeXY3iJiK JleHcay/bIK caKTay YHbIMbIHBIH, ([I/1¥) MasiMeTTepi 60MBIHLIA, XKep XaJIKbIHbIH
99%-b1 PM2.5 TOKTaThI/IFaH 66J111EeKTEPiHiH KOHLLEHTPaLUACh] Kayilci3 feHreigeH (5 Mkr/M3)
acaThIH XepJiep/ie TYpa/bl )KoHe KblJI CAWbIH ayaHbIH JIJACTAHYbIHAH IIaMaMeH 7 MUJIJIMOH a/laM
KauTbic 601ab1[1]. OpTanblK A3usaaarbl KaFal epekile ajaHaaTajbl: Jlymanoe, TalikeHT
KoHe BilllKeK Kasiasiapbl 6HEPKICINTIK WbIFapbIHABIJIADMEH, KATThl OTbIH/ABI NTalAaJlaHyMeH
’)KoHe aspo30JibJep/AiH TpaHClIeKapa/blK TacbiMajJbiMeH OaiyaHbicTbl PM2.5 penreii
OobIHIIA dyieM/ieri eH JlacTaHFaH 30 acTaHaHbIH KaTapbiHa YHeMI Kipeai [2]. ATMocdepabIK
npoiectepAi 6aKbliiay KOHTEKCTiHAEe 6epusinii-7 (Be) cCUSKTbl paZjMOHYKJIUATED IIelyli
pesi atkapazbl. 'Be a3po30Jib GeJlleKTepiHiH O0eTiHe azcopOuusaaHajbl, 6y oHbl PM2.5
JAVHAMHUKaChIH 3epTTey YLIiH TaMallla KepCeTKill eTeli-oKIe aJibBeoJia/lapbl MEH KaH aFbIMbIHA
eHy KabisieTiHe 6al/IaHbICTHI JleHCayJIbIKKA €H, YJKeH Kayil TeHAipeTiH ¢pakuus|1].

Bys1 Makasazia TeMeH/ie KepCeTiJireH TancblpMaJiapfa 60MbIHIIA LI0J1Y YKaca/lbIHA/lbl:

MayChIM/bIK K9He reorpadus/iblK Bapuanus KOHTEKCTiHAer ’Be MexaHU3M/IepiH TaIAay;

PM2.5-Te ’Be aHbIKTay 9fiicTepiHe 0y (raMMa-CIeKTPOMEeTPHS, PaJUOXUMUSIJIBIK TaIJay);

’Be KOHIIEHTPALUSCHI, METEOPOJIOTHSIBIK GaKTOpPJIap K9HE a3po30Jib Ke3/epi apachbIH-
JlaFbl 6aUIaHBICThI aHBIKTAY;

JIAaCTaHY/IbIH TpaHCUIeKapasblK TacbIMaJiblH OO0JKAyJaFbl KoHe TayeKeJsepli asauTy
CTpaTerusiiapbiH a3ipseyzeri ’Be pesin 6arasay.

9/1e6u 11oJy. ’Be-HiH GU3UKa-XUMUSJIBIK KACUETTEePi *KoHEe OHbI aHbIKTay 9jicTepi

Bepunnuii-7 (“Be) - xapThl1ail blJblpay Ke3eHi miaMmaMeH 53,3 KyH 60/1aTbIH paJ{HOAaKTUBTI
6epUJIIMA HU30TOMBbI, 0J1 aTMOChepaHbIH KOFapFbl KabaTTapblHAA FAPBILITHIK CoyJesep/iH
a30T, OTTEK >K9He KeMipTeK siipoJiapbIMeH e3apa 9peKeTTecyi HoTuKeciHze Tysineni [3].
OHbIH TY3UI1yiHIH Herisri MexaHu3Mi — Fapbllll TEKTI KOFapbIHEPIUAJBbIK NPOTOHAAP MEH
HeUTpoHAAp aTMocdepa aToMJapblHAH HYKJIOHAApAbl WIbIFAPHII, Be 3jieMeHTiH Ty3e/[i. “Be-
JliH, aTMocdepaiaFrbl KOHIEHTpALMsIChl T€OMarHUTTIK eHJiKKe, KyH OeJsiceHAiJiriHe »KoHe
OMiKTiKKe 0aNJIaHBICTDI, aJl €H KOFAapbl MOHTe OpPTa EHAIKTEP MEH TPonocepaHblH KOFAPFbI
KabaTTapbiHja xkeTte/i [3]. KpicKa »kapThliail bIJblpay Ke3eHi MeH aHTPONOTeH/iK Ke3/ep/liH,
6oJsiMayblHA 6GaislaHBICTBI ’Be - aTMocdepasblK MpoLecTep MeH a3po30Jib TachIMaJblH
3epTTeyre apHaJ/IlfaH bipereil Taburu Mapkep.

’Be-HiH, pU3UKa-XUMUSJIBIK KacHeTTepi OHbIH aTMocdepasblK aspo30/blAepAiH 6eTiHe
aJicopb1Msa/aHybIMeH ThIFbI3 6AMIaHBICThI XoHe HeridiHeH PM2.5 ¢pakiusceiHAa 6aiiKana/ibl.
Ctpatocdepana TysinreH ’Be nuameTpi 2,5 MKM-/1eH Killli Maiija 1ucnepcTi 66/1IeKTepMeH Te3
GailsiaHbIcazibl, OYJ1 OHbIH a3P030JibJlepMeH Oipre TacbIMa/JJaHybIH KAMTaMachi3 eTe/li XKoHe
aTMocdepaZiarbl JlaCTaHy AWHAMHUKAChl MeH TiK ajJMacy/ibl 3epTTeyre MyMKiHJik 6epefi [4].
CoHbIMeH KaTap,’Be >KoFapbl XUMHUSJIBIK TYPAKThIJIbIKKA He, ayaZlaFbl 6acKa KOMIIOHEHTTEPMEH
besiceHZi peaknusaapfa Tycleili, Oy OHbIH OeJillieKTep KypaMblHAAa LIeryre JeuiH
CaKTaJyblH KaMTaMachkI3 eTeai. bepunnuii-7 (“Be) - arMocdepazaFbl MeJIIIepi aHTPOMOTEH/iK
dakTopapra ic xKy3iH/e TayesCi3 CHpeK paJHOHYKIUATEPAIH 6ipi, Oy/1 OHBI Oiperei TabUFU
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uHAuKatopra adHaagbipagbl [5]. UNSCEAR (United Nations Scientific Committee on the
Effects of Atomic Radiation) (2000) mepekTtepiHe caiikec, ’Be Ty3inyiHiH »kahaHabIK opTalia
neHrelii mamamen 810 aTom/M?/c, an oHbIH Tponocdepajarbl OpTalla KOHIIEHTPALUACHI —
12,5 MBk/m3? [5]. OHTycTik ®esepansbl YHUBepCUTETI MeH XapbKOB (U3MKa-TEXHUKAJbIK,
WHCTUTYTBIHBIH 3epTTey/epi GpoTosaepsik peakuusaapAblH *anbl 'Be 6aaHCbIHA KOCKaH
yJ/leci cKaJiblBaHHe peaKLMAaIapblMeH CaJbICThIPFaH/a aca MaHbI3/ibl eMeC eKeHIH KOpPCeTKeH,
6ipak 6ys1 MEXaHU3M/1 TOJIBIFBIMEH OKKA LIbIFapyFa 60/1Man/ bl [6]. ’Be Ty3i1y *Kbl1gaM/JbIFbI
OUiKTiKKe FaHa eMecC, eHJiKKe e, coHJai-aK KepAiH MarHuT epici apKblibl FAPbIIITHIK
coyJiesiep aFbIHbIH MOAYJAANUANAUTBIH 11 KbLIJbIK KYH LUKJIHIH ¢pa3acbiHa 6alaHBICThI
e3repin oTeipagbl [5]. OcbLiaiiiia, ’Be — KbICKA »KapThbliad biAbipay Ke3eHi 6ap (53,3 KyH)
KOCMOTEeH/IiIK paJIMOHYKJUJ, OYJ OHBbIH OeJICEHAINIriH *koHe aTMocdepasblK MpolecTepre
»KOFapbl ce3iMTasIbIFbIH KaMTaMachI3 eTeZi. OHbIH TY311yi OpTa »xKaHe KOFapbl eHJJiIKTep YLIiH
»KaKChl 3epTTereH, 6ipak OpTanblK A3usi MeH 6acKa KOHTUHEHTTIK aiMaKTap yuIiH HaKTbl
bafasaysiap eTe CUpeK Ke3jecefi, OyJ XaJblKapaJblK 3epTTeyJjepze eseysi OJKbLIbIK 6ap
eKeHIiH KepceTe/|.

Asposoavdepdezi ’Be 6esaceHdiniein aHbikmay

’Be GeJiCeHAINITiH a3po30JibJiep/ie aHbIKTAy HeridiHeH raMMa-ClieKTpOMeTpHsl d/iciMeH
KY3ere acbIpbLIaZibl, 01 “Be blblpaybl Ke3iH/e IbIFapbLIaThiH 477,6 K3B aHeprusra ToH raMMa-
coysiesieHyzi Tipkeyre HerizzgenreH [4]. Taagay ymin Nal(Tl) Herisingeri CUHUHTUANALUAIBIK,
JleTEKTOpJIap K9He >KOFapbl aXKbIpaTbIM/bLIBIKTHI kapThliai eTkisrimm HPGe (High-Purity
Germanium) feTeKTOopJ1apbl KOJ1JAaHbLIa/1bl, ce6e6io1ap MUKapasblKepeKuiesey a1 AT HKoHe
YKOFaphl Ce3IMTaIbIKThl KaMTaMachI3 eTe/i. YAriiepAl JaublHAAy — a3p030JibJepAi cysrijiepre
YKMHay, KeWiHHEH KeNTipy *KaHe 6eJICeH/Ji/IIKTIH K0FalyblH a3alTy YIliH repMeTH3aLnusIay/bl
KaMTH/bl. ’Be-Hi GeJiin ajny ylIiH paJjdOXUMUSJIBIK, d/[iCTEP CUPEK KOJIJAHbLIA/lbl, 6UTKEHI]
oJlap KypZAeJii >koHe KeIll eHOeK CiHipy/i Tasan eTefi, lereHMeH TOMeH KOHILleHTpalusaap/a
KoChIMIIA J2J/iK 6epeni [4]. Kasipri 3aMaHFbl raMMa-ClIeKTpOMETpPHUSA d/licTepi 'Be-Hi yHeMi
6akpliayFa MyMKiHAIK Oepejii koHe HITH)KeJiepJliH 3epTXaHajap apacbhlHJAAFbl >KOFaphbI
KauTaJIaHFbIIITBIFbl MEH CAJIbICTBIPMaJIbLIbIFbIH KAMTaMachl3 eTe/].

’Be MeH a3po301b0depdiH, acipece PM2.5 6atinaHbicol

TysinrenHeH ke#iH “Be CyOMHUKPOHJBIK a3po30/ib 6GeJiniekTepiHe, HeriziHeH 0,07-2
MKM /JMana3oHblH/A, Te3 ajcopouusaiaHajbl, Oy a3po30JbJAepAiH «aKKyMYJALHUSAIbIK»
(accumulation) moaynine caiikec kesegi [5]. By PM2.5 pakuuscel yiuiH eTe MaHbI3/bl, cebebi
6ys dpakuus auameTpi 2,5 MKM-JAeH Killi GeJilieKTep/i KaMTU/bl K9HEe aJlaMHBbIH, ThIHbIC
aJly JKoJiJapblHA TepeH, eHy KabineTiMeH epekuieneHeni [7]. Oaebuer JepekTepiHje ‘Be
copb61MsAaHaThIH OeJileKTepAiH aspoauHaMuKanblK auameTpi 0,33-TeH 1,15 MKM-re JieliH
aybITKUTBIHBI KepceTiyreH, 6ys PM2.5 fuana3oHblH ToAbIFbIMeH KaMTH/BI [5]. Bondietti xkoHne
aBTopJiacTapbiHbIH (1984,1987)3epTTeynepi’Beaspo30Jib/iep 6eTiHe TY3i/yiHeH KeiiH 6ip/ieH
KOH/leHCallMsJIaHaTbIHbIH, COJlJaH COH OeJIleKTep/iH KoaryJasLuscbl MEH 6Cy NpoLecTepiHe
KaTbICaTbIHbIH, OYJI OHbIH KeHiHTi TapasyblHa KoHe aTMochepaiaH KypFaK HeMece blJIFaJi/ibl
TYH/bIPY apKbLIbl LIbIFAPBIIYbIHA 9Cep eTeTiHiH KepceTTi. MaHbI3/bl acneKkT — ’‘Be 6acka
TaOUFU paguoHyKuATep (?*Na, ?°Pb) cuaKTbI a3po30JbJAepAiH aTMochepaaarbl eMip cypy
yaKbITbIHA, TYHY XXblJIJaM/IbIFbIHA YK9He 6CiM/IiIKTepMeH CiHipily TUiM/iniriHe 6ara 6epy yuIiH
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MapKep peTiHJe KOJAaHbUTybl MYMKiH [5]. Anaiiaa’Be-aig PM2.5 iwingeri TapasybiHa apHaIFaH
3eprreynepAis, kenuwiairi Eypomna, Coatyctik AMepuka xkoHe UlbiFbic A3uaza Kyprisijires.
OpTasnblK A3usd yuiid, PM2.5 nactaHy geHremi >korapbl 60/1FaHbIMEH, MYH/Ial )KyMBICTap 6Te as,
OyJ1 aliMaKTBIK epeKIleaiKTepAi xahaHibIK ypAiCTepMeH CabICThIPYAbl KUBIHAATA/bl.

[eorpadusbIK )koHe MayCbIM/bIK 63reprillTik

’Be KOHLIeHTpaLMsIcbl aTMochepasia reorpadusiibIK )kaHe MayCbIM/bIK, allKbIH ©3repriluTikke
ve, OyJ kahaHAbIK (KYH LMKJI, eHJiK, OUIKTIK) K9He KeprijliKTi (MeTeopoJIOTUAIBIK, XKafF-
Jlalyiap, »KayblH-IIalIbIH) ¢akTopJsapfa 6aiyaHbicThl [8]. Eyponaga (buabb6ao, Mcnanus)
Kyprisiziren 3eprreysnepne’Be eH *KoFapbl MOHAEPI KAHTAapAaH KbIpKYHEKKe JleiiH, aKnaH/a
IIapbIKTAy LIeriMeH KaHe 1iJ/le-TaMbl3/la eKiHIli MaKCUMyMMeH 6GaiiKalaTbIHbI, aJl €H TOMEeH
MOH/Jiep KapKbIH/bl JKayblH-LIIALIbIH Ke3iH/e (Kapalla—KeJTOKCaH) TipKeJeTiHi KepceTiareH.
Bys rpaduk Typinge ae kepcetinreH (1-cypet) [8]. 7Be 6esiceHAiniri MeH KYH JJaKTapbIHbIH
CaHbl apacblHAAFbl KYIITI Tepic koppeasauus (r = — 0,93) paiMOHYK/IU/] TeHepalysacblHa KYH
UUKJIHIH 9CepiH AaJieneni.

s[efmlalu]ala]a]s] o] n]o]
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Cyper 1. Bas6oajarbl opTaiia ai/ibIK, KOHIEeHTpanusa 'Be jkoHe opTalia ail/IbIK, »KaybIH [IALIbIH
EckepTy: nepekTep HerisiHze kacanraH [8]

Feely >xoHe aBTopJsiap (1989) aHbiKTaraHzaal, ‘Be paJJMOHYKJIHJiHIH JXep OeTiHe *KaKbIH
ayaZilaFbl MayCbIM/IbIK, aybITKYJIapbl KEM JlerTeH/ie TOPT paKTOpMeH TYCiHAipineai [8]:

Kbic Me3risiHiH COHbIH/IA K9HEe KeKTeM/e cTpaTocdepasiblK ayaHblH Tponocdepara Tachl-
MaJlZlaHy KblJ1JJaMIbIFbIHbIH apTYbl;

Kblibl Ke3eHie Tponocdepa TYPAKThIIBIFbIHBIH TOMEH/1eyi, 0yJ1 TiK a/iMacyFa bIKNaJl eTe/i;

dcipece »KOFapbl eHJAIKTep/ie aya MaccallapblHbIH TPAEKTOPUSAJIAPbIHbIH 63repyi;

A>spo3osbAep/iH anbLIy KbIJIAAMABIFBIH aHBIKTAUTBIH KaybIH-IALIBIHHBIH, MayCbIM/IbIK,
TepbeicTepi [8].
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CosrTycCTiK KapThliapaa ’Be paJJUOHYKJIN/i KOHIEHTPAIUSACBIHBIH MaKCUMyM/Iapbl Ke6i-
Hece KOKTeM/le KdHe a3/a, aJl MUHUMYM/apbl — Ky3/e *KoHe KbIcTa Tipkesezi [9]. OHTycTik
»KapThlllapZia MaycbIM/JbIK ILIeKTep KepiciHile ¢a3aMeH cunaTtTagagbl. OpTanblK A3us
YUIH KJUMAaTTBhIH, »KOFapbl KOHTUHEHTTLIIriHe KapaMacTaH, MyH/lal 3aHJbUIBIKTAp 93ipre
bparmMeHTTi TypAe FaHa cUIaTTaJfaH, Oy/J y3aKMep3iM/li MOHUTOPHHITIK 3epTTeyJsepai
XKyprisyzai kaxket etefi [10][8].

’Be paduoHykaudiH ammocgepavlk macvimanday uHoukamopwsl peminde natioaaaHy

’Be TabUFHW Tpaccep peTiHZAe a3po30/bAep/iH TachbIMa[aHy yAepicTepiH, ctpaTocdepa MeH
Tponocdepa apacblHZaFbl aJaMacy/ibl 3epTTeyZe, COHJlai-aK OeJilieKTep/iH aTMocdepasaFhl
eMip cypy yaKbITbIH OaFajiaya KeHiHeH KoJigaHbuiazabl [11]. OHbIH TaOUFU LIBIFY TETi )KoHe
AHTPOMOTEeHJIK Ke3Jep/iH, 0o0/Maybl QOHABIK aFbIHAAPAbI >KEPriiKTi JiacTaHysap/aH
axblpaTyFra MYMKiHAik 6epefi. Martell (1970) xane Young & Silker (1980) anramkbliap/blH,
6ipi 6oJibin ’Be a3po30JibAepAiH Tponochepaza 60/1y YaKbITbIHA, TYHY KbLJIJaMAbIFbIHA )KOHE
KeJlZleHeH, api TiK TackiMaJs ayKbIMJapblHa O0ara Oepy/e KoJiaHyFa 00JIaTbIHbIH KOPCETTI.
Kasipri 3eptreynepae ’Be atrmocdepasblK TacbiMasjjay Mojesb/epiMeH (Mbicasbl, HYSPLIT
(Hybrid Single-Particle Lagrangian Integrated Trajectory model), FLEXPART (FLEXible
PARTicle dispersion model)) »koHe cCyTHUKTIK JlepekTepMeH 6ipre TpaHcuekapasblK PM2.5
aFbIHJApPbIH 6aKblIay, KIUMATThIK MOJle/ibAepAi BepudrKaLusay XXoHe ayaHbl JlacTay JeHreriH
TOMEH/IETY 1lapaJapbIHbIH TUIMJJITIH 6aFasiay MaKcaTblH/a NakjananbLiazel [12][13].

CoHFbI XXbLIJIAphl ’Be nepekTepiH 6acka paAuoHyKauATePMEH (Z1°Pb, 137(Cs) oHe XUMUSIJIbIK
MapkKepJiepMeH OipiKTipy apKbLibl a3p030Jib Ke3/iepi MeH TacbIMaJl K0JIJapblH HEFYPJIbIM /191
coliKecTeHAipyre epekiue Hasap aygapbuiyaa. Meicanbl, AERONET xene EMEP masimertTepi
HerisiHze »Xypridinren 3eprreysnepae ’Be koHe PM2.5 6Gipikripinren Tangaybl Caxapasad
IIaHHBIH aJIbICKAa TacbiMasJlaHy anu3oATapsiH, Cibipaeri eprrepai »koHe Eypona men llbiFbic
A3uajaFbl TpaHCLIeKapasblK JIaCTaHy/bl aHbIKTAyFa MyMKiH/iK 6epeTiHi kepceTiireH. Anaija,
OpTanblK A3usizia Apasl MeH IIeJiZiep CUAKTHI ipi 1aH Kes3zepiHiH 60syblHa KapamacTaHl, 'Be
KOJIJIJaHbII a3P030JIb/leP/LiH TPACCUPOBKACBIH KYPTi3eTiH 3epTTey/iep *KOKTbIH Kacbl. By PM2.5-
TiH alIMaKThIK JeHreliHe TpaHClIeKapa/bIK TaCbIMa/IbIH YJIeCiH 6aFasiay MyMKIH/AITH eKTen/i
»K9He aya canachbIH 6acKapy/bIH THIM/Ii CTpaTerusapbiH a3ipJey/i KubiHaaTas! [10][8].

Asposoavdepdezi’Be-Hi 6akbliay meH maadaydbiH 3amMaHayu adicmepi

CoHFBI XbLIJApbl 'Be  JepeKTepiH CHYTHUKTIK MOHUTOPUHT HaTHxKesepiMmeH (MODIS
(Moderate Resolution Imaging Spectroradiometer), CALIPSO (Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation)) »xaHe aTMocdepasbIK yAepicTepAi caHJbIK MOJebAeyMeH
6ipikTipy agicTepi 6esiceH/ii fambln Kesieai. By aspo3oabaep/iiH KeH ayKbIM/ bl TaCbIMaJI/JaHy
3MU30/TapblH 6aKbLIAYFa, IACTAHYAbIH 6pLIYiH 60/KayFa xkoHe PM2.5 feHreliH TeMeHieTyre
O6aFbITTaJFaH TaOUFU K9HEe aHTPONOTeH/iK lapanap/blH TUIMALIIrIH 6aFasayFa MYMKIHAIK
oepeni [8]. CoraH KapamacTtaH, OpTanblK A3WsIHbI KOoca aJsiFaHjla, Kelbip aliMakrapnaa’Be
MOHUTOPHUHTIHIH JaMbIFaH >KeJlici ’KO0K, OyJl KellleHAi Taijay Kyprily »KoHe XasblKapaJiblK
JlepeKTepMeH CaJIbICTBIPDY MYMKIiHZiKTepiH enayip wwekTteiai. PM2.5 aspososbgepinjeri
’Be GOWBIHIIA XaJIbIKAPAJIbIK 3€pPTTeyJep aspo30JibJepAiH, Ty3iay, TacbIMalZlaHy >XoHe
TYHY YZepicTepiH TyciHyre, coHJal-aK aTMocdepasblK MOHUTOPUHI dJiCTepiH JaMbITyfa
auTapJbIKTau yuec KocThbl 9cipece Eypona, ContycTik AMepurka xkaHe LbiFbic A3us aiMaKTaphl
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YKaKCbl 3epTTeJIreH, 0H/la y3aKMep3iM/i 6aKbliay KaTapJiaphbl, JaMbIFaH CTaHLUsAIAP XKeJTicixkoHe
MoJieJibJlep MEH CIYTHUKTIK AepekTepMeH uHTerpanus 6ap [10]. lletennik 3epTreynep/in,
KYLITI )KaKTapblHa MbIHAJIAp/bl KaTKbI3yFa 60J1a/ibl: ’Be KOHLIEHTpalUsJIapblHA 9Cep eTeTiH
dakTopsiapabpl KeumeHAl Tanzay [8]; 3aMaHayu TpacCUpOBKa »XoHe MoO/JeJsbJey diCTepiH
naujanany; ‘Be JepeKTepiH XMMHUSJIBIK KOHE PAAUOHYKJIU/IATIK MapKepJsepMeH GipikTipy
[10]. Anaiija wewisiMmereH MaceJsiesiep Jie 6ap: KJIUMaTThIK KafFAalaapbl EKTi alMaKTapAblH
(Optanbik Asus, Tasy lbireic, Appuka) KeTKiniKci3 3epTTesyi; KIMMATTbIK TPeHJTepMeH
CaJIbICTBIPY YUIIH y3aK Mep3iMJi KaTapJiapAblH TaNllblabiFbl; PM2.5 eprinikTi ke3jepiHiH
’Be nMHAMMKacCblHA dCepiHe apHaJIFaH 3epTTeyep/iH KeTicneywiiiri. XKanmnb! anranza, 6oJamag
3epTTey/Iep/li JaMbITY YIiIiH ’Be MOHUTOPHUHTIHIH reorpadusiCbiH KEHENTY, OHbI 6acKa MapKepJiep
MeH MOZie/Ib/lepMeH UHTerpaLysiay, COHZan-aK KJINMaTThIK YKoHe aHTPONOoreH ik GakTopIapAblH,
PaZMOHYKJINUATIH aTMocdepazarbl TapasyblHa 9CepiH TepeHipeK Tanaay KaxeT [9].

3epTTey daicremMeci

Cy3y adicmepi sxcaHe cy3ei mypsaepi

PM2.5 asposoJibfepiH ipikTey VIUiH ajieMJiK NpaKTHKaja aBTOMAaTTaH/bIPbIIFAH KOHE
KapThlIal aBTOMAaTTaH/bIPbUIFAH KOH/bIPFbLIAPAbLl MaljajaHa OTBIPbIN CY3y oficTepi
KeHiHeH KoJsiJaHbliabl. Herisri npuHuun - guameTtpi 2,5 MKM-ZileH KeM 6eJilleKTep/i ycTan
KaJlaTblH TeCiKTepi 6ap cy3riziep apKblibl ayaHbl 6TKi3y [14][15]. Cy3risiep/iH eH KeH TapaJsifaH
MaTepHa/iJlapblHA MbIHaJAp KaTaJbl: WbIHbI MaauwbliKkmoel cy3eisep (Mbicanbl, PII-15) -
»KOFaphbl )KMHAKTay THIM/iJiriMeH KoHe TeMeH QOHABIK 6esiceHAiliriMeH epekilesieHei [16]
[17]; noarumempagmopamusaen (PTFE) cy3rinepi - ruzipodo6Thl, XUMUSIBIK, dCEPEPTe TO3IMA],
OyJl TpaBUMETPUSJIBIK Ta/lAay Ke3iH/eri KaTelikTepai 6apbiHiIa a3alTaabl (2-cypeTTe XaKChl
kepcetinred) [18][19]; keapy cy3zinepi - TepMUANBIK Te3iMJi, OpraHUKa/blK KOMipTeKTi
TaJaAay YliH KoJJaHblLiagbl [18][19].

METHOD

( ' PTFE ,47mm
7y —
]

L
- ] o

LV Sampler

\ 4

Cyper 2. Cy3riyiepai naigasany aaici
EckepTy: nepekTep HeriziHAe KypacThipbliFraH [18]

Quartz ,47mm
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PTFE »xaHe KBap1j cy3rijiepiH cajabICThIpy HoTHxKeciHAe PM2.5-TiH opTallla KOHIIeHTpaLUsChI
PTFE-ne 52,9%-ra TeMeH eKeHi aHbIKTa/[bl, O6yJ oJiapAblH T'HAPOPOOTbl KacHeTTepiMeH
TYCiHAipinesi, ceb6ebi 6y./1 bIIFANAbIIBIKTBIH 9CcepiH azanTaab! [18].

AsmomMammaHObIpbLAFAH CblHAMA a1y CMAHYUSAAPbI

AirPhoton Automated Filter Sampling Station >xaHe Partisol® Plus 2025 cusikTbl aBTOMAT-
TaHABIPbLIFAH KyHesep 3JIEKTPOHJbl 0acKapy, COpFbLIap »9He aya aFblHbIH OaKbliay
KyHesepimeH (16,67 n1/MUH) a6 bIKTaJfaH, Oy/1 CblHaMa aayAbl CTaHJapTTayFa MYMKIHZIK
6epeni [14][17]. bya cranuussap PM2.5 MaccasiblK KOHIIEHTpAlLUsICbIHA I'PAaBUMETPHSIJIBIK
TaJjay >Kypridy yuwiH y3gzikci3 24-48 cafFaTThIK CblHaMa ajiyFa MYMKiHZik Gepeni [17].
ApTBHIKWBIIBIKTapbl: afaMu (QaKTOp/AblH, 9CepiH as3aiTy; cblHaMa aJjy >KafFgaljapbliH
TYpPaKTaHAbIPY YLIiH TeMIlepaTypaHbl peTTerimirepMeH 6ipikTipy MyMmkiHgairi [17]. Eypona
MeH AKIII-Ta myHaai xkyresiep EN 12341:2014 gupekTuBachl xxoHe Federal Reference Method
(FRM) TasnantapblHa colikeC MOHUTOPHUHITIH Heri3iH Kypaiabl [20].

Lllekmeyni pecypcmapbl 6ap atimakmapdarbl KOAMeH 6acKapblLAambiH adicmep

JKoFapbl TeXHOJIOTUSJIBIK, )Ka0AbIKTapFa KO/KETIMALIIr eKTey i akMaKTapaa (Mblcasbl,
KasakcTtaH) KoJiMeH 6acKapblIaTblH MOOMWJIBbJI KOHZABIPFbLIApD KoJAaHbuiaAbl. Ouap
CTAH/JAPTThl LIbIHbI TAJIIBIKThI Cy3rijiep MeH BaKyyM/ibl COPFbLIApAbl MalasaHaAbl, Oy
TOMEH UIbIFBIHMEH KeTKIMIKTI Aa/AIKTI KaMTaMachl3 eTeai [16]. Mbicasbl: TeMeH KeJeM/i
LV camniepsiep (Low Volume samplers) - 2-4 caraT 60ibl CbiIHaMa aJiblll, KeliH 3epTxaHaja
enuey [18]; EPA (Environmental Protection Agency (AKII)) xone AJY (BO3 (BcemupHas
opraHusainus 3ApaBOOXpPaHeHMUs)) HYCKAyJbIKTapblHA COWKeC KeJieTiH JKeHiJjeTiareH
xaTTamanap [20]. KosiMeH 6acKapblaaThlH 9AiCTepAiH KeMIUiTiKTepi: eHOEeK ChlbIM/bIIbIFbI
YKOFapbl; TacbiMaJslJiay Ke3iH/ie cy3rijiep/iiH KOHTaMUHanus Kayni 6ap [16].

doic maHday 60libIHWA yCblHbICMAp

Jlos1 api y3aK Mep3iM/ii MOHUTOPUHT YILiH aBTOMaTTaH/AbIpbliFaH xyienep (PTFE-cy3rinep
+ rpaBUMeTpUs) THIMAI [14].

BroxeTi mekTey/i alMaKTap/a WbIHbI Ta/IIbIKThI CYy3rijiepi 6ap KoJMeH 6acKapbliaTbiH
LV-camnuiepsiep Kosaisinbl [18].

PM2.5-TiH opraHuKaJ/ibIK KOMIIOHEHTTEPIH Ta/lAay YIliH KBapl| cy3rijsiepi oHTabl [20].

PM2.5-Ti ipikTey oficTepi TeXHMUKaJbIK MYMKIiH/IKTep MeH 3epTTey MaKcaTTapblHa
6alaHbICTBI ©3repe/ii. ABTOMAaTTaHAbIPbLIFAH KyHesep/iH JaMybl XoHe XaTTaMaJsap/blH
ctangaptTtanybl (EN 12341(European Norm 12341:2014), FRM) manimeTTepAiH Aa/1/iriH
apTThIpaZbl, ajaiijila AaMylibl ejepAe KoJMeH 6acKapblJIaTbIH 9/licTep ©3€KTiJliriH cakran
oTbip [17][20].

’Be aHbikmay adicmepi

Tanpaynbiy Herisri ke3eHzepi:

- CplHaMaJs1ap/ibl JalbIH/AY: a39P030Jib/iep XKUHA/IFaH CY3rijiepAi KenTipin, 6esceHAiiKTiH
»KOFaJIyblH OapbIHIIA a3alTYy YIIiH repMeTHUKaJIbIK 0pay.

- 'amma-cnekTtpiepai esuey: Nal(Tl) kpuctangapbiHa Heri3zenreH CHUHTHUIALUAIBIK
JleTeKTOopJ1ap/ibl HEMeCe >KOFapbl SHEPIrys aXKblpaTbIM/bLIBIFbIH KaMTaMachkl3 eTeTiH HPGe
(repMaHueBbIe) )KapThLJIal OTKI3Till AeTeKTopJIapAbl KOJJaHy.

- CnekTpoMeTpJiep/i CTaHAAPTThI K63/lepMeH KaJluopJiey.
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- MasiMeTTepai eHAeY: MaMaHAaHABIPbUIFAH OaFgapiaMasnap/a (Mbicasbl, RAD (Radiological
Assistance Software) Assist) nMKoBas sHeprusaap/Abl aHbIKTal, ’Be 6escenpinirin Bx/m? 6ip-
JIiriHze ecemnTey.

Keli6ip 3eptTeynepae’Be-Hi cblHaMasiapAaH 6GeJiill ajsy YUIiH pafuOXUMUSJIBIK d/jicTep
Jle KOJIIaHbLIaJbl, ajaijla oJlap eHOeK IIbIFbIHbI KOFAapbl OOJIFAHABIKTAH, KYHZEJiKTi
MOHHUTOPHUHITE CUpeK NaijanaHbliagbl. OcbliFaH GalaHbIicThl 1 - Kectege PM2.5-Te ‘Be
KacueTTepiHe 6ailJIaHbICThI CaJbICTBIPMaslbl aKapaT KepceTi/ireH.

1-kecrte: PM2.5-Te ’Be ipikTey MeH Ta/1Aay/ibIH HeTi3ri 3/jicTepiH caJabICTbIPY

Kimi

KaXKeTTIiJiri

9ic Cunarray APTBIKIIBIIBIKTApbI [llexTeysep KaszakcraHn ymiH
KOJIJAHYy MYMKIiH-
Jiri

[Ib1HBI AFP-15 cysrinepi | PM2.5 xkuHayzbIH ¥3aK KUHay JKorapsl, kenTe-
TanmpIKThI MeH aHaJIoTTaphbl | KapamalbIMJbLIbIFB], | KAXKeT, 6eJiceH- reH 3epTxaHaJjap-
cysrisiepae apKBbLJIbI 23P030- KOJI KeTIM/IiJIiri, JAiMiKTiH )KoFanybl | Aa 6ap
cy3y JbJepAi Tagaay YKOFapbl TUIMAIIIT] MYMKIH
ABTOMaTTaH- | Aya aFbIHbIH CrangapTrTay, y3aK Koraphbl KyHBI, Opraiua, vHBe-
JABIpbLIFaH 6aKblIaUTBIH Y3AIKCi3 KUHAY TeXHUKaJBbIK CTULIUSHBI KaXKeT
CTaHUHUsAIap 3JIEKTD KeJIJeT- KbI3MeT KepceTy | eTexi

FaMmma-cnek-
TPOMETPHUSICHI
Nal(TI1)

662 k3B ke3iHnge
~7-8% axblpa-
ThIM/bLJIBIFbI 6ap
CUMHTHUJIAILU-
SIJIBIK 1€ TEKTOP-
Jap

Koun xeTimainik,
KbLJIIAM Taj1fjay

TemeH akbIpa-
TBIM/|bLJIBIK,
BIKTUMaJl KeJlep-
rijiep

JKo¥fapsl, xui KoJI-
JaHblIabl

FaMmma-cnek-

JKoFapsbl axkbipa-

Korapsl gangik,

KyHBI, cayIKbIH1a-

[llekTeyJi, MamMaH-

TPOMETPUSICHI | TBIMABLIBIKTaFbl | LIbIHAAP/bI O6J1eK- Ty KaXKeTTiiri JaHbIPbLIFaH

HPGe »KapTblial eTKi3- | Tey 3epTxaHaJjapAbl
il JeTeKTopJap KaXkeT eTeji
(~1-2 k3B)

Pagunoxumu- CbeiHaMasiapAaH Korapsl cezimTan- Tangaynbiy TeMeH, cUpeK KoJI-

AJIBIK, TaJ1ay ’Be XUMUSJIBIK, JbIK, Q1K KYpAeJiJiri, JaHbl1abl
oKlIay/ay Y3aKTbIFbI

TaceiManay A3po30J1b x0HE KeusikTi Tangay, MeTeonepeKkTep MamMaHgap/biH

MoJieJibJepi ’Be TpaeKTOpHU- 60/nKay MEH ecelNTey pe- KaTbICybIMEH

(HYSPLIT, slJIapbIH CaH/bIK CypCTapbIH KQXeT | )KOFaphbl

FLEXPART) MoJeJbJey eTexi

Aapo3sosibziep MeH ’Be TackIMasJjay MOZeJbJIePiH KOJJaHy

’Be »xoHe PM2.5 nHaMUKaChIH KoHe KO3/IepiH Taslay YIIiH KeITereH ejjep/e aTMocde-
pasblK, TacbIMaJiAay/lblH CaH/bIK MozesbAepi KosaaHbliaabl, Mbicasbl, HYSPLIT (Hybrid
Single Particle Lagrangian Integrated Trajectory) »oHe FLEXPART. Byn Mogenbzep aya
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MaccaJIapblHbIH, TPAeKTOpPUsJApPblH KaJ/llblHA KeJITipyre, apTypJi alMaKTap/blH aspo30Jib
KOHLleHTpalMsJapblHa KOCKaH YJieCciH Oafajiayfa »KoHe JiaCTaHy 3MU30ATapblH OoJpKayFa
MYMKIiHJIiK 6epe/i.’Be eJiiieysepiMeH 6ipiKTipiJireH MoJiesibJiepAi naijasaHy a3po30JbJep/liH
Ke3/epi MeH TacbIMasl[jay >KOJIAAPbIH aHbIKTAy AJJIJAITiH apTThipazbl, 6yJ acipece OpTasblK
A3ud cUSKTBI TpaHCIIEeKapaJlblK JIaCTaHyFa YIIbIpaFaH aiMaKTap YLIiH MaHbI3/bl.

Cmamucmukasvlk 6H0ey dcaHe depekmepdi masaioday

HoTwxenepai eHjey MbIHamapabl KaMTHAbL ‘Be, PM2.5 KoHlLleHTpanusjapbl MeH MeTeopo-
JIOTUSLJIBIK, TapaMeTpJiep (TeMnepaTypa, bLIFaIJbLIBIK, KeJl KblIJIJaM/IbIFbl) apacblH/aFbl KOppe-
JIAUUAJBIK, Ta/1Aay; MayCbIMABIK KOHE KbLIJbIK TPEHATIK Ta/l[ay — 3aHAbLIBIKTapAbl aHbIKTAY
YILiH; JIacTaHy Ke3/iepiH 0eJ1y yIliH (aKTOpJBIK TaaJay >KoHe KJacTepJiey 9/iCTepiH KOJIJaHy;
HOTIKeJIep/ii Xa/IbIKapaJibIK aya canacel cravgaptrapbiMeH (A4Y (BO3), EEA) canbicThIpy.

Kasipei adicmepdiH sxcaHaaviFbl MeH daadiai

Aspo3onbaepaeri ’Be-Hi ipikTey koHe TasiayAblH Kasipri ojicTepi >KoFapbl J2JIK
neH ce3iMTa/JblKIeH epekiiesneHeni, 6yn aerexktopsapabl (HPGe) »koHe aTMocdepasbik
yAepicTepai MofesbAeyAi KOJJaHy apKbLIbl Ky3ere acazbl. CblHaMaJsiapAbl ipiKTeyniH
aBTOMATTaH/bIPbLIYbl KdHe CIeKTpJepAiH, UUQPPIBbIK 6HJAeNyl HaKTbl YaKbIT peXUMIiHAe
JlepeKkTep ajslyFa MyMKiHJiKk 6epesi, 6yJ1 MOHUTOPUHI IeH 60/iKay MYMKIHZIKTEpiH efayip
KeHeWTeni. ATan alTKaHza, KazakcraHna keseci 6ipiKTipisireH afjicTepi eHrisy nepcrneKTHUBaslbl
60JIbINl TaObLIAAbI: KOJDKETIMAI OUABTPAUUSIbIK KOHJBIPFbLIAPAbLl MaljjasiaHy >XoHe
keriHHeH Nal(Tl) ramma-cnekTpomeTpJiepiHZie Tajajgay Kyprisy, coHpaii-ak HPGe-petek-
TOpJIapbIMeH 3epTXaHasnapAbl 6ipTiHgen gambiTy. HYSPLIT MogenbaepiMen GipJiecin KosigaHy
PM2.5 xoHe Be Ke3Jiepi MeH TachbIMaJiblH 6aFajiay camnacblH apTThIpyFa MYMKiH/iK Gepepi.
Ocbuiaiiina, PM2.5 KypaMbIHZarb!l ’Be-Hi 3epTTeyre apHaIFaH 9licTeMeTiK Kypasijap CbiIHaMa
aJly[iblH TEKCepIJIreH KoHe 3aMaHayHu TeXHOJIOTUAJIAPbIH, KOFaphl A2JIAIKTerl raMMa-CleKTpo-
MEeTPHUSJIBIK TaJJaybl XKoHe CaHJbIK MoZeJbJey/li KaMTUZAbI, 6ys ’Be-HiH aTMocdepasbIK
6eJiCeH/IiIiriH K9He OHbIH, 9KOJIOTUSJIBIK, CaJlAapblH KelleH/[i 3epTTeyre MyYMKiH/iK 6epefi.

HaTmxesiep koHe mikiprasac

Op TypJii aiiMakTapaarel PM2.5 KypaMbiH/1aFbl ’Be Ma3MYHbIHbIH KEHICTIKTIK K9HE YaKbITThIK,
TeHaeHUUsIapbl PM2.5 aspo3osbaepingeri 6epusinii-7 (Be) KOHIEHTpALUsIAPbIH Taaay
alTapJiblKTal aiMaKThIK *KoHe MayCbIM/IbIK 63repicTep 6ap ekeHiH kepceTesi. By e3repictep
»kahaHabIK aTMOchepanbIK yAepicTepMeH Jie, )KePriJliKTi JacTaHy Ke3/iepiMeH e 6alIaHbICThI.
Contyctik Amepukazna, Eyponasa »xaHe Asugja KyprisijireH OipkaTap 3epTTey/iephe
aTMocdepasblK a3po3osbiepieri /Be  KOHIeHTpauuachl opra ecenmned 3-teH 7 MBk/m®
apaJibIFbIH/A 63repeTiHi aHblKTa/sFaH. Mbicasnbl, [JeTpouT (AKI) >xoHe YanbBa (McnaHus)
KaJlaJapbl 60ibIHIIA AepeKTep maMameH 4,8-4,9 mBk/M> nenreitinge, 6yn [lopTyraaus MeH
YHaicTaHZaFbl HOTH)KeJIepMEH CaJIbICThIPbLIabl, OHZA KoHLeHTpauusiaap 4,0-6,9 mbk/
M3 apanbirbiaa. OpTanblK A3usaza, coHbIH imiHAe Kaszakcranma, PM2.5 KypambiHaarbl “Be
Tikesiel eJiieM/iepi aJii »KeTKijsikci3. Mbican peTiHZe AJMaThbl KaJlaCblHbIH, aTMOChepasbIK,
ayacbIHbIH JIaCTaHYbIH GaKbLIAy/AbIH CTAllMOHAPJIBIK KeJiCiHiH opHasiacy cxeMachl 3-CypeTTe
aHbIK KepceTinreH. Anaiija PM2.5 koHueHTpanuscbl OOWbIHIIA MaJIiMETTEP JlaCTaHY/bIH,
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YKOFaphbl JleHrelid kepceTeai — Kazakctangarbl PM2.5-TiH *)blIbIK OpTallla KOHLEHTPAIUChI
maMamed 22,2 Mir/m>, 6yn JJY (BO3) ycbiHFaH HopMajaH 4 ece apThlK. Bbya PM2.5
aspo3oJibZepiHeri ’Be  Ma3MYHBIHBIH, MayCbIM/ABIK KoHE METEOPOJIOTHSIIBIK, XKaFJaiiapra,
COH/Ial-aK TpaHCLIeKapasblK TaCbIMaJ MEH XXePriJiKTi [1aH MeH JlacTayllbl Ke3/ep/iH acepiHe
6allJIaHbICTHI €/19yip ©3repyi MYMKiH eKkeHiH kepceTei [21][22].

P
-
S
%
-
3

CypeT 3. AIMaThI Ka/IaCbIHbIH aTMOC¢epaibIK ayaCbIHbIH, JIACTAaHYbIH 6AKbLJIAYABIH,
CTalMOHaPJIbIK, KeJIiCiHIH, OpHaJIacy cxeMachl
EckepTy: AepeKTep Heri3iH/e KypacThIpbliraH [21]
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PM-2.5 aspozoavdepindezi 6epusautl -7 ("Be) ammocgepanvik 6eacendiniei: K0A0AHbLIYbL, MEHOEHYUSANAPbI HCIHE
3KO0/102USL/IbIK NepcneKkmueanapsl

’Be KOHYeHMpayusiCblHbIH MAYCbIMObIK mpeHdmepi JcaHe aya YUpKYASIYUsiCbLMeH 6alilA1aHbICbI

PM2.5 aspososbzepinzeri ’Be KOHLEHTPALUUSACbIHbIH, MayChIM/IbIK, JTUHAMHUKAChl KOKTEM
MeEH >Ka3 Me3rijiepiH/ie alKbIH MaKCUMYM/JJapMeH CUIaTTas a/ibl, OyJ1 9pTYpJii alMaKTaparhbl
MaJliMeTTepMeH pacTasajibl. Meicasbl, CeBacTomnosibje ‘Be KOHIUEHTPALUSACbIHbIH MayChIM-
JIbIK, OpTalla MoHi aTMocdepasiblK ayblH-IAIIbIH MEH a3P030JibJep/ie KOKTEM-XKa3 Mes3Ti-
JIiHZEe eH, »KOFapbl JleHTreure »eTce, Ky3-KbIC Me3TiliHJe MUHUMYM¥a [JeHiH TeMeHJeuji.
OchiHZ@l MaychIMABIK 3aHAbLIbIKTap Eypomaza fa 6adkaiazbl, MYHJA KOKTEMTi LIbIHJAAP
cTpaTocdepalsblK ayaHblH Tponocdepara Kapai KyllelTiJireH TacbIMaJIbIMEH K9He TiK aybICy
yZAepiciHig apTybiMeH 6ailiaHbIcThL. Byt 1epekTep ’Be KOHLEHTpalUsIapbIHbIH MayChIM/IbIK,
aybITKy/JIapbl aya MacCaJapblHbIH, LUPKYJAALUACHI MEH MeTEOPOJIOTHUAJBIK KaFJauhlapMeH
ThIFbI3 OAWIAHBICThI JleT€H TMII0Te3aHbl pacTal/ibl. ATan akTKaH/a, KOKTEM MEeH a3 Me3TijiHae
TiK aya aJiMacyblHbIH KapKbIH/bLJIBIFbI Be-HiH aTMochepaHblH }KOFapFbl KAbaTTapbIHAH Kep
6eTiHe TycyiHe bIKNaJ eTe/i, OyJl OHbIH KOHIEHTpPALMSAChIHbIH, KOFapblJlayblHA aJIbIIl KeJei.
CoHbIMEH KaTap, CYbIK Ke3eHJeri >ayblH-IIAllblH MeH [AbIMKbLI TyHOA aspo30J/bJAep/iH,
marblHa ceben 6oJibll, 'Be neHrediH TeMmeHzaeTexi. OcbiFaH opal, ’Be-Hi 6akbliay aya
MaccaJlapblHbIH JWHAaMHUKacbl MeH Tponocdepa MeH cTpaTocdepa apacblHAAFbl ajMacy
yAepicTepiHiH MHAMKATOPbI peTiH/Ee KOJIJAaHbLIYbl MYMKiH, COHZal-aK PM2.5 s1acTaHybIHbIH
MayCbhIM/bIK epeKIle/liKTepiH aHbIKTayFa MYMKIH/iK 6epefi.

PM_2.5 ke3depiH aHbiKmayra apHaaraH ’Be K010aHbLaybl

’Be  ©3iHiH FapbIITHIK (KOCMOreH/[i) TabOWUFATbIHA >X9HEe AHTPOINOTEHAIK Ke3AepiHiH
6osiMayblHa 6GaislaHbIicThl PM2.5 a3spo3osibepiHiH IIBbIFY Teri MeH TacbIMaJj/iaHy >KOJI-
JlapblH Oarajiayfa apHa/JifaH TabUFW MapKep peTiHJe KbI3MeT eTe asajbl. TeXHOTeHJiK
JIaCcTaFbIIITap/aH, Mbicabl, ne3ui-137 (*37Cs) nemece Kopracein-210 (**°Pb) aiiblpMalIbLIbIFbI
- oJIap KepTriliKTi eHepKacCiNTiK HIbIFAPbIH/bLIAD HOTHKECIH/le »XMUHAJybl MYMKiH, as ’Be
aya MaccajiapblHblH >ahaHJbIK >9He aWMaKThIK TacbIMaJj/laHy Y/epicTepiH KepceTeni.
137Cs xone 2'°Pb-neH canbiCcThIpy KesiHze ’Be »aHa aspo30JibJep YIIiH HHAMKATOP peTiHge
apThIKIIbIIBIKKA He, cebebi OHbIH *KapThliak blAblpay Ke3eHi 53,3 KyHJAI Kypalgbl, 6yJ
aTMocdepaZia KbICKa YaKbIT CaKTasJaTblH a3po30JbJepAi 6aKbliayFa MYMKIHAIK Gepefi. A
210Ph xapThlnai bIALIPAY YAKbITHI IIAMaMeH 22 Kbl 60JIFaH/{bIKTaH, 0J1 IACTaFbIIITAP/bIH, y3aK
Mep3iM/i KHMHaNYybIH K9HE >KEePriJiKTi WbIFapblHAbLIAP/bl OaFalayFa »KaKCbIpak, >kapai/bl.
OcbiFaH GaWJsaHbICTBI ’Be  TpaHcuiekapaiblK PM2.5 TacbiMa/iblH aHBIKTAyFa, COHJai-aK
a3p030JIbJepAiH KOHAEHCALUA KoHe KoaryJanusa CUAKThI eKiHIIi peTTiK Ty3iny yaepicTepin
OafasiayFa apHaJIFaH THIM/JI KypaJs 6o0J1a anajibl. byJ, acipece, eHepkacin KapKbIH/[bl JaMblII
»KaTKaH XoHe KypZei reorpaduscel 6ap Kazakcran ailMaFrhbl yilliH MaHbI3bl. IFHU YaKbIThILJIbI
KepCeTKilITepAiH aJblHYybl JJa MaHbI3/bl, 4-cypeTTe KP aysaHbiHZa aTMochepasblK ayaHbIH
©3repiciH 6aKbLJIAaUTBIH e/l MeEKeHAeP/iH OpHaJiacy OpbIHAApbl KOPCETIJITEH.
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Cypert 4. KazakctaH Pecnny6/iMKacbhIHBIH, ayMaFbIHAA aTMOCcdepabIK,
ayaHbIH, )Kall-KYiH GaKblJIAUTBIH eJ1/ji MeEKeHJepAiH OpHalacy cxeMachl
EckepTy: AepekTep HerisiHje KypacTbIpbliFaH [22]

AHblKmaaraH 3aH0bl1bIKMapdblH 0eHCay/AblK NeH KOpWaraH opmara meHemiH kayinmepdi
baranayra acepi

PM2.5 KypaMmbiHZaFbl ’Be-HiH KeHiCTiKTiK-YaKbITTBIK YPAiCTEPiH TYCiHY 3KOJOTHSJIBIK
»KOHe CaHUTAapJIbIK KayinTephi 6arasay yuliH Tikeseil MaHbi3fa ue. Ce6ebi PM2.5 - ThIHbIC
aJly KoHe XYpeK-KaHTaMbIp >KyHecCiHe acep eTy TYpFbICbIHAH a3po30JibJepJAiH eH KayilTi
bpakuusaapbIHbIH 6ipi 60161 TabbLIabl. OChI 66JIIIEKTEPAIH KO34ePi MEH Tapasly »KO0JIJapblH
6is1y J1lacTaHyzbl a3aiTyFa 6aFbITTa/IFaH HEFYPJIbIM TUIM/Ii llapasap/bl 93ipJeyre MyMKiHZiK
6epeni. KazakcTan MeH kepiuisiec eHipsep 6oibiHILIa AepekTep PM2.5 KoHIleHTpalMsaapblHbIH,
KUi HOpMaJiaH achlll TYCETiHIH KepceTeni, Oy/1 3KCTpeMasbl JaCTaHy >XafFAalaapbIMeH
pactanazabl. ’Be-Hi WHJUKATOp peTiHAe MNalAalaHy aWMaKTbIK >KoHe TpaHCUIeKapasbIK
Ke3/iep/liH yJieCiH HaKThlJlayFa MyMKIiH/iK 6epe/i, 6yJ aya canachlH »KaKCapTy MEH XaJIbIKTbIH,
JleHCayJ/IbIFbIH KOpFayFa OaFbITTa/IFaH YJATTHIK OaFAapsiaMasiapbl 93ipJiey YiliH MaHbI3/ibl.

Xasvikapaavlk 3epmmeysepMmeH CaablCMbIpy HcoHe HahaHOblK heH alimMakmblK epekule-
Aikmepdi aHbikmay

OJIEMHIH 9PTYPJli 6HipJIepiHeH a/IbIHFAH JlepeKTepAi canbIcThIpy ’Be-HiH PM2.5 KypaMbiH-
JlaFbl KOHLEHTpaLuaJIapbl MeH OJIapAblH MayCbIM/JbIK aybITKy/JIapbIHbIH, YKCaC CUIATKa He
eKeHiH, 6ipaK COHbIMEH KaTap 9p eHipAiH KJIUMATThIK *K9HE aHTPOINOTeH/IiK epeKileJiKTepiH
6eliHeselTiHIH KepceTeni. Eypona MeH CoaTycTik AMepuKaza, MyHJa MOHUTOPHUHT »KeJlici
»KaKChbl JaMbIFaH, ’Be-HiH, MayCbIMABIK IbIHAAPbl KOKTEMTi TachbIMaJllapMeH >KoHe Ka3Fhbl TiK
aybICyMeH 0al/IaHbICThI, a1l MUHUMyM/Iap — KY3Ti-KbICKbI KaybIH-1IalllbIHMEH 0aWlaHbICTHI.
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OpTanblK A3Usfa, KJAUMAThl aHAFYpJiblM KOHTHUHEHTAJ/bl >KoHe Kypfak OOJIbINl KeJIeTiH,
IWaH/bl JayblI[lap MeH TpaHCLIeKapaJiblK TacbIMaJJblH 9cepi alKblH 0allKaJaTbIH 6Hip/e,
’Be 60OWbIHILA JlepeKTep 93ipre mIeKTeysi, 6y MOHUTOPHUHITI KEHEUTYAI KakeT eTexi. by
eHipze 'Be 1aH/bl a3p030JibJiep MEH aHTPOMNOIreH/IiK IbIFAPbIH/AbLIAP/AbIH 9CepiH 6aFasiayFa
apHaJIfaH aca ce3iMTaJ MapKep 60J1a asa/ibl lereH 60/KaM »KacayFa MyMKiH/Z ik 6epezi. Kanebl
caJIbICTBIpMaJibl aKnapar 2-kectezie, akTopJlapMeH KapacThIpbIJIFaH.

Kecte 2. PM2.5-Teri ’Be KOHIEHTPAIUsACHIH >XK9HE JJIEMHIH 9PTYpJi aliMaKTapbIHAAFbI
MayCbIMJbIK TPEHATEP/I CAJIBICTBIPY

A¥imak PM2.5-Te ’Be MaycbIMABIK, LIBIHAAPD dcep eTyAiH Heri3ri
KOHLeHTpanuscel (MBk/m?) dakTopJsiapbl

JeTpoiT, 4,8 KexTeM, a3 Tik anmacy, KyH 6esiceHAiiri

CIIA

YanbBa, 49 KekTeM, ka3 Aya MaccajiapbIH

Hcnanug TacbIMaJl/iay, »KaybIH-IaLIbIH

Mauara, 4.2 KekTeM, ka3 K/IMMaTTBIK epeKIenaiKTepi,

Hcnanug »KaybIH-1IaLIbIH

Manrasop, | 6,9 KekTeM, a3 MyccoHbIK ponecTep,

Wupaus YKEPTiJiKTI Ke3aep

Kazakctan |/lepeKTep XOK, BounkaM 60HbIHIIA TpaHcuieKkapasblK TacbIMaJl-
PM2.5 - 22,2 mkr/m? KOKTEM Jay, WaHAbl 4ayblIAap

[llonyawiH gepekTepi ’Be anemeHTi PM2.5 aspo3osibepiHiH, AUHAMUKACBIH, 0JIap/iblH, KO3-
Jlepi MeH TapaJiy »K0JiJapblH 3epTTeY YIUIiH TUIM/II TAOUFU UHAUKATOP 6OJIbIN TaObLIATbIHBIH
pactaiibl. ’Be KOHIeHTpalMsJIapbIHbIH MayChIM/IbIK LIAPbIKTAY Ke3eH/Jepi KOKTeM MeH Ka3
Me3rijziepiHzeri Tik aJqMacy[blH KYILI€HIMeH aHe aya MaccaJlapblHbIH LUPKYIALUACBIMEH
6alJIaHbICTBI, aJl MUHUMYMJAp - KY3Ti-KbICKbl >KayblH-IIAUIbIH MeH a3p030JbJAep/iH,
’KYBUIBIN KeTyiMeH 6GaiyiaHbIcThbl. ColikeciHle, 7Be TpaHCLIeKapaJblK TaCbIMaJIZbIH JKoHe
aspo30JibJep/liH, eKiHLII pPeTTiK Ty3ily mpolecTepiHiH yJeciH 6aFasayFa apHa/faH CeHiMZAi
MapKep peTiHje KOoJAaHbLIybl MYMKIiH, OyJ aya canachl »KOFaphbl JieHrei/ie JacTaHFaH eHipJiep
YIUiH, MbIcasbl, OpTa/blK A3us YiIiH aca e3eKTi. ’Be  GoUbIHILA aJIbIHFaH JiepeKTepai 6acka
PaAVMOHYKIUATIK)KOHE XUMHUSJIBIK UH/IUKATOPJIapMeH, COHJjaii-aKaTMochepasibIK TacbIMaJiiay
MoJiesib/lepiMeH OipiKTipy 3KOJIOTUABIK KayinTepAi 6aFasiay AaJAiriH apTThIPHIII, JIaCTaHYAbI
a3alTy MeH XaJIbIKThIH, [JI€HCAyJbIFbIH KOpFayfa OaFbITTajJfaH TUIMJipeK Liapajapzbl
93ipJieyre MyMKiHAiIK 6epe/i.

KopbITBIHBI

Ocel wiony MakasacklHAa ‘Be  wu3oTonblH PM2.5 aspososb GesliekTepiHjie Gakbliay
aTMocdepaJsiblK TacbiMasi/iay, JaCTaHy Ke3/epi KoHe MayCbIM/bIK IMHAMKUKA TYPa/ibl MaHbI3/bl

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N22(151)/ 2025 127
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



A.O. Myxamemcanosa, K. )Kymadunos, A.A. Bazpamosa, ’K.A. batizazuros, K.0. Hacunos, M.T. KacbimacaHos,
A.U. UsaHHuKkos, B.®. CmenaHeHko, M. Xowu

MaJliMeTTep 6epeTiHiH kepceTei. Bys MasnimeTTep acipece KasakcTan MeH OpTasblK A3ud yIliH
aca e3eKTi. AlMaKTaFbl TYPaKThbl KoFapbl PM2.5 feHrei — »KepriJlikTi WbIFapblHAblJIAPMEH
KaTap LlIeKapa apaJiblK LIaH TaCbIMaJbIHbIH dCepiHEH TYbIHJAUTBIH — OHIpJIiK epeKIleiKTepre
6ediMzie/ireH 3aMaHayd MOHUTOPUHI 9JiCTepiHiH KaKeTTijliriH kepceTrefi. ’Be M30TOIbIH
MEeTEeOPOJIOTHUSJIBIK JlepeKTepMeH KoHe MoJesibJieyMeH Gipre maijajaHy aspo30JbAep/liH,
Tapajy >KOJAApblH KaJaFajay o9He aJiblC KAUIbIKTBIKTaFbl TacblMaJj ocepiH Oarasay
yuriH »kahaHAblK JeHreie TUiMAl ofiic peTiHZe TaHBLIFaH, ajaiijla MYHJal 3epTTeysep
KasakcTaHza a1 e cupek Keszeceai. ATasFaH eTiclleylWiliKTep/iH OpPHBIH TOJITHIPY YILIiH
’Be GaKpbliay JKeJiJiepiH KEeHEHTY, YHEM/Ii Y/ITi/Iey 3koHe raMMa-ClIeKTPOMETPHUSIIBIK 3/icTepAi
€HTi3y, COHAaN-aK paJJMOHYKJIUATIK lepeKTepAi XMMHUAJIbIK MapKepJIepMeH »KoHe CIIyTHUKTIK
6akbliaysapMeH OipikTipy KaxeT. bys Kajjamjap JacTaHy Ke3JepiH [9/71 aHbIKTayFa >KoHe
Kayin-kKaTepJsiep/Zii 6aFasiayFa MYMKiHAIK Oepe/li, HOTHXKeCiHJe aya camacblH 6acKapy/blH,
FBLJIBIMU HeTi3/ieJireH Taciiaepi KamTamachi3 eTisiesi. CoHbIHAa, 'Be n3oTtonblH KazakcTanaa
Tpaccep peTiHze xxyHesi naiaanany PM2.5 nacTaHyblHbIH TaOUFAThIH TePEH TYCIHYTE, OHIpJIiK
cadcaTThl KaJbINTACTBIPYFa KoHe KOFaM/JbIK JeHCayJblK IeH KOoplLlaFaH OpTaHbl Kopfayfra
6aFbITTaJIFaH HAKThI CTpaTerusaapAbl a3ipjeyre eseyii yjiec Koca ajajbl.

Anrbic aliTy, MyAAe/iep KaKThIFbIChI

Kymbic 2024 xbiiFbl 9 KbipkyiekTeri Ne 189/T'®d24-26 kenicim GoibiHIIA FblabIM
’KOHe ’KOFapbl 06isiM MuHHUCTpJIriHiH, AP23488651, fpuibIMU 3epTTey/epfi TPaHTTHIK
Kap>KblJIAaHABIPY >K00aCbIHbIH, KapXKbLJIbIK KOJIAAybIMEH J>Xy3ere acblpbli/ibl, COHJAAW-aK
Kasakctan Pecny6sivkachl FeuibiM koHe YKoFapbl 6i1iM MUHUCTPJITiIHIH 6aFaapJiaMasbiK-
MaKCaTTbIK Kap>XblJIaH/bIPy LIeHOepiHAe *y3ere acbipbLiabl (BR27101493, 05.02.2025 k. No
29/TP-25-26).

ABTOpJIapAbIH, KOCKaH yJiecTepi

Myxamer:kaHoBa A.O. Kymaawinos K., BarpamoBa A.A. - 3epTTey, oAicTeMe,
TYNHYCKAJIBIK, ka3y, 6aKbljiay, pecypcTap, I0Jy;

BaiirazunoB 2K.A., Hacuwios 7K.0., Kacbim:kaHoB M.T., UBaHHuKkoB A.U., CtenaHeHko B.d.,
Xomu M. - KOHLeNTyaJu3alus, BU3yalu3alus, peJaKyusaaay *KoHe Kap>KblJIaHAbIPY.

9ae6ueTTep Tizimi
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AtMocdepHasa akTUBHOCTb Gepusiausa-7 (Be) B aapo3osiax PM2.5: npuMeHeHMe,
TEHAECHIUH U 3KOJIOTHYECKHUE MePCneKTHBDI

AHHOTanus. B cTaThbe npejcTaB/eH MOJJPOOHBINA aHAIU3 OCAEITHUX UCCe/JOBaHUM aTMochepHOH
AKTUBHOCTH KOCMOTEHHOTO paJHOHyKauja 6epususa-7 (Be) B aspo30sbHBIX 4YacThunax PM2.5.
O6pasyromuiics B BBICOKUX CJ0SX aTMochepbl B pe3ysbTaTe B3aUMOJAENCTBUS KOCMHUYECKUX JIydel
’Be IBNsieTCA YYBCTBUTEJbHBIM M YHHUKAJIbHBIM TPaccepoM, KOTOPBIH MOXET OBbITh HCIOJb30BaH
JJIs1 OTCJIeKUBaHUs llepeHoca U TpaHcPopMaLUM aspo30Jied U CBSI3aHHBIX C HUMH 3arps3HSAOLUX
BeLleCTB, a TaKXKe /IJ1s1 U3y4YeHHs1 MeXaHU3MOB 06MeHa Mexy Tponocdepoii u ctpaTochepoil. B o63ope
paccMaTpuBaloTcs GU3UYECKUEe U XUMUYECKUE CBOMCTBA /Be, OMUCBhIBAIOTCS CJI0XKHbIE aHAJTMTHYECKH e
MeTOZbl ero 0GHapyXeHHs, BKJI04asl raMMa-ClleKTPOMeTPHIO, U pacCMaTPUBAIOTCS €ro Ce30HHbIe U
pervuoHasibHble KojiebaHUs B CBS3U C MOTOJHBIMH YCJOBUSIMU U OCHOBHBIMHU MCTOYHHKamu PM2.5. B
0630pe MoJYepKHUBAETCs HayyHast U MPAKTHYeCKasi BAXKHOCTb MCIOJ/Ib30BaHUs “Be [/1s1 OlleHKH KayecTBa
BO3/lyXa, yIpaBJieHUs] PUCKaMU U pa3paboTKH CKOOPAUHUPOBAHHBIX MeXJYHApOAHBIX CTpaTeruu
MOHUTOpHHIa aTMocdepbl U CHHUKeHUS 3arpsi3HeHus1. 0co60e BHUMaHUe yZeJIeHO HCI0JIb30BaHUI0 'Be
B KaueCTBe MHCTPyMeHTa [IJ1s1 KOJIMYeCTBEHHOI0 OllpeiesIeHUs TPaHCIPAaHUYHOTr0 IepeHoca aspo3ojei
Y OLEHKH I0C/e[CTBUM 3arps3HeHUs] MeJIKOAMCIEepPCHBIMHU 4acTULAMU JJis OKpYyXKalolield cpefbl U
3710pOBbsl HacesieHUs. B cTaTbe Takke 06CyKJaeTcs UHTerpanus JaHHbIX 'Be B ceTH aTMOCHEpHOro
MOHHUTOPHHIA U CUCTEMbl MOJEeJUPOBAHUs, NOAYEPKUBAKOTCA KaK MOCAeJHUE JOCTHIXKEHUs, TaK U
TeKylue Npoo6JieMbl.

KiniwouyeBble caoBa: Gepuyinii-7 (“Be); asposonu; PM2.5; aTmMmochepHbIii MOHUTOPUHT; 3KOJIOTH-
yecKasl OlleHKa; paJlJuOU30TONHble UHAUKATOPbI; TeHAEHLUH 3arpsi3HeHUs .
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Atmospheric Activity of Beryllium-7 ("Be) in PM2.5 Aerosols: Applications, Trends, and
Environmental Perspectives

Abstract. A thorough analysis of recent studies on the atmospheric activity of the cosmogenic
radionuclide beryllium-7 (“Be) in PM2.5 aerosol particles is given in this article. Produced in the high
atmosphere by cosmic ray interactions, ’Be is a sensitive and unique tracer that may be used to track the
transportandtransformation ofaerosols and related contaminants, as well as to study exchange mechanisms
between the troposphere and stratosphere. The review discusses the physical and chemical properties of
’Be, describes sophisticated analytical techniques for its detection, including gamma spectrometry, and
looks at its seasonal and regional fluctuation in connection to weather patterns and PM2.5 main sources.
This review highlights the scientific and practical importance of using ’Be in air quality assessment, risk
management, and the development of coordinated international strategies for atmospheric monitoring
and pollution mitigation. Specific attention is given to the use of ’Be as a tool for quantifying transboundary
aerosol transport and for assessing the environmental and public health implications of fine particulate
pollution. The article also discusses the integration of ’Be data into atmospheric monitoring networks and
modeling frameworks, highlighting both recent advancements and ongoing challenges.

Keywords: beryllium-7 (’Be), aerosols, PM2.5, atmospheric monitoring, environmental assessment,
radioisotopic indicators, pollution trends.
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Anpartna. bys KyMbIcTa aMUHKBIIIKbLIApbl 6ap MBIPbII KelleHJepiH ady-
AbIH: cyfa cunTteszenred Zn(Gly),, cyna xoHe opraHMKalbIK OpTaja CUHTE3-
AenreH Zn(Pro), epTypJii aficTepi KapacTbIpbLIbL. AJIbIHFaH KOChIIbICTap/(bIH
3JieMeHTTiK KypaMmbl SEM-EDX a/iciMeH aHBIKTaJIbII, 0J1 6aCTaNKbl MaTepuasl
peTtiHze ZnCl2 KeMeriMeH CUHTe3/ieJIT'e€H KOChIIbICTapAa peaKUsaIapAblH npe-
KypcopJiapbl 6ap ekeHiH kepceTTi. PeHTreH/jik KypbIJIbIM/IbIK, Ta/lAay a3 MeJl-
niepAe MpeKypcopJiblK, Kocmajapbl 6ap ¢aszanblK Ta3a eHiMAepAiH Ty3inyiH
kepceTTi. UK-Pypbe cHeKTpOCKONHUSCHI KOCBLIbICTAp/bIH GYHKLMOHAJ/ b
TONTApbIH aHbIKTayFa MyMKiHJik Oepin, FTIR cnekTpJsiepi 60olbiHIIA OTTET]
MeH cyTeri apacblHafbl 6ailJIaHbIC MBIPBILI IEH OTTETi apacblHAAFbl KOOPU-
HalMAJIBIK OalJIaHbICIEH a/IMAaCThIPbLIAThIHbI aHbIKTa//bl, ajJ HIbIHAAP/bIH
YJIKEH HeMece Killli TOJIKbIH/BIK CaHZapFa aybICybl MBIPHILI [1EH a30T apacbIH-
JlaFbl KOOPJAMHALUSJIBIK OalJIaHbICTbIH, Ty3inyiH fanenaeisi. SEM-cypetTtepi
JpPTYpJii dJlicTepMeH CHUHTe3/leJITeH KOCBLIbIC OeJileKTepiHiH MeJliepi MeH
nilmiHiH aHbIKTayFa MYMKiHAIK Oepfi. OpraHuKa/blK OpTaZa CUHTe3/e/reH
KYpZieJli MbIPBILI-NPOJIMH KellleHiHiH 6eJlleKTepi Cy/jla CAHTe3/eJIreH OeJlleK-
TepAeH auTapJIbIKTal a3 eKeHiH KepceTTi. TepMOrpaBUMETPHUSAJBIK, Taanay
Zn(Gly), KocplibIChIHJA KpUCTaNJaHy Cybl 6ap eKkeHiH KepceTTi, aa Zn(Pro),
KOCBLJIBICHI blIFa/iaH6aFaH. Zn (Gly), KoMMepUUs/IbIK KOCMETHKAJIbIK OHIMIe
(capbicy) KOHCEpPBAHT peTiH/e eHTi3iiai. MbIpbIII-TJIUIUH KellleHi KocMeTHKa-
JIbIK, eHiMZAepi Pseudomonas aeruginosa, Staphylococcus aureus, E. coli »kaHe
Candida albicans-TeH ThiMAi MUKpPO6GKa Kapchl KOpFay/bl, TiMTi MbIPbIII-TJIH-
IIMH KellleHiHiH eH TeMeHri KoHIeHTpauuscbiHAa (0,3%) 1a KaMTaMachI3 eTTi.
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Mbipbiw KewleHOI KOCblIbICMAPbIHbIK CUNAMmMamMacsl, cuHmesdey adicmepi jxaHe KYypblablMOblK-hasablk
KacuemmepiH 3epmmey

Aspergillus brasiliensis-ke Kapcbl MbIPBIII-TJUIUH KellleHi 6aliKaiMa/ibl, SFHU
O6yJ1 MUKPOOPraHU3M/Jep/iiH, KOJIOHUSIJIAPbIHbIH, a3alobl 6alKaJIMaAbl HeMece
»KeTKisikci3 6011bl. KypaMbiH/ia MBIPBIII-IIMLUH KelleHi 6ap KOCMeTUKaJIbIK
KOMIO3ULUsIapFa QYHIUIUATIK KacueTTepi 6ap Tepire manjaasbl Tafbl Oip
MHI'PEIMEeHTTi KOCY MaKCaTThl KOHCEPBAHTTApP/ bl Naii/JaaHOaNThIH KOCMETH-
KaJIbIK 6HIM/Iep/i »Kacay MYMKIH/ITIH auKbIHAA/IbI.

Tyitin ces3aep: MbIpbi-riannuH, Zn(Gly),, Zn(Pro),, SEM-EDX, FTIR cnekTpi

Kipicne

KocMmeTurka eHepKacibi asieM/eri eH 6acekere KabijieTTi casiayiapAbiH 6ipi 60111 TabblIaAbI
»KOHEe OHBIH, TOJIBII )XaTKAaH HapbIFbl OHAIpyLliiepi TYThIHYIIbLIAPABLIH KOXKEeTTIJIIKTepi MeH
YMITTepiH KaHafFaTTaH/JbIPY YIIiH yHeMi >kaHa eHiM ¢opmyJiasapbl MeH HHHOBAIUSJIBIK
meuriMaepAiisaeyre Maxxoyp etesi. COHFbI yaKbITTa TYThIHYIIbLIAP KOCMETUKAHbIH KYpaMbIHa,
OeJiceH/li 3aTTapfa, UHIPeAUEeHTTepre KebipeK KbI3bIFYLIbLIbIK TaHBITYAA. TYThIHYIIbLIAD
Gesirisii 6ip OpeHATI eMec, MHIPeJUEHTTi >KOHe OHbIH OHiIM/Zeri KOHIeHTPAILUSChIH Ui
TaHAau/ bl [1-4].

KocMmeTukasnblK, 6HIMHIH KypaMblHJaFbl KeWbOip MHIpeJUueHTTepAiH 60Jybl HeMece 60JI-
Maybl KOCMETHUKAJBIK 6HIM/i CaThIl any Ke3iHAe TYThIHyUIbIHbIH LIEIIiMiH aHbIKTAal aJajibl.
OcbifaH $eHOKCHITAHOJI KOHCEPBAHTHI KaKCbl MbIca/l 60Jia ajajbl, 0J TypaJjbl dp TypJi
»KepJiep/ie KeNTereH Heri3ci3 Tepic »xoHe ap/lalibIM AypbiCc eMec aknapaT 6ap. bys kocMeTHKa
OHEPKICiGiH/Ieri eH, »KaKChl Tepire Te3iM/i koHe eH TUiM/Ji KOHCepBaHTTap/AbIH 6ipi 60JibIN
Tabbl1abl. DeHoKcHaTaHO EyponanbiKOaKTaKoCMeTUKAIBIKpeLenT6oibliHIaKayincia (1%
JlefiiH) MHTpeIueHT OO0JIbIN CaHaJIa/bl >koHe TIllTi 6asia/lapFa apHaJIFaH eHiMep/ie KoJlaHyFa
pykKcat eTisiefii. PeHOKCU3TAHOJAbI 9p TYPJIi capbICy/iap MeH KpeM/Jepze FaHa eMeC, COHbIMEH
KaTap Tic macTacblH/la, HOpecTeJiepre apHaJiFaH AbIMKbIJI Mal/bIKTapAa KOJIJaHbIII YK9HE T.0.
[5, 6] kenTereH cypaHbICTap TYCKeHi 6esrisi. KoMnanusi TyThIHymbLIapAbIH HiKipiH ThIHAAM,
OHbl KeNTereH 6HiMJepiHeH ajblll TacTajbl. KocMeTHKa eHepKacibiHAe KOoJiAaHblIAaTbIH
6acka Jla Heri3/i / Heri3ci3 3UsH/bI KOHCEpBAaHTTAapMeH YKcac »KafFAal: nmapabeHjaep, 1a3o-
JIMIUHUJIMOYEBHUHA, UMM/IA30JIMIMHUIMOYEBHUHA, 2-6poM-2-HUTponponaH-1,3-auoJ, XJjaop-
deHe3uH, TpUK/I03aH. KocMeTUKabIK, 6HIMAEPAI MUKPOOUOJIOTUSJIBIK, JJAaCTaHyJJaH KOPFay/blH,
"JlocThIK'"' 6asamMasiapbl KaxkeT [7-12].

KypambiH/ia MBIpBILI 6ap KOCbLIbICTAp KebiHece KOCMETHKAJbIK 6HIMAepAiH KypaMbIHA
GeJsiceH/]i HeMece KOMeKIIi 3aTTap peTiHAe KOoCblaabl. MbIPbIL KOCBLIbICTAPbIHBIH, O€JTrii
KacueTTepi-oJlap/iblH MUKPOOKA Kapchbl OeJICEHAiNIri, Mail ceKpeLusCblH Texey O60JIbII
Tabbl1agbl. OCbl KacMeTTepiHiH apKacblHAA MbIPbIII KOCMETUKAJBIK KoHEe MeAUIIMHAbIK
eHiMZiep/ie Oe3ey, KallbI3FaK, AepMaTHUT, [ICOPHUA3 HeEMece 3K3eMa CHUAKTbl Tepi aypysapbiH/
Oy3blIyJIapblH eM/ley Y1IiH KoJiAaHblaaabl [13] . MbIpbllll OKCU/i COHBIMEH KaTap MUHepPaJbl
KYHHEH KOPFAaMTBbIH KpeM/lep MeH COH/iK KOCMeTHKaHbIH, TaHbIMaJ UHTPeAUEHTI 60Jiajibl.
KocMmeTrka eHepkacibiHe apTypJii MbIPbILI KOCBLIBICTAPBIH MalalaHy KaHaJbIK 60Maca
Jla, Tepire maijaabl dpTYpJli MbIPbILI KOCBLIBICTAPbIH Taby aJii Jie »kanracyga [13]. Onapabiy
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Kelbipeysiepi MbIPBILI IEH aMUHKbILIKbLJIIapbIHbIH KYPZeJi KOCbLIbICTapbl 60J1bIN CaHAJIa/ibl.
ApnaMm TepiciHiH KoJlJ1areHiH KypaWTbIH HeTi3ri aMUH KbIIIKbLIbI-TJIMLMHMEH (Zn(Gly)2) xaHe
nposinHMeH (Zn(Pro)2) koopAMHAUUSIBIK KYPAEJi MbIPBIII KOCBLIBICTAPbl - KOCMETUKAJIBIK,
npenapaTrrapia eTe CUpeKk Keszeceli. MbIpbII-IVIMIMH KelleHI peuentypaja KoJAaHyFa
»KapaM/bl 60JIFaHbIMEH, ThIM KbIMOAT >K0He OHbI XKeTKi3yulijiep a3. COHbIMEH KaTap, MbIPbILI-
IPOJIMH KelleHi aJ1i KyHre JilediH KocMeTHUKa/bIK popMyJanapAa KoJJaHyFa pyKcaT eTiJreH
UHTpeJiieHTTep Ti3iMiHe eHrisiiMereH [14]. Bys KOChLIbICTAp MbIPbII KOCBLJIbICTapblHA
TOH KacheTTepiMeH FaHa eMec (MUKPOOKA Kapchl GesiceH/iNIK, MalAbl 6aKpliay), COHbBIMEH
KaTap [VIMLUH MeH MpPOJIMHHIH NMai/jasbl MUKPOOKa Kapchbl KacMeTTepiMeH (Tepi KoJllareHiH
CUHTe3/eyre, TePiHiH pereHepanusachl MeH a3blIybIH bIHTaJaHABIPYFa apHAJ/IFaH KYPbIJIbIC
YKOHEe CTUMYJATOPJIBIK 3aTTap) maijasnbl 60/ybl MyMKiH [15]. Bysn KemeHaep KaMTaMachl3
eTe aJaTblH €H MaHbI3[bl HOpce — OyJI Tepire manjajbl KacUeTTep FaHa eMeC, COHbIMEH
KaTap eHiMJi MUKPOOHOJIOTUSJIBIK JIaCTaHYAAH KopFay - cakray. KocMeTHKas/bIK 6HIMHIH,
peLnenTypacbiHa 0Cbl KOCBIIBICTAP/AbIH TUICTI KOHLEHTPALMACHIH TaHAAy KoHe eHTi3y apKblJIbl
KOHCEpBaHTTapAbl KOJIJaHy/,aH ayJiak 60syFa 60s1a/bl, 0yJ1 ©HIMHIH 63iH nai/jaibl FaHa eMec,
COHBIMEH KaTap Ta/IFaMIa3 TYThIHYLIbI YIUiH TaPTbIM/bI €Te/].

3epTTeyAiH MaKcaTbl peTiHJe MBIPbIII-TJIULUH 9He MBbIPBII-NPOJUH KelleHAl KOChI-
JIBICTapbIH CUHTEe3/ey, KOMMepLHYAJIbIK CHHTe3 YIUIH CUHTe3/ey d9icTepiHiH KOJIJaHblIYbIH
6araJiay, CHHTe3/ieJIF'eH MbIpbIIL KellleH/i KOCbLIbICTapbIHbIH, KOCMEeTHKaJbIK GopMysiaaapaa
KeNnPyHKIMOHANAbl UHIpeJUeHTTep (OesiceHAl KOMIIOHEHT >X9He KOHCEPBAHT) peTiHJe
KOJIJaHY¥a XapaM/blJIBIFbIH 3€PTTEY.

JdJicHaMa

MeTanpap/iblH, YUNIECTIpY XUMHUACHl KOHTEKCTIHJE «KelleH» HeMece «KypZeJi KOCBLIbIC»
TEepPMHUHI JIMFaHATapMeH KOplUaJfaH OpTaJblK MeTaJlJl aTOMbIH HeMece UOHBIH bingipeai [16-
17]. Byn fereHiMis opTasiblK aToM, OyJ1 XKaFAal/1a MbIPbILL, IUTAHATAp el aTajaTblH KapaMa-
Kapchl OesiriHiH GipHelle 6acKa MoJieKyJlaJlapbIMeH (aMUHKBILIKbLIAAPhl) KOOPAUHALUAJIBIK,
6aiyiaHbIC apKblibl OalaHbicaZbl. OpTalblK aTOM-3JIEKTPOH/Abl aKLeNnTop, aja JUraHATap-
KOOpAMHALUAJIBIK 0alkaHbIC Kypy YLIiH O6episyi MYMKiH KeM fiereH/ie 6ip 60C 3JIeKTPOH »KyObI
6ap a/1eKTpOHABI AoHOpJap [18] 6osazbl. Zn** MOHAAPHI YIIiH 60C 3JIEKTPOH/BI XY TAPZbI
KabObL1/jay KabisleTiHiH apKacblH/a MbIPbIIL 9PTYPJIi IMTaHATapMeH KOMIIJIEKCTeP Ty3e ala/ibl.
KoMmuiekc Ty3isy peakuusicblHAa Zn** JIbIOMC KbIIIKbIIBIHBIH, POJIiH aTKapaibl, a1 JUTAaHATAP
JIptouc Herizzepi 60J1bIN Tabbl1aAbl. OpTaIbIK MeTa/lJl MOHBbIHA TiKeJel KOChLIFaH JUTaHATap
KellleHHiH 6acTanKbl KOOpAUHALUAIBIK chepachblH Kypail/bl koHe 0Jlap/blH, CaHbl OPTaJbIK
MeTaJlJ aTOMBIHBIH, KOOPJHUHALUSIBIK CaHbl Jen atanazabl [17]. Byn KoceuibicTapaa Zn?
KOOpAUHAUMUSIBIK caHbl 4 6osazbl [13]. KebiHece kelleHJepAe KaTHOHHbIH aillHa/acbIHa
OipHellle aMUH KbILIKbIJIbI MOJIEKYJ/IaJIapbl 60J1aAbl. JIMTaHATapblH OpHAJIACy bl CHMMETPUSJIbI
60Jlybl MYMKiH, fIFHMU KaTHOH HWHBEPCHUSHbIH OpTacblHJAQ, a1 aMUHKBILIKbLIJAPbIHbIH
MoJIeKyJiasapbl 6ip-6ipiMeH CHMMeTpHUAJIbl 6alaHbICKaH. AMUHKBILIKBLIApbl 6Te 9aMbeban
JIUraHATap 60JblN Tabbliajbl, 6MTKEHI apbip MoJieKy/naZa JUTraHAThIH KOCbLIYy aTOMJAapbl
peTiHJe apeKeT eTe aJaTblH KeM JleTeH/ie YIU >KOFaphl 3JIEKTPJIIK Tepic aToM (KapOOKCUJI
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TOOBIH/AAFbI €Ki OTTEri aTOMbI )X9HE aMUH TOOBIHAFbI 6ip a30T aToMbI) 60J1afbl. COH/IbIKTAH
9pbip aMMH KbIIIKbLIbI MOJIEKYJAachl KaTHUOHMeEH OipHelle >KOJMeH OailjiaHbica ajajbl:
MOHO/IeHTaT, OuJjleHTaT HeMece TPUJleHTaT JIuran/ petinge [19]. OfebuerTtepae aeTTe 9poip
aMUH KbIIKbUIBbI-JIUTAHJ, OPTaJblK aTOMHBIH KOOPAWHALUSAJIBIK cpepacblHa €Ki OpbIHJbI
vieJIeHYi MYMKIiH — MbIPBILI [IeH a30TK9He MbIPbILI [IEH OTTeriapacbiH/1a JOHOPJIBIK-aKL eI TOPJIBIK
6aiianbIc Ty3eTiHi aTan eTisiefi [20]. Eki Kocblly HYKTeci 6ap MyHAau JMraiaTap 6ueHTaT aen
atanazipl [17]. AnbIHFaH Kyp/eJli KOCbLIbICTBIH, CBIPTKBI cdepachl }KOK, 6UTKEHI OpTa/IbIK MIOHHbIH,
OH, 3apsAAbl ilKi cpepasarbl JUTaHATBHIH Tepic 3apsaTapbiMeH eTesiefi. COHABIKTaH OapJibIK
KYpZeJii KOCbLIbIC 3JIEKTPOH/Ibl GelTaparl »KaHe illiKi KellleH Aen atanaazpl [20].

ki KemeHAep/iiH TYPaKThLIBIFbI CBIPTKbI CPepaHblH 60MaybIMeH Jie, OPTaJIbIK aTOMHBIH
eKi JIMraH/[TaH TYPaThIH IUKJ/IK KYpblJIbIMAA 60/ybIMEH /i€ aHbIKTa1a/bl. BalislaHbICTap/bIH,
GepikTiri kelleHHiH epiTiHAiAe ic Ky3iHJe AMCCOLMALMUAIAHOAUTBIHABIFBIH aHbIKTAN/bI.
Erep kaHzail ga 6ip mpoiecc GapbIChIHAA OPTaJblK aTOM MeH JIMTAaHATAp apacblH/JAFbI
6ailsIaHbIC y3i/ice, KellleH blbIpanbl, erep KoK 060Ji1ca, OH/Zla KellleH TypaKThl O0JIBII KajlaAbl
[19]. AMHUHKBILIKbLIAAPbIHBIH, MOJIEKYJIaJapbl KelleHAepAiH *KaJfbl3 MYMKIH JIMTaHATapbl
eMec. Erep epitingisepae 6acka anvnoHgap 6oJica (Mbicasbl, raJloreHUATEP), 0J1ap KOChIMILIA
JIUTAaH/JATap peTiH/e apekeT eTe anazbl [19]. Kypaesi KOoCbLIbICTHI epiTiHAIAEH KpUCTAIaHY
apKpLIbl OKLIaysayFa 6o0s1afbl. bys epiTiHAifeH KaTThl 3aT ajy YIIiH KelleH TYy3iJireHHeH
KeWiHTi eKiHIi Ke3eH 60JibIN Tabbl1a bl [20].

Cunmes adicmepi. Kypaesi KOCbUIBICTapAblH, CUHTE3l CyJa [Aa, OpraHUKaJbIK opTaza [Ja
’Ky3ere acbIpbl1ybl MyMKiH. KpucTanaaHy Ke3iHe KaTThl 3aTTap (KpUucTanzgap) 6acka pasazaH,
9/leTTe epiTiHAifeH HeMece GaJiKbIMajlaH Ty3ijieTiH mpouecc. by npouecc epireH 3aTThIH,
HeMece aJIbIHFaH KOChLJIBICThIH, epiTKilllTe epirilTiri KaHAau Aa 6ip »K0JIMeH TOMeHereH/e,
d/leTTe CaJIKbIHJATY, epiTKill-epiTKill KOCy, epiTKIlWITiH O6ip 6eJiriH OyJjaHAbBIpDY HeMece
XUMMUSJIBIK, PeaKIUsl apKblbl 3aTTap/blH TYHOAChI apKblbl Xypeai [21]. Kpuctangany ajici
KaXXeTTi HOTHKeJlepre KOoJl )KeTiM/i »kab/1bIKKa, COHAAaM-aK TaHAaJIFaH epiTKilTeri epirimiri
MeH TYpaKTbLIbIFbIHA 0GalJIaHBICThl TaHJa/aAbl. bacTankplla KaTThl arperaTThiK KyHaeri
IpeKypcopJiap TOJIbIFBIMEH TeMIlepaTypa KeTepilreH Ke3ze epiTkiurte epuai. EpiMelTiH
KocnaJjiapZibl bICTBIK, epiTiHAiAeH cy3yre 6oJiafbl. Opi Kapal, caJKblHJAATy HeMece OyJiaHy
Ke3iHJe epirimTik TeMeHaeWAi, epiTiHAi KaHbIKKAH 060J1afibl KOHE OHIM KpHCTa/laHa/lbl.
EpiriliTik TeMeHereH canblH KpUCTa/14ap TY311iI, CoZjaH KeriH eceTiH HyKTere xkeTe/i. KaTTsl
OHIMHIH MaKCUMaJlibl MeJILIEePiH aly YLIiH XKyWe Tele-TeHJiKKe XXeTyi KepeK. 9pi Kapal eHiM
cysiuiin, kentipineai. KpucrtangapAbliy esieMepi 60MblHIIA TapalyblH THICTI KpUCTaNAaHY
1IapTTapbl MEH MpOoLecC MapaMeTpJiepiH MYKUAT TaHAAy apKblibl OHTAaWJIaHABIPYFa KoHe
6akbliayra 6osiafibl. Cy kebiHece cysibl epiTiHAi/lepAeH KpUCTaAJapAblH maiga 60JyblHA
KaTblcaZbl. KpucTangaHy cybl-MeTaslJl KelleHiHiH KpUCTalJblK KypbLIBIMBIHJA HeMece
MeTa/IJ KATUOHbIMEH TikeJsiel 6GalyiaHbICaFaH Ty3/a O0OJIaThIH Cy MoJIeKyJaJjapbl 6OJIbIM
Tabbl1agbl. KpucTtangany cyblH aileTTe VJTiHI KbI3AbIpy apKbLIbl KOlOFa 6oJsiajbl, Oipak
KOCBLJIBICTBIH, KPUCTAJIABIK KacheTTepi KUl Kofasazgbl. YJrigeri KpucTtajaJaHy CybIHBIH,
MeJIllepiH TEPMOTPaBUMETPUSJIBIK Taj1/jay 9/iCiMeH aHbIKTayFa 60s1a/bl [22].

Cydarvl keweHdepdiy cuHme3si. PeakliMsi KapanaibIM LIbIHBI bIJIbICTAP MEH epiTKilTepai
KOJIIaHa OTBIPBIN, KapamaubIM JKarfaWza KypeZi. AMUHKBIIIKbUIAAPBIHBIH, MeTaJll
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KelleHJepi cyAa epuTiH Ty3blHAH ajJIbIHFAaH 60C MeTaJlJl MOHAAPbIHbIH, 1:2 KaTbIHACBIH/AFbI
aMUH KbILIKbLIJapbIMEH 9peKeTTecyi apKblibl CuHTe3/eAi [23-24]. KemeHaep MbIPbIIITHIH,
6acrankpl Herisi peringe Zn(CH,COOH), kemeriMeH cuHTe3/ee/i. ABTOpJIap/bIH d/icTeMeci
OOMbIHIIA peaKUUsJIbIK epiTiHAI »KOoFapbl TeMIlepaTypaja KbI3AbIPbLIAbI, COAAH KeHiH
KYpZeJli KOCbLJIbIC KPUCTAIJAapblH KaJbIITACThIPY YIIiH 6asy 6ysaHAbl. Mbeipbiit okcuAi (Zn0)
- KOCMEeTHKa/J|a KeHiHeH KO0J1/JaHbLIaThIH Cy/a }aKchbl epiMelTiH 3at (2 Mr/mi (20°C)). lereHMeH,
OJI KYLITi KbIIIKbLIAp/ia epin Zn®* uoHAApbliH Ty3eni. [le30/l0paHT KypaMbIHbIH, MATEHTIiH/Ie
KepCeTi/IreH KypZAeJii MbIpbIl KOCbIJIBICBIH aly TAC/Ii peakyus TeHJeyi 60UbIHIIA epiTiH/iHI
YKOFapbl TeMIlepaTypajia KbI3AbIpY apKblibl ZnO-HbIH aMUH KbIIIKbLIbIMEH 9pEKETTECYi
6osibin TabbLIaAbL: Zn0+2(NH,CH,COOH)— (NH,CH, CO0),Zn+H,0(2). Peakyusaian6aran ZnO
CY3TrifieH eTKi3iJin, epiTiHAiHI KpUCTaIJaHyFa Kaaablpbliaajbl [25].

OpzaHukasblk opmada Mulpblu-NPoAUH KeweHIHIH cuHme3i. OpraHUKaJblK opTaja TaJjaza-
HaTblH aMUHKBIIIKbIZAPbl 6ap KellleHAep/iH CUHTE3i NPOJIMH KaFJalblHJla FaHA MYMKiH
6osnaabpl. CUHTe3 0apJiblK aMHUHKBILIKbLIAAPbIHA KOJJAAHBUIMAWAbl, OUTKEHI OJap/blH,
OpraHUKaJIbIK OpTaZa epiriwtiri apTypJti. [MUyuH GyHKLMOHANABI TONTAP/bIH NOJISPJbIFbIHA
Gai/JIaHBICTbI OPraHMKaJIbIK epiTKilTepae Hawap epufi [26]. Zn(Pro), - cyna epuTiH, 6ipak
OpraHUKaJbIK €pITKIIITEP/iH KOMNIIiJiringe epiMelTiH TUIMZAI, TypaKThl, ap3aH, YJbl eMecC
JIptovC KbIIIKBLIBIHBIH, KaTaJu3aTopbl 060kl Tabblaaabl [27]. OJ COHBIMEH KaTap apTypJi
OpraHUKaJ/IblK peakusaap/bl KaTaausaen anajbl [28].

Martepuaisap MeH peareHTTep

Toxipubenepae keseci pearentrep: ruuuH, C.H.NO, (99,0%, Chempur); L-nposun
C,H,NO, (99,0%, Eurochemicals); mpipbim xsopuzgi ZnCl2 (Eurochemicals); Mbipbiin okcuzi
ZnO (Eurochemicals); Mbipbim aneratsl guruapathbl Zn(CH,C00), - 2H,0 (99,5%, Chempur);
tpustTuaamMud (C,H.),N (Eurochemicals); meranon CH,OH (99,9%, Poch S.A.); Mbipbim
ranguHaT MoHoruapatel C,H.N,0,Zn - H,0 (>97,0%, Eurochemicals) KosgaHbL1 bl

Ne1 cuwmes, Zn (Gly),. 1,2762 r (0,017 mosib) rinuuH xoaHe 1,1584 r (0,0085 moub) ZnCl, 5
MJI HIOHCBI3ZaHAbIPbLIFaH cyAa epiTinfi. Kocna 1 caraT 60#bl KApKbIH/ bl apaiacThIPy apKblbI
40°C TemmnepaTypaza Kbi3ablpblibl. OcbljadH KeliH Mesjip epiTiHAi ToHa3bITKbILITA (2-8°C)
6ip anTara KoWbL1Abl. bip anTazaH keliH naiga 60JFaH KpUCTaa[ap Cy3ijim, eki KyH 60l
60°C TeMnepaTypaza KenTipijiin aJblH/BbL.

N2 cunmes, Zn (Gly), 2,5524 r (0,034 mMosb) rauuuH xoHe 2,3169 1 (0,017 moub) ZnCl,
5 MJI MOHCBI3JJaHABIPBLIFAH CYyAa epiTijin, Kocnackl KaTThl apajacThIpblay 6apbicbiHga 60°C
TeMIiepaTypaza 1 caraT 60#bl KbI3JbIpblIAbl. AJIbIHFAaH KpucTaajap eki KyH 60#bl 60°C
TeMIlepaTypaza Cy3iJil, KenTipiin aJbIHABbL.

Ne3 cunmes, Zn (Gly), 8,2577 r (0,11 MoJib) IIMLKMH epiTiN aJdbIHABL. 75 MJI HOHCBI3-
JaHAbIpbLIFaH cy MeH MeJjjip epitingire 4,0690 r (0,05 Mosab) Zn0O KocblLiabl. KocnaHbl
KaTThbl apaJjlacTblpy apKblibl xKaHe 88°C TeMnepartypaza 30 MUHYT KbI3AbIpbLIALL. EpiMeren
Zn0O maipa O6oJIFaH KellleH KpHUCTa/JlaHa 6acTtaraHfa JeHiH cysingi. Mesgip epitinai 0°C
TeMIlepaTypaZia CaJKbIHJAATY VIUIH KaJAbIPbLIJAbL. AJIbIHFAaH KpucTaagap 12 cafaT iuwiHje
50°C -Ta cysinin, kenTipiazii.
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N4 cunmes, Zn (Gly),. AnpIMeH MbIpbILI TMAPOKCU/I cuHTe3Ae il (Zn (OH),). 44 mu (1moub)
NaOH epiTinaici gaiibinganel. Cogan keiin 6y epitingire 3 r (0,0220 mosib) ZnCl, KocbLaabL.
Ak TyHOa 6ipaeH Ty3iny 6aiikanabl. Peakiius Kocrnacbl MarHMUTTIK apasiaCcThIPFbIIITA [IIaMaMeH
6ip caraT 60¥bl KaTThl apajacTbipblaabl. CofaH KeliH TyHOa Cy3ijin, CyblK CyMeH KyblIa/ibl
*KaHe TYHI 60Mbl ayaja kentipiseai. 0,1988 r (2 MMosib) 6ypbiH cuHTe3genred Zn (OH), 30
MJI Ta3apTbLIFaH Cyja aucnepcusnaHabl. benek crakanza 0,3002 r (4 mmosib) rauuuH 20
MJI Ta3apThUIFaH CyAa epiTisieni. AJbIHFAaH MeJIJip epiTiHAi AUCcHepcUusiFa KyUblIaJbl KoHe
peakLMsl Kocnachl KOJJIOUJ, MeJjip 6oJsiFaHlla 6ipHemie MUHYT 60ibl 50°C TemnepaTypasa
apanacTteipbliazbl. CofaH KelliH peakLUs KOCHAcblH eKi caFaT 6G0Mbl apajacTblpyfa pykKcaT
eTisieZli. AJIbIHFAH aK MaTepuaJ cysineni. Kaaran Mesip epiTiHzi 6acTankbl KeJIEMHIH, YIITeH
6ipiHe feliH OynaHblN, KpUCTANAAHYFa KaAAblpblaaZbl. 1-3 KYHHEH KeliH TYCKeH aK peaKius
eHiMI cy3isin, ayaza Kenripineni.

Ne1 cunmes, Zn (Pro)z. XumusiblK crakanFa 10 ma metanos, 0,4997 r (4,34 mMouib) L-iposinH
*koHe 0,6 MJI TPUITUJIAaMUH KOcbL1a bl EpiTinzi 10 MUH apasiacTblpbliazibl, COAAH KeliH 6esiMe
Temnepatypacbinga 0,4763 r (2,17 MMoJib) MbIpbIII atleTaThbl AuruapaThl (Zn(CH,CO0),-2H,0)
KOCbL1abl. Peakuusa Kocmacbl MarHUTTIK apajacThIpFbIITA 45 MHUHYT apaiacThlpbliaajibl,
coJlaH KeMiH aK TyHOa cy3ine/ji, MeTaHOIMeH XKybli1abl )koHe 50°C TeMnepaTypa/ia KenTipisiei.

N2 cunmes, Zn (Pro), 12,6643 r (0,11 Mosib) L-ipo/iiH 75 MJ1 MOHCBI3/IaH/bIPbLUIFaH Cy/a
epuzi. Mesagip epitingire 4,0690r (0,05 MmoJsib) ZnO KockLiabl. Kocna KaTThl apaiacThlpbLIa/ibl
koHe 88°C Temmnepartypaza 30 MUHYT Kpi3ablpblLiagbl. Epimeren ZnO cysineni. Mesgip
epiTiHAi 6acTanKbl KeJieMHiH, yiITeH 6ipiHe felin 6asay 6yaanbin, 0°C ke3iH/e cajKbIHAAyFa
KaJablpblia/bl. AnbiHFaH KpucTangap 50°C TemnepaTtypa/ia cysisiesi )koHe KenTipinesi.

Ne3 cunmes, Zn (Pro),. 0,1988 r(2 MMoJib) 6ypbIH cuHTe3AeareH Zn (OH), 30 Mu TazapThLIFaH
cyfa biablpaigibl. besiek crakangaa 0,4605 r (4 MMoJsb) nposvHAi 20 MJ1 Ta3apThlIFaH cyza
epiTizieni. AsbIHFaH MeJjip epiTiHAI JaWbIHAAJFaH MBbIPbII THAPOKCUJI KOJIJIOWABIHA
KyWbLIaJbl K9HE peaklys KOClacbl KOJIJIOWJ MeJiAip OoJiFaHlla OipHellle MUHYT OOWBI
50°C TemnepaTypaja apajacTbipbliaabl. CoaH KeliH peakldsi KOCHAChbIH eKi caFaT G0MbI
apajacThlpyFa pyKcaT eTijiefi. AJIbIHFaH aK Marepuas cysiseni. Kasran Meszip epiTiHgi
6acTanKpl KeJIeMHIiH YIUTeH OipiHe JeliH OysiaHblN, KpUCTaJJaHyFa Kajablpbliazbl. 1-3
KYHHEH KeWiH TYHFaH aK KaTThl 6HIM Cy3iJill, ayazsa KenTipiiezii.

PeHTrenzik KypbpuibIMAabIK Tangay (XRD) Rigaku MiniFlexIl fudpakToMeTpiHiH kemMeriMmeHn
xkyprizingi. Onmey CuKal cayneneHyiMeH yirinep/i xkapblKTaHAbIPY Ke3iHJe 5 rpaZyc/MUH
XKbLIJaM/bIKIIeH XKyprisingi. SEM-HiH cypetTtepi Hitachi SU-70 ckaHepsieHTiH 3/1eKTPOH/bI
MUKPOCKONTBIH, KOMeriMeH aJIbIHAbl. JHEPrUSJbIK [AUCIHEPCUANBIK CIEKTPOCKONUAJIBIK
(EDX) Tanpmay Bakyymzafrbl Hitachi-TM3000 ckaHepJsieylli 3/1€KTPOHJbl MHUKPOCKONbIH/A
y/rijiep KeMmipTeKTi IJleHKara OekiTijin »xyprisingi. Oypbe TypsieHyiMeH HWHQpPaKbI3bLI
cnektpockonusiblK (FTIR) Tanmay 4000-450 cM™ guana3oHbIHJAFbl a/IMa3 YSIIbIFbIHAAFbI
Bruker Alpha cnektpomMeTpiHin kemerimen xyprisingi. TGA tangaysl N, aTMocdepachiHgarbl
Perkin Elmer STA 6000 TepMoaHa/1M3aTOPbIH KoJ1ZJaHa OThIpblM, TeMnepatypackl 10 °C/MuH
KbLIAAMABIKIEH KoTepiin 25-400°C TemnepaTypa Auana3oHbIH/a aJbIHA/bI.
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HGTI/I)KeJ'[ep K9HE TAJIKblJIdy

KyMbic 6apbIChIH/A MbIPILI-IVIUIUH YK9HE MbIPbILI-NIPOJIMH KYPAeJii KOChLIbICTapbl 9PTYPJIi
daictepMeH cuHTe3eni. Osapbl CMHTe3/ey Ke3iH/le KOMMePLUSJIbIK MaclITabTa KebeuTyre
60J1aTbIH CUHTE3 NpPOLEeCiHiH KapanalblM/bLIbIFb], 3USIH/ bl IPEKYyPCOpJIapAbl/epiTKiliTepai
naijasnanbay, CMHTe3/ieJITeH KellleHHiH Ta3aJsbIfbl 6acbiM 60/1/bl. AJIbIHFaH KOCBLIbICTAPAbI
Tas1jayZblH, MaKCaThl OJIapZbIH KYPbLJIbIMbIH aHBIKTAY, 0JIapAbIH, €H Ta3a/IbIFbIH KOMMepPLUAAJIbIK
KOCMEeTHKAaJIbIK 6HIMHIH pelLleNTypacblHa €HTi3Y K9He OHbIH KeNQYHKIMOHA/Ibl UHIPEAUEHT
(6esiceH/1i MHIpEAMEHT + KOHCEPBAHT) peTiH/e »KapaM/IblJIbIFbIH pacTay 60J1/1bl.

SEM (EDX)-masday. PeakuusiapAblH IPeKypcopJ/iapblHbIH 00JIybIH aHbIKTAY YILUiH CUHTE3-
JleJiTeH KOCbLIbICTapFa 3JE€MEHTTIK Tajjay »Kyprisinzi. Herisri ajsieMeHT-MbIpbIll 60JIbIIH,
TaJllayAaH KeliH 3JieMeHTTep/iH KbICKalla Ma3MyHbI KeJieci asemMeHTTepAi Tantel: C, Al, O,
H, N. Anaiiia yCbIHBLJIFaH KeCTe/leH 0J1ap aJIbIHbII TaCTal/bl, BUTKEHI KOMipTeri KOCbLIbICTAp
OeKiTiJireH KeMipTeKTi MJeHKaJa »KoHe aJIOMHHUHK YJTri ycTarblliblHAA (HayacblHZAa) 6ap
eKeHJIrl eckepisimn, OTTeri, a30T 9He CyTeri TypaJsibl LIbIKKAH MaJliMEeTTep CeHiMci3 agen
TaHbL1/bl. COHJABIKTAaH HITHXKeJIepJi CaJbICTBIPY VILUiH ajjafFbl 3epTTeyjepe Oacka Ja
afictepmen (Mbicasbl, XPS HeMece CHN Tasngaybl) pactay KapacTbipblifaH. CUHTe3/Ae/reH
KOCBLJIBICTApAaFhbl 3JIeMEeHTTEP/AIH akbI3bl 1-KecTee KeJaTipijreH.

1-kecte. KocblIbICTapABbIH 3JIEMEHTTIK TaJ14aybl

Kypaeni JnemeHTtTep (%)
Ne1 cunTesi, Zn(Gly), Zn (43,327 %), C1 (56,673 %)
Ne2 cunTesi, Zn(Gly), Zn (50,663%), CI (49,337%)
Ne3 cunresi, Zn(Gly), Meipsi (100%)
Ne4 cunTesi, Zn(Gly), Zn (98,328%), Cl (1,672%)
Nel cunresi, Zn(Pro), Meipsiu (100%)
Ne2 cunresi, Zn(Pro), Meipsi (100%)
Ne3 cunresi, Zn(Pro), Meipsi (100%)

Apbl Kapail TeK MbIpbIII TaOblIFAaH KOCBLIbICTAp/Abl FaHA 3ePTTey Typasbl LIelliM KaObl-
JlaH/bI.

PenmeeHdiK KypbulibimMOblKk maaday. PeHTreHJjiK KYpblIBIMABIK, TaslAay KOCBLIBICTapAbIH
KPUCTAJIJbIK KYPbLJIbIMbIH, KPUCTA/IABLIBIFbIH, (a3asblK Ta3aJbIFbIH, KDUCTAJJIUT 6JIIEMiH
OaraJiayFa »KoHe TINTi bIKTUMaJl KoclajapZbl aHbIKTayFa MyMKiHJiK 6epeni. [lepekke3 [16]
Herizinge PDF kapTasiapbl peTiHZe KOJIJaHbLIATbIH aHbIKTaMaJIbIK MO/JeJIbJlep »acaJ/ibl.
la-cyperre Zn(Gly), KocbuibicTapbiHbIH N3 neH N4 cuHTe3/epiHiH peHTreHAiK Audpak-
TOrpaMMasiapbl KepceTiJireH. AJIbIHFAaH KOCBUIBICTApAbIH, AudpakTorpaMmanapbin PDF
KapTacbIMeH CaJIbICThIpFaH Ke3/le KOCNa LbIHbI KepiHeAi (>Ky/1AbpI311aMeH 6erisieHreH). AHbIK-
TaJIaThIH KOCMaJlap peaKIUsHbIH MPeKypcopJiapblHaH Maiaa 60J1apl. 9Ae6UeTTe YChIHbLIFAH
CaThlN aJiblHFAH KOCBLIBICTBIH /1a, MBIPBILI-TJIMIIMH KellleHiHiH Je AudpaKkTorpaMMachbIHbIH
WbIHAApb!l la-cypeTTeri mbIHAapFa colikec KeJseTiHi 6akkanabl. PDF kapTaceiHAarbl nmaiaa
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6oJsiFaH 6acKaZa KOCbIMIlA HIBIHAAP KAPKbIH/bLIBIFbI XXaFbIHAH ThIM 9JICi3 K9He TYCiHJipyi
KWBIH eKeH/Iri KepiHe/i. AJ )KaKCbhl aHBIKTAJIFAH K9He KOFapbl KAPKbIH/bIIBIKTAaFbl LIbIHAAP
yCaK KpPUCTaNAbl KYPbLIbIMAbI TY3€TiH/AIrH aTan KepceTyre 60J1a/bl.

a b C

oD POF 9562300451

ST (A v

.

1-cypert. Zn(Gly), KocbuibIChI N23,4 CHHTE3i MEH MBIPBIII JIMIMHATHI MOHOTHUAPATHI
(a), Zn(Pro), Kocbuibicel N1, 2, 3 cunTesi (b) xaHe Zn(OH), KOCBLIBICHI (C) pEeHTreHAIK
AUPpPaKTOrpaMMachl

Zn(Pro), xocwuibichiHbIH N°1,2,3 cuHTesepiHiH audpakTorpammanapsl 1b-cyperrte
kepceTiiredH. EH OesceHZi KapKbIHAbLIBIK MbIHAAapbl PDF kapracelHZa yCbIHBLIFaH
JudpakTorpaMMasiapra, COHAal-aK 6acka aBTopJap/iblH 3epTTey AudpaKTorpaMmasiapbiHa
CoMKeC KeJieTiHI aWKbIHAANAAbl. Kepin OTbIpFaHBIHbI3AW dp TypJii CUHTE3 dJicTepiMeH
aJIbIHFaH 0apJIbIK KOChLIbICTAP/IbIH, IIbIHAAPbIHbIH, KAPKbIH/bIIBIFbI 9P TYPJIi.

oneb6uerrtepe ZnCl,-nbig NaOH-nen peakuuscel kesinge Zn(OH), TysisieTini kepceTiires,
6ipak MyHJall KOCBLIBbIC TYpaKChbI3 >koHe pH Heri3ri alimarbiHZa 6GoJsia anmaijbl [29].
CuHTe3/e/reH KOCBUIBICTBIH, PEHTTEHAIK KYpbLIbIMJBIK TaJJayblH XYpri3reHHeH KeuiH
wbiHAap PDF kapraceingarel ZnO mbIHAAPBIHA TOJIBIK, COMKeC KeJieTiHi 1c-CypeTTeH aHBbIK
kepinezi. Conapiktan Zn(OH), emec ZnO cunTesgengi. Ocbl eKi mpeKypcopibl KoJiJaHFaH
Ke3/ie eTe YKcac peakuus eHiM/epi anbiHApbl. ludpakTorpaMmasapra CyleHceK, BHEPKACIMTIK
CHUHTE3 YLIiH Ta3a 60J1ybl MYMKiH KOMMepUUAIbIK Zn0 KoJsiganFaH xeH. ConabiKTaH Zn(OH),-
JIEH CUHTEe3/eJITeH KOChLIbICTap/AblH KYPbLJIbIMbI Oy/laH 9pi KapacTbIPbLIMaU/bI.

FTIR masaday. UK-®ypbe CrIeKTPOCKONUSJIBIK, Tal/lay HOTHUKeJlepi 3epTTeseTiH KOChLIbIC-
Tap/AblH, QYHKIHMOHA/bIK TONTAPbl MEH KYPbIIBIMABIK 63repicTepi Typasibl aKnapaT 6epeji.
KakeTTi KOChLIBICTBIH Nai/ja 60/1FaHbIH aHBIKTAY YILiH aJIbIHFaH KOChLJIbIC IEH TPEKYPCOP/bIH,
CHEeKTpJiepi casbICThIPbLIaAbI (OYJ1 KaFAala aMUHKBIIIKbLIAAPbl). 2a-CypeTTe KepceTiireH
IJIMLUH CNIEKTPiHAe KapOOKCUJ TOOBIHBIH XY ThLIYbIHbIH €/9yip KeHeUTireH WbIHbIH 3312-
2170 cM-1 apanbIFbiHAA OaliKayFa 60/1a/ibl, 0J1 KypAeJli KOChLIbICTAap CIEKTpPiH/Ae KepiHOen i,
eiTkeHi O-H GaiyiaHbIChl OTTEri MeH MeTaJlJl apacblHaFbl KOOPAWHALMAJIBIK OaliaHbICIIEH
aybICThIpbLIA/Ibl. TONTBIH TOH UIBIHBI — OJ1 KeHelre 6eiliM koHe MIMLUUH cneKTpingeri N-H
»koHe CH TonTapbIHbIH WIBbIHAApbIMEH KabaTTacybl MYMKIiH. KellleH cieKTpiH/ie CUMMeTpPUSIJIbL
’KOHE aCMMMETPUSAJIBIK BaJEHTTIK TepOesicTepAin mWbIHAapb! 6akkaaabl — NH, (3298 cm!
oHe 3263 cM™), 6yJ1 aMUH TOOBIHBIH, METAJIMEH 63apa dpeKeTTeCyiH KepceTei. Bip KbI3bIFhI,
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UK-®ypbe criekTpiHAe KelleHAepAiH OpTa/bIK MeTa/bIHbIH OTTEri MeH a30TIEeH dpeKeTTecy
IIbIHAPbI Aa KepiHei. Zn-0 6aiIaHbIChIHbIH, TepOeMesi mbIHbl 456 cM! Ke3iHze KepiHei,
OyJ1 yiiecTipyre KapOOKCHJI TOOBI KATBICKAHBIH TaFbl 6ip peT kepceTei. Zn-N 6ailJlaHbIChIHbIH,
BaJIEHTTiK TepOeJsicTepiHiy mbiHbl 581 cM! 6akikamaabl. C=0 xaHe C-0 mwbIHAapbl 63repiccis
KaJlaZibl, TEK 0JIap KelleH CIeKTpiHzer] Killi TOJKbIHABIK CaHAapFa ayblcazbl. Erep mbiHaap
Killi HeMece YJIKEH TOJIKbIHABIK CaHJapfa ayblcCca, KOCBbLIBICTaFbl MeTasl MeH as30T
apacblH/iaFbl 6alJIaHbIC YHJIECTipy 60JIbIN TabbLIa/bl AereH KOPbITbIH/bI XKacayFa 00J1abl.
UK-®Pypbe Tanaybl MeTalJIOpTraHUKaIbIK KOCbLIBICTAPAbIH KPUCTAIJaHy CybIH /1a KepceTe
anazbl. Kpucrangany cysl O-H BaseHTTiK Tep6esicTep, oHbl HeridiHeH 1574,29 cm! mbiHAa
6arikayra 6o0s1a/bl. OcbiraH ToH wwbIH 3000 cm'-meH KoFapbl akMaKTa Ja Maija 60J1a/ibl.
Mbeipbill mIMUUHATBL MoHOruZpaTbl MeH Zn(Gly)2 KocbuabichbiHbIH, N23 cuHTe3siHiH UK
CHEeKTpI Je *Ka3bLibl (2a-cypeT). CieKTpAeri ylI IIbIHHbIH, 03UIMAIapbl COKeC KeJefi, Oy
CUHTEe3/eJITeH KOChLIbICThIH KYPbLJIbIMbBIH Tafbl Oip peT pacTalbl.

Bargos shatam (o) SO0 Shatns I

2-cyper. nnuyH, Zn(Gly), Kocbuabicbl Ne3 CHHTE3i MEH MBIPBIII [JTHIUHATBIHBIH, MOHOTHAPAThI
(a) >xeHe mposiuH MeH Zn(Pro), Kocsuabichl N21,2 cunTesiHiH (b) UK-cnekTp.iepi

MBIpbILI IIeH NPOJIMHHIH CUHTEe3Je/reH KypZesi KocbuiblcTapbIHbIH, UK criekTpJiiepi imiHapa
IJIMIMH KelleHAepiHe yKcac (2b-cypeT). [MUMUUH cUAKTBI, NpoJvH cneKTpiHge OH TOObIHBIH
COOH Tep6enicTepine xkaTaTbiH 3222 cM - 2033 cm ! aiiMarbIH/1a KeH ko 1arbl 6ap. Kaman O-H
OalyiaHbIChl MeTa/I-0TTeTi 6aisiaHbIcbiHa e3repreHie NH mbiHbl 3220 cM™? ke3iHge maiga
6o0s1ab1. OJ1 3KaIFbI3, BUTKEHI eKiHIII peTTi aMUH Ty3iJ1in, Tek 6ip cyTeriMmeH apeketTecefi. C-0
koHe C=0 mwbIHAApbI 63repreH XOoK, TeK KypZeJsii KOCbLIbIC CIIeKTPIHAErl YJIKeH TOJKbIHABIK,
caHJapFa aybICThbl, O0yJ1 MeTaJlJI MEH a30T apacblH/laFbl KOOPAWHALUSJIBIK 0al/IaHbICTBIH Mai/ia
6osybIH Ginfipeni. [IposiMHHIH KypZesai KOChLIBICTapbIHAAFbl KPUCTANAHY CyblH aHBIKTAy
IJIMLIMHIe KapaFaH/a aJIleKan1a KypZeJii, oM TKeHi »KoFapbl TOJIKbIH/IK CaHJApAaFbl LIbIHAAP
KeHelMereH KoHe HaKThl aHbIKTaJIFaH.

Kypzesi KocblibiCTapAblH TepMOrpaBUMETPUSIBIK, Tangaybl N2 atMocdepacbiHja YJriHi
10°C/MUH TypaKThl )KbLIJAaM/IbIKIIEH KbI3/IbIPY apPKbLIbI XKYPri3iiai. MakcaT — KOCbLIbICTapAaFhbl
KPUCTaJIaHy CybIHbIH MeJILIEePiH aHbIKTAY K9HEe OJIapJAblH TeMIlIepaTypaJblK TYPAKTbLJIbIFbIH
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KacuemmepiH 3epmmey

3epTTey. TeMnepaTypaHblH >KofapbLiaybiMeH Zn(Gly)2 mamamen 150°C Temmnepartypaza
TYpaKTaHFaHFa JleliH MaccacblH OipTiHAen koFaiTabl xkoHe 280° C aeiiH e3repicci3 Kasabl
(3a-cypet). Anaiiga, afebu nepexktep 7,75% aAuccouuanusiiaHybl KEpeK eKeHiH KepceTesi,
COJZlaH KeMiH FaHa KOCbLJIbIC MOHOTU/PAT Jlenl auTyFa 6osazpbl. Tangay MasliMeTTepi 60MbIHILIA
KpucTaiagaHy cybl 0,64 Moab Kypaibl. Bys »kaffaiija KOCbIIBICTBIH, KaJnbl popMyJiacbiH
CTEXUOMETPUSJIBIK TYpZe KepceTy KWbIH. beJsiiHreH KpUCTa/llaHYy CYbIHBIH, TeOpPHUAJIBIK
ecenTe/IreHHEeH a3 MeJilepinemTeri KOChbIIBICThIH ThIM Y3aK KeNTipiJlyiHeH TybIHAay bl MYMKIH.
Kelinipek 285°C TeMnepaTypafa XeTKeHHEH KeWiH, KypJeJsi KOCBUIBICTbIH TEepPMHUSJIbIK
bIJiblpayblHa 6alJIaHbICTbl MacCaHbIH KYPT TOMeH/eYi 6alKaa/bl.

a b

ne |

Masds nelerras (%)
netobmo o

Maséds netekimas

-

Masos nateosrmo Av

Masas
A

Nhe———— e ——————————

Terrpecatina (°C) Temperatin ('C)

3-cyper. Zn(Gly), Kocbuabichl Ne3 cunTe3iHiH, (a) MeH Zn(Pro), Kocbuibichl Ne1 cuHTesiHiH, (b)
TG-DTG KHUCBIFBI

MBIpbII-NIPONMHAI KelleHAi KOCBLIbIC >XKaFfaWblHAA TeK TePMUSJBbIK TYPaKThLJIbIK
6arasaHajbl (36-cypet). CnekTpAe 6alKaaFaH/ al, OyJ KOCbLIbICTAa KPUCTAIJAHY CYbl XKOK.
Tex 300°C-meH 6acTan KOCBLIBICTBIH, OYy3bLIybl OakKajiagbl. KpucranzapablH Ta3aJbIFbl
KOCBLJIBICTBIH, 6a/IKy TeMIepaTypacblHa caiikec kKesjeTiH 360°C TeMmmepaTypaZia HaKThI
3HJ0TEPMUSIJIBIK LIIBIHMEH pacTa/ibl.

SEM-manday. CvuHTe3/ie/ireH KOCbLIbICTap OeJleKTepiHiH MOpPQOJIOTUACHIH 6aFaay yUliH
SEM 3epTTey aaici Kosgaubiabl (4-cypet). COM cypeTTepiHeH apTypJii CUHTE3 d/icTepiMeH
CUHTE3/leJITeH KOCBLIBICTAp apachlHAaFbl MOPQOJIOTUSJIBIK alblpMallblIBIKTApP/Ibl KOpyTe
6os1a/bl. 4-cypeTTiH a) *koHe d) KepiHicTepiHEH MbIPbILI-TJIMIHUH KellleHi KOCbLJIbIChIHbIH,
OeJilieKTep MeJlIepiHiH, Tapajiybl eTe OipkesiKi eMec eKeHiH kepyre 6oJsazabl. Oyiap/blH,
KYPbLIBIMBIH aTay KHWbIH, OJIap/AblH KOIIIIiriHje ycak OeJlleKTepMeH KalTa/iFaH >KaJlak
’)KoHe 63eK Topi3Ji Kpucraazap O6acbiM. MbIpbII-NMPOJUH/I KelleH/i KOCbLJIbIC OipiHmii
CHUHTe3 dJiiciMeH cuHTe3zAeNAi (4-cypeT b) »koHe e)), OeJilieKTep aJ/JeKaila ycaK eKeHiH
6afiKaiMbI3. KypbuUlbIMbl 6Y3bl/IFaH 63€K Topi3/i 6esueKTepiy Ty3iayi 6aiKanazabl Zn (Pro),
KOCBLJIBICBIHBIH, N2 cuHTe3i (4-cypeT c) koHe f)) MbIpbILI-TJIMIMH KelleHi KOCbLIbIChIHbBIH
KYPBUJIBIMBIHA YKCaW[bl, 6UTKEHI OJ1 COJI 9JiClleH CHHTe3/e/reH. besiekTep e KeJsieM[j,
6ipaK KpuCTaaAbLIbIFEI TOMeH. by epiTiHAiHIH KpucTanzap Ty3y yuliH 6asy Oy/JaaHybIHA
6aiIaHbICThI 60J1Ybl MYMKIH.
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CuHTe3/ie/ITeH KoHe Ta/IlaHFaH KOCBhLIbICTAP/ibl 9pi Kapal 3epTTey apKblJbl KOCMETHUKA/1a
KoJ1ZJaHyFa 60s1aabl. OCcbl MaKcaTKa KEeTY YIIiH KYMbIC 6apbICbIHJA CUHTE3/eJITeH MbIPbILI-
IJIMUUH KelleHAi KoCbLIbIChI (Zn(Gly),, Ne3 cuHTesi) 6ap KOCMeTHKaJIbIK OHIM 3Kaca/ibl.

KocMmeTurkasblK ©HIMHIH pelienTi KoOCMeTHKa 6HEPKACiOiH/e CUHTe3/le/INeH KellleH4i KoJIJaHy
MYMKIHZITH aHBbIKTAy YLIiH OJ1 KOCMETHUKaJIblK OHIMHIH pelenTypacbiH[a KOJJAHbLIJbL.
9/1e6U JlepeKKe3epre COMKec, MbIPbILI-IVIMIUH KellleH/ i KOChLIbIChl 6aKTepHsi MEH MUKPOOKaA
Kapchbl KacueTTepre ue. Ocbl ce6enTi 01 KOCMeTUKaJbIK GpopMysiaiapAarbl TEPiHIH Maijasbl
OeJiceH/li KOMIIOHEHTiI FaHa eMeC, COHbIMEH KaTap 6HIMHIH MUKPOOWOJIOTHSJBIK JIaCTaHy
MeH Te3iMJisiriHe (cakTaJsyblHa) OH 9cep eTyi MYMKiH. MbIpbIII-NIPOJIMH KelleHi /i KyHre
Jenid Eyponanbik OflaK HapbIFblHA apHaJ/IFaH KOCMETUKAJbIK 6HIMepAiH popMynanapblHa
KOJIZJaHyFa pyKcaT eTisiMereH. Eyponanbik OfgaKTa KoJiJaHbICTaFbl 3aHHaMara coliKec, 6apJibIK,
KOCMETHKAJIbIK 6HIMJep KOCMeTHUKaJblK 6HIMJepAi caKTayAblH THUIMJIIriH 6aFajalTbIH
«SCCS» cbiHarbiHaH 6Tyi Kepek [30]. MbIpbILI-TJIMIMH KelleHiHiH KOCMeTHUKaJbIK 6HIMHIH,
MUKPOOHOJIOTUSIJIBIK, JIACTaHYbl MEH TO3IMJiJIIriHe XKoHe KOHCepBaLvsJayAblH TUIMAiIriHe
acepi KelleH/i KOJIJAHbICTaFbl KOCMETHUKAJIBIK pelleNTypaFa KOCy apKbl/bl 6aFasaHAbl (penenT
KYpaMbl: Cy, [JIMLIEPUH, TAHTEHOJI, HATPUIM TMaJlypOHAThI, TIUMOH KbILIKbLJIbl, QEHOKCUITAHOJI).
deHOKCHUITAHOJ GacTanKblJa 3epTTey VIIiH TaHJa/faH MpernapaTTa KOHCEPBAHT peTiHAe
KoJiZaHblIFad. OJ MBIpbII [JIMIMHATBIMEH aJMacTbIPbLIAbl K9HE KypaMbIHAA MbIPbILI
[JIMIIMHATBIHBIH, 9PTYpJi KoHneHTpaunusicel (1%, 0,7%, 0,5%, 0,3%) 6ap TepT capbicy MeH 6ip
6aKblyiay (MbIPBILI [VIMLIMHATHI XKOK) yJrici xkacangbl. Eyponanbik OjaKTbIH epexeciHe COMKeC,
KOCMEeTUKA KypaMbIH/a Cy/a epUTiH MBIPBILI TY3J4apblH KOJIJaHFAH Ke3/e MbIPbILI MeJilepi
OHIMHIH ca/iMarbIHbIH 1%-HaH acnaysl Kkepek [31].
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4-cyper. Zn(Gly),, N3 cunTesi - a), d); Zn(Pro),, Ne1 cunTesi - b),e);
Zn(Pro),, Ne1 - ¢), f) cunresgepinin CIM cyperrepi
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MBIpBILI-TIMLUH KelleHiHiH 9pTYpJli KOHIleHTpaLnusapbl 6ap JalblHAa/FaH IPOTOTUNITED
(yarinep) cepusicel LST EN ISO 11930:2019 craHmapTbhiHa COMKeC OCbl MPOTOTUINTEPAi
MUKPOOKA KapChl KOpFay/AblH TUIMAIIIriH 6aFaay MakcaTbIH/Aa YATThIK KoFaM/bIK JeHCayJIbIK,
caKray 3epTxaHacbiHza (BusbHioc, JIuTBa) cbiHAIBbI.

Mukpo6bKa Kapchl KOPFAaHBICTbIH THIM/IIITiH 6GaFasiay Ke3iHJle MUKPOOHOJIOTUSJIBIK Ta3a
eHIMJIep MUKpPOOPIraHU3MAepAiH JaKbliJapbiMeH apHakbl iacTaHFaH — Escherichia coli (imek
TasKllackl, TpaMTepic Tasdkwa Tapi3fi 6aktepus), Candida albicans (ak caHplpayKyJak),
Aspergillus brasiliensis (cagpblpaykyJ/ak), Pseudomonas aeruginosa (3kacblji NceBLOMOHAa/a,
rpaMTepic, a3po06ThI TasgKuIa Tapi3/i 6akTepus), Staphylococcus aureus (anTbIH cCTapUTOKOKK,
naToreH/jik 6akTepus). Opi Kapal 6aKbliay »Ky3ere acblpbl//bl )KoHe apHaUlbl «KYKTbIPFaH»
eHIM/lep/ie MUKPOOPraHU3M/iep AaKbliapblHbIH 0/laH dpi ecyi/>KoUbL1ybl 6aKblJIaHbI XKoHE
6aranaH/bl. CbIHaKTbIH CITTi O0JIybI YUIIH MUKPOOPTraHU3M/IEPAiH, JaKblIAapbl TOJIbIFbIMEH
OMbLIybl HeMece CTaHZapTTa OesriJIeHreH KblIJaM/bIKIEH KOWbLIybl HeTi3re aJbIH/bIL.
BapsiblK mpoToTUNTEp/ie MUKpPOOKA KapcChl JIaCTaHYAbIH »KOKTbIFbIHA KO3 >KeTKi3y YVIUiH
MUKPOOKA KapChl KOPFAaHBICThIH TUIMAIJITiH 6aFasiay YilliH 3epTTeyAi 6acTaMmac 6ypbIH 6apJibIK,
TekcepinreH npororuntep (0% Zn-Gly, 0,3% Zn-Gly, 0,5% Zn-Gly, 0 0,7% Zn-Gly, 1% Zn-Gly)
MUKpPOOUOJIOTUABIK, CbIHAaKTap oOTkKisinai. Teoxipubesik yJ/risepie MHUKPOOUOJOTUSJIBIK,
JIaCTaHy TaOblJIFaH XOK.

Opb6ip MUKpOOpraHu3M MaJeHHeTi HUHKybaunusaaHAbl, cebisji >koHe opTypJi opTaza
9pTYpJii XaFAannapZa 6akplIaHAbl. MUKpOOpraHU3MAEpPAiH, AaKblIAApbIH 6CIpreHHEH KoHe
MUKpPOOPraHU3M/epAiH CyCleH3usJapblH JalblHJaFaHHAH KeliH MHUKpOOpPraHU3MJep/iH
CycneH3UsICbIHA Oakbliay Kyprisingi (2-kecte), N (Ty3yiui 6ipsikTepiy 6araHachl) xxaHe NO
MoH/Jepi (YaKbITTBhIH HeJIJIK CITiHJe erijireH MUKpoopraHusMmJepaiy canbl), NO = N/100)
dbopmMyJia 60MbIHILIA aHbIKTaAa/ibl:

N = C
TV xd

MyHzaFbl C - eKi IIbIHBIASIKTA eCeNTe/IreH KOJIOHUSIap/blH opTalla MaHi; V - ery kesieMi
(ery epiTtingici); d - cylblaTy K03pPULLMEHTI.

2-KecTe. 3epTTeyae HaﬁAaHaHbIJIFaH MHKpOOpFaHI/I3MAepAiH CYCII€H3UACBIH Galc,bmay

MukpoopzaaHuzmdep N cv/ma N O cv/ma (N 0=N/100)
KaHouda anvbukaHc 9,3x107 9,3x10°
Bpazuausasik achepauii 4,9x10° 4,9x10 *
Kek ipiy maskwacswl 8,7x10°8 8,7x10 ¢
AamuiH mycmi cmagu10KkoKK 7,2x10 8 7,2x10 °
Twek maskwacwt 7,0x10 8 7,0x10 °

KocMeTuHKabIK 6HIMAepAiH MUKPOOKA KapChl KOPFAHBICbIHBIH, THIM/JIITiH 3epTTereHHeH
KeliH MbIpbII-IVIMIUH KewleHi Aspergillus brasiliensis (3eH) KocnaraH/ia, CbIHaIaTbIH 6AapJIbIK,
MUKPOOPraHU3M/IK JaKblIAApFa XKEeTKIIIKTI TUIMAI MUKPOOKA KAapcChl acep eTeTiHi aHbIKTaJI bl
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(ISO cranpapThiHa caiikec), SIFHU MUKPOOKA Kapchl THiMAIMiK, 6ipak Aspergillus brasiliensis-
Ke KaTbICTbl QYHTMLU/ATIK KacueTTepre ue eMec. MbIpbIlI-IJIMIIMH KellleHiH naijasaHbaraH
IPOTOTUINITE MUKPOOPTraHU3M/AepPAiH 6apblK mtamapsl 6alkanzabl (Escherichia coli, Candida
albicans, Aspergillus brasiliensis, Pseudomonas aeruginosa, Staphylococcus aureus) kosionus
TY3€TiH G6ipJiKTep caHbIHbIH TeMeHJeyi (a3arobl) OallKajMaAbl HeMece eTKiJiKci3 60J/bl
Mukpoo6uosorusablk, Kopraygbl LST EN ISO 11930:2019 craHpapThl 60UbIHIIA TUIMAL fen
caHayfa 60J1a/ibl.

MbIpBILI-TIMIUH KellleHi KoJiAaHblIFaH 6apJblk npototuntepae (0,3%, 0,5%, 0,7%, 1%),
Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli kosioHUsICBIH KypaWTbIH
6ipJIiKTepAiH >KOFapbl THIM/I TeMeHJeyi 6allKanAbl. 7 KYHHEH KeWiH KypaMbIH/Jla MbIPbILI-
IJIMUH KellleHi 6ap 6apJiblK MPOTOTUIITEpPJie aTajJifaH MUKPOOPraHU3M/JEPAiH OapJibIK
KOJIOHHUSIJIAaphl »KoFasbin KeTTi. Tuimainiri a3, 6ipak yisaecimai Candida albicans caHbIHBIH
azatobl 60s1bl. Mbipbi-radnyd 0,3% koHueHTpanusacbiHga Candida albicans kosioHUSICBIH
KypauThbIH 6ipJiikTep/iiH canbl 7 KyHze 631 ece (log NO =6,0-gen log N, =3,3-ke aeiiin), an 28
KyHze 3164 ece (log N, =3,3) asaizbL.

HoaTwxxesep MaHbI3/lbl, 6HUTKEeHI MbIPbIII-TJUIMH KellleHi KOCMeTHKaJblK 6HiMAephi
MUKPOOHOJIOTUSIJIBIK, JIaCTaHYZAAaH THIMJi MHKpPOOKA Kapchl KOpFayJbl KaMTaMachl3
eTe ajaZibl JiereH TUIOTe3a pacTajbl. MbIPbI-TJIUIUH KellleHi KOCMeTHKaJblK 6HIM
pelienTypachliHAaFbl MbIPbILI-TVIMLIUH KellleHiHiH eH TeMeH CbIHAJIFaH KOHIIEHTPALUsChIHAA
Za (0,3%) Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli »xone Candida
albicans MukpoopraHusmjiepiHeH THIMAI MHUKPOOKA Kapchl KOPFAHBICTbI KaMTaMachi3
eTyre MYMKiHJiIk Oepfi. bapJsblK cblHajfaH NPOTOTHUNOTEPZE MbIPBILI-TJIUIAH KelleHiHiH
Aspergillus brasiliensis-ke KaTbICTbl QYHIMUMATIK KacueTTepi 6alKaaMmajbl, SAFHU OYJ
MUKpPOOPTraHU3M/iep/AiH KOJIOHUAIAPbIHbIH, a3atobl 6alKaJiMaJbl HEMece KeTKiiKci3 60J1/bI.
Ocel ¢opMysnanapra PyHrMUMATIK KacueTTepi 6Gap Tepire maijajibl Ke3 KeJreH 6acka
VMHI'PEUEHTTI eHri3y apKblJibl KOHCEPBAHTTAPAbl MaKCcaTThl NaljjajiaHy[aH ay/ak, 60/1aTbIH
KOCMEeTHUKAJIbIK 6HiMJepAi »kacayFa 60JiaZibl, 6MTKEHI MHUKpPOOKA KapCbl KOPFAHBICTBIH,
TUIMJiJiri 6acka 6esiceH/ji UHIpeJJUeHTTePMeH KaMTaMachI3 eTiJei.

KopbITBIHABI

3epTTey GapbICBIH/A MbBIPBILI eH aMUHKBILIKbLIAAPbIHbIH, KYp/esi KOCbLJIBICTAPbIH aJly-
AbIH 9pTYpJi aaicTepi ceiHaiabl: Zn(Gly), cyaa, Zn (Pro), cyna »oeHe opraHuKa/blK opTaja
CUHTe3e/i.

SEM-EDX 3epTTeyJiepi ajblHFaH KOCBIJIBICTApPAbIH, 3JIEMEHTTIK KypaMbIH aHbIKTaZAbl. by
TaJZjay MeTaJJIOPraHUKaJIbIK KOCBIIBICTAPAbl 3epTTey/le KeHiHeH KOJIAaHblIMa/bl, 6UTKEHI
O, N, H ssiemMenTTepi Typasbl MajiMerTep Ja/ emec. /lerenmen, ZnCl-neH cMHTe3ze/NreH
KOCbLJIbICTap/ia peaklius npeKypcopJiapbl 6ap ekeHi 6eurini 6osabl. CUHTE3 9Aici »KapaMchbI3
Jlel TaHbLIJbI.

PeHTreHAik KypblIbIM/BIK TajJ[ay KOChLIbICTApAbIH (a3asblK Ta3aJblFbIH KepceTil, npe-
KYPCOPJIBIK KOocnasiap TabbliMa/ibl. backa aBTop/siapAbIH CUHTE3/ey 9/ici /e Ta/JaH/ bl )KoHe
Zn(OH), xepceTisreH mapTTapja ajJblHOAUTLIHABIFBI [J@JIeJNJeH/i, COHJAbIKTaH OChbIHJaM
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aJIbIHFaH KOChLJIbICTAp ofaH api TangaH6aiibl. UK-®ypbe crieKTPOCKOMUSICHI KOChIIBICTAP/bIH,
byHKIIMOHaNABl TONTApblH aHBIKTayFa MYMKIiHZIK Oepil, ajblHFaH CHeKTpJiep OOWbIHILA
OTTeri MeH CyTeri apachblH/IaFbl 6alJIaHbIC MbIPbIII IIeH OTTETi apachlHAaFbl KOOPAUHAIHSJIBIK,
6ailJIaHbICKa aybICKaHbl aHbIKTaJ/bI, aj LbIHAAPAbIH 63repyi MbIPbILI IIeH a30T apacblHAFbI
KOOP/AWHALUSIbIK OalJIaHbICTbIH, Maka 601ybIH KOPCETTI.

C3M cypeTTepi apTypJii dficTepMeH CHUHTe3JeJNreH KOCbLIbIC OeJilleKTepiHiH MeJepi
MeH MilliHiH aHbIKTayFa MYMKiHZik 6epai. OpraHUKa/blK OpTaZa CUHTe3Je/reH KypZesi
MBIPBILI-TIPOJIMH KOCBIJIBICBIHBIH O6JIIIEeKTEpPI Cy/la CUHTe3/le/IreH KOChLIbICTapFa KapaFaH/a
CaJIBICThIPMaJIbI TYP/AE KilllipeK *koHe KPUCTAbIIBIK A9PeXKeci )KoFapbl eKeHi 6eirisi 60/1/1bl.
TepmorpaBuMeTpusibIK Tajgay Zn(Gly), KOCbLIbICBIHAA KpUCTalJaHy Cybl 6ap €KeHiH
kepceTTi. Kocblibic MosiekysnacbiHa 0,64 mosb H20 MoJieKysiasiapbl KOCbLIFaH Jell ecenTesi.
Conpaii-aK Zn(Pro), KOCbLJIBICHI bl/IFa/IJaH6al ThIHbI pacTas/bl.

MbIpbIll TeH TJIMLMH aMHUH KbIIKbLIBI ZnO NpeKypcopbl apKblibl CHHTE3JesreH/ie
KOMMEPLHUSIJIBIK iCKe acblpyFa K0J1aiJibl KellleH/1i KOChLJIbIC TY3eTiHi aHbIKTanAbl. COHABIKTaH
6YJ1 KOChLIbIC KeNIQYHKLIMOHAJ/Abl UHTPeJUeHT (6esiceH/ji UHIpeIMeHT+KOHCEPBAHT) peTiH/e
KOMMEPLHUSJIBIK KOCMeTHUKaJbIK 6HIMHIH, (CapbicyAblH) peLenTypacbiHa eHrisdinji. Mbipblii-
IJIMIUH KellleHi KocMeTUKaJbIK eHiMepai Pseudomonas aeruginosa, Staphylococcus aureus,
Escherichia coli xoHe Candida albicans MukpoopranusMmaepiHeH THiMJi MUKPOOKa KapcChl
KOpFayZbl, TIITI CbIHAJIFAaH NPOTOTUITEP apacblHJA MBIPBIU-IVIMIIMH KelleHiHiH eH TeMeH
cblHaJIFaH KoHUeHTpanuschl (0,3%) 6oJsica fa KamTaMachl3 eTeTiHi 6GalKanjbl. bapJblk
CblHaJIFaH MPOTOTHUIITEP/le MBbIPbILI-IIMIUH KelleHiHiH Aspergillus brasiliensis-ke KaTbICTBbI
GyHrMUUATIK KacueTTepi 6aliKa/iMa/bl, IFHU OYJ1 MUKPOOPTaHU3M/ep/liH, KOJIOHHUSAIAPbIHbIH,
asarobl OallKa/JMaibl HEMecCe KeTKiJlikci3 60/bl. KypaMbiH/a MbIPbIII-IVIMIMH KellleHi 6ap
KOCMEeTHKaHbIHKypaMblHa QYHTUIIMATIKKacueTTepibap Tepire naijaabl TaFbl 6ip MHIpeAUEHT
€HTi3y apKbLJIbl KOHCEPBAHTTAp/bl MaKCaTThl NalAa/aHyaH ay/akK 60JaTblH KOCMETHUKAJBIK,
eHIMJepAi >kacayFa 00JIaTbIHbl aWKbIHJAJ/Jbl, ©UTKEHI MHKPOOKAa KapCbl KOPFaHBICTHIH,
TUiIMATIrE TeMeHAeii. KypaMbiHjaFbl 6acKa 6eJiceH/li 3aTTapMeH KaMTaMachi3 eTijief|.
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by 3epTTey KazakcraH Pecniy6sinkachkl FblibIM KoHe »KOFapbl 6ij1iM MUHUCTpJIIr] FblbiM
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HccnegoBaHue XapaKTepPUCTUK, METOJ0B CUHTE3a U CTPYKTYPHO-(Pa30BbIX CBONCTB IIMHKOBBIX
KOMILJIEKCHBIX COe JUHEeHU

AHHOTanusA.BaHHON paboTe paccCMOTpeHbl pa3/InyHble METO/ bl 10TYYeHUs LUHKOBBIX KOMILJIEKCOB
c aMuHokucaoTamu: Zn(Gly),, cuHTe3MpoBaHHBIN B BOJHOW cpefe, U Zn(Pro),, cMHTe3MpOBaHHBIN
KaK B BOJIHOM, TaK U B OpraHUYECKOU cpefie. JJIeMEeHTHBIM COCTaB MOJIyYEHHBIX COEJUHEHUUN ObLI
onpegenéH MetoaoM SEM-EDX, uTo nmoATBepAU/I0 HaJU4YHe NMPEKYPCOPOB peaklidil B COeAUHEHUSX,
CUHTEe3HWPOBAHHbBIX C MCNO0Jb30BaHUeM ZnCl, B KauecTBe UCXOAHOrO MaTepuasia. PEHTIreHOCTPYKTYpHBIN
aHa/IM3 I0Ka3aJ 06pa3oBaHHe $pa30BO YUCTHIX IPOAYKTOB C He3HAYMTE/IbHBIM KOJIMYeCTBOM IIpUMece
ucxoaHbix BellecTB. UK-Pypbe cnekTpockonus mo3BoJivjia onpefeauTb GQyHKLHOHAIbHbIE IPYIIIbI
coeiuHeHUH; Ha ocHoBaHUU FTIR-cieKTpoB ycTaHOBJIEHO, YTO BOJAOPOAHBIE CBA3U MEXY KUCJI0POLOM
U BOJOPOJIOM 3aMEHSIOTCS KOOPAUHALMOHHBIMHM CBSI3SIMU MEXAY LIMHKOM U KHCJIOPOJOM, a CABHUT
110J10C B 06J1acTh 60Jiee BBICOKHUX WJIM HU3KUX BOJIHOBBIX YHCeJ CBUJETENbCTBYeT 0 GOPMUPOBAHUHU
KOOPDAMHALMOHHOM CBSI3U MeXJy LMUHKOM KU a30ToM. SEM-u306pakeHHs] MO3BOJIUJIM ONpPeNeUThb
pa3Mepsl U MOPQPOJIOTHIO0 YACTHUL, COeJUHEHNH, CHHTE3UPOBaHHbIX Pa3JIMYHbIMU MeToJaMU. YacTHLbl
KOMIIJIEKCHOTO IJUHK-NIPOJIMHOBOIO CO€JUHEHHUS], TIOJYyYEHHOTO B OPraHUYecKOW cpejie, OKa3aIuCh
3HAYMTEeJbHO MEHBLIMMHU 10 pa3Mepy N0 CPaBHEHHUIO C YACTHMLAMH, CHHTE3UPOBAHHbBIMU B BOJHOU
cpene. TepMmorpaBUMeTpUYECKU M aHA/IM3 OKa3aJl HAJIMYKE KPUCTANIU3aLMOHHOU BOA bl B COeJUHEHU Y
Zn(Gly),, B To BpeMs kak coeauHeHue Zn(Pro), okasasocb 6e3BogHbIM. Zn(Gly), 6bl1 BBeJEH B
COCTaB KOMMEpPYECKOTO KOCMETHYeCKOTO MPOAYKTa (ChIBOPOTKH) B KayeCcTBe KOHcepBaHTa. L|MHK-
IJIMIIMHOBBIN KOMILJIEeKC o6ecneyn 3GPeKTUBHYI0 aHTUMUKPOOHYIO 3alIUTYy KOCMeTUYeCKUX CPE/ICTB
ot Pseudomonas aeruginosa, Staphylococcus aureus, E. coli u Candida albicans ga)ke npu MUHUMaJIbHOM
KOoHIleHTpauuu komiuiekca (0,3 %). [lpotus Aspergillus brasiliensis akTUBHOCTb IUHK-IVIMLJHUHOBOTO
KOMILJIEKCA He HabJI10/ja1ack, TO eCTh YMEHbIIEHHUs KOJIMYeCTBa KOJIOHUNA 3TUX MUKPOOPTaHU3MOB He
IIPOMCXO/IUJIO UJIK OHO ObIJIO HeALOCTATOYHBbIM. [loslydeHHbIe pe3y/IbTaThl N03BOJISIIOT [IPEATIOI0KHUTD,
4YTO J06aBJIeHUE €ell€ OJHOr0 MOJIE3HOTO /ISl KOXKU UHTpeJHeHTa ¢ PYyHTUIMJHBIMU CBOWCTBAMH B
KOCMeTHYeCKre KOMIIO3UIMY, CoJiepKalljye [IUHK-IJIMMHOBbIA KOMIIJIEKC, OTKPbIBA€T BO3MOKHOCTb
CO3/JlaHMA KOCMEeTHUYEeCKUX NPOJYKTOB 6e3 HCI0/1b30BaHUSA TPaJULMOHHbIX KOHCEPBAHTOB.

Kioyesble cnoBa: uMHK-runuH, Zn(Gly),, Zn(Pro),, SEM-EDX, cnektp FTIR.

152 N22(151)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Mbipbiw KewleHOI KOCblIbICMAPbIHbIK CUNAMmMamMacsl, cuHmesdey adicmepi jxaHe KYypblablMOblK-hasablk
KacuemmepiH 3epmmey

S.A. Pazylbek'?, A. Kareiva?, B.Ye. Zhakipbayev?, D.K. Yeskermessov*, B.Z. Abdikadyr®,
M.T. Katbayeva?, U.A. Muratbekova®, Zh.K. Alipbekova®, Zh.T. Toleukhanova**
Wilnius University, Vilnius, Lithuania
2Tashenev University, Shymkent, Kazakhstan
3Peoples’ Friendship University named after Academician A. Kuatbekov, Shymkent, Kazakhstan
*NJSC “D. Serikbayev East Kazakhstan Technical University’, Ust-Kamenogorsk, Kazakhstan
SSouth Kazakhstan Pedagogical University named after O. Zhanibekov, Shymkent, Kazakhstan
*M.Auezov South Kazakhstan University, Shymkent, Kazakhstan
(E-mail: ztoleukhanova@ektu.kz)

Investigation of the characteristics, synthesis methods, and structural-phase properties
of zinc complex compounds

Abstract. This study investigated various methods for obtaining zinc complexes with amino acids,
including Zn(Gly), synthesized in aqueous medium, and Zn(Pro), synthesized both in aqueous and
organic media. The elemental composition of the obtained compounds was determined using SEM-
EDX analysis, which revealed the presence of reaction precursors in the compounds synthesized with
ZnCl; as a starting material. X-ray structural analysis confirmed the formation of phase-pure products
containing only minor amounts of precursor impurities. FTIR spectroscopy enabled the identification
of functional groups, and the spectra indicated that hydrogen bonding with oxygen was replaced by
coordination bonding between zinc and oxygen. Furthermore, shifts in the wave numbers of the bands
provided evidence for the formation of coordination bonds between zinc and nitrogen atoms. SEM
images allowed for the assessment of particle shape and size, revealing that the zinc-proline complex
synthesized in organic medium had significantly smaller particles than those synthesized in water.
Thermogravimetric analysis showed the presence of crystallization water in the Zn(Gly), compound,
whereas the Zn(Pro), complex was anhydrous. The Zn(Gly), complex was incorporated as a preservative
into a commercial cosmetic serum. The zinc-glycine complex demonstrated effective antimicrobial
protection of the cosmetic product against Pseudomonas aeruginosa, Staphylococcus aureus, E. coli,
and Candida albicans, even at a minimum concentration of 0.3%. However, no significant activity was
observed against Aspergillus brasiliensis, indicating either no reduction or insufficient reduction of
fungal colonies. These results suggest the potential for developing preservative-free cosmetic products
by adding skin-beneficial ingredients with fungicidal properties to the zinc-glycine-based cosmetic
compositions.

Keywords: zinc-glycine, Zn(Gly),, Zn(Pro),, SEM-EDX, FTIR spectrum
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FeibiMu MaKasia

Ken HyK/JIOH/BIK, 6epiy peakuusiiapbiH 3epTrey yiH SHELS kunema-
THKAJIBIK cenapaTopbiH xkoHe GABRIELA sieTeKTOPJIBIK, )KYeCiH aiga/IaHy

B.C. Caiitay6ekoB*'%35, A.U. CBupuxun®*", M.C. Tesek6aeBa'***", X.M./leBapampka'’
A.K. 9xi6ekoB'? ', A.B. UcaeB** ', P.C. Myxun® , 10.A. [lonoB3*

Kopkbim ama amuiHdarbl Kbizvliopda yHusepcumemi, Kvizbiiopda, Kazakcma
2JL.H. T'ymunee amuiHdarsl Eypasus yammbik yHugepcumemi, Acmaua, Kazakcmau
3BipikkeH s10posblk 3epmmeyiep uHcmumymuol, JJy6Ha, Peceli

*/ly6na memaekemmik yHueepcumemi, /[y6Ha Pecell

SS0poabik puzuka uHcmumymst, Aamamoi, Kazakcmau

(E-mail: bsailaybekov@jinr.ru)

AnaaTna. bipikkeH 1poJibIK 3epTTey/iep UHCTUTYThIHbIH (BA3U) Axposbik
peakuusiiap 3eptxaHacbiHga (1P3) SHELS cenapaTopbinza Z = 82 60J1aThIH
ayblp AApOJIapAblH »aHa U30TOINTApPbIH CUHTE3ey, 0JIapAblH pPaJUOaKTUBTI
bI/IbIpAy KaCUETTEPIH KoHe TY3iJy KeJileHEH KUMaJapblH 3epTTey O60UbIHIIA
TaXipubesiep xyprisinyzae. bys sepTTeynepid MakcaThl - paJUOaKTUBTI blAbI-
pay KacueTTepi MeH ayblp A4 poJiapAblH KaJbIIITaCy NpoLecTepiH aHbIKTaUThbIH
aybIp 3JIEMEHTTEP SAAPOJIapbIHbIH KYPbIJIbIMBIHAAFHI )KaHa 3aHJbLIBIKTap/bl
3eptTey. bys 3eprTeysiep AAPOJBIK TYPAKTBUIBIKTBIH, TEOPUSAJIBIK MOJe/b-
JlepiH KeTinAipy, y3aK eMip CypeTiH aca ayblp U30TONTapAbl aHbIKTAY oHe
AJIPOJIbIK, TEXHOJIOTUSJIAP CaJlaCblHaFbl NPAKTHUKAJBIK KOCbIMILIAJIAp/bl 93ip-
Jiey YUIiH aca MaHbI3/bl.

’KymbicTa Heri3ri Hazap TaxKipube ajicTeMeciHe — KOl HYKJIOH/bIK, Oepiny
peaknuanapsbiH 3eptTey yuliH GABRIELA geTekTopJiblK xxyieci MeH SHELS ku-
HeMaTHKaJIbIK CernapaTopbIH KOJIJaHyFa ayJapblia/ibl.

Aran antkanga, SHELS cenapatopsl Mmen GABRIELA koM6uUHULUSsIIaHFaH
JIeTEKTOPJIBIK, )KYWeCiH NalAaJlaHblll KYPri3iJireH, HbicaHa s/poJiapblHA Ka-
paFaH/ia MPOTOH CaHbI KOFapbl S/IpoJapblH Ty3i/lyiHe akesneTiH, *®Ca+2°®Pb,
S0Ti+208Ph xoHe *“°Ar+2%Bi Kem HYKJIOHJbIK Oepily peakUHsIapblH 3€pPTTEY
HOTHXeJiepi YCbIHbLIA/bl.

Kouigamabik, uabtpi SHELS kemeriMmeH ocbIHIal TaxKipubesep/i *Kyprizy
KeIl HYKJIOHJBIK 6episly peakuUsiapblH 3epTTey/le KUHEMAaTUKaJbIK cenapa-
TOpJIapAblH MYMKIH/IIKTepiH TepeHipeK TyciHyre MyMkiHAik 6epeni. COHbIMeH
KaTap, >KyMbICTa CUIIaTTaJIFaH 3epTTey d4icTepi aybIp XkKaHe aca aybIp A4poJiap-
JIbIH, PaIMOAKTUBTI bIJIbIpay KAaCUeTTepiH TaxKipubesik 3epTTeyse COTTi KoJ-
JAHBLIBIN KeJedi.

Ty#iH ce3pep: KMHeMaTUKaJ/bIK CenapaTop; JeTeKTOPJIbIK XKyle; Kol Hy-
KJIOH/BIK O6€pijly peakiyschl; ayblp 1ApoJiap; a-blAbIPay.

XKibepinai 06.05.2025. O3repTingi 02.06.2025. Kabsiiganas 03.06.2025. Onsaiis Kot xkeTimai 25.06.2025.
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Ken Hyk0HObIK 6epiny peakyusaaapsiH 3epmmey ywin SHELS kuHemamukasivik cenapamopbiH scaHe GABRIELA
demekmopblk scylieciH natidaaaHy

Kipicne

ApponblK ¢u3MKaHbIH Heri3ri MacesesepiHiy 6ipi - Z 2 100 almMafFbIHAAFbl >XKaHa
HYKJUATEP/iH KacueTTepi, Z = 82 ailMarbiH/a B-TYpPaKThIIbIK ChI3bIFbIHAH aJIbIC OpHAJaCKaH
»KaHa A poJIapAblH KaCMeTTepi MeH aybIp AApoJiap KYPblIbIMbIHbIH 3aH/AbLIBIKTapbIH 3€pTTEY
O6oMbIHIIA AepeKTep ay. bya TakbIpblll AAPOJIBIK MaTepPUSHBIH, MaKpO-MUKPOCKOMIHUSJIBIK
KacueTTepiH 3epTTey, OyJ KacUeTTepJiH SJpPOHbIH ilIKi KypblIbIMbIMEH OaW/aHbICbIH
aHBIKTAy, palM0aKTUBTI bl bIpay/iblH )KaHa 3K30TUKAJIbIK TYpJIepiH i3/iey, ayblp 3J1IeMeHTTEePAIH
TYPaKTBhUIbIFbIH 3€PTTEY KoHe aca ayblp AApoJapAbl CUHTE3/ey/liH aHa TaciijepiH Tabdy
MaKCaTbIH/a 63€KTi 60JIbIN TaObLIaAbI.

JK30TUKAJBIK SpoJiap 9/ileTTe HblCaHAaHbIH $parMeHTalUsChl HeMece 06JiHyi apKblJbl,
COHJlal-aK, KYJIOH/JBIK KeJlepri 3Heprusichbl JleHrehiHJeri TOJIbIK Oipiry peakyusaiapbiHJa
asZibIHaAbl. ByJs afiicTep MeH caysiesiepAiH KOJ1 )KeTiM/ i UHTEHCUBTIJIIT HYKJIUATEP KeCTEeCiHIH,
Kasipri mekapasiapblH aHbIKTal[bl. 3epTTeJMereH alMaKTapfa *KeTyAiH TafFbl 6ip Toaciai
- kel HykJIOHABIK 6epiny (KHB) peakuusanapsl. [IpuHyun 6oibiHIIG, oaap Z > 92 60J1aTbIH
HEUTPOHABIK-apThIK, )XoHEe HEUTPOH/bIK-TAMIIbLIbIK U30TONTAP/bl aJlyFa MyMKIH/IK 6epei.
ByJ1 3epTTeysiep aJieMHiH TypJii 3epTXaHa/lapblH/a 63€eKTiJliKkKe vue 60/bl. TuicTi 6esin any
»KoHe TipKey dJlicTepi, coHJlali-aK, TeOpUsIbIK 6asasap a3ipsaeHyze. Kasipri Tanra ageiin
anblHFaH HaTuxesep KHDB peakuuanapblHbIH Heri3iHEH »XaHa TpaHCypaH H30TONTAapbIH
CUHTe3/ey YIIiH NepClneKTUBTI 9JiC eKeHiH KOPCeTTI.

Kasipri yakpiTTa Z = 82 60/1aTblH, TYPaKTbLJIbIK CbI3bIFbIHbIH, HEWTPOH/bIK >KoHE
IPOTOH/ABIK lleKapajapblHa *aKblH HeMece COJl OaFbITTa OpHaJaCcKaH 3JIeMEeHTTep/iH
3K30THUKaJIbIK U30TONTApPbIH any yiliH ¢parmeHTanus, yaty, KHb >xoHe ayblp sa/posiapAblH,
TOJIBIK Oipiry peakuusilapblH Nai/jlajaHy eH TUIMJi ajicTep 6oJibln Tabblaajabl. TpaHcypaH
A/poJIapbIHbIH, KOMIIiJiri a/eTTe ayblp HMOHJApMeH Oipiry peaknusjapblHJa aJbIHAJbI.
Anaiizia, TYpaKTbIIbIK aJKaObIHBIH, HEUTPOH/bIK-apThIK *KaFbIHAAFbl ayblp »K9He aca aybIp
u3oronTap Oipiry peakuusaiapbl apKbliabl ajyFa KeaMenai. bys ayelp afposiap aiMaFbIHJA
HEUTpPOHAAp CAaHBbIHBIH NPOTOH/AP CaHbIHA KaTbIHACKI ocimn, A = 250 alimarbiHAa 1.6 MoHiHe
KeTyiMeH TyciHaipineni. bya e3repicTi A4poJbIK KYLWITEepAiH KbICKa KAlIbIKTBIKTA 9Cep eTy
CUIIAaTBbIH >KOHE MacCCaJIblK CaH OCKeH CalblH NPOTOHJAAP/bIH KYJOH/BIK 9CepiHiH apTyblH
ecKepe OTBIPBII TYCiHY OHaW. AyblIp s/ipoJiap 3HEPTeTUKAJIbIK TYPFbIAH TYpPaKThl 00Jy YILIiH
IpPOTOH/AAp caHblHA (Z) KapaFaH/Ja HEUTpoHAap caHbIHbIH (N) ken 6oJybl THic. Kasipri coTTe
bepMuiiieH oraHecoHFfa JeUiHTi a/ieMeHTTepAiH TaXipubesik CUHTe3/e/reH U30TONTaphbl
HeTi3iHeH HEUTPOH/bIK-TANIbIIbIK O0JIbIN Ta0blIa/bl.

Byrinri Tanga caTTi Toxipubesik 3eptTeysep [1-5] MeH kaHa MoJeNbAiK ecenTeynep [6-
8] ayblp HOHJAPABIH YAETIJITeH coyJiesiepi MeH ayblp AAPOJIbI HbicaHaJap apacbiHgaFrbl KHB
peakuyaaapbl apKblIbl ayblp 3K30TUKAJBIK, A[pOJapAbl CUHTe3/eyre aHa MYMKiHAIKTep
awbin oTeIp. XKakbiHga SHIP (Separator for Heavy lon reaction Products) [9] »KbligaMAbIK
bunbTpinge oTkizinren 3eptreysnep [4-5] Tepen cepnimcizs KHB peaknusnapbiHbiH,
)KaHa HEWTPOH/bIK-TANIIbLJIBbIK >9HEe HEUTPOH/bIK-apThIK HW30TONTapAbl CUHTe3/ey
YUWiH NOaljajaHbllybl MYMKIHZITMIH pacTazbl. OpTypJai MogeabjepMeH xacaiaraH KHDB
peakiusIapbIHbIH TEOPUSJBIK OomxkaMapsl [7-8] Z2104 601aTbIH HEUTPOHABIK-apPThIK, 6TE
aybIp AApoJiapAbl CHHTE3/leyAi OpTasbIK COKTBIFbICYJIapFa (TepeH cepniMci3 COKThIFbICYIapFa)
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’KaKbIH alMaKTa >y3ere acblpyfa OOJIaTbIHbIH aHbIK KepceTeji. fAaposap kapTacbiHZA
HEUTPOHABIK-apThIK >KaFbIHAA OpHa/acKaH 6esriyii Z>104 60Js1aTbIH APOJIap/bIH KOMILIiJiri
Tikesiell cMHTe30eH aJjiblHOaFaH, oJlap bICTHIK Oipiry peaknusaapbiHga [10] cuHTe3znenren
aybIp SAAPOJIAPABIH K-bIAbIpAY Ti30eKTepiHiH 6HiM/epi 60sibIn TabbL1aAbl. KHB peaknusiapbl
OChI JXK9He 0acKa Jia »KaHa sApoJiap/bl TikeJel CUHTe3Aey/iH d/iiciHe aiHa/iybl MyMKiH. KHB
peakuUsiJIapbIHbIH KOJJAHbLIYbI TYpPaJibl TOJBIK aKapaTThl [5] 2KyMbICbIHAH TabyFfa 60J1abl.

3epTTey 3AiCHaMacChl

1. Toxxipu6e/tik KOHABIPFbI CHIATTaAMaChl

SHELS kuHeMaTHKaJIbIK, cenapaTophbl

SHELS [13] (Separator for Heavy Element Spectroscopy) KHHeMaTHKaJbIK cemapaTopbl
QQQ-E-D-D-E-QQQ cbi36ackl GoMbIHIIA Kob6anaHFaH (MyHJa Q - KBaApymoJibAik JMH3a, E
- 3JIeKTpoCTaTUKaNbIK Aeduektop, D - gunonbgik maruut), BA3U APJI-parel aybip noHAbI
cayJieslepMeH KaMTaMachI3 eTeTiH Y-400 yaeTKilliHiH 3-apHacblH/Aa OpHalacKaH. byt KOHbIPFbI
BACHUJIMCA [11-12] a/eKTpOCTaTUKAJBIK CeNapaTOPbIH TEPEH >KaHAPTY HOTHXKeCiHAe maija
60J1Abl, OHJA SIAPOJIBIK peaklUsl 6HIMJAEepiH 3JIEKTPJIiK KATTbUIbIK OoMbiHIIA eMec, SHIP
KbUIAAM/bIK GUJIbTPiHE YKCAC, )KbIAAMbIK 00MbIHIIA O6JIII a/ly eHTi3iA].

Eki ke3eH/i cenapanus »koHe QOKYCTANTbIH 3JeMeHTTepi 6ap cxeMaHbl TaHJAay HbICaHa
A/pOChbl M€H ayblp UOHAAPAbIH aCUMMeTpaLvaJIblK KOMOUHALMSACbIHAH TYbIHAAWTBIH TOJBIK
6ipiry peakuusaaapblHbIH, 6HIMJepiH TacbIMalAay THIMAIITIH apTThIPY KaXKeTTijliriMmeH
6ananbIcThl. by QoHABIK eHIMAep/i XOFaphl JAeHTenie ToMeHJeTyMeH KaTap, GoKaabaik
»Ka3bIKTBIKTA KYpAeJi [IeTEKTOPJBIK XKyiesnepi KoJJaHyFa MyMKiHJik 6epegi. CemapaTop
CbI30aHYCKAChl 1-cypeTTe KepCeTi/ireH, aJl Heri3ri cunaTraMasapsbl 1-KecTe/ie KeaTipiareH.
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1-cypert. SHELS cenapaTopbIHBIH, CbI36aHyCKachl [13]
Eckeprty: [13] fiepekTep HerisiH/e KypacTbIPbLIFaH
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CenapaTop/a 3apsiTaJrad MOHJAPAbIH YAETIJITEH CoyJIeCIMEH CoyJieJIEHETIH alHa/IMaJlbl
HbICaHa Oap. MarHuTTik KBaJpynoJibJiK JIMH3aJapAblH OipiHIII TpumJeTi HbicaHaJaH
IIbIFATbIH peakuMs eHiMAepiH QokycTay yuliH apHasfaH. CenmapauusilalTbiH 6GeJiiri eki
3JIEMEHTTEH Typa/bl, 0Jlap TOFbICAaTbIH-alKAaCKaH 3JIEKTPJIIK KoHe MarHUTTiK epicTep, OyJ
"XbL1AaMAbIK GUAbTpPi" peTiHae 6eriji. HpicaHaHbIH SApoJapbIMEH 9PEKETTECIENTIH CayJie
WMOHJaphl OipiHi AediekTOpAa aybITKbIMalAbl koHe Papajiel [UAMHPIH/E TexXeNe|.

CenapaTopZafFbl XbUIAAMAbIK, GUILTPJIepi allHa/IbI-CHMMETPUSJIbI TYPAE OpPHa/IacKaH. Opoip
GUIBTP AUMNOJIBJIK MarHUT NEeH eKi apasijesib MJaCTUHA/IaH TypaThiH 3JIEKTPOCTATUKAJIBIK,
JebsiekTopAaaH Typazbl (2-cypeT). PuiabTpJsiep/iH, OCbLIall OpHasacybl Ke3iHJle MarHuT
epiciHzeri aybITKy OypbILIbI 3JIEKTP 6PIiCiHAEr] aybITKy OYPbILIbIHA ChI3bIKThI Taye 1Al 601a/1bl.
JedsekTopap/iblH, KepHEYiH >XoHe JUMOJIbJEpPAiH TOK KYIIiH peTTey apKblibl aybITKY
OYpbIIITAapblH 63repTe OTBIPbIN, YIIbIN OTEeTiH HMOHAAP/bl JAUCIEPCUS KIHE KbLIJaM/bIK
Jinana3oHbl 60MbIHIIA 6eJin asyFa 6osaabl. MoHAapAblH eKi *KblIAaMAbIK GUIBTPI apKbLIb
Y11y TPAaeKTOPHUSACHI S-miliHAl 601azbl.

2-cypeT. Cos1 maHe/b: 3JIEKTPOCTATUKAIBIK, AedyiekTop; OH NaHe/ b: AUNOJIbAIK MarHut [13]
Eckepty: [13] mepekTep HerisiHze KypacTbIpblIFaH

JJIEKTPOCTATUKAJBIK, AedJieKTopaapAblH, IMJACTUHAJAPbIH O€KiTy KOHCTPYKIUSCHI
0JIapAblH, apacblHAArbl KaWbIKTBIKTBL 10 cM-zeH 20 cMm-re geliH peTTeyre MYMKIHJIK
oepeni. CUMMeTpUsJIbl peaknusaapbl, Mbicasibl, 3¢Xe + 13¢Xe — 272Hs*, 3epTTey Ke3iHje
3JIEKTPOCTAaTUKAaJIBIK 6picTiH kepHeysiriH 40 kB/cM-re xkeTki3y yuiH nyactuHasapabsl 10
CM-Te JAeliH XbLDKbITYFa 6o0Jia/ibl. ACHMMETpPHsJbl KOMOWHAUUANAApP VIUiH IJIacTHHAJap
apacbIHAaFbl KalIbIKTBIK 20 cM JeHreliHge 6eKiTisieni, 6y ke3ae aediekTopaapAblH, THIMAI
Y3bIH/IbIFbI 66 CM-Zi Kypan/bl.

ExiHmi kBaJpynoJibJiK JIMH3ajJap TpPUILIETI KaWTapMma fapoJapAbl GoKalabJiK JeTek-
TopJapFa pokycTay yilliH apHaiFadH. DoKanbAiK Ka3bIKThIKTA e TEKTOPJIBIK XKyHe OpHa/laCKaH,
OHBbIH aJJblHJAA KOCbIMIUA 8-rpafyCThIK JUIIOJBbAIK MarHUT OpHATbLIFaH. bys Mar’Hur
KaTapma sposiapabl (KA) mamibiparad caysesiepZieH KOChbIMIIA Ta3apTy YIUiH KOJIAaHbLIAZbL.
JleTeKTOpJIBIK »KYle MeH YJeTIINeH Cay/ie OpHA/IaCKaH IKCIIePUMEHTTIK 3aJ1/ibIH apackl 2 MeTpJIK
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0eTOH KabblpFaMeH OeJiiHreH, OyJl 63 Ke3eriHZie JeTeKTOp OpHaJlacKaH ailMaKTarbl (QOH/BIK
OesICeHIIKTI alTapJ/bIKTal TeMeHJeTyre MyMKiHAIK Oepeni. KOHABIPFbIHBIH, HOH-ONTHUKAJIBIK,
OCiHiH, y3bIHJbIFbl (HbICAaHaZ@H JeTeKTopJiapFa JeHiH) 12.8 MeTpai Kypaijbl, aq peakuus
OHIM/IEpiHiH, YIIIy YaKbIThl OipHellle MUKPOCEKYH/Ka TeH. YaeTiireH *Ca »oHe >°Ti caysiesniepimeH
peakiysiap HITWXeciHAe maija 6osatbiH KA-abl TackiMangay tuimziniri 20%-gan 40%-ra
Jeiin xeteni [14]. ’Kenin 22Ne voHbI yiIiH (ACHMMETPUSIJIBIK KOMOUHALUSIAP) KaHAPThLJIFaH
cenapatopaa KfA-abl TackiMangayablH, Taxipube TypiHAe aHbIKTalFaH TUiMaitri (3.5-6)%
Kypai/ bl [15]. CenapaTopAblH TOJIBIK cMIATTaMacklH [13] >kyMbIcbIHaH Tabyfa 60J1a/ibl.

Eprepekte SHELS cenapatopeiHza KHB peakuusiiapblH 3epTTey OOWMBIHIIA TECTTIK
TaXKipubesiep *)yprisinai. Ocel Taxipubesiep/ie asibiHFaH eH TeMeHri KuMma =10 n6/cp (SHELS
Kabbl1Jjay OYphIlIbIHA COMKeC) LIaMacbiHJa 00JI/ibl, 0J1 5 caFaTThIK CayJieJieHy YaKbIThIH/A
KoJ1 »keTKisinai [5]. SHELS-TiH gepekTep/i alTap/ibiKTall Te3 »KHUHAWUTBIH KyHeci KapTbhliai
bIJIbIpay MepuoJibl ~1 MKC-Ka JAeliH O6osiaThbIH si/ipoJsiapAbl Tipkeyre MYMKiHZiK 6epepi.
Anponapabl Tipkey SHELS cenapaTopbiHbIH QpoKalb/iK Ka3bIKThIFbIH/A OpHaIaCKaH >KOFaphl
cesiMmTas1 GABRIELA fieTeKTOpJIBIK »KyHeci apKblJIbl XKy3€ere acblpblia/bl.

1-kecte. SHELS cenapaTopbiHbIH Heri3ri 6eJ1ikTepiHiH cunaTTamasiapsl [13]

KBagpynosabaik uH3anap
OpicTiH MakcuMasibl TPaJUEHTI 13T/m
3P PeKTUBTI Y3bIH/BIFbI 38 cm
AnepTypaHbIH pajuychl 10 cm
JJIeKTPOCTaTUKAJIBIK, lepJIEKTOD
OpicTig MaKcuMaJAbl KEpHeYJIiri 40 kB/cm
3P PeKTUBTI Y3bIH/bIFbI 65.7 cM
[lnacTuHamap apacbiHAAFbl KAlIBIKThIK 10-20 cm
HoMuHan bl aybITKY O6YpbILIbI 8°
JAunoapaik MaruutTep D22
OpicTiH MakcuMa/ibl TpaJUeHTI 08T
3P PeKTUBTI Y3bIH/bIFbI 59.7 cm
[TosirocTep apacblHAaFb] aNIIAKThIK 13.5cMm
HoMuHan bl aybITKy O6YpBILIbI 22°
Junoapaik MarauT D8
OpicTiH MakcuMaJibl TpaJUeHTI 0.2 kB/cm
3P PeKTUBTI Y3bIH/bIFbI 58.8 cm
[TosrrocTep apacblHAaFb] alIAKTBIK 14 cMm
HoMuHan bl aybITKy OYpbILIbI 8°

Eckepry: [13] fepekTep Heri3iHJe KypacTbIPbLIFaH

GABRIELA fgeTeKTOpJIbIK, XKyHeci

3aMaHayu ToxipubesiepZiH 63eKTi Macesieci - YAEeTIITeH ayblp MOHJIAp MeH HbICaHa s1/1p0Jiaphl
apacblHJAaFbl peaklys HOTHXKeCiHJAe Maija 60/1aThblH 6HIMJep LIbIFApaTblH o-6eJilieKTep
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MeH Y-KBaHTTap/Abl Tipkey O6oJsbill Tabbuiafbl. Byan Tapayna SHELS kuHeMaTHKasbIK
cerapaTopblHJarbl TaxipubesepZe KPEMHUUIIK KoHe TepMaHUWJIK »KapTbhllald OTKi3riul
JleTeKTOpJIapblH KOJIIaHY KapacThipbliagbl. KoFapbl ce3iMTan JeTeKTOpPJIbIK >KYWeHiH
Heri3ri MiHJeTi - cenapaTopAblH (OKaNbAiK Ka3blKTbIFbIHAAFbl K, aHanbIK xkoHe ypnak
(MaTepHUHCKOe U jouepHee) ApoJIapAblH -, 3-, Y-blAblpayapblH TipKey 60JIbIN TaOblIa/bl.

GABRIELA neTekTopJibIK yHeci [16-17] — KpeMHUIJIIK *KoHe repMaHUIJIIK leTeKTopaapAaH
TYPaTbIH KYp/eJli KYpbLIbIM (3-CypeT, CoJl »KaK, TaHe b, TOJIbIK >KMHAK). OFaH 4T reoMeTpUsICbIHA
»KaKbIH TiK OYpbIIITHI IIYHKbIP» KYpalThIH KPEMHUU e TeKTOpJIaphl Kipeai. Byt yHKbIpAbIH
TY6i Pokanbaik eki »kakTbl KpeMHUKAiIK cTpunTi DSSD (Double-Sided Silicon Strip Detector)
JleTeKTOpbl OoJibln TabbLIaAbl. byn ¢pokanbaik geTeKkTopAblH KOHUrypauusicel 128 x 128
CTPUIITEH TYPa/ibl, aJ1 6esiceH/ii ailMakThIH ejiemi 100 x 100 MM?, KalbIHABIFBI 500 MKM.

dokanbAik JeTeKTopFa NepHneHJUKYJ/Isp ceri3 KpeMHHUMJIIK KapThLJlal ©TKI3rill JeTeKTop-
Jlapbl OpHa/IaCcKaH (3-cypeT, OH KaK aHeJsb, KpeMHU MK LIYHKbIP ). ByHipJliK AeTeKTopJiapAblH,
KoHuUrypaumsachl 16 x 16 crpur, eamemi 50 x 60 MM?, KanbiHAbIEL 700 MKM. Osap GoKanbik
JEeTeKTOPABbIH 9P KaFbIH/a )KYIITAll OpPHATBLJIFAH: XKaJlIlbl 16 CTpUIN apaJ/ljiesib XKoHe 32 CTpUI
nepneH UKy/sp 6aFbITTa.

3-cypeT. Cos1 maHeib: GABRIELA aeTeKTOp Ky ecCiHiH TOJIBIK >KMHaFbl. OH MaHe/Ib:
Tyo6inae pokanbgik DSSD geTeKTOpbl 6ap KpeMHUMAJIIK IIYHKbBIP

KpeMHUINIK «IIYHKbIPAbIH» allHaJ/lacblHA eTe Ta3a repManHuiiged (HPGe) kacanraH TepTt
KOaKCHa/Ibl MOHOKPHUCTa/NJbl LUJIUHAPJIK YJKEeH KeJeM/[li JeTEeKTOp, COHbIMEH KarTap,
dokanbgik DSSD aeTekTOopblHA MaKCUMaJAbl )KaKbIH (apTKpbI >kaFbiHAa) 6ip Clover-geTekTop
[18] KolibliFaH.

dokanbAik AeTEKTOPAbIH a-66JileKTepAi Tipkey THiMAIIr: 50% Kypanapbl, ajJ CIOHTaH/bI
66J1iHy KapbIKLIaKTapbIHbIH KeM JereHe 6ipeyiH Tipkey Tuimaijiri 100% xeteni. Pokanbjik
DSSD feTeKTOpPbIHbIH, 3HEPTUSJbIK aXbIpaTbIMAbLIbIFEI 6-10 M3B auanasoHbIHAAFbI
a-6eJilIeKTep YLIiH maMaMeH 15-25 k3B Kypaitabl. KpeMHUIIK leTeKTOp/1apbl MeJiliepJiey
YILIiH TYCETiH cayJie TYpiHe XoHe 9KCIePUMEHT MaKcaTTapblHa OalJIaHbICThI dPTYPJIi TECTTIK
peakiusiiap KosgaHbliazpl. 4-cyperte SHELS KuHeMaTHKaJbIK cernapaTopbiHgarbl *°Ti+2%8Pb
KHB peakiusicbl 3kcnepuMeHTiHAe KoJsgaHbliraH °°Ti + Y°Er TecTTik peakiusiCbIiHAa
dokanbgik DSSD feTekTopa TipkeareH a-6eJ11eKTep/AiH 3HEPTUAJIBIK CIEKTPi KepceTireH.
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4-cypet. ®PokanbAik DSSD JeTeKTOPBIHBIH, 6ip cTpunbiHAaa TipkesreH *°Ti + 7°Er TecTTik
peaKIHsAChIHBIH, -60/IIEeKTEPiHiH, S HEPIUAJIBLIK cleKTpi. OH JKaK >KoFaphl Tepe3seae 1°Th
(7922 x3B) mIbIHBIHBIH, Ta/1aybl KOPCETITEH, SJHEPTUAJIBIK aXKbIPaThIMABLIBIK, 17 K3B-Ti
Kypaiijbl

KocbIMIla CBI3BIKTBIK, KYLUEUTKIIITEepAI NakAalaHa OThIPbII, XKyHeH] 3JIeKTpOHZAAp/Abl TipKey
pexXrMiHe aybICTbIpyFa 60/1a/ibl, OyJ JeTeKTOpAbl B-blAbIpay >KoHe KelliKTipiireH HeUTpoHJap
3MUCCUSICHI HEMECE KeLUiKTipilireH 6eJliHy CUSIKTHI YAepicTepAi 3epTTey YLIiH KoJ1JaHyFa MyMKiH/IIK
6epezi. Bys1 KOHTEKCTTe OYHipJIiK leTeKTop Iap/ bl MeJiiepsey yiiiH 33Ba, 137Cs, 12Eu craHJapTThI
Ke3Zepi xui KoagaHbLiafbl. 5-cypeTTe OyHipJik Jerekropsapia 133Ba kesiHeH TipkesreH
KOHBEPCHUSIBbIK 3J1eKTpOoHAap/AblH, (KJ) aHeprusiblK cieKTpi KepceTiireH.
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5-cypert. ByiipJiik AeTeKkTopJIapAbIH 6ip cTpunbIHAA TipKesireH **Ba Ke3iHiH, KOHBePCUAJIBIK,

3JIEKTPOH/JapPbIHbIH JHEPIUSJIBIK, CIEKTPI. JHEPIrUsAJIBIK, A2KbIPAThIMbLJIbIK,
K3 ymin 10-12 k3B-T1i Kypan bl

lepmanuiik fetektopJsap *°Co, *?Eu CUSIKTBI CTaHAPTThI KO3EeP apPKblJIbl MOJIILIEpJIeHE .
JeTeKTopAbl KOChIMILIA MeJILIepJiey XXoHe Y-KBaHTTapAbl TipKey TUIMAIIITIH aHbIKTAy YILUiH
GeJirisii ©3oMepJIiK bIJbIpaybl 6ap dApoJap TY3UIeTiH TECTTiK peakuusiiap KOJIJIaHbLIA/lbl.
6-cypeTTe 152Eu Ke3iHiH Y-KBaHTTapbIHbIH 3HEPTUSJIBIK CIEKTPi KOpPCETIJIreH.
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6-cyper. 15?Eu Ke3iHiH, Y-KBaHTTapbIHbIH JHEPTUSJIBIK, CIIEKTPi. IJHEPTUA/IBIK aXKbIPATHIMABLIBIK,
Y-KBaHTTap YWIiH 2-3 K3B-Ti Kypaiabl
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2. Toxxipu6e cunaTTamacsl

BA3U APJ/I-na SHELS cenapaTtopbinza “4Ca+2%8Pb, 5°Ti+2%8Pb kone *°Ar+2°°Bi KHb peakijus-
JIApbIH 3epTTey GOUBbIHIIA 3KCepUMeHTTep Kyprisiigi. *Ca, °Ti xoHe *°Ar ayblp HOH/BI
coysieniepi Y-400 yueTkimni apKblibl HIbIFAPbUIABLI. AWHaaMasbl HbicaHgap 2%PbS (208Pb
M30TOMNbl GOMBIHIIA TasasblK gapexeci 99.57%) xone **’Bi,0, (**’Bi usoronbl 60ibIHIIA
Ta3asnblK Aapexeci 99.99%) 1.5 MKM KaJbIHAbIKTaFbl TUTAHJbIK CyOCTpaTbIHA >KAObIH/bI
peTiHfe OekiTingi. 2-KecTeAe KOJIJaHbLIFaH HblCaHaJIApJAblH CUIAaTTaMalaphl KoHe TYCETiH
cayJieJiep/iiH, HbICAaHAa OPTAaChIH/AAFbl 9HEPTHUSACHI KOPCETIJIreH. JKCIEPUMEHTTEP MEH OJiapJaH
aJiblHFAaH HOTWXKeJiep Typasibl TOJIBIK akKnapaTTbl [19] MakajacblHaH Tabyfa 60J1a/ibl.
Bbysn kymbicTa Heri3ri Hazap SHELS kuvHeMaTHKaJbIK cenapaTOPbIHbIH, UOH-ONTUKAJIBIK
3JIEMEHTTEPIiHIH OanTay/apblHa ayAapblaa/ibl.

2-kecte. Kos1ZaHbIFAaH HbICAaHAJIAPAbIH, CUNIAaTTaMaJIaphbl )K9He TYCKEH cayJieJiep/iH HbIcaHa
OpTacCbIHAAFbI 3HEPTUACHI

Peaknus “8Ca+208PD S0Ti+208Ph “OAr+209Bi
Heicana opTacblHZaFbI CoyJeHiH 3Hepruscel, MaB 236+ 2.4 243+ 2.4 194+ 2
Hbicana MaTepuasibl 208ppS 208ppS Bi,0,
HblcaHa Ka/lbIHABIFbI, MKT/CM? 500 £ 50 437 +50 526 £50
HbicaHaHbIH TUTAHABIK CYOCTPAT KaJbIHJbIFbl, MKM 1.5 1.5 1.5

SHELS xbu1aaMAbIK GUIBTpPI caysie ociHe KAThICThl ToMeH OypbiiineH (+4°) ko3ranraHn KHbB
peakUsIapbIHbIH HbICAaHaFa YKCac eHiM/IepiH Yy 6apbIChbIHAA 06JIil aly YUIiH KOJIJaHbLIabI.
Coyne-HbICaHa KOMOHWHALMSACbIHA K9HE CdyJie 3HeprUsicblHa OGaWIaHBICThI HbICAaHAaFa YKcac
KHB eHiMJepiHiH XbLIJaMIbIFbl KypaMa sApo KbLigaMmAbliFbiHaH VCN mamameH 1.5 ece
»koFapsl 60s11bl. SHELS-TiH asiekTpJiik xkoHe MarHUTTiK epictepi KHb peakuyus HaTuxkecinge
TYbIHAAUTBIH XbLIAaMAbIKTaphI (1.1 - 1.8) UCN 6os1aThIH 6HIMAEPAi 66J1in any YiliH 6anTaaabl.
backa Kbl1laMIbIKTaFbl peaKLva eHiM/epi coysie TOKTAaTKbIIIbI KEMeTriMeH TeXeJ|.

KHB peaknuuss eHiMzepiHiH HbicaHaZiaH GOKaJbJAiK JeTeKTopJapFa TPAHCMUCCHUSICHIH
MaKCUMHU3auusaaay MaKCaTblHJA celapaTop 3JeMeHTTepiHiH onTUMa/Abl IapaMeTpJiepiH
a"biKTay yuiH VASFIT [20] KoceiMinachkl KoJifaHbLIaZbl. Bys KockIMiaza GeJlieKTep/iH,
cernapaTop apKblibl YIIYbIH MoZesbey yiuliH MoHTe-KapJio azici naiaananbliabl. 3-KecTteze
Q1 - - - Q6 MarHUTTIK KBaJpyNoJIbAIK JIMH3aJapAarbl TOKTbIH, MaHAepi, E1 - E2 asekT-
pocTaTUKa/bIK JAedJsieKTopsapblHJarbl KepHey, D22 MarHuTTik JedJieKTopapbiHAaFbl
TOKTap xkoHe D8 aybITKbITYILBI JUIOJbAIK MArHUTTIH TOT'bl KOPCETUITeH. JJIEKTPOCTATUKAJIBIK
flebyieKTOp IMJIAaCTUHANApbIHJA Kepre Te3iMJUIIKTI apTThIpy YIUiH CUMMETPHUSJIbI KEPHEY
KOJIZJaHbLIa/bl — Oip MJIaCTUHAFA OH, aJl eKiHIIiciHe Tepic moTeHIMaa 6epiiesi.

3-kecte. SHELS cenapaTopbIHbIH, MOH-ONTUKAJIBIK 3JIEMEHTTEPiHiH mapaMmeTpJiepi

HNoH-0NTHUKAIBIK 3JIeMEHT 48Ca+2%Ph S0Tj+208Ph 40Ar+209Bj
Q1 196.4 A 886 A 164.4 A
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Q2 148.1 A 777 A 139.2A

Q3 64.8 A 373 A 59.1A

Q4 189.1 A 137 A 190.8 A

Q5 429.5 A 351A 429.1A

Q6 288.3 A 253 A 288.4 A

El (40-160)* kB 125, 145, 165 kB 120, 135, 150 kB

E2 (40-160)* xB 125, 145, 165 kB 120, 135, 150 kB
D22-1 532.1A 504 A 493.2A
D22-2 532.1A 504 A 493.2A

D8 430 A 449 A 400.3A

*MoHep 10 kB KagaMMeH e3repTiJiin oTbIPAbI

CemapauysagaH KeliH HbICAaHAJaH YIIbIN IIBIKKAH K9HE CenapaTop apKbljibl 6TKEH 6HIM-
Jlep cenapaTopAblH GOKaAbAiK KA3bIKThIFbIHAA oOpHasackaH GABRIELA feTeKTopJbIK
Kyreci apkplabl Tipkeseni. Bysn Toxipubeje cemapaTopAblH AeTEeKTOPJBbIK >KyWheci eki
CTApT-CTON YaKbITTHIK, YIIIy J€TEKTOPbIHAH, KPEMHUMUJIIK KapThlJIal OTKI3Till JeTeKTopJap
*KUBIHTBIFbIHAH koHe 6ip Clover TypiHzeri y-aeTeKTopJaH TYpPAbI.

CemapaTop/a kypri3iyieTiH ageTTeri Taxipubenepze anviHaTbiH KHB peakius enimzepin
COUKeCTeH/ipy 0JIap/blH, (-bIIbIPAy IHEPTUACHI, OMIp CYpy Y3aKThIFbI 2KoHe YpIaK, 6HIMepiMeH
KOppeJisilvsChIH Taby apKblbl XKy3ere acblpbLia/ibl. COHFbI KaFqal/1a colKecTeH/ipy poKanbAik
Ka3bIKTbIKTaFbl DSSD feTeKTOpbIHBIH Oip/iel MUKCeJiHJe TipKeJreH KdHe O-blAbIpay/iblH
reHeTUKaJ/IbIK Ti30eriHe »KaTaTbIH S/pPOJap/blH YaKbIT 60UbIHIIA KOppesalysaadFaH 6ipi3fi
O-blAbIpayJiapbl apKbLIbI XKYprisiiesi.

CrnoHTaHAbl 066JliHy HW30TONTApbIHbIH, KAaCUETTEPiH 3epTTeyre OaFbITTaJFaH TIXKipH-
6eJsiepZe Heri3ri calikecTeHAipy aaici peTinae pokanb/ik DSSD feTekTopbIHAA 66J1IHY XKapbIK-
IIaKTapblHA TOH YJIKEH aMIUIUTYAabl curHanaapApl (30-40 MsB-TaH »kofapbl) Tikesel 6aKbliay
KosaJaHbiagbl. «KA-kapelKimak» KoppensiqusCblH i37ey opici 6eJiiHeTIH spoJiap/blH,
»KapThlJad blJblpay NEePUOAbIH aHBIKTAyFa XoHe HbICAHAHbIH, KOCa U30TONTApbIHAA Maija
60J1aThIH CIIOHTAH/AbI O6JIiHY/IiH KaXKeTCi3 eHIMAepiHeH KYThLIyFa MyMKIiH/JiK 6epesi.

HaTunxesiep MeH TasKbliay

S0Ti+28Ph jxoHe **Ar+?°Bi KHB peakiusiapblHAa 6JIIIEHTe€H O-CIIEKTpJiep 7-CypeTTe
kepceTinreH [19]. Onap koprackiH (Pb) »xoHe BucMyT (Bi) HbIcaHa iApoIapbIHAH ThIC TY3i/1TreH
9PTYpJl AApOJIApAbIH, OpHaJaCKaHbIH KepceTeAi. AnpoJsiapZibl CoMKeCTeHJipy XKoHe i3zey
ywiH KA-o )koHe a-o KoppesaauusblK Tangay afici Kosganbuiasl. Yiu KHB peakuuganapsl
HOTHXKeCiH/le TipKeJITeH Maccajiapbl HbICaHa f/pOJIapblHAH ayblp OHIMJAepAiH >XUbIHTBIFbI
8-cypeTTe 6episireH. [I[poToHAap caHbl HbICaHA IAPOJIapbIHA KapaFaH/ia Cerisre, aj HeUTpoHaap
CaHbl JKeTire AeiiH apTbIK 60/1aTbIH U30TONTAp GalKaJAbl. by »Kepjie aTamn eTeTiH Hapce:
KHB peakiys eHiMaepiHjeri HEUTpoHAAp caHbIHA TEK KaHa OepisireH HEUTPOHJAP CaHbI FaHA
eMec, COHbIMeH KaTap Ko3faH 6actankbl KHb eHiMepiHeH 1IbIKKaH HEUTPOHAAP Jia Kipeni.
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7-cyper. *°Ti+2%Pb u *°Ar+2°°Bi KHB peaknus/jiapblH/a aJIbIHFaH HbICAHAFa YKCac OHIiMAepAiH,

eJIIeHTeH o-crneKkTpJiepi. lepekrep *°Ti+2®Pb KHB peakuus eHimaepi ymid 11.4 carat xKoHe
“0Ar+2°°Bi peakumsichbl yiiH 18 caraTt 60¥ibl >kuHaAAb1 [19]

Eckepry: [19] fiepekTep HerisiHJe KypacTbIPbLIFaH
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8-cyper. Aapoaap guarpammacbinga *°Ti+2°8Pb (cyp Tycti mapmsuiap), 4Ca+2%Pb (KpI3bL1

ambIK Wapmeaap) xkaHe *’Ar+2Bi (kKapa meH6epJiep) KHB peakuusijiapsl HOTHXKeciHAe

TipKeJIreH HyK/JIMATEPAiIH OpHa/Iacy aiMarbl KepceTiireH. Bosisirad Kapa mapumsiiap 2°Pb
»k9He 2°°Bi HpIcaHa/IapbIHBIH, OPHAJIACKAH KepJiepiH kepcetei [19]

Eckeprty: [19] fiepekTep HerisiHJe KypacTbIPbLIFaH
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Conpani-ax, 3eprreJin orbiprad KHbB peakyusanape! kesinge tybiHgauTbiH SHELS cenapa-
TOPBIHBIH OYPBILITHIK aKLleITaHCbIHA CaiKec 60/1aThIH (15 Mcp) eHiMAepAiH Ty3ily KMMaiapbl
anbIHABI (9-cypeT). OuieHreH eH, TeMeHri Kuma 50 n6/cp geHreiinge 60J/bl, OHJAH MOH
eHIM/epAiH *KblIAAM/ABIFb], COy/Ie UHTEHCUBTIJIIT )KoHe HblCaHa KaJIbIHAbIFbI IapaMeTpJiepiHe
coliKec 6ec caFaTThIK JlepeK XKUHay Ke3iH/ie KOJI XKeTKi3iaii.
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9-cypert. *8Ca+2%Pb, *®Ti+2°Pb xoHe *°Ar+2°°Bi KHb peakuusiiapbiHAa ajbIHFaH Bi-raH Pa-Ka
JAeliHri 3JleMeHTTepAiH U30TONTaphl YIIiH MaccaIbIK caHHaH Tayeaai KHB eHiMaepiHiH Ty3iny
KuMmasiapsl. CypeTTi OHall KaGbL/1A4ay YIIiH HYKTeJIep ChI3bIKTapMeH KOCbLIAbI [19]
Eckepty: [19] fiepekTep HerisiHJe KypacTbIPbLIFaH

KopbITBIHABI

*8Ca+2%8Pb, SOTi+208Pb xkoHe **Ar+2°°Bi KHE peakiusiapbiHbiH eHiMaepid SHELS cenapaTopbl
KeMeriMmeH 3epTTey OyJ aaicTiH KHB cupek aybip eHiMzepiH 6akpliay ylliH NOTeHLHAJIbIH
kepceTTi. SHELS apHnaiipl KHB peakuussapbin 3epTTeyre apHasmaca /Jia, oJ1 KuMasapbl 1 HO
JleliH 60J1aThIH 6HIM/epAi eJillieyTe 601aThIH Ce3iMTaibIFbIH KepceTTi. by 6acka agicTtepMmeH
aJIbIHFaH HaTUXKeJiep/eH bipHellle ece >kofapbl. OCbl 2KYMBbICTa KOJ1JAHBLIFAaH UHCTPYMEHTaJ bl
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aAicTepai ayblp MOH yaeTkimTepinae KHB peakuyanapel HoTUXKeCiHAe a/IbIHATBIH 6Te aybIp
3JIeMeHTTepP/iH CIOHTaH/bl 06JIiHYy KacMeTTepiH 3epTTey YILUiH CITTi KoJiJaHyFa 60Js1a/bl Jen
CEeHIMMeH auTa ajaMbl3.

SHELS cenapaTtopbinza xacanrad GABRIELA feTeKTOpJIBIK »KyHeci TpaHCypaH A4POJIapAbIH,
KYPbUIBIMBIH 3€epTTey OOUbIHIIA TaXipubesep/iH TUIMJIJNICIH lIeTeNiK aHaJorTapMeH
CaJIbICTBIPFaH/a aluTapJibIKTal apTThIpAbL. By Kylie TpaHcypaH AApoJapAblH KYPbLJIbIMbIH
3epTTeyre KoHe KaHa ayblp HYKJIWATEPAiI Tipkeyre apHa/ifaH KYIUTIi KOMOWHULMsJIaHFaH
dAiic 6osibin TabbL1aAbl. 2Kobasa KOUbLIFAH MiHAETTep/i OpbIHAAY 3aMaHayy Teopusijap MeH
ecenTey dAicTepiHiH, PpU3MKAJbIK HETI3AiNIriH 6aFasay YIIiH Ka>XeTTi MaHbI3/lbl aKNapaTThl
aylyAbl KAMTaMachI3 eTe/ii. YChIHBLIFAH 3KCIepUMEHTAJI/bl 9/licTep MEH TacCiiep PU3UKaABIK
»KOHEe TeXHUKaJIbIK TYPFbl/IaH eH 3aMaHayH 00JIbIN TaObLIaAbl. AUTAPJIbIKTAN KaPXKbIJIbIK YKoHe
VMHTEeJJIEKTYalAbIK caJlbIMJap KaxeT 60Jica [ja, ayblp HOHAAp GU3MKACBIHAAFBI Oy GaFbITTap
JVUHAMUKaJIbIK TYpAe AaMy/la, COHbIMEH KaTap OCbIHAAW 3epTTeyJiep Kyprisyre KaKeTTi
YAeTKIilTik 6a3ackl 6ap AAPO0JbIK-GU3UKAIBIK OPTAIbIKTAP/AA XKOFapbl 6aCbIM/bIIbIKKA HE.

BA3U APJI-na KHB peakyusaiapblHbIH, 6HIMJEpPIH cenapanusaay »XoHe Tipkey aJicTepiH
JlaMbITY asCbIHAA, Oipiry/6epiny peakuusjapblHaH aJblHaTbIH ©HIMJEpAiH »KOFapbl
TPAaHCMUCCHUSICbIHA OaFbITTa/JIFaH, COHJAW-aK ayblp fAApoJapAbl TipKeyAiH 3aMaHayH
aaictepiH KaMTUTbIH ¥Y-400 yaeTkiutiH xxa"HaptyMeH (Y-400P) katap STAR [21] (Separator for
TransActinide Research) gen aTasaTbIH kaHa KMUHEMATHUKaJbIK CENapaToOp/bl »Kacay HUAesChbl
ycbiHbLIABL. HerisiHeH, »kaHa cenmapaTop cayJieJieHYAiH »KOFapbl MHTEHCUBTIIriHE, GOH/IbI
YKOFaphl JeHrenae 6acyra, ToublK 60ipiry xkoHe KHB peakyusanapeiHfia TysizieTiH ayblp oHe
eTe ayblp fApoJiapAbl XOFaphl JlopexeJe OTKi3y KabijsieTiHe, cOHAaW-aK OapJiblK blAbIpay
MoJiaapbl MeH g/1poJiap/blH MaccajapblH eJilleyre 6erdimM/iesred 60Jaabl en )KocrnapJaHy/a.

ConbiMeH KaTap, STAR cemapaTopbiH TYyCeTiH CoyJieHiH OCiHe KAaTbhICThbl OypyFa MYMKIiHAIK
6os1azbl, 6ys1 63 Keseringe KHB peakuusiiapbiH/ia KeH OYpbILITHIK TapajiblMZa TYbIHAAUTbIH
eHIMJZIep/Zli 3epTTeyre wuAea bl OoJiblll ecenTesefi. CemapanusijlaH KeHWiH, i3JesliHeTiH
AApOJIapAblH, bIAbIpay KacUeTTepiHe CyueHe OTbIPbIN, KOPpeJsLUsJbIK Taajay oiCiH
KOJIZJAHbII, UMILJIAHTALMsJIaHFaH S/[poJiapAbl aHbIKTayFa MYMKiHAIK 6epeTiH JeTeKTOPJIbIK
KyHheJsiep KeMeTiMeH 3epTTeyJiep XKyprisyre 60sa/bl.

Anrbic aniTy, MyAAeJsiep KaKThIFbIChI
by 3epTTey KaszakcraH Pecny6sivkachkl FblibIM KoHe »KOFapbl 6ij1iM MUHUCTPJIr] FblibiM
koMmuTeTiHiH (N2AP19577048 rpaHT) KapKbLJIbIK KOJIIaybIMeH Ky3€ere acblpblIyAa.

ABTOpJIapABIH, KOCKaH yJeci

Caiinay6ekos B.C. - )KyMbICTbIH 0apJIbIK, aCleKTiziepi yLIiH »kayanTel 60JyFa KesiciM 6epy, MaTiH
»Ka3y »KoHe OHbIH, Ma3MYHbIH CbIHU TYPFbIJIaH Kapay, 3epTTey HITHXKeJIePiH KUHAY, Tal14ay, 3epTTey
*KYMBICBIH XY PTi3y.

CeupuxuH A.H. - nepeKkTepAiH AYPBICTBIFbIHA, MaKaJIaHbIH, 6apJiblK 06JIIKTEPiHiH TYTaCTbIFbIHA
6allIaHBICThl MaceJsieJiep/ii peTTey, *Kapusjay YIIiH MaKaJaHbIH COHFbl HYCKAChIH GeKiTy, 3epTTey
YKYMBICBIH XY PTi3y.

Tezex6aeea M.C. - vfiest KaJbIITACThIPY, HETi3Ti MaKcaTTap MeH UJesjlapAbl AAMbITY, MaKaJIaHbIH,
paciMJieiyiHe eJieyJi yJiec, 3epTTey »KYMbICBIH »KYPTi3y.
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Jeeapadica X.M. — 3epTTey HaTHKeJlepiHe CTAaTUCTUKAJbBIK TaJAay KYPTi3y, JepeKTep/i >koHe
JasengeMesiepAi xKUHaY, aJbIHFaH JlepeKTep/i TYCIHAIPY, 3epTTeY >KYMBICBIH »KYprisy.

IxciGekoe A.K. - 3epTTey KYMbICTAPbIH Kap>KbLIAHABIPY MaceJieJepiH peTTey, JAepeKTepAiH
JYPBICTBIFbIHA K63 KeTKIi3Yy.

Hcaee A.B. - MaKa/iaHbIH, 6apJblK, 66/iKTepiHiH TYTacTbIFbIHA O6alJIaHBICTBI MacesieslepAi peTTey
’KoHe Ma3MyHBbIH CbIHHU TYPFbIJAH KalTa Kapay, JepeKTepAiH AYPBICThIFbIHA KO3 KeTKi3y, 3epTTey
YKYMBICBIH XYPri3y.

MpyxuH P.C. - MaTiHHIH Ma3MyHbIH CbIHU TYPFbl/la KAliTa Kapay, lepeKTep/iH 6ipTyTacThIFbIHA MaH Gepy.

Ilonoe I0.A. - 3epTTey >XYMBICbIH OTKi3yre AaWbIHABIK KYMBICTApPbIH Kacay >XoHe TeXHUKaJBIK
TYPFbIJIa KAMTaMachlI3 eTY, 3epTTeY KYMBICBIH »KYpri3y.
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Hcnonb3oBaHue KUHeMaTu4deckoro cenaparopa SHELS u aetektupyromei cucrembsl GABRIELA
JAJIs1 U3y4eHMs peaKIiuil MHOIOHYKJIOHHBIX Ilepejay

AnHoTanusA. B JlabopaTopuu aaepHbIX peakuuil O6beJUHEHHOTO UHCTUTYTA AAEPHBIX UCCIef0-
BaHu# (JIAP OUAN) Ha cemapaTope SHELS npoBoAsTCS 3KCIEPUMEHTHI M0 CUHTE3Y HOBBIX U30TOMOB
TAKeJIbIX AJiep ¢ Z 2 82, uccyieJOBAaHUIO CBOMCTB UX PaJJMOAaKTUBHOI0 pacnazia ¥ nolepevyHbIX Ce4eHU !
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Ken Hyk0HObIK 6epiny peakyusaaapsiH 3epmmey ywin SHELS kuHemamukasivik cenapamopbiH scaHe GABRIELA
demekmopblk scylieciH natidaaaHy

06pa3oBaHUs C LieJIbI0 U3YyYeHHUs] HOBBIX 3aKOHOMEPHOCTEN CTPYKTYPHI sifilep TIKeJIbIX 3JIEMEHTOB,
onpeJesoUMX CBOMCTBA PaJIJMOAKTHBHOIO pacnaja U mpouecchl GOpMHUPOBAHUS TSKEJbIX sAep.
ITU Uccae/JOBaHUs BAaXHBI /Il Pa3BUTUA MoOJiesiel s/lepHON CTaOUJIbHOCTH, TTOMCKA J0JTOXKUBYIIIUX
CBEPXTKEJIBIX U30TONOB U BO3MOXKHbBIX MPAKTUYECKUX MPUMEHEHUH B 1/lepPHOM 9HEPTreTHKE.

OcHOBHOe BHHMMaHUWEe B paboTe OYAET y/e/leHO METOJUKE 3KCIEepUMEHTa — HCI0JIb30BaHUIO
netektupywonieil cucteMbl GABRIELA u kuHeMaTuyeckoro cemapatopa SHELS npasa ucciemoBaHus
peakI il MHOIOHYKJIOHHBIX MTepe/iay.

B yacTHOCTH, GYAYT mpe/icTaB/IeHbl pe3yJbTaTbl 3KCIEPUMEHTOB, MPOBE/IEHHBIX Ha cemapaTope
SHELS ¢ koM6uHupoBaHHOU AeTeKkTupytoleil cuctemoil GABRIELA mo usydeHulo peakLUid MHOTO-
HYKJIOHHBIX epejay *8Ca+28Pb, S0Ti+2%8Pb u **Ar+2°°Bi, KoTopble BeyT K 06pa30BaHUIO s1/iep C YKNCJIOM
IIPOTOHOB BBIIIIE, YEM Y SI/IEP MHUIIEHU.

[IpoBeseHNe MOJOOHBIX IKCIIEPUMEHTOB C MCHOJb30BaHUeM ¢uabTpa ckopocted SHELS mosBo-
JIUT Jiydllle MOHSATh MOTEHIMaJ] KHUHEMAaTH4YeCKUX CeNapaToOpoB [Js HCCAe[JOBaHUSL peaKI Ui
MHOTOHYKJIOHHbIX Nepegay. [Ipy 3ToM omnucaHHble B paboTe MeTOAbl UCCAEe[0BaHUS YCIEIIHO
NPUMEHSIIOTCS B 3KCIEPUMEHTAJbHOM HM3yYeHUM CBOUCTB PaJMOAaKTHBHOrO pacnaja TsKeJbIX U
CBEPXTSKEJIbIX A7€ep.

Kiio4deBble c10Ba: KHHEMaTHYECKHUN cenapaTop; AeTeKTUPYIOLasi CUCTEMA; peaKl sl MHOTOHYK-
JIOHHBIX [lepejiay; TsXKeJIble s/Ipa; K-pacraf,.
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Use of SHELS kinematic separator and GABRIELA detection system for studying multinucleon
transfer reactions

Abstract. At Flerov Laboratory of Nuclear Reactions of the Joint Institute for Nuclear Research (FLNR
JINR), experiments are conducted using the SHELS separator to synthesize new isotopes of heavy nuclei
with Z282, study their radioactive decay properties, and measure production cross-sections. These
efforts aim to uncover new patterns in the structure of heavy nuclei that govern radioactive decay
and the processes involved in the formation of heavy elements. This research is essential for refining
theoretical models of nuclear stability, discovering long-lived superheavy isotopes, and exploring
potential applications in nuclear technology.

This work focuses on the experimental methodology - the application of the GABRIELA detection
system and the SHELS kinematic separator to investigate multinucleon transfer reactions.

In particular, we present results from experiments performed at the SHELS separator with the
combined GABRIELA detection system for studying multinucleon transfer reactions in **Ca+2°®Pb,
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F0.A. IIonos

S0Ti+2%8Pb, and *°Ar+2%°Bi systems, which lead to the formation of nuclei with proton numbers higher
than the target nuclei.

Conducting such experiments with the SHELS velocity filter will enhance our understanding of the
potential of kinematic separators for studying multinucleon transfer reactions. The methodologies
described here have been successfully applied in experimental investigations of the radioactive decay
properties of heavy and superheavy nuclei.

Keywords: kinematic separator; detection system; multinucleon transfer reaction; heavy nuclei;
a-decay.
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Kaprbuiai lericsiep MaTpULACBIHAAFBI TOJIBIK, [elic/iep KOPbITIACHIHbIH,
HAHOOeJILIEKTEPiH MoAe ib/ey: KYPbUIbIMABIK, )KoHE 3/IeKTPOH/bIK KacUeT-
TepiH 3epTTey

H.C. Contan6ek! , ®@.y. AGyoBa' , T.M. UHepGaeB! , A.Y. AGyoBa' , K.E. 3o0kueBa?
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IJLH. I'ymunee amviHdarul Eypasusi yimmulK yHugepcumemi, AcmaHna, Kasakcma
2Acmana Xanvikapaasix Yausepcumemi, AcmaHa, Kazakcmat

(E-mail: nurpeis.93@mail.ru)

Anparna. MatepuanTaHy cajlacblH/ZIa COHFBI yaKbITTa ['ericyiep :xaHe xKapThl-
savi [elicyiep TUNITeC KOCBIIBICTapFa KbI3bIFYUIBLIBIK apTa Tycyze. Cebebi osap-
JIblH MarHUTTIK, CHUHTPOH/BIK, 9pi TEPMO3JIEKTPJIiK KacueTTepi 6yJ1 MaTepu-
anzap/Zbl 6oJalllaK TeXHOJIOTUSJIAp YIUiH mepcrneKTUBTI eTefi. Ocbl 3epTTey
ascoinga Ti,Pt,AlSb xxaHe V,Ni AlSb Tosabik ¢paszanbl KOCBLIBICHIH KapThlian
reucaepJik Ti, Pt AlSb xxone V,Ni, AlSb MaTpu1iackiHa eHTi3y apKblJ/bl aJIbIHFaH
HAaHOKYPBIJIBIMHBIH, KYPbLJIbIMbI MEH 3JIEKTPOH/BIK KacUeTTepi »KaH-KaKThl
KapacTbIpbliabl. EcenTeysiep KBaHTTBIK MeXaHUWKafa Heri3jesireH, ajafalliKbl
NPUHLUIITED dicTepiMeH Xyprisinai. Mogenbaey kesinge 3x2x1 esmemperi
CynepysIlbIK Nai/a/laHbLIbII, HOTMXKeCiH/le HaHOOeJIIeK MeJillepi aMaMeH
8,3%-Abl Kypa bl — 0yJ1 HAKTbl MaTepuaJapAaFbl TUNITIK KOHIleHTpaLUsJIapFa
call KeJsieJi KoHe OeJIlIeKTepP/iH, 63apa acepiH ejieMeyre MYMKiHJiK Gepepi.
3epTTey OapbIChbIHAA TOPAbIH KailTa KypblLly yAepicTepi MeH 3/JIeKTPOH/bIK
KYH TBIFBI3/JIbIFbIH/AAFb] ©3repicTep 0alKaiabl. AJIbIHFaH MaJIiMeTTEP TOJBIK
»)K9He »KapThblLlall ¢aszasap apacblHAAFbl lIeKapaHbIH TaOUFATbIH TepPeHipeK
TYCiHyre cen 60JiaZibl 9pi OJIapJblH ©3apa dpeKeTTeCcy MexaHUu3M/epiH Oara-
JlayFa *oJ1 amazbl. bys 3eptTey Heusler TunTec HAHOKYPbLIBIM/bI MaTepUaJ-
JlapAbl MaKCcaTThl k00asiayFa OaFbITTaJIFaH TEOPUSJIBIK 0a3a peTiHJe KbI3MeT
eTeai. KopbIThIH/IblIap 60JIalIaKTa KaHa, alpbIKIllIa KaCUeTTepre ue MaTepu-
ajap »kacayfa Heri3 6oJ1a anazbl. COHbIMEH KaTap, )KyMbIC MaTepHualJapAblH
KYPbUIBIMABIK, KypZeJisiri MeH oJiapAblH QYHKLUMOHAIJbIK MiHe3JeMesepi
apacblH/aFbl 6aMJIaHbICThI TEPEH YFbIHYFa »K0J1 alla/bl.

Tyiin ce3pep: Tleliciep KopbITnanapbl; 3J€KTPOHABIK KypbLIbIM; Ha-
HOKYPBLJIBbIM/Iay; HAaHOKYPbLIBIM/ABI ['elic/iep KOCBLIBICTAPHI; KapThliai [ei-
cJlep KOpbITIaJapbl; CynepysIbIK.
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Kipicne

Byrinri MatepuanTaHy FbLIbBIMBIHAA [elciep »oHe >KapTbuiak [ledcnep TumniHzgeri
KOCBLJIBICTApFa JlereH KbI3bIFYIIbUIBIK aupbIKLWIA apThill OTbIP. bByJsl KOCbLIbICTap/blH,
MarHUTTIK, CIOUHTPOHABIK >9HE TEPMO3JIEKTPJIK epeKlleyaikTepi oJapAbl 3aMaHayu
TEXHOJIOTUSJIBIK KYpbUIFbLIapAa KoJJaHyFa »oJ1 amazbl [1]. Ocipece onap/blH 3J1€KTPOHBIK
KYPbLIBIMBIH JI9J1 6aKbliay MYMKIHZIr - COIMHTPOH/BIK »Ka/ibl KYpbLIFblIapblHAH OacTar,
MarHuT epiciHe ce3iMTaJl CEHCOpJap MeH 3HEepPTryusHbl TUIMJI TYpJIeHZIpeTiH Xyuesepre
JleliH - ’kaHa OybIHJaFbl MaTepUaJapAbl KacayJa MaHbI3Abl OpbIH anajbl [2-4]. COHFbI
yaKbITTa OyJ GaFrbITTaFbl 3epTTeYJIepAiH illiHAe HaHOKYPbLIbIMABI [eliciep MaTepraiiapbl
epekile e3eKTilikke ue 60sAbl. bip $aszanbl KOCBIIBICTBIH 6Te ycak 6eJillleKTepiH 6acka
dazasnblK MaTpulaFa eH/ipy apKbLibl ajJblHAaTbIH KypZeJsi HaHOKYpbLIbIMJAp - Kasipri
FBIJIBIMU KbI3bIFYIIBIIBIKTBIH 63€TiHe alHaifaH. MyHau KypbUIbIMJap MaTepuasl/blH IlKi
KacheTTepiHe — OHbIH TOPJIbIK KYPblIJIbIMbIHAH 6acTal, 3J1eKTPOH/bIK KyHiHe 2KkoHe MarHUTTIiK
KacueTTepiHe AeliH — alTapJibIKTal acep eTil, OHbIH, KaJ/Mbl QYHKIUOHAbIFbIH apTThIPYFa
MYMKIiHAiIK 6epe/i.

Ochbl 2KyMbICTa KYPbIIBIM peTiHZe 3x2x1 esmeM/i cynepysalblK NanAajanbliabl. MyHaaun
eJlIeM/i TaHJay Ke3[elCcoK eMec — OyJI »KaFAaijia xKylese HaHOO6O/ILIEeKTepAiH OFbIpJIaHy
Mesiiepi mamameH 8,3%-abl KypaWzabl. ATasfaH MoH IIbIHaWbl MaTepUaiAapfarbl
HaHOOeJILIEeKTeP yJeCiHe XKaKblH, 9pi oJlapAblH apacblHAaFbl 63apa 9peKeTTecyNep/i eJeycis
JleHrelre aeiid ToeMeHaeTe/1i. OcbLiaiiia, xKyieie xkeke HAHOOOJIIIEKTiH 63iH/[iK KacueTTepiH
allKbIH 6aFasayFa MyMKiHJiK Tya/bl. K(06aHbIH 6aCTbl MaKCaThl — TOJBIK pa3asibl KOChLJIbICTaH
TypaTblH HaHOOGOJILIEKTIH »apThllaid reiciepJ/iik MaTpUllaFa bIKNAJbIH aHBIKTAy. Ocipece,
HaHOOGJILIeK eHri3iJireH aWMaKTaFbl KPUCTAJIJbIK TOPAbIH KYpPbLIBIM/BIK ©3repicTepi,
aToMapasiblK 6alJIaHbICTAp/blH KalTa KaJbINTAaCybl, COHAAN-aK *KyHeJeri KeprijlikTi xoHe
KaJINbl 3J1eKTPOHABIK KYH ThIFbI3/bIFbIH/IaF bl aybITKYJIap Heri3ri Hazapaa 601461 [ 5-9]. MyHjak
e3repicTep MaTepyaiAblH MarHUTTIK, O6TKI3TILITIK XK9He TePMO3JIEKTPJIIK CUIIaTTaMaJlapblH
auTapJbIKTal e3repTyi MYMKiH. bys1 3epTTey HoTHUKeJiepi TOJIBIK KoHe KapThbliau [erciep
¢dasasiapbl apacblHaFbl LIeKapasblK 63apa 6aliaHbICTAap/AblH, TAOUFATbIH TEPEH TYCiHyTe
MYMKiH/JiK 6epefi. COHbIMEH KaTap, HAaHOOeJIleK eH MaTpulia apacblHAarbl UHTepdencTeri
KYPbUIbIM/IBIK, COMKecCi3iiKk MeH OHbIH TybIHJAATaTblH (U3UKaIbIK 3ddeKTiniepi fe epekiie
Haszapza 6osabl [10]. MyHAal HaHOKYpbUIbIMJJaHFaH XKyHeJiepAiH KypZeJijirine KapaMacTas,
oJlapZibl MaKCaTThl TypAe obajay apKbLibl aHa QYHKUMOHAABIK MYMKIHJIKTEpre »oJ
awbLiaapl. Kannel anraHga, Oy KYMbIC HAaHOKYPbLIBIM/Ibl KOMIIO3WUTTIK MaTepuasapAbl,
COHbIH imiH/e [eliciep KOChLIbICTAPhI HETi3iHAETT KypAeJi xkyhesaepi »kobaayiaFbl MaHbI3/bI
TEOPUSJIBIK KaJaMJap/blH OipiHe xaTazpl. 3epTTey OapbICbIHJAA aJbIHFAaH HOTHXKeJep
OoJialllaKTa epeKlle KAacUeTTepre he MaTepuasfap/bl »Kacayfa, COHbIMEH KaTap KYpbLJIbIM
MeH QYHKLMSA apacblHAAFbl TepeH OailaHbICTap/ibl alllyFa yJiec KocaZpl el CeHIMMeH auTyFa
60J1a/bl.

OcbifaH opail, KypaMblH/ia BaHa/JUl HeMece TUTaH 3JeMeHTTepi 6ap HaHOKYPbIJIbIM/bI
KOChLJIbICTAp/ibl MAaKCAaTThI TypAe »o006aJay — Ka3ipri 3aMaHfbl MaTepUaJTaHY/blH, MaHbI3/1bI
MiHJZeTTepiHiH 6ipi. MyHJal MaTepuanjap 6oJjialllaKTa 3HEPTUsSHbl TYpJEHZipy, MarHuUT
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epiciH aHBIKTAHUTBIH CeHCOpJap, COHJAAW-aK CIUHTPOH/BIK KYpBbLJIFbLIAp YILUiH Heriz 6oJia
asajibl. 3epTTey O6aFbIThl peTiH/le BaHAJAUM E€HTi31/IreH apThlJlakl Terciepik KypblibIMAap
MEH 0J1ap/iblH, 3JIEKTPOH/IBIK *KaHe KYPbLIbIM/BIK OeliM/iesy epeKlieikTepi epekiie Ha3apFa
asnblHabl. Bys1 6aFbITTaFbl ipreJi TyciHikTep 60Js1allaKTa »KOFapbl TUIMAiIKKe He aHa 0ybIH
KYPbLJIFbLIAPbIH XacayFa Heri3 60J1a ajajbl.

JdJicHamMa

ByJ1 3epTTeyie KBaHTThIK-MeXaHUKAJIbIK eCeNTeYJeP ThIFbI3/bIK QYHKIIMOHAJbI TEOPUSICHI
(DFT) apicTemeci Herizinge Vienna Ab-initio Simulation Package (VASP) 6argap/iaMasiblK IaKeTi
apKbLIbI KYprizisiai. AnMacy-KoppeassuusablK acepJiepAi cunatrtay yiuiH Perdew -Burke -
Ernzerhof (PBE) ¢yHkuMnoHanbl ieHOepiHAeri alnbllaHFaH rpajueHTTi )KybliKTay (GGA)
KosiZaHbLiAbl [11]. Bapablk ecenTeysep/e »a3blK, TOJKbIHJAP Heri3iHJeri sHeprus keciny
MaHi 700 3B geHreinae opHaTbLiabl [12]. BpusitoaH aliMaFbIHbIH UHTerpanuscel Monkhorst-
Pack cxeMacnl 6o¥bIHIIA 3x2x1 esmeM/i k-HyKTesiep TOpbI apKblJibl XKy3ere acblpblifbl. by
napaMeTpJiep XUBIHTBIFbI TOJIbIK 3HEepPTrus OOMbIHIIA aKChl LIOFbIpJaHy (KOHBepreHus)
HOTHXKeJIePiH KOpCeTTi. DHEePTUsHbIH, IIOFbIPJaHy JaJ/iri ap aToMm ywid 1077 3B werinzge
OpHATBIJI/BbI.

By apicTep noHAapAaFbl JOKaIM3alMsAaHFaH 3apsaATapAbl 191 6aFasiayFa xKoHe xyhe/eri
3JIEKTPOH/BIK, ThIFBI3JIbIKTbIH 06JIiHy CHNAaTbhIH TYyCiHyre MyMKiHZiK 6epeni. Ocbl ecenTey
napaMeTpJiepi Heri3iH/e aJIblHFaH HOTUXKeJlep KYPbLJIbIM/bIK K9He 3JIEKTPOH/AbIK KaCUeTTepAl
CeHiM/li cunmaTTayfa MyYMKiH/iK 6epzi.

HOTH)KeJIep MEH TaJIKblJ/IAY

KypboLibimobsik kacuemmepi

KypaMmbiHza eTnesi MeTanjap, COHbIH imiHfge BaHaguil (V) Hemece TutaH (Ti) 6ap
KOCBLJIBICTAp €epeKlle 3epTTeyLliJiK KbI3bIFyUbIIbIK TyAblpaZbl. BaHaguuiH aTOMABIK
pPaAuycChl, 3JIEKTPOHABIK KOHPUTYPALUSACHI MEH GANWIaHBICTHIPY KabiJieTi OHbl KOpbITHaAJap
KypaMblH/Ja THIMJi Koclla peTiHJe NaWjajaHyFa MyMKiHAik G6epefi. Os1 TOp KypbLIbIMbIH
TYpaKTaHAbIPYMEH KaTap, 3JeKTPOHABbIK KYH TbIFbI3[bIFbIHA 9Cep €eTil, MaTepuaJi/iblH
OTKI3TIIITIK, MATHUTTIK )KOHE TEPMO3JIEKTPJIIK CUITaTTaMaJIapblH 63repTefi. COHFbI Kbl/11apbl
BaHaJlMil MeH THUTaH KOCbUIFAaH HAHOKYPBUIBIMJbI XKyWeJiepJiH KacueTTepiH MoJesbJey
MeH ToXipubesiik Typfblla 3epTTey ©3eKTi OarbITTapfblH, OipiHe aiHaaabl. MyHzau
KyHhesiepJie aTOMJbIK JieHreile naiaa 6o/aTblH UHTepdelcTep MeH KYPbLJIbIM/IbIK KaWTa
KypyJlap MaTepuaJsl[iblH >KaJ/lllbl KacueTTepiHe TikeJsied acep ereli. Mbicasibl, BaHaiU MeH
VMOH/IapbIHbIH MaTpULaZaFbl OpPHAJIACYbl YKOHE OJIap/iblH allHaJIaCblHAAFbl aTOMAAPMEH 63apa
dpeKeTTeCyi KpUCTaJIJbIK TOP/bIH CUMMETPUSCHIH OY3bIII, )KaHa PU3UKaJIbIK KyOblIbICTAP/bIH,
TYbIHZAyblHa ce6en 60J1ybl MYMKiH.

AtanMpill  KYMbBICTa KapacTblpasaTblH [elciep KopbITHaJapblHbIH, — KYPbLJIBIMBIK,
cbi3basiapbl 1-cypeTTe KepceTijreH. AToMJap TiKOYpBIITHl NapasuiesenuneATik cynep-
ysAlbIKTa opHaJsiacKkaH. Op atoM Typi (Ti, Pt, Al, Sb) KeHicTikTe HaKTbl TOPJIbIK OPbIHAAP/IbI
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anagpbl. CynepysublK KeseMi 3x2x1 6a3ajblK YAIlIbIKKA Colikec KeJieJi. MaTpUlLlaHbIH, KOl
6eJirin >kaptbliaii leliciep Ti,Pt,AlSb Kypakabl. Matpuua imiHze a3 KeJsieM/le TOJIBIK
Kocblibic Ti,Pt4AlSb Typingeri HaHoOesillek opHasacKaH. bepijireH cynepysiibIKTbIH,
esmeMzepi maMaMmeH (a = 18.35) A, (b = 12.24) A xone (c = 12.22) A kypaitgpl. CynepysimbiKTa
»Kasnbl 144 aToM opHasacKaH, oyapAblH, iminge: 48 Ti atoMsl, 24 Sb atombl, 52 Pt aTomsl, 24
Al aTtombl. KpucTan bk KypblJbIM TiKOYPBILITHI TOP TYPiHAE, 6apJblK 6ypbiiTapbl 90° TeH,
SFHU OPTOrOHAJI/IbI XKyl ere KaTa/bl.

1-cyper. l'eiiciep KOpbITHACBIHBIH, HAHOKYPbUIBIM/AHYbI: a) KOC 2KapThlaaii leficaep
KOpbITHAChl; 6) HAHOKYPbUIbIMAAHFaH leiciep KOPbITHACHI.

AToMaap/blH OpHaiacy epeKlleiKTepiHe KeJleTiH 60J1caK, CTaHAAPTThI )KapThlaai [eliciep
KypblibiMbiHAA Ti, Pt xxaHe Al/Sb aTomzaapsl 6esriii 6ip cMMMeTpUSAIbIK OpPbIHAAP/AbI aJblIl,
GipKeJIKi MepUOAThIIbIK Kypaiabl. bya »karmaiga Pt xkoHe Al/Sb aTomaapsl Topaafbl 6esrii
6ip KabaTTapga opTypJ/i opHasacajbl. KiaccukasnblK KapTbliaid [eiiciep KOCBLIbICTAPhI
(mbicanbl, TiPtSb) nemece kocapabl Teilicnepsep (TiPt;Z) speTTe OGipkesKi XUMHSJIBIK,
KypaMbl MeH >KOFapbl CUMMETpPHUSAJBI KypbLIBIMABI KepceTeZi. Bys karmanzja yCbIHbLIFAaH
KyHe OipHellle epekiiesiikke ve: MaTpula iwiHje JoKaab/i ¢pasanblK aybICy XKypeZai (TObIK
KOCBLJIbIC HaHOO®JIIIeK Maija 60s1abl). KapacTeIpbLiaThiH eKiHIIi Koc [eliciep KypblJIbIMbI
yuiiH, 1-cypette kepcetinreH Ti atomzaapel V atomaapbsiMeH, Pt atomgapsl Ni aTtoMaapbeiMeH
aJIMacCThIPbLIAJbI.

AToMaap/blH OopHasiacy peTi O0y3blica, HAHOOeJIIIEK NeH MaTpulia LieKapacblHAA Kypbl-
JbIMABIK JAebopManus 6alKanaJbl. JJEeKTPOH/ABIK KacUeTTep JIOKaJbJi TypZe 63repyi
MYMKiH (MbICaJsibl, 9HEPreTUKAJbIK ThIMbIM Ca/IblHFAaH alMaKThIH TapblLIybl HEMeCe >XaHa
JHepreTUKaJbIK KyWJepAiH nmaija 6oJybl). KypblIbIMHBIH aJjlbl CUMMETPUSCHI KJACCH-
KaJiblK (Qaszanapra KaparaHza TeMeHJeli. MyHJall HaHOKYpBbLIbIMJAp MaTepuas/blH,
MarHUTTIK, CHUHTPOH/BIK *K9He 3JIeKTPOH/bIK KaCUeTTepiH 6aKpLiay YILUiH YJIKEH dJieyeTKe
ve. Ocipece, HAHOKYpPbIJIBIMAAP apKAaCbIH/A >XaHa KBAaHTTHIK 3QdeKTiiep HeMece JIOKaIbAi
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OTKI3rilTik alMaKTaphbl Mai/ja 60/1ybl MYMKiH, 6yJ1 60J1alllaK, CHUHTPOH/BIK YK9HE CEHCOPJIBIK,
KYPbLIFbLIAp YILUiH MaHbI3/Ibl.

InekmpoHIblK Kacuemmepi

3eprTesreH [eliciep KopbITHaJlapblHbIH, 3J€KTPOHABIK KYpbLIbIMJAphl 2-CypeTTe Kepce-
TisireH. Kenripinren rpadukre HaHOKypbLibiMAaHFaH Ti,Pt,AlSb KOCBLIBICBIHBIH XKapThbliai
recaepiik Ti,Pt,AlSb mMaTpunaceiHaaFbl KyWIik ThiFbI3AbIKTapbiHbIH, (TDOS »xeHe PDOS)
y/aecTipimi kepceTisireH. XKasnbl ThIFbI3/IbIKTBIH, KYWJIiK ThiFbI3/[bIFbl (TDOS) Kapa chI3bIKIEH
6episice, aTOMABIK OpOUTa/IbAAp OOMBbIHIIA MPOEKLUUsJIAaHFaH ThIFbI3AbIKTAp: Ti 3JIeMEeHTIHIH,
d-op6uTtanbgapsl (Kbi3bli), Pt asiemeHTiHiH d-opbuTanbaapsl (kek), Al aseMeHTiHiH p-op6u-
TaJibJlaphbl (3Kacbl1), aa Sb a/7ieMeHTIiHiH p-opOoUTa/IbAaphI (aAllbIK KOK) TYpiHAE KOPCETI/ITEH.
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2-cypeT. HaHoKypbLIBIMAAHY YpAiciHiH eliciep KOPbITHACBIHBIH, 3JIEKTPOH/BIK KaceTTepiHe
acepi a) Koc :kapTeuiait Ti,Pt,AlSb l'eficiep KOpbITHACHIHBIH, 3JIEKTPOHABIK, KYPbLUIBIMbI;
6) HaHOKypbLIbIMAaHFaH Ti, Pt AlSb l'eiiciep KOPBITHACHIHBIH, 3JIEKTPOH/bIK KYPbL/IbIMBI.

JHeprud AuvanasoHblHJa —6-4aH +2 3B-Ka geuidri apasbikta TDOS-ThIH KypT e3repicTepi
OailikasiaZibl. BaseHTTiK 30HaHbIH, Heri3ri 6eJirin -6-gan 0 3B-ka gedinri apasbikta Pt-d
op6buTasibAapbl 6ackiM Kypainabl, 6y Pt asieMeHTiHiH Ba/JIleHTTiK Kydre auTapJibIKTaul yJec
KOCATbIHbIH KepceTei. OTKI3riuTik 30HaHbIH TeMeHTi 6euirinae, 0 3B-TeH *koFapbl allMaKTa
Ti-d opbuTasbAapbIHbIH AU TAPJAbIKTAN yJeci 6aiKanaabl, 6y Ti aToMaapbIHbIH, 6TKI3TIIITIK
KacueTTepre acepiH KepceTez|.

®epMu AeHredi MaHBIHAAFbl ThIFbI3ABIKTBIH, »KOFapbl MoHi 3JIEKTPOH/JAP/bIH >XOFaphl
KOHILIEHTPAIUSCBIH KepceTe/i, 6yJl MaTepuasblH METAJIABIK KACUETKe e eKeHiH pacTai/ibl.
CoHbIMEH KaTap, HaHOKYPBIJIBIMHBIH, €HTi3i/yi Ke3iHze maiaa 60J1aThlH 3JIEKTPOH/BIK KYU
TBIFbI3/IbIFbIHBIH, aCHMMETPUsChl HAHOOOJIIIEK MeH MaTpulla apacblHAaFbl UHTepENCTIK
acepJiepre 6ailIaHbICThI 60J1ybl MYMKiH. ByJ1 KyobLibic basiep 3apsAbIHbIH KaliTa 66JliHyiMeH
»K9HE TOP KYPbLIbIMbIHbIH, JIOKAJI/IbIK OypMalaHybIMeH OalJIaHbICTHI.

Ocpunania, 6ysn Hatuke TiPt,AlSb Hano6enmekTepiniy Ti,Pt,AlSb MaTpuuaceiHa eHrisinyi
MaTepuaJIJiblH 3JIEKTPOH/IbIK KYPbLIbIMbIHA €J1eyJli 3repicTep eHri3eTiHiH xaHe 6y e3repicTep
bYHKIMOHANABIK KacUeTTep/li 6acKapy/Zia MaHbI3/bl peJl aTKapa aJlaTbIHbIH KepCeTe.
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Ananjia yChIHBUIFAH CynepysIlIbIKTa epeKile auMak — Pt aToMapbIHbIH, XKepriJliKTi KOH-
LeHTPaLUsICbIHbIH apTybIMeH CUNATTaJIaThlH HAHOO6JIIIEK Maija 601abl. Bys HaHOGeJIIIEK
keJsieMi a3 FaHa (~8,3%) 6oJsiFaHbIMEH, 63iHiH JIOKa/Ib/li KYPbIJIbIMbIH 63T€PTE/li )KoHE TOJIBIK,
KocbLiblc Ti, Pt,AlSb cunaTeinga 6on1ab1. backalia alTKaHa, CynepysulblK illiH/e )KapThlau
[eliciep MaTpuLlaCblHA EHAIPIJITeH TOJIBIK KOChLIbIC HAHOO®OJIIIETi MO/ieJ/ib/IEHTEeH.

KapanaiibiM Ti,PtAISb KOCBI/IBICBIHBIH 3JIEKTPOH/bIK KYPbLJIbIMbIHAH KOPiHiNl TYpFaHAaH,
®epMu aeHredi MaHbIH/A aWKbIH 3J€KTPOHABIK KYW TBHIFbI3ABIFbI XKOK, OYJ1 MaTepuas/blH,
YKapThLJIAaWOTKI3TIIITIK KACUETTepPre e eKeHiH KepceTei. JHepreTUKaJbIK ThIMbIM CaJIbIHFaH
aiimak mamamed 0.4-0.5 3B mamMackiH/ia, 6y BaJIEeHTTIK *K9He OTKIi3TillITiK 30Hasap apackiHAa
HaKTbl 3HEePTeTUKAJIbIK aJIIIAaKThIK 6ap ekeHiH 6i1ipei. By KypbuibiMaa Pt-d op6utanbaapbl
BaJIEHTTiK 30HAHbIH TOMEHTI 6eJ1irinzae 6acbiM 60Jica, Ti-d opbuTanbgapbl 6TKI3TiITIK 30Ha A
MaHbI3/1bl peJ aTKapaabl. Al HaHOKypblibiMAaHFaH Ti,Pt,AlSb/Ti, Pt,AlSb xyiecinge Pepmu
JneHreiinge akpiH TDOS monHjepi 6aiiKasnajibl, 6y MaTepUaAblH >KapThLIAWOTKI3TIITIK
KaCUeTTePiHiH »KOUbLIbIIN, MeTA/UIAbIK CUIIAaTKAa Ue O00JiFaHbIH KepceTeni. COHbIMEH KaTap,
TDOS MakcuMyMiapbl )KOFaphbljiaFaH, 6yJ1 3J1eKTPOH KYH ThIFbI3/|bIFbIHbIH apPTKAHbIH Oi17ipe .
ByJs1 KyObl/bIC HAHOKYPbLJIbIMIAPp MeH MaTpulla apacblH/Ja MHaija 60J1aTblH UHTEPPENCTIK
acepJsiep MeH KYPbLIbIM/IbIK aybITKyJIapFa 6allJIaHbICTHI.

CoHjali-aK, HAaHOKYPbLIbIMABIK >Xyillene ®epmu geHrediHiH maHbiHAa Ti-d opb6uTasib-
JlapbIHbIH, 06acbIM/IbIFbI apThIN, OTKI3TILITIKKe KOCAaTbIH YJeci aWKblH OalKajaaabl. byu
3JIEKTPOHJApP/AbIH JIOKAJU3aUUSACBIHbIH, TOMeH/JeyiHe KoHe TacbIMaJl CUIlAaTTaMaJapbIHbIH
»KaKcapybIHa bIKIIaJ eTe/|.

HaHokypbuibiMaanaeipy TiPtAISb KOCBIIBICBIHBIH, 37€KTPOHABIK KYPbLIBIMBIH eJseyi
e3repTe/ii: »KapThlIaUeTKI3TILITIK KacueTTep GipTiHAeN »KOUbLIbII, MaTepHuaJ MeTaJlJl Tapi3ai
Kyire keulefi. Bys e3repic a/ieKTpPOHJBIK KYW TBIFbI3JbIFbIHbIH, 6CYyiMeH, UHTepdeuncTik
aliMaKTapZarbl KyH TbIFbI3JbIFbIHbIH, KOCBLIYbIMEH >9HE OPOUTA/bABIK OyJaHAACY/bIH,
e3repyimMeH 6aiyiaHbICTbl. MyH/1al epeKlleiKTep OyJ1 )KyHeHi 3JIeKTPOH/IbIK KYPbIJIFbLIAp/a,
acipece TEpPMO3JIEKTPJIIK XoHEe CIUHTPOHUKAJBIK KypblLIbIMAAp/Aa KOJIJIaHY YLIIH dJIeyeTTi
KaHAWJAAT peTiH/le KapacTblpyFa MYMKIiH/iK O6epepi.

Ti,PtAlSb Herisingeri MaTepuanzapibl HAHOKYPbLIBIMAAH/BIPY OJap/iblH OacTamKpl
3JIEKTPOH/IbIK KacueTTepiH Tybereisi e3repTe aJjiafbl. bys mnpolecc HaTHXKeCiHJe
YKapThLIaMeTKI3rimTik cunaTtap 6ipTiHAen aJ/cipen, MaTepuas 3J1eKTP OTKI3TiLITiri XKoFaphl,
MeTaJlJ Tpi3/i Kyure aybicazbl. MyH/jal TypJ/ieHy — TeK KypbUIBIMABIK JeHrenie eMec, COHbIMeH
KaTap 3JIEKTPOH/BIK KYW ThIFbI3/bIFbIHbIH, 63Tepyi apKblJbl Ja iCKe acabl. ATan auTKaH/a,
HAaHOKYPbLIbIMJAHFaH aWMaKTapja HWHTepdelcTep uIeriHAe KYyW ThIFbI3AbIKTAaPbIHbIH,
KabaTTacybl O6aliKaJsajbl, OyJ1 63 Ke3eriHJe opOUTab/bIK Oy/laH1acy MeXaHU3MiHiH KaWhTa
KYPBIJIYbIHA BIKIIAJ eTe/|.

MyHpali e3repicTep Ke3ZielicOK eMec — oJilap MaTepuaJ illiH/eri aToMapasblK, 6aliaHbIC-
TapAblH, KOHQUIypaLUsCbIMEH >X9He 3HepreTUKasblK JeHreiiepAiH KailTa OeJiiHyiMeH
TBhIFbI3 OaiylaHbICTbl. HTepdelcTiKk ailiMakTapZa 6allKasaTbhlH 3JE€KTPOHAAP/bIH, >KHUHAK-
TaJlybl, acipece, 3JIeKTPOH TacbIMasJaHybl MeH 3aps/[, OeJiiHy yJepicTepiHJe epeKlle peJi
aTKapagbl. Bys kafFfad MaTepua/iblH 3HEPreTHUKAJIbIK CIHEKTPiH KeHEWTiN, OHbl Tasa
KapThLJIAWUOTKI3TilITepre TOH IIeKTeyJepAeH IIbIFapbil, MeTa/lAblK CUNATKa OipTiHAen

182 N22(151)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Kapmuwinaii I'eticnep mampuyaceiHdarsl moablk [elicaep KopblmnacbiHblH HAHO66.1WEKMepiH Modeabiey:
KYpblabIMJblK dHaHe 3/1eKmpoHIblK KacuemmepiH 3epmmey

»KaKblHAATaAbl. Ocblaiila aJbIHFaH KYPbLIbIM/bIK-3JIEKTPOHABIK OeliMeny MaTepuasbl
NpaKTUKaJbIK TYPFblJAAaH aJiFaHJa TapTbhIMAbl eTeJi. oOcipece, OyJ epekKlleaiKTep
TEPMO3JIEKTPJIIK 9He CIMHTPOHHUKAJBIK KYpbUIFblIapAa »OFapbl TUIMAUIIKIEH XYMbIC
icTeyre KabizeTTi MaTepuaafapAbl >kacayFa »0J1 alla/ibl. JJIEKTPOH aFbIHBIH [|9J1 OaKbliay,
CIHH KYHiH TYpaKThl OacKapy, >KoHe KblJ1y MEH 3JIEKTP 9HEPTHUAChl apachIHAAFbl TYPJIeH/ipy
TUIMZIJIITIH apTThIPY — OCbl GaFbITTaFbl Heri3ri MinAeTTepAiH 6ipi. Ti,PtAlSb KocblibicbIHA
XKYPrisijireH HaHOKYPBLJIbIM/ABIK GeiliMieyiep HOTHXKeCiHie MyH/Ial MiHAeTTep/li OpbIHJayFa
JIalblK, IIaTPopMasap KaJblnTacybl 964eH MyMKiH. Ocbl cebenTi, 6y MaTepua/jbl api
Kapal [1a 3epTTey — TeK aKaJleMUSJIbIK KbI3bIFYIIbLIbIK KaHa eMeC, COHbIMEH Gipre HaKThbI
KOJIIaHOaJ/Ibl UHXKEHepJIiK MakKcaTTapFa 6aFbITTaJiFaH MaHbI3/[bl KaZiaM OOJIbINl CaHaJa/ibl.
Hatwmxecinge, Ti,PtAISb cusKThI xKyiiesep/jiH, HAHOKYPBLIBIM/IbIK MOAUPUKALUACHI OJIap/bIH,
bOYyHKIMOHANABIK MYMKIHJIKTEepiH KeHEeHWTiN, >XaHa OyblH KypbUIFbLIAPBIH >Kobasayza
TEOPHUSJIBIK KoHe NPAaKTUKAJIbIK Heri3 KaJbINTAaCcTblpa ajaajbl.

V,Ni,AlSb Koc »apTbinaii ['eiicsiep KopbITHackl Kasipri 3aMaHfbl yHKLIMOHAJI/Ibl MaTepHU-
aJllap KaTapblHa >KaTaJbl >XOHE OHbIH 3JIEKTPOHJbIK, MAarHUTTIK >9He KYpPbLIbIM/bIK
KacueTTepilepcneKTUBaJIbl TEXHOJIOTUSAIBIK Cala/lap/ia KeHiHeH KoJIlaHyFaMYMKiHAik 6epeni.
JJIEKTPOH/BIK KYpPbIJIBIM CHUIATTAMAChl 3-CypeTTe KepceTuireH. bys 3epTTey »KyMbICBIHAA
aTaJIMbILI KOPBITIAHBIH, 3JEKTPOHABIK KYpPBLJIBIMbl HAaHOKYPBLIBIMAAH/ABIPY MpOLeCiHeH
KeWiHrl »KaFfaublHJAAa TaJ/lJaHblll, OHBbIH, KacUeTTepiHAeri e3repicrep FbLIBIMU TYpPFbIZA
cunattangbl. Anramkbl pazagaanbiarad V,Ni; AISb KopbITHAaChIHBIH 3JIEKTPOHAbIK KYPbIJIbIMbI
CUMMETPHUSJIbI KapThlJIal MeTa/LIJIbIK CUNIaTKA HMe eKeHAIri 6esriji 60/4bl. JJEeKTPOHABIK
TacbIMaJlJIbIH, 9PTYPJIiJIiK KACUEeTTepPi CIIUH-KOFAPhI KoHe CIUH-TOMeH OaFbITTApbIH/A aHbIK,
6aiikasiaZbl. CHUH/IK MO/ pU3aLUSHbIH Al KbIH KepiHici 6yJ1 MaTepuablH CHUHTPOHUKAJIBIK,
KYpbUIFblJIApFa JIaWblK €eKeHiH kepceTei. KanbInThbl kaFgaiga OyJl KOpbITIA TOJIBIKTAH
KapThlIal MeTaJl1 60JIbII TabbliMaca /Jjd, OHbIH 3HEPTreTHUKa/blK alkMaKTapblHAA 6TIeJi
3HepreTUKa/bIK TbIAbIM CaJiblHFAaH aWMakK 6alKasaZibl, OyJl OHBbIH TepPMO3JIEKTPJIK
KYPBUIFbLIAp/a Aa TUIM/I KOJIAAHbLIATBIHbIH J2J1e/ e .
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3-cypeT. HaHOKYpBLIBIMAAHY YpAiciHiH 'efic/iep KOPBITHACBIHBIH, 3J1IeEKTPOHABIK, KACUEeTTepiHe
acepi a) V,Ni,AlSb Koc :xkapThuiai l'eficiep KOpbITHACHIHBIH, 3/IEKTPOHABIK KYPbLUIbIMbI;
6) HaHOKYpbLIbIMAaHFaH V,Ni, AlSb l'eiiciep KOpbITHACHIHBIH, 3/IEKTPOH/BIK KYPbL/IbIMBI.

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N22(151)/ 2025 183

Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



H.C. ConmaH6ek, @.Y. Abyosa, TM. Huepbaes, A.Y, A6yosa, K.E. 3akuesa, TH. ’Kanra3swi, b.H. Hypmaxan6emosa,
H.A. Mepani

3epTTeyAiH KeJjiecl Ke3eHiHJe aTaJMbIll KOpbITIIaFa HAHOKYPbLIbIMAAHABIPY dAici
KOJIZAHbUIABL. Bysl azic KypbUIBIMABIK 6JILIeMJepAiH HaHOeJlleM JeHreviHe JeuiH
TOMEH/JETIIYIH >XoHe HOTHXKeCiHJe 3JIEKTPOHABIK TacbiMaJl M€H ThIFbI3AbIK KYHiHIH
(DOS) xyppeni esrepictepre yiiblpayblH KaMTUAbL. JKyprisijireH ecenrteysiep OOUBIHIIA,
HaHOKYpbLIbIMAaHAbIpbIFaH V,Ni,AlSb KopbITnackiHAA 3JIEKTPOH/BIK, TbhIFbI3JbIKTbIH,
ecyi 6aiKanzpbl, acipece @epmMu JeHreii MaHblHAA. Bys KaFfall KBaHTTBIK LIEKTeysep/iH,
9CepiHeH 3HepreTUKAJ/IbIK JeHreWuJepAiH TbIFbI3 OpHaJacyblMeH TYycCiHAipisieni. CoOHbIMeH
KaTap, HaHOKYPbLIbIMJAH/AbIPYAbIH, TaFbl 6ip MaHbI3Abl dcepi — 3HEpPreTUKaJbIK ThINbIM
caJiblHFaH alMakThbiH (band gap) keHewi HeMece maiaa 6osybl. Erep 6actankpl ¢pasaga 6y
aliMakK KeH eMecC HeMece MyJJie 6aliKa/Maca, HAaHOKYpbIIbIMAAH KeHiHTT KypblbIMJa CIHH-
TOMeH OaFbIThbIHZA aWKbIH ThIAbIM CaJiblHFAH aWMak MNaijla 6oJiFaHbl aHBIKTAAAbL. bByu
»KaFall KOPbITIIaHbIH »KapThlJIal MeTaJlJIbIK KaCUETIH KYLIeUTIiIl, OHbI )KOFapbl TUIMAiIiKIIEeH
CIUMHTPOH/BIK KYPbUIFbLIap/a KOJJaHyFa MYMKIH/IK 6epeji.

Op6utanpablK, npoekuusaapabl (PDOS) Tangay HaTuxkesepi kepceTkeHgeld, Pepmu
JleHreli MaHbIHAAFbl KYW ThIFbI3/JbIFbIHBIH, apTyblHa Heri3diHeH Ti »xoHe Pt asiemeHTTepiHIiH
d-opbuTanbJapblHblH, OyJaHJacybl acep eTexi. Artan aWTkaHzga, Ti-d keHe Pt-d opbu-
TaJibJJapbIHbIH apacblH/|a 3HEPTeTUKAJbIK JeHreiJIepAiH ThIFbI3AbIFbIHbIH aPTYbl 6alKa1aAbI.
ByJ1 KyObl/bIC HAHOKYPBLIBIMJAH/bIPY HOTHKECIHe NaiJa 60JFaH XKepTriliKTi KypblJIbIM/BIK,
Oy3blIbICTApMEH 9He HHTepdelCTiK alMaKTaFbl 3JIEKTPOH/APAbIH, JIOKaJAU3alUsCbIMeH
Tikesiell 6alaHbICTBl. MyH/Jjail KalTa KypblLiy/Jap/blH HOTHKECIH/E KaHa dHepreTUKaJbIK
KYHJIep KaJbINTAChIIN, KYH ThIFbI3JbIFbI apTabl.

JJIeKTPOH/bIK, TacbiMasjay CUIaTTaMajJapblHaH 06JieK, HaHOKYPbLIbIMAAHAbIPbLIFaH
V,Ni,AlSb kopbiTnacel TKI3rilmTik KacueTTepi OGOWbIHIIA Ja OH ©3repicTep KepCeTTi.
MyHzAall HaHOKYPBUIBIMAAHABIPbLIFAH [elciep KOpbITHAJapbIHbIH, KOJIJAAHY caJjlajaaphbl
eTe KeH: CnMHTpOHUKA: CIMH-TAaye i OTKI3rIIUTIK MeH OoFapbl CIUHAIK MOJAPU3ALUACH
O6yJs1 MaTepua//Jbl CIMHAIK UHXEKTOpJap, MarHUTTIK TYHHeJIbJiK KOCKbILITAap xoHe MRAM
KYpbLIFblIIapblHA MaifjajlaHyFa MyMKiHAiK 6epegni. TepMoasieKTp/ik KypbuLiFbliap: ®epMu
JleHreriHjieri Kyu ThIFbI3JbIFbIHbIH, apTybl X9He TOPJIbIK >KblJy OTKI3TILITIKTIH a3alobl
HOTMXKeCiHZle, Oy/J1 KOpPBITHA 3HEPTUSHbl KbUIYAAH 3JIEKTP 3SHEPrUsiCblHA TYpJeHJipy
KYpbLIFbLIApbIHJA (MbICajbl, Ka//JbIK >KblJy 3HEPTUSICbIH NMaWJajlaHaTblH reHepaTopJap)
TUIMJI 60s1a/bl. HaHO3/1eKTpoHUKa: HaHOKYPBIIBIMaH/blpy HOTHXKECIH/le a/IbIHFaH KOFaphbI
3JIEKTPOH/bIK, KO3FaJFbIIITBIK [eH 3HepreTUKa/blK KYW TbIFbI3JIbIFbIHBIH ©3repici Oy
MaTepHaJl/ibl JKOFapbl 6HIM/li TPaH3UCTOPJIap MeH CeHCcopJiapFa 6eiliMieyre MyMKiH/iK 6epesi.
KBaHTTBIK KypblLIFbLIap: JHEpPreTUKaJblK alMaKTapZblH KBAaHTTBIK eJilleMJepre coukec
e3repyi HaTHKecCiHJe, OyJ1 MaTepyua/l KBAaHTTbIK KOMIbIOTepJsep MeH 0ackKa Ja KBAaHTThIK
KYpbUIFblJIap/ia KoJ1JlaHyFa 6ediMaesnyi MyMKiH.

XKorapbiga kentipinren HaTwxkesep V,Ni,AlSb KopbITHacblHbIH, HAHOKYPbIIbIMbIK
MOAUPUKALUSCH OHBIH 3JIEKTPOH/BIK KYPbIJIBIMbIH alTapJbIKTall ©3repTeTiHiH, koHe Oy
e3repicTep NMpaKTUKaJbIK KOJIAAHY YUIIH KOJIal/bl €KeHJIriH Aasenfeni. byraH geuiHri
3epTTeysepAe Ae HaHOKYpblLIbIMZAay djeTTe PepMu JeHreilli MaHbIHJAAFbl CaHblIay/blH,
KillipeloiHe oKeJil CcofaThIHbl aHbIKTaAfaH [13,14]. CoHbIMeH KaTap, OyJl KoOpbITIa
6os1al1aKTa *kaHa OybIH/ bl QYHKIMOHANAbBI MaTepraiapAbl 93ipJjey yuliH Heri3 60J1a ana/bl.
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OcpLianiia, XKyprisiyireH 3epTTey »KYMbICbI HAHOKYPBLIBIMJAAHABIPY dAiciHiH [ericiiep TUITI
KOpBbITHAJIap/blH 3JIEKTPOH/BIK KaCHeTTepiHe auTapJ/IbIKTal acep eTeTiHAIrH KepceTin KaHa
KoMMal, OHbIH, (QYHKIMOHAJABIK KOJJAHY MYMKIHAIKTEpiH KeHeUTeTiHiH Ae AaJesjeini.
Boslawak, 3eprteysiep 6ys1 6aFbITThl OJaH dpi TepeHJeTiN, HaKThl KYPbLIFbLIAD JeHreliHje
icKe acblpyFa MYMKIiHJiK 6epefi.

KopBITHIHABI

OchbI >)KyMbICTa aJIFallKbl IPUHLUIITEPre HeTi3/ie/reH ecenteysiep apkpLibl Ti,Pt,ZSb (Z = Al,
Ga, In) Koc MeTanAbIK kapThlia [eliciep KOpbITHa/lapblHbIH KYPbIIbIMABIK, 3JIEKTPOH/BIK,
cepmniMAiJiK XKoHe TepMOAWHAMMUKAJIbIK KacUeTTepi JKaH-KaKTbl 3epTTesji. 3epTTey
HOTWXKeJlepl OyJl KOpbITHAJapAblH OGapJ/bIFbl @ TepMOJAMHAMUKAJIBIK XKoHe MeXaHHUKaJbIK
TYPFbIJlaH TYPaKThl eKeHiH kepceTTi. Os1ap/iblH, 6apJibIFbl [ja OH 3HEpPrusi MeH TypakTbl PoH
KYW KHMCBIKTapblHa He, 0yJ1 IHHAMUKAJIbIK TYPAaKThLIBIKTHI aJ1e/ e A/

JJIeKTPOH/BIK, KypbLIbIMAApAbl 3epTTey OapbicbiHAa TiPt,ZSb KopbITnasapbiHbIH,
KapTblJIak OTKI3TIIUTIK HeMece MeTa/UIAbIK KacUeT KepceTyl XUMMSAJBIK KypaM MeH
KYpbLJIbIMFa ToyeJi/Jli eKeH/iri aHbIKTanAbl. Epekiie Hazap HaHOKypblabIMAaHFaH Ti,Pt,AlSb
KOpbITIIacblHA ayAapbliabl. OHBIH 3JIEKTPOH/ABIK KYW ThIFbI3AbBIFEI (DOS) MeH TackiMai
cunattamanapbl kafimri Ti,PtAlISb KocbhlibicbiHA KapaFaHAa alTapJiblKTald e3reprexi
6ariKanabl. HaHOKYpbIIBIMAaH/AbIpy HOTHXKeciHAe PepMU leHreliHiH MaHbIHAAFbl 3J1eKTPOH
KYH TBIFbI3JbIFbl apTKAH X9HE TbIMbIM CaJIblHFAH auMMak, KOWBLJIbIIN, MeTaIAbIK KacueT
KaJIbINTAacKaH. bys KyObLIbIC KypblLIbIMZAaFbl MHTePQEHNCTIK acepyiep MeH OpOUTaJIbABbIK
OypaHzacy cajjapblHaH TybIHAAUAbl. Byl KacueTTep 3/71eKTPOH TacbIMaslfay/blH, *KOFapbl-
JIayblHa XK9He CIIMHTPOH/bIK KypblJIFblJIapFa 6eliMAiiKKe OH acep eTe/l.

Kanne! anranza, xKyprisijireH 3eptTey *kyMbIchbl Ti, Pt,ZSb KocbLIbICTapbIHBIH, KYPbLJIbIM/IBIK,
3JIEKTPOH/IBIK, »K9HE MeXaHUKaJIblK CUIIaTTaMa/IapbIHbIH aH-KaKTbl OeHeCiH YChIH/bI XKoHe
0JIapAblH, TEPMO3JIEKTPJIIK oHe CIMHTPOHUKAJIBIK KYpPbUIFblIapAa KOJJaHy YLIIH d9J1eyeTTi
MaTepuaap eKeHiH KepceTTi. COHbIMEH KaTap, HAaHOKYPBIJIbIMAAHAbIPYAbIH, 3JIEKTPOH/BIK,
KacueTTepre TUri3eTiH acepi FbIBIMU TYPFbIZAH JdJeJi/leHin, 6oJallak 3epTTey/iep YIUiH
6aFbIT OepeTiH MaHbI3/ibl HOTHKeJlep YChIHbIABL. Byl 3epTTey HoTHKelepi OoJ1alaKTa »xaHa
byHKIMOHANIbIK MaTepUaaAapAbl )kobaJjiay MeH »KeTiJlipy/ie FblIbIMU Heri3 60J1a ana/bl.

Anrpic aniTy, MyAAeJiep KaKThIFbIChI

Byz 3epTTey xkyMbicbl KasakcTaH Pecniy6irikace! FelibIM xoHe »K0Fapbl 6iJ1iM MUHUCTPJIIT]
2024-2026 »xbuigapra apHaaraH «Kac Fanbim» AP22683528 «[leiicsiep KopbITHaJjaphl
HeTi3iH/le TEPMO3JIEKTPJIIK KoHe CHMHTPOH/JBIK MaTepHuaajapAbl KOMIBIOTEPJIIK 00aay»
»K006achl asiCbIH/A KapKblJIaHABIPbLI/bl. ABTOpJIap OChl MaKaJaja 6asH/alFaH )XyMbICKa acep
eTyi MYMKIiH GeJriji 6acekesiec KapKbLIbIK MYZJesiepi HeMece KeKe KapbIM-KaTbIHACTaphl
YKOK, eKeHiH XabapJiai/ibl.

A.H. T'ymunres amwindazor Eypasus yammorx ynusepcumeminityy XABAPIIBICBI. N22(151)/ 2025 185
Qusura. AcmpoHoMusl cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



H.C. ConmaH6ek, @.Y. Abyosa, TM. Huepbaes, A.Y, A6yosa, K.E. 3akuesa, TH. ’Kanra3swi, b.H. Hypmaxan6emosa,
H.A. Mepani

ABTOpJ/IapABIH, KOCKAH YJIeci

ConTan6ek H.C. - MakaiaHbIH TYKbIpbIM/IaMacblHa HEMECE PaciM/esyiHe eJieyJli yjiec Kocy,
MOTIH a3y KoHe OHbIH, Ma3MYHbIH CbIHU TYPFbI/IaH KaWTa Kapay;

Mepaui H.C. - 3epTTey HOTHXKeJIepiH KWHAY, MATIH a3y >XKoHe OHbIH Ma3MYHbIH CbIHU
TYPFBIJaH KalTa Kapay;

3akueBa K.E., ’Kanrassl T.H., Hypmaxan6etoBa B.H. - asbiHFaH HaTHXKeJepAi Taajay
»KoHe TYCIHAIpY;

AbyoBa A.Y., Unep6aeB T.M. - xapusay YIliH MaKa/laHbIH, COHFbI HYCKACbIH OEKITY;

AGyoBa @.Y. - )KyMbICTbIH 0apJibIK aclleKTijiepi YlIiH »KayanTbl 60JyFa KeJiiciM 6epy, lepek-
TepAiH AYPBICThIFbIHA X9HEe MaKaJlaHblH, 0apJiblK, O6JiKTepiHiH TyTacTbIFbIHa 0alJIaHbICThI
MaceJiesiepi 3epTTey XkoHe LIelly.

Jae6uerTep Ti3imi

1. S. Anand, M. Wood, Y. Xia, C. Wolverton, G. ]. Snyder, Double half-Heuslers, Joule 3(5), p. 1226-1238
(2019)

2. W.G. Zeier, ]. Schmitt, G. Hautier, U. Aydemir, Z.M. Gibbs, C. Felser, G.J. Snyder, Engineering half-
Heusler thermoelectric materials using Zintl chemistry, Nature Reviews Materials 1(6), p. 1-10 (2016)

3. T. Zhy, Y. Liu, C. Fu, ].P. Heremans, ].G. Snyder, X. Zhao, Compromise and synergy in high-efficiency
thermoelectric materials, Advanced Materials 29(14), p. 1605884 (2017), Wiley Online Library

4. Y. Rached, M. Caid, M. Merabet, S. Benalia, H. Rached, L. Djoudi, M. Mokhtari, D. Rached, A
comprehensive computational investigations on the physical properties of TiXSb (X: Ru, Pt) half-Heusler
alloys and Ti; RuPtSb, double half-Heusler, International Journal of Quantum Chemistry 122(9), p.e26875
(2022), Wiley Online Library

5. K. Bouhadjer, M. Boudjelal, M. Matougui, S. Bentata, T. Lantri, M. Batouche, T. Seddik, R. Khenata, B.
Bouadjemi, S. Bin Omran et al.,, Structural, optoelectronic, thermodynamic and thermoelectric properties
of double half-Heusler (DHH) Ti,FeNiSb, and Ti,NizInSb compounds: A TB-mB]J study, Chinese Journal of
Physics 85, p. 508-523 (2023), Elsevier

6. H. Ding, X. Li, Y. Feng, B. Wu, Electronic structure, magnetism and disorder effect in double half-
Heusler alloy Mn,FeCoSi,, Journal of Magnetism and Magnetic Materials 555, p. 169367 (2022), Elsevier

7. 0. Douinat, A. Boucherdoud, A. Seghier, M. Houari, S. Mesbah, T. Lantri, B. Bestani, Theoretical
investigation of the physical, mechanical, and thermal properties of Zr,XBiNi, (X: Al, Ga) double half-
Heusler alloys, Journal of Materials Research 38(20), p. 4509-4521 (2023), Springer

8. R. Hasan, T. Park, S. Kim, H.-S. Kim, S. Jo, K.H. Lee, Enhanced Thermoelectric Properties of Ti, FeNiSb,
Double Half-Heusler Compound by Sn Doping, Advanced Energy and Sustainability Research 3(4), p.
2100206 (2022), Wiley Online Library

9. M.A. Hassan, A. El-Khouly, E.M. Elsehly, E.N. Almutib, S.K. Elshamndy, 1. Serhiienko, E.V. Argunov,
A. Sedegov, D. Karpenkov, D. Pashkova et al.,, Transport and thermoelectric properties of melt spinning
synthesized M, FeNiSb, (M= Ti, Hf) double half-Heusler alloys, Materials Research Bulletin 164, p. 112246
(2023), Elsevier

10. M. Diaf, H. Righi, H. Rached, D. Rached, R. Beddiaf, Ab initio study of the properties of Ti,PdFe
(Ru) Sb; double half-Heusler semiconducting alloys, Journal of Electronic Materials 52(10), p. 6514-6529
(2023), Springer

186 N22(151)/ 2025 A.H. I'ymures amvindazor Eypasua yammuix ynueepcumeminity XABAPIIBICHI.
DQusura. ACmpoHOMUsL cepusicol
ISSN: 2616-6836. eISSN: 2663-1296



Kapmuwinaii I'eticnep mampuyaceiHdarsl moablk [elicaep KopblmnacbiHblH HAHO66.1WEKMepiH Modeabiey:
KYpblabIMJblK dHaHe 3/1eKmpoHIblK KacuemmepiH 3epmmey

11. Z. Charifi, H. Baaziz, S. Ugur, G. Ugur, Prediction of the electronic structure, optical and vibrational
properties of ScXCo,Sb, (X=V, Nb and Ta) double half-Heusler alloys: a theoretical study, Indian Journal of
Physics 97(2), p- 413-428 (2023), Springer

12. M. Boudjelal, K. Bouhadjer, M. Matougui, S. Bentata, V. Srivastava, S. Bin-Omran, R. Khenata, Ab
initio prediction of the structural, optoelectronic and thermoelectric properties of double half-Heusler
(DHH) ScXRh;Bi, (X= Nb, Ta) alloys DFT study results, Indian Journal of Physics, p. 1-14 (2024), Springer

13.]. Carrete, N. Mingo, S. Wang, S. Curtarolo, Nanograined Half-Heusler Semiconductors as Advanced
Thermoelectrics: An Ab Initio High-Throughput Statistical Study, Advanced Functional Materials 24(47),
p. 7427-7432 (2014), Wiley Online Library

14. C. Wang, |. Meyer, N. Teichert, A. Auge, E. Rausch, B. Balke, A. Hiitten, G.H. Fecher, C. Felser, Heusler
nanoparticles for spintronics and ferromagnetic shape memory alloys, Journal of Vacuum Science &
Technology B 32(2), p. 1-10 (2014), AIP Publishing
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B.H. Hypmaxan6etoBa', H.A. Mepaimn'*
IEepa3sutickuli HayuoHabHbIU yHUgepcumem umeHu J1.H. ['ymusesa,
AcmaHa, KazaxcmaH
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(E-mail: nurpeis.93@mail.ru)

MogeiMpoBaHye HAHOYACTHL, MOJIHOTO coeAuHeHuA leiic/iepa B MaTpuLe cIjlaBa
noJy-Teiic/iepa: uccjieoBaHUe CTPYKTYPHBIX U 3JIEKTPOHHBIX CBOMCTB

AHHoTauusa. Teliciiep W TOJIyreHC/JepOBCKHE COeJUHEHHS HaXOAATCS B IeHTpe BHUMaHUA
COBpeMeHHOM MaTepHuaioBe/IueCKOM HayKH 6J1arofjapsi CBOMM YHUKAJIbHbIM MAarHUTHBIM, CTUHTPOHHBIM
U TEPMO3JIEKTPUYECKUM cBoMcTBaM. OCHOBHOH I1leJIbI0 JAHHOW pabOThl SIBJSETCS UCCAeOBaHUE
CTPYKTYPbI U 3JIEKTPOHHOU NPUPO/Jbl HAHOCTPYKTYPHI, NOTYIEHHON NMyTeM BHeJpEHUSs MOJIHON $asbl
Ti,Pt,AlSb B MaTtpuny Ti,Pt,AlSb moayreiiciepoBckoro Tuma. MccienoBaHue BBINIOJIHEHO METOJAMU
NepBOro IMPUHIMIA C HCIO0Jb30BaHMEM KBaHTOBO-MEXaHUYECKOTO MOJeJMpPOBaHUA. B KauecTBe
MO/ieJIM HUCII0JIb30BaHa Cynepsiyerika paaMepoM 3x2x1, mo3BoJisIoLas CMO/IeJMPOBAaTh KOHIEHTPALUIO
Ha”Ho4yacTul, okoJo 8,3%, 4YTO COOTBETCTBYeT peaJbHbIM VCIOBUAM HAHOCTPYKTYPUPOBAHHBIX
MaTepuasoB.

B xojme paboTbl MpoaHaJU3UPOBAHbl OCOOEHHOCTU MEPECTPOUKH KPUCTAJIMYECKOU pelieTKH
BOKPYT HaHOYACTHULIbI, NepepacnpeeneHre baaep-3aps/0B, a TakKe JIOKaJlbHble U 001[He U3MEHEHHUs
IJIOTHOCTH 3JIEKTPOHHBIX COCTOSAHHWH. [loslydeHHBIe pe3y/sbTaThl IO3BOJIKOT IVIyGKe TMOHATH
xapakTtep uUHTepderca MexJy daszamMu U JAOT MpPeJCTaBJIeHHe O MeXaHM3MaX B3aWMOJIEHCTBHUSI.
Pa6oTa BHOCUT BKJIa/l B pa3BUTHE MOAXO/0B K IieJieHallpaBJeHHOMY TPOEeKTUPOBAHUID KOMIIO3UTHBIX
HAaHOCTPYKTYPUPOBAHHbIX MaTepUaJIOB HA OCHOBe TelC/epOBCKUX COEAWHEHUH C yJay4YllleHHbIMHU
OYHKIIMOHAIBHBIMU XapaKTepUCcTUKaMU. KpoMe Toro, JaHHble pacyeTHble pPe3yJbTaThl MOTYT
ObITb I0JIE3Hbl IPU pa3paboTKe HOBbIX MaTepHaOB C 3aJlaHHbIMH MarHUTHBIMH, 3JIeKTPOHHBIMHU
Y TeIJIOBbIMHU CBOWCTBaMHU, a TaKXe [Ji MOHUMAHHUA CBSI3U MEX/Y CTPYKTYPHOM CJIOXXHOCTHIO U
GYHKIIMOHAJILHOCTBIO MaTepHraJa.
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Modeling of full-Heusler alloy nanoparticles embedded in a half-Heusler matrix: Investigation
of structural and electronic properties

Abstract. Heusler and half-Heusler compounds are at the forefront of modern materials science due
to their unique magnetic, spintronic, and thermoelectric properties. The main objective of this work is to
investigate the structure and electronic nature of a nanostructure formed by embedding a full-Heusler
Ti,Pt,AlSb phase into a Ti,Pt,AlSb half-Heusler matrix. The study was conducted using first-principles
methods based on quantum-mechanical modeling. A 3x2x1 supercell was used as the model, allowing
for the simulation of a nanoparticle concentration of approximately 8.3%, which corresponds to realistic
conditions in nanostructured materials.

During the study, the features of crystal lattice reconstruction around the nanoparticle, Bader charge
redistribution, as well as local and total changes in the electronic density of states were analyzed.
The obtained results provide deeper insight into the nature of the interface between the phases and
offer an understanding of the interaction mechanisms. This work contributes to the development of
approaches for the targeted design of composite nanostructured materials based on Heusler compounds
with enhanced functional properties. Furthermore, the computational results may be useful in the
development of new materials with tailored magnetic, electronic, and thermal properties, as well as for
understanding the relationship between structural complexity and material functionality.

Keywords: Heusler alloys; electronic structure; nanostructure; nanostructured Heusler compounds;
half-Heusler alloys; supercell.
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MeToauka u3MepeHus ajbpa-cneKTpoB peakuuu *N(n,a)''B
Ha GBICTPBHIX HEUTPOHAX MPU MOMOILYA MOHU3ALMOHHON KaMephbl

U.A. Yynpakos'**", 10.M. IlneaeHoB? |, 3. Cancap6asap®®* , A.K. Bek6aeB'**
b. MyxameTtyabi>*", E.C. Kopmiukos* ', HT. Temep6ynaToBa'?

IPI'Tl «HHcmumym sidepHotll pusuku», Aamamel, Kasaxcmau

206veduHeHHbLl uHcmumym sdepHblx uccaedosanuti, /lyoHa, Poccus
3HayuoHaavHblll yHueepcumem MoHzoauu, Yaan-bamop, MoHzoaus

*Kazaxckuli HayuoHa/bHblll yHUsepcumem umeru aab-Papabu, Aamamel, Kazaxcmat

(E-mail: *nitro-chupa@mail.ru)

AHHOTanMsa. B faHHOM paboTe mpejcTaB/ieHa 3KCIIEpUMEHTa/llbHasi MeTO-
JIUKa U3MepeHUs1 OJHOMEPHBIX U JIBYMEPHbBIX CIEKTPOB ajbda-4acTUl] peak-
iuu N (n,a) B c Mcriosib30BaHUEM JIBYXCEKIITMOHHOW HOHU3ALMOHHOU KaMephbl
C CETKOM Ha GbICTPBIX HEUTPOHAX. AKTyaJIbHOCTb UCC/Ie0BaHUS 06YCI0BIEHA
pacTyliMM UHTEPECOM K S1/IepHbIM peaKIMsM C yYaCTUeM HEHTPOHOB B KOH-
TEKCTe Pa3BUTHUS HOBBIX Si/IEPHbIX TEXHOJIOTUH, pajUallMOHHONW 6e30macHo-
CTHU U acTpodU3UUECKUX UCCaefoBaHUU. B yacTHocTH, peakuusa *N(n,a)''B
UrpaeT BaXKHYIO pOJib B NPOLieccax HyKJIeOCHHTe3a B 3Be3/1aX U MPU pacyeTax
pafivalMOHHOM 3alUThI SI/IEPHBIX YCTAHOBOK. JKCIIepHMEHTaJIbHbIE UCCIE/0-
BaHU{ MpPOBeJleHbl Ha yckopuTesie Ban ge 'paada II'-5 (JIH® OUAU, [ly6Ha)
C MCIO0JIb30BAHHEM KBA3MMOHO3HEPTeTUYECKUX HEUTPOHOB, reHepUupyeMbIX
B peakuuu “H(d,n)?He. B kauecTBe MuIlIeHEH TPUMEHSJIUCh TOHKHE 00pa3iibl
ajieHuHa. JIJis KOHTPOJIsI HEMTPOHHOTO MOTOKA MCMOJIb30BaJIKCh 1BA AE€TEKTO-
pa Ha OCHOBe BbICOKOOGoraieHHoro ***U,0,, pacrnoJokeHHble HeNOCPeACTBEH-
HO B pabouyeM 00beMe KaMmephl. [I[poBeZieHO MOJesIMpOBaHUE 3KCIIEPUMEHTA,
KOTOpO€e MO3BOJIMJIO YYeCTb BCe OCHOBHble (AKTOPhI, BAUAKIINE HA popMy
CIEKTPOB, M0/I60Py ONTHUMaJbHBIX paO04YUX YCJIOBUM U T€M CaMbIM NMOBbICUTH
JIOCTOBEPHOCTb IOJIYY€HHBbIX Pe3yJbTaTOB. JKCIIepUMeHTaJ/ibHble CIHEKTPHI
COTNOCTaBJIEHbl C pe3yJbTaTaMM MOJEJUPOBaHUs, BbINOJHEHHOrO B cpefie
MATLAB c yyeToM peasibHOW reoMeTPHUM YCTaHOBKHU. [loslydeHHbIE pe3ysbTa-
ThI IPEJCTABJISIOT UHTEPEC 5 AiepHON PU3UKHK U NPUKJIAAHBIX UCCIej0Ba-
HUM, CBSI3aHHBIX C B3aUMO/€eICTBHEM ObICTPBIX HEUTPOHOB C a30TCO/ ePKalLU-
MU COeIJUHEHUSIMHU.

Kio4deBble ci0Ba: GbICTpble HEUTPOHBI; CIIEKTPbI asibda YacTull; JeTeK-
TOP; si/lEpHbIE PeaKIUU C HEUTPOHAMU; CEYEeHHUS PeaKIUH.
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Memoduka usmepeHrus anvga-cnekmpos peakyuu *N(n, a)''B Ha 6bicmpbix HellmpoHax npu noMowju
UOHU3AYUOHHOU KaMepbl

BBeaeHue

AKTyaJIbHOCTb UCC/I€I0BAHUS PEAKIIMM C UCTYCKaHUEM 3apsi?)KeHHbIX YaCTHI], TPU MOMOIIH
OBICTPBIX HEUTPOHOB IMpeJCTaBJisieT OOJIBLIOW HHTEpeCc Kak /[Jil NPUKJIAAHbIX 3ahad
(HampuMep, B TPOEKTUPOBAHUU U OLlEHKe MOBPEXJeHHUN 3HepreTUYeCKUX yCTaHOBOK), TaK
U s QyHJaMeHTaJbHOU fiZlepHOM (PU3UKH, MOHUMaHUS NMPOTEKaHUs acTpoPU3UUYECKHUX
IpOLeCCOB, MOZIeJIUPOBAaHUSA s/iepHbIx npoueccoB [1-3]. Ocobyro C/I0KHOCTb NpeACTaBJIsIET
OTMCaHUe peaKLui C yyacTUeM 3apsi)KeHHbIX YaCTUL, TaKUX, Kak (n,a) u (n,p). [l npoBepKu U
yJly4dllleHUs pa3/IMYHbIX TEOpPETUUYECKUX MO/iesiell He06X04UMO 60JIbII0€e KOJIUYECTBO JaHHBIX,
NOJIyYEHHBIX 3KCIIEPUMEHTAJbHBIM My TEM.

OfHaKoO Ha CerofiHALIHUM JleHb JaHHble O MOJIHBIX CEUEHUSX, IHEPreTHUUYECKUX CIeKTpax
3apSXKeHHBIX YaCTHUL, U UX YIJIOBBIX paclpejfie/leHUsIX B 006JIaCTU 3HEPTUU HEWTPOHOB OT
1-10 M3B u uHTepecywowmux sfifep odeHb Maso. CorylacCHO COBpeMeHHbIM JaHHbIM [4-13],
OOJIbIIMHCTBO MCCJEeJJOBaHUM (N,0)-peakliyii B JMUana3oHe 3Heprud HeWTpoHOB ~1-10
M5B npoBoAu/ioCh METOAOM aKTUBALIMOHHOTO aHaJ/U3a, KOTOPbIM He MO3BOJISIET U3MEPUTh
JHepreTU4ecKHe CIEKTPbl M YIVIOBble pacnpefieleHUs UCINYCKaeMbIX 4acTul. Mexay TeM
MMEHHO 3TH JaHHble KPUTUYECKU BaKHbl [JiSl OLEHKU paJUalMOHHOTO MOBpPEXEeHUs
KOHCTPYKIIMOHHBIX MaTepHUaoB PpeaKTOPOB, CBI3aHHOT0 C HAKOIIJIEHUEM TeJIMs U BOA0POo/a.

CoBpeMeHHble peaKTOpPbl B HacTosllee BpeMs pabOTAlOT Ha OKCUAHOM TOIJIMUBE,
OJlHAKO paccMaTpUBaeTCsl NepexoZ, Ha OoJsiee Ge30MacHOE M IKOHOMHUYHOE TOIJIUBO [JIs
peakTopoB IV mnokosenuss [14,15]. OAHUM U3 TAKUX MEPCNEKTHUBHBIX TOIJIUB SIBJISKTCS
HUTPHU/bI, O6Jajarolive Jiy4ylled TeIlJIONPOBOAHOCTbIO [0 CpPaBHEHHWIO C OKCHUAAMH, a
TaK»Xe BbICOKOW TeMIlepaTypou MJiaBJeHHs, YTO MOBbIIIAET UX YCTOMYHMBOCTb B Ipoliecce
akcmiyaTtanuu. [Iocko/bKy B akTUBHOM 30HE peaKTopa MOXeT COJep>KaTbCs 3HAUMTeJIbHOe
KOJIMYECTBO a30Ta, 0COOEHHO BAaXXHbIM CTAHOBUTCS YTOYHEHHE NapaMeTpOB JJsl peakLUU
1“N(n,a). CyuiecTBy0IMe 3KCIepUMeHTalIbHble JJAHHbIE 110 CEYeHHSIM KJIIYEBbIX peaKIUM
HakomieHus: renus (MN(n,a)B) u Bomopoza (**N(n,p)'*C) mokasbIBalOT CylLieCTBEHHBIE
pacxoxaeHusd. B paMkax faHHOU paboThl MBI MCCJIefyeM MepBYI0 U3 HUX. B mpenbiaymux
uccaeoBanusax [16] usyyanace peakuusi “N(n,a)''B B uHTepBasie 3HepPTUA HEUTPOHOB OT
1,3 no 8,0 MaB. ToyHOCTb MOJy4eHHBIX 3HAYEHUHN CeYeHHUSl pPeaKILMH, COTJIAaCHO YKa3aHHBIM
paboTaM, HaxoauTcs B npepenax 20-40%. B maHHo# paboTe cTaBUTCA 3ajjauya NMPOBeAeHUs
M3MepeHUN dHepPreTHYECKUX CIIEKTPOB (KaK OZJHOMEPHBIX, TaK U IByMEPHbIX) C IPUMEHEHUEM
JIByXCEKLIMOHHOW NOHMW3aLlMUOHHOM KaMepbl CETOYHOTr0 TUIIA.

MeTogos10rus

Jemanu skcnepumenma

Ha pucyHke 1 npejicTaBjieHa CXeMaTUYHO 3KCIIepUMEHTA/IbHAsl YCTAaHOBKA, KOTOpasi pacro-
JioxkeHa B JlabopaTopun HeUTPpoHHOUN du3nuku uM. U.M. ®panka O06'beJUHEHHOTO UHCTUTYTA
sA/lepHbIX HUccaefoBaHUU. OHA BKJ/OYAeT B cebsl TPU KJ/OYEBble YACTH: UCTOYHUK KBA3U-
MOHO3HEPreTUYeCKUX HEUTPOHOB, IETEKTOP 3apsHKEHHbIX YAaCTHUILbl, B YACTHOCTH (-4aCTHL,
C pa3MelléHHbIMU 00pa3liaMy, a TaKKe MOHHUTOD, NMpeJHa3HAYEeHHbIN /Il cyeTa OBbICTPhIX
HEHWTPOHOB.
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PucyHok 1. CxeMaTH4YeCKHH YepTeK IKCIePUMEHTAa/IbHON YCTAHOBKHU.

HcmouHuk HelimpoHo8

KBa3auMoOHO3HepreTuieckrMe HEUTPOHbI TeHEPHUPOBAIUCH B pe3ysibraTe peakuuu 2H(d,n)3He,
MPOUCXO/SAIEN B IeMTepUeBOX ra30BOM MHUllIeHU. [a30Basgt HEUTPOH-NIPOU3BOASIAs MUILIEHb
npezacTaBJsieT cO60M UMAUHAP AJuHOM 2,0 cM. Mexy BAKYyMHBIM KaHaJoM yckopuTess -5
Y LWJIMHJPOM YCTaHOBJIEHA pa3/e/iuTesibHasi TOHKasl MoJMOJeHOoBass ¢poJibra TOJILHUHOW 6
MKM. /laBjieHU e B HEUTPOH-NIPOU3BO/SALIEN MUIlIEHH 2,5 aTM., 2 TOK NTaJ[al01Iero JeiTepueBoro
Iy4YKa, HanpaBJeHHOro Ha GoJbry, coctaBJsta 2,5-3,0 MKA. [I0TOK HEUTPOHOB, NOJIyYaeMbIX B
5THX YCJIOBUSAX, COCTABJIAI NopsAAKa 6,5x10° HeHTpoHOB/cM?*c.

Jlemexkmop 3apsixceHHbIx yacmuy

sl peructpanuu 3apsi>KeHHbIX YacTUL, B 3KCIIEPUMEHTE UCIO0JIb3yeTCs [JBYXCEKLIMOHHAS
MOHM3ALMOHHAasA KaMepa C CeTKOM M OOIIMM KaToJ0oM, KOTOpas HCIO0Jib30Bajach B
paborax [17-19]. BHyTpeHHee yCTPOUMCTBO [eTEKTOPA, BKJIIOYas KaToJ C pa3MelléHHbIMHU
obpasuamu, NpeACcTaBJeHO Ha pUcyHKe 2. KamMepa BbINOJIHEHA B LUJIMHAPUYECKOM KOpIyce
M3 HeprKaBellled CTaJi U OCHalleHa MNAThbI CUTHAaJbHBIMU U MNATbIO BbICOKOBOJIbTHBIMU
BaKyyMHbIMU pa3béMaMHu. Takxe MNpPeAyCMOTPEH MeXaHW3M, MO3BOJIAKWILHUKA 3aMeHSThb
o6pa3ubl BHYTpU KaMepbl 0e3 HapyuleHUsl e€é repMeTHYHOCTH. KoHCTpykuus kaToza
paccyuTaHa Ha pa3MelleHue J10 NATU nap 06pasoB, KOTOPble MOXXHO OllePaTUBHO 3aMeHSATh
B XOJle MU3MepeHUH. ITO obecreuruBaeT NPOBeJeHHE IKCIEPUMEHTOB B CTPOr0 OJWHAKOBBIX
YCJIOBUSIX AJis Bcex 06pa31oB. OCHOBHbIM paboyuM ra3oM B KaMepe CJAYXKUT KPUITOH, C
JlobaBienueM npuMepHo 3% MetaHa (CH,) 14 yaydiieHUs1 XxapakTepuCTUK rasa. Oq4HuUM u3
IJIaBHbIX MPEUMYILECTB AAHHOW BEPCUH CIEKTPOMETpPA SBJISIETCS BO3MOXXHOCTb ObICTPOM
CMeHbl MUlIeHed 6e3 BCKpPbITUS KaMepbl U U3MeHeHUs e€ paboyux napaMeTpoB. Takou
NOAXO0/, M03BOJISIeT PaIlMOHAJIBHO HCIOJIb30BaTh BpeMsl Nydyka U 3¢PeKTUBHO PacXo/i0BaTh
JloporocTrosiiiue paboyune rassbl, Takue, Kak Kr, Xe u CF,. BHyTpeHHUl BU/J1 KaMepbl 6€3 KoXKyXa
II0Ka3aH Ha pUCYHKe 2.
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Memoduka usmepeHrus anvga-cnekmpos peakyuu *N(n, a)''B Ha 6bicmpbix HellmpoHax npu noMowju
UOHU3AYUOHHOU KaMepbl

PucyHok 2. (a) /IByxcCeKIiMOHHasi MOHU3aLUOHHAA KaMepa € CeTKOW, CMOHTUPOBaHHasA
Ha JHUIIe IPH CHATOM Kopnyce U (6) cTpoeHUe KaTo/Ja C yCTAaHOBJIEHHBIMHU 06pa3aMM.

MoHumopbl HelimpoHHO20 NOMOKA U U3MepeHUsl A6COIHMHO20 HeIMPOHHO020 NOMOKA.

Jlisi u3MepeHusi abGCOJIIOTHOTO HEUTPOHHOI'0 MOTOKA HAa KaXKJA0W 3HEPruHd HEUTPOHOB
IPOBOJUJIMCh OTHeJbHble IKCIIEPUMEHTHI C HCHOJb30BaHWeM peaknuu 38U(n,f). O6pasern
ypaHna c cogepxanueM “38U He MmeHee 99,999% ycTaHaB/JIMBAJICS TOYHO B TOM K€ MECTe U UMeJI
TaKHe JKe pa3Mephbl, KaK U UcCelyeMble 00pa3iibl, YTO 00eCIeYnBaIO UAeHTUYHbIE YCIOBUS
o6usiyyeHust. OZJHOBPEMEHHO C 3TUM NMPOBOAMJIACH KaJIHMOPOBKA KaMephl JieJIeHUs U AJUHHOTO0
CYéTYMKa Ha ocHoBe *He, KOTOpbIe MPUMEHSIUCh AJisI MOHUTOPUHIA HEUTPOHHOTO MOTOKA
B mpoliecce 3kcrepuMeHTa. 06a MeTo/a MOKa3a/d OYeHb OGJIM3KHE U COIVIACYIOLUECS MeXy
co60¥ pe3ysibTaThl, YTO MO TBEPXKAAET HAJIEXKHOCTb U3MEPEHHUH.

O6pasywl

KoHcTpyKLMsa KaTo/ia M03BOJISIET pa3MellaTh 5 06pa3ioB ¢ OAHOU CTOPOHBI U 5 — € IPYTOH.
Hccnepyempie ob6pasupl agennHa (C.H.N.) 6bL1u pacnoioxkeHbl Ha 06eMX CTOPOHAX JHMCKa.
[TapaMeTpbl KaXK/10M MUIIIEHU M3 aJleHWHA U CXeMa KOMIIOHOBKHM KaTo/ja IPUBeIeHbI B TA0J/IHIIE
1. /lng u3MepeHUs] MOTOKA HEUTPOHOB B MO3ULMH HCCJIeAyeMOro ob6pasia pasMelasucs
3TaJIOHHBIN o6paseln **8U c o6orameHuemM 99,999%. /lns usmepeHus ¢GpoHa MCIOIb30BaACh
No/J10%kKa U3 TaHTasa (Ta). UccienyeMoe BeleCcTBO aZileHUH ObIJI0 HAHECEHO HA U eHTUYHYIO
TaHTAJIOBYIO MMO/JI0KKY METO/IOM HalbLIeHHS.

Ta6smna 1. UHdopmanusa o npsIMbIX U 06paTHBIX MUIIIEHAX HAa YCTPOICTBe CMEHbI 06Pa310B

MuiieHb Brnepeg Hazapg HasznaueHnue

1 o - UCTOYHUK (#*U,4.77 MeV; Q- UCTOYHHUK (*U,4.77 Kann6poBKa sHEpruH,
238J,4.20 MeV MeV; 238U,4.20 MeV omnpejeseHve JuHuu 90°

2 C.,H.N, 44mm. C.H.N, 44 mm. H3mepeHue Briepe/,

AuaMeTp, JuameTp,

144,7 mr/cm? 154,6 mr/cm?

3 TanTan 0.1 MM, TanTan 0.1 mm, ®oHOBbIE UBMEPEHUST

48 MM. nuaMeTp 48 MM. fJuaMeTp
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4 238J308 99.999%, TanTan 0.1 mm, OnpegeneHre HEUTPOHHO-
44 mMm. npuametp , NU=1.74E19 48 MM. fJUamMeTp ro NoToKa

J/ieKmpoHUKa a cnekmpomempa

CurHajibl, MOCTynarwuiMe € KaToJa U aHOZOB MOHU3ALlMOHHON KaMephbl, YCUJIUBAJINUCh U
01U POBBIBAMCh C TOMOLIbIO ClIEUAJTU3MPOBAHHBIX OLMPPOBIIMKOB GOPMBI UMITY/IbCOB. B
3KCIepHMeHTe UCIO0JIb30Balach CMCTeMa cbopa, HAKOIJIeHUs1 U1 06paboTKH JJaHHBIX Ha 6ase
miaTdopMmel PXI, ocHaménHas onudposirukom PIXIE-4. Cuctema PXI Bk/to4asia B ce64 1maccu
NI PXI-1031 ¢ ycraHoBseHHbIM KOHTpoJsiepoM NI PXI-8820, a Takke BBICOKOCKOPOCTHOMU
onudpoBuivk PIXIE-4, paspaboranHbiii komnaHuen XIA [20]. Baok-cxeMa ucnoJsib3yeMou
3JIEKTPOHHOM annapaTyphbl Ipe/icTaBJeHa Ha pUCYHKe 3.

B npouecce paboThl JBa cCMrHaJia c aHOA0B U OZJMH — C 00LIero KaTo/a nocJjie MNpoxoX/AeHUs
yepes 3apsA/104yBCTBUTE/bHbIE NPEAYCUJIUTENN U ObICTPble YCUIUTENU N0JAaBaJUCh HA TPU
KaHaja ouupoBLMKaA. YeTBEPTHIM KaHa/ MpejHa3HA4yasCcd AJis MOAKIIOYEHUST CYETYMKA
HEUTPOHOB, IPUMEHSEMOI0 IPYU U3MEPEHUSIX HEUTPOHHOIO MOTOKA.

aEh

PucyHok 3. dyHKnmoHaibHasA 6JIOK-cxeMa c60pa 1 06pa6oTKU CUrHasos Pixie-4

Cumynsayus usmepenuli aavga-cnekmpos peakyuu *N(n,a)''B

[lepes Havya/JioM Halllero 3KCIEPUMEHTA Mbl NPOBEJM JieTajJbHble IMpeJiBapUTebHbIE
pacyéThl, YTOOBI IpeCKa3aTh OXKUAAeMble CIEKTPHI. JlJis TOro UCNoJib30Bav NPOTPaMMHOE
obecrnedyeHue, pa3paboTaHHoe Ha miatdopMme Matlab, a Takxke nHopMaIMIO O CEYEHHUSX,
YIJIOBBIX M 3HEpPTreTUYeCKUX pacnpesiesieHUsIX, noaydyeHHy u3nakera Talys 1.9.[21].'eomeTpusa
YCTAaHOBKH OblJIa TOYHO BOCIIPOM3Be/ieHa M0 CxeMe, U300paXKEHHOM Ha pUCyHKe 6. B kauecTBe
KCcelyeMoro 06pasiia Mbl BbIGpasy afieHruH ¢ ToauHon 100 u 200 MKr/cM?, 9TO II03BOJIMIIO
MCC/e[OBaTh BJMSIHUE Macchl o6pa3lia Ha pe3yJibTaThbl. B 3KclepUMeHTe HCIOJIb30BaIHCh
rasoBble cMecH, Takue, kak Kr+3% CO,, 5% Bogopoga (H;) u kcenon ¢ 5% Bogopoga. Kpome
TOTO, Mbl paccMoTpesiu cMecb Kr+5% N, /18 3KCIepUMeHTOB € ra3o06pa3HbIM 06pa3LoM.
JHepreTU4YeCKUU Arana3oH HeUTpPoHOB oT 4,0 7o 6,0 MaB 6b1s1 BbIOpaH /i1 MCC/IelOBaHUS
peakiiH, XapaKTepHbIX JIJIs1 JAHHOT'0 UHTepBaJia SHEPTUH.
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Memoduka usmepeHrus anvga-cnekmpos peakyuu *N(n, a)''B Ha 6bicmpbix HellmpoHax npu noMowju
UOHU3AYUOHHOU KaMepbl

Ha pucyHke 4 npezcTaBJjieHbl pacdeTHble OJJHOMEpPHbIe CHEKTPbl O YaCTUL, U3 peaKkL U
“N(n,a)"'B ass1 aHepruu HeUTPoHOB En = 5 M3aB. B xozie pacyeToB ycTaHOBJIEHBI 0XKH/JaeMble
MOJIOXKeHHUsT cOObITHH OT “N(n,a) peakiuu, a TakKe MOTeHIHA/JbHbIe POHOBBIE MPOLECCHI,
KOTOpble MOTYT 3aTPyJHUTb aHA/IU3 3KCIIEPUMEHTA/IbHBIX pe3yJbTaTOB. Takke Ha PUCYHKe
4 moka3aHoO BiMsiHUE GOHOBBIX peakLUW. PUCyHKH U 8 mpenocTaB/sAOT 60Jiee MOAPOOHYIO
MHbOpMaLMI0 O pacCYMTAHHBIX JBYMEPHbIX KaTOJHO-aHOJHBIX cleKTpax. Ha pucyHke 5
HOKa3aHbl pe3y/bTaThbl JJis HalpaBJeHUs "BHepés’ Kak ¢ y4éToOM (OHOBBIX peakLUi, Tak
U 0e3 HUX. PUCyHOK 6 JeMOHCTpUpyeT aHaJIOTUYHble J@aHHble [Jil HalnpaBJeHUs "Haszaj'.
[TosrydyeHHbIe pe3yJbTaThbl NOA4YEePKUBAIOT BaXKHOCTb I1Pe/IBapUTEbHOT0 MO/IEJIMPOBaHUS 15
YCIELIHOT0 NPOBeIeHUsI SKCIIEPUMEHTOB U UX NOC/AeAyIolleld MHTepnpeTauuu. [I[poBejéHHbIe
pPac4éThl CyKAT OCHOBOM JJifl Ja/IbHEUIINX UCCIEJ0OBAHMU U aHa/IM3a JaHHBIX.
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PucyHok 4. (a) OJHOMEepHbIi pacyeTHbI cCeKTp a yactul u3 peakuuu “N(n,a)''B
B HallpaBJIEeHUHM «BHepeA» U (6) B HanpaBJ/ieHUHU «Ha3aj» npu En = 5,0 MaB.
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PUCYHOK 5. /IByMepHBIii pacyeTHBIi CIEKTP a YacTul u3 peakgun “*N(n,a)'B
npu En = 5,0 MaB, HannpaB/ieHue «Bnepea» (a); (6) c ;zo6aBaeHUeM BKJIaJa POHOBBIX peaKL Ui,
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PUCYHOK 6. /IByMEpPHBIii pacyeTHbIi CIeKTP a yacTul u3 peakgun “*N(n,a)'B
npu En = 5,0 M3B, (B) HanpaB/ieHHe «Ha3aA»; (I) c AoGaBeHUeM BKJaJa POHOBBIX peaKIUid.

Hsmepenue anvga-cnekmpoes peaxkyuu *N(n,a)'’B

MeToavKka U3MepeHUs U 0OpPAaOOTKU 3KCIEPUMEHTANbHBIX JAHHBIX MOXET ObITh Mpoje-
MOHCTpPHUpOBaHA Ha NpuMepe uaMepeHui peakiuu “N(n,a)!'B npoBe/leHHbIX TPU IHEPTUAX
HeUTpoHOB: 4,5; 5,0; 5,25 u 5,3 MaB. CxeMa skcnnepuMeHTa NOKa3aHa Ha pUcyHke 1. B kauecTBe
paboyero rasa ucnoJsib3oBasacb rotoBast cMechb Kr + 3%CH, npu naBsienuu 0,7atm. Katog UK
COJIEPXKHUT JIMCK C SIThIO MO3UILUSMHU /1J1s1 00pas31[0B, KOTOPbIe YCTaHABJIWBAIKCh MOJIJI0KKAMU
ZpyT K ApYTy B KAyl U3 HUX. Bce o6pasybl gruaMeTpoM 44 MM HaHeCeHbl Ha TaHTAJIOBYIO
NoAJ10Ky ToJMIMUHOK 0,1 MM U fuameTpoM 48 MM. B Tpex U3 NATH NO3ULMN YCTAaHOBJIEHBI
2 NMKOBBIA O UCTOYHMK, 06pasnupl agenuHa (C.H.N,, Tommunoi 196 u 195 mkr/cm?) u Ta
MIO/IJIO’KKH, B UeTBepTOou o6paser] 28U (cogeprkanue 6osee 99,999%, NU=2,064-1019).

s KaXK10M SHEPTHHU BbINIOJIHEHO 5 CEpUUN U3MEpPEHHUH:

1) KanubpoBka anmnapaTyphbl C UCIIOJIb30BaHUEM 2 MUKOBOI'O 0 MCTOYHHUKA (PUCYHOK 9)
- 20 muH. [lepBas sinHuA ¢ 3Hepruen 4,22 MaB npunHaasexuT o- yactunam 238U, a BTopas
JIUHUSA C 3Hepruen 4,77 MaB o- yactunam 3*U, cOOTBETCTBEHHO.

2) Uamepenue c *N o6pasiom - 2 yaca;

3) Usmepenue ¢poHa (Ta noasnoxka) — 3 yaca;

4) U3mepenue c o6pasiom >38U - 1 yac;

5) [loBTOpHOE M3MEPEHUE C X HMCTOYHUKOM J1Jisl IPOBEPKU CTAOUJIbHOCTH annapaTyphl.
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PucyHok 7. (a) u3MepeHHbI ABYMEPHbIA aHOJ-KaToJ, CIEKTP U (6) TUHEeHHbIN CIEKTP

OT KOMIIAyHJ, & - UICTOYHHUKa natU.
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Memoduka usmepeHrus anvga-cnekmpos peakyuu *N(n, a)''B Ha 6bicmpbix HellmpoHax npu noMowju
UOHU3AYUOHHOU KaMepbl

CUrHasibl OT OCKOJIKOB JieJIeHUsI KaMepbl JleJIeHHs M0JaBa/IuCh B CUCTEMY cbopa AaHHbIX
Py U3MEpPEHUH NepeiHero maaHa, poHa u peakiuu 238U(n,f). Bo Bcex U3BMepeHUsAX AJTMHHbBIHI
cueTyuK 3He Takxke MCMOJIb30BaJICI B KayeCTBE MOHMUTOpA NOTOKA HEMTPOHOB. AHaJ/uU3
JlAHHBIX II0Ka3aJl, YTO pe3y/JbTaTbl KOHTPOJIA HEUTPOHHOI'O Ny4yKa C MOMOLLbI JJIMHHOTO
CYeTUYMKa U KaMephl JieJieHUs1 BeCbMa GJIM3KHU.

Pe3ynbsTaThl

Ha pucyHke 8 npescTaB/ieHbl U3MepeHHble IKCIIepUMEeHTaIbHbIe aHOJ, KaTO/, IByMepHbIe
cnekTpbl U3 peaknuu “*N(n,a)''B 6e3 BblunTaHus ¢oHa (a) B HampaBJEHHU «BIEpea» U
B HallpaBJIeHUHM «Ha3azA» (6), a Ha pUCyHKe 9 - AByMepHble CIEKTPbl 3a BblYeTOM (¢OHA.
Ha pucynke 10 npuBegeHbl aHoAHble criekTpbl npu En = 5,3 MaB. U3 pucynka 8 BujHO,
YTO 3HAUYUTEJIbHbIA BKJIaJ, B ajbda-cneKTp BHOCAT POHOBBIE peaKLMU OT pabodero rasa
(IpOTOHBI OTAAYU OT A006aBKU MeTaHa) U OT TBepA0ro obpasua ajgeHrHa. C Mcrnosb30BaHUEM
0ObIYHO MPUMEHSEMBbIX CMecell paboyrX ra30B HA OCHOBE aproHa, KpUIITOHA, MeTaHa...4acTo
He y/laeTcsl B 3KCIIepHMeHTEe BblJEeJUTh UCKOMbIe COOBITHS U3 UCCAeyeMON peaKL WU H3-3a
IepeKpPbITUS CIIEKTPOB NPOAYKTAaMU peaKLUH Ha paboyeM rase, SBJASKIIUMUCA B HalleM
c/ly4yae OMOJIHUTEe/NbHBIM GOHOM. B HampaB/ieHUU «BHepea» yAajoCh YCHEUIHO pa3AesuTh
MCKOMBIe COOBITHSA OT GOHOBBIX, B OTJIMYME OT HallpaBJIeHUS «Ha3a/l», TJje 3TO 0Ka3aJioch 6oJiee
CJIO’KHOM 3aauel. Tak, B HaNpaBJIeHUU «Ha3a/» MOJIyYeHHbIe CIIEKTPbI XOPOIIO COTJIaCyHTCS
C pacyeTHbIMHM, YTO NOKa3bIBaeT BJMUSHHE KUHeMaThueckoro sdpdexrta JJis JIeTKUX sep.
OTnenbHble HM3MepeHUs (OHA CylLleCTBEHHO MOMOIJIM BbIJEJUTb HCKOMblE COOBITHSA, a
MO/ieJIMpOBaHMe MOBBICUJIO TOUHOCTb U HaZEXKHOCTb MOJy4YeHHBIX Pe3yJbTaTOoB.
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PucyHok 8. AHOJA-KaTOA JByMepHbIe cieKTpbl U3 peakuuu “*N(n,a)''B 6e3 BbiuuTanus ¢poHa
(a) B HanpaBJieHUM «BIiepeA» U (6) B HanpaBJieHUU «Ha3aa» npu En = 5,3 MaB.
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PucyHok 9. AHOA-KaTOA ABYMEPHBIN cieKTp u3 peakuuu “N(n,a)''B 3a BeiueToM poHa
npu En = 5,3 M3B (a) B HanpaB/ieHHH «Bliepea» U (6) B HaNpaBJeHUU «HA3aJ».
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Pucynok 10. AHoaHbI cnekTp peakuuu “N(n,a)'B npu En = 5,3 M3B.

3ak/Il04eHue

B xojie akcrepuMeHTa ObLIM NMpPOBeZieHbl M3MepeHUs peaknud “N(n,a)''B B ananasoHe
3HepruM HeUTpoHOB 4,5-5,3 MaB c ucnosib30BaHWEM TOHKUX TBEP/IbIX 00paA31|0B a/leHUHA.
B kadyecTBe pabouero rasa npumeHsijiacb rortoBasg cMmecb Kr ¢ 3%CH,;. B akcnepumeHTe
Ha/I&KHO 3aperucTpupoBaHbl al-mepexo/bl, a TaKXe MOJIyYeHbl YKa3aHUS Ha BO3MOXKHOE
Hanvuve ol-nepexonoB. ToyHOCTH omnpejesieHUssT WHTEHCUMBHOCTH HEWTPOHHOIO0 NOTOKA
coctaBusa 2-3%. JKcliepUMeHTaJ/ibHble CHEKTPbl XOPOIIO COTJIACYIOTCS C pe3yJbTaTaMU
MoJenvMpoBaHus B Matlab, uTo noaTBepk/jaeT KOPpeKTHOCTb MeTOAUKHY U3MepeHuU. O jHaKo
Jl71s1 60Jiee TOYHOTO aHa/M3a TPeOyeTCsl AOMOJIHUTEJbHOE UCCAeJ0BaHUE C ra3000pa3HbIM
06pa3uoM, obecrneynuBawIIMM 4YETKOe pasjie/ieHhe o-nepexooB. Mcnosb30BaHHas cucTeMa
JIeTEKTUPOBAHUS [MO3BOJIIET PErUCTPUPOBATh CHEKTPbI Q-4aCTHUIL, [Ji [EPEexoJloB Ha
pas/iMyHble YPOBHM [Jl0YEPHEro €/pa, a TaKXe aHaJlM3UpOoBaThb YIJIOBOE paclpejeseHne
NPOAYKTOB peaklUU. JTO OTKPbIBAaeT MEpPCNEeKTHUBY [AJisI TOYHOTO OMNpejesieHUs] CeYeHUU
peakLUi C OBICTPBIMU HEMTPOHAMH, UTO BaXKHO /11 JaJbHENLINX UCCIeJOBAaHUN B 00/1aCTH
AJlepHOU PU3UKU.
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Memoduka usmepeHrus anvga-cnekmpos peakyuu *N(n, a)''B Ha 6bicmpbix HellmpoHax npu noMowju
UOHU3AYUOHHOU KaMepbl
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Angatna. By )kyMmbIcTa xKeJesl HeUTPOHAAapAbl KOJIAAHBIII, TOPJIbI KOC 66JIiKTI HOH/a/ly KaMepachl
apkbLibl “*N(n,a)''B peakIiMscblHAaH TYbIHAAUTBHIH anbda-GesieKkTep/lid, 6ip esieM/i XoHe eKi
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Memoduka usmepeHrus anvga-cnekmpos peakyuu *N(n, a)''B Ha 6bicmpbix HellmpoHax npu noMowju
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eJilIeM/li CIEKTPJIEePiH eJil1ey 9icTeMeCi YChIHbIIFaH. 3epTTEY/IiH 63€KTLJIiri HEUTPOHAAp KAThICaThbIH
AAPOJIBIK peaKLUsJlapFa KbI3bIFYIIBUIBIKTBIH, apTYbIMEH, XaHa AAPOJIbIK TEeXHOJIOTUAJIAp/bIH,
JlaMybl, paJiualusIbIK Kayinci3gik xoHe acTpodHU3UKaIbIK 3epTTeyJep KOHTEKCiHJe 6alJIaHbICThI.
Toxxipubesik 3eprreynep JyoHanarel bBYF3U BH®3-1a opHanackan 3I'-5 Bau ae 'paad yaeTkiminge
2H(d,n)*He peaknuschl apKbLIbl aJbIHFAH KAPThLJIAad MOHO3HEPreTUKAJIbIK HEeUTpPOHIap/ bl
naiiajaHbin Kyprizisigi. HeicaH peTiHZe »KyKa ajileHUH yJrijepi KoJgaHbLiabl. HeHTpoH aFbIHbIH
6aKpliay YIIIH KaMepaHbIH >XYMbIC KeJieMiHe OpHaJaCTbIpbLIFaH >OFapbl GadbiThlaFaH ***U,0,
HeTi3iHJeri eki AeTeKTop MakiJaJaHbUIIbl. JKCIEPUMEHTTIH, MOJE/Ib/IEYi XKYPrisii/i, Oy cClieKTpJaep/iH
dopmackiHa acep eTeTiH 6apJiblK Heri3ri ¢akTopJap/ibl ecKepyre, OHTaWJbl XYMbIC HIAPTTapbIH
TaHJayFa MYMKIiHZIK 6epji >koHe ocCbLIaillla aJbIHFAH HOTHWXKeJiepAiH HaKTbLJIBIFbIH apTThIPAbI.
JkcnepuMeHTTIK cnekTpjep MATLAB opracblHAa KOHZABIPFBIHBIH HaKThl €OMETPUSACBIH ecCelKe
aJsia OTBIPBIIN aJIbIHFAH MOJeJIbJiey HOTUKeJIepiMeH CaJIbICThIPbLI/bL. AJIBIHFAH HOTHUXKeJIep AL4POJIBIK
dr3UKaFa )XoHe a30T KOChLIbICTAPbIMEH KeJles1 HeUTPOHAapAblH 63apa dpeKeTTecyiHe 6allaHbICThI
KOJIaHOaJIbl 3epTTey/ep YLUiH KbI3bIFYUIBLIBIK TYAbIPaAbI.

TyiiH ce3aep: XKbL1ZIaM HEUTPOoHAAp, albda GeJIIeKTepiHiH CIeKTPJIEP], AeTEKTOP, HEUTPOHJApMeEH
AAPOJIbIK peaKLusIap, peakLiusa KMMaaaphbl.
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Method of measuring alpha spectra of the reaction *N(n,a)''B on fast neutrons using
an ionization chamber

Abstract. This work presents an experimental method for measuring one-dimensional and two-
dimensional spectra of alpha particles from the *N(n,a)!'B reaction using a two-section gridded
ionization chamber with fast neutrons. The relevance of the research stems from the growing interest
in nuclear reactions involving neutrons in the context of the development of new nuclear technologies,
radiation safety, and astrophysical studies. In particular, the *N(n,a)!'B reaction plays an important
role in nucleosynthesis processes in stars and radiation shielding calculations for nuclear facilities.
Experimental studies were conducted on the EG-5 Van de Graaff accelerator (FLNP JINR, Dubna) using
quasi-monoenergetic neutrons generated in the H(d,n)*He reaction. Thin adenine samples were used
as targets. Two detectors based on highly enriched ?**U,0, were used to control the neutron flux, located
directly in the chamber's working volume. A simulation of the experiment was carried out, which made
it possible to take into account all the main factors affecting the shape of the spectra, to select optimal
operating conditions, and thereby increase the reliability of the results. Experimental spectra are
compared with the results of modeling performed in the MATLAB environment, taking into account the
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real geometry of the setup. The results obtained are of interest for nuclear physics and applied research
related to the interaction of fast neutrons with nitrogen-containing compounds.

Key words: fast neutrons, alpha particle spectra, detector, nuclear reactions with neutrons, reaction
cross-sections.
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